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FOREWORD

In these days much of the interest and activity of scientists,
engineers and even laymen is directed toward the elimination of those
by-products of an exp.oding population and burgeoning technology that
are detrimental tc the health and well being of the populace. One
hears much of the man-made perturbvations ¢f tne ecology and the en-
vironment. ne hears even more about those elements contributing to
those perturbations; elements such as air, water and solid pollutants.

AmOng t:ese problems is another which has received less atteation
but in terms .{ its insidious effects may approach the others in im-
portance. Ihi: is the ever present intrusion upon the conscicus and
maybe upon the subconccious human mind of scund. ot the sound of
the mountain brooXx <r symphony but the random and raucous cacnphony
produced by rmuch of our technology in action. Except when such sound
evidences i%self in abnermal frequencies and amplitudes, one
conscious that we iive with it continucus.y. What effect it has on
our serenity and our ability to concentrate is probably not too well
known. Illevertheless, if we are t7 have 2 well-balanced and

life, i
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press or eliminate them.

This meeting levoted to the source and suppression of sounds
associated with a single type of aerial vehicle is not directed toward
the more general subject but il is hoped that the inferaation evolving
from these efforts will oe applied %o the specific case of the vehicle
in questicn nnd will 2t the same time make a worthwhile contribution to

the resolutisn ~f *he larger, more comprehensive problem.
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INTRODUCTION

In 1968, scientists of the United States Army Research Office,

- 'n S AGG
e o et

Durham, North Carolina (ARO-D), and members and staff of the National

[T

Academy of Sciences and National Academy of Engineering, identified

an urgent need for renewed effort toward suppression of helicopter and

g

V/STOL noise in military operations. Academy studies also noted that

short-haul commercial aviation was expected to grow rapidly over the

next few years with increasing noise abatement problems.

Subsequently, a conference on the subject of helicopter and
V/STOL noise generation and suppression was jointly sporsored on
July 30-31, 1968 by ARO-D and the National Academy of Sciences and
National Academy of Enginecring. An NAS-NAE report entitled, "Heli-
copter and V/STOL Noise Generation and Suppression', November 1968,

summarized the findings of this conference and identified impertant areas

of research.

c g e e o -

In response to the findings of the July 1968 assessment meeting,
ARO-D initiated in July 1969, a Helicopter Noise Investigation Program
with six new projects. At the inception of this program, a coordination
meeting was held at ARO-D to encourage the free exchange of information

between participants and to integrate the efforts of various researchers.

P i

An ARD-D report entitled, "Army Helicopter Noise Investigation Program",
September 1969, gave summaries of the work to be performed on the ARO-D
projects, three AVLABS projects, two other relevint ARO-D projects, and
the in-house research efforts of the Army Aeronautical Research Labora-
tory.

Since the Helicopter Noise Program has been in operation approximately

two years, it was felt that a good professional look at the whole program

o’y
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was required at this time. Thus, a symposium in which recognized experts
in the helico.ter roise field would participate has been organized.
Primary researchers frowm ten ARO-D-sponsored contracts and five other
groups presented papers cn the subject of helicopter noise. In addition,
helicopter noise research at two U. S. Army Air Mobility R & D Labora-
tories (AAMRDL), at NASA Langley Research Center, and at the Office of
the Chief of Research and Development (OCRD) was discussed.

This report includes all formal papers presented at the Helicopter
Noise Symposium held in Durham, North Caroilina, on September 29-30, 1971.
Although much cross correlation and discussion between helicopter noise
researchers was encouraged, this report was handed to each »ymposium
attendee as the official proceedings and no discussion could be included

herein.

-




KOTARY WING ACOUNSTIC RESEARCH
AT THE AMES DIRECTORATEL OF TME
U.S. ARMY AR MOSILITY RESEARCH & DEVELOPMENT LABORATORY

The resesarch In atceraft noise vhich is being conducted by the
Ve 5. Army Atr Xobllity Research & Development Lsboratory s
almost exclusively related to rotary ving vehicle notse. Alﬂn'w;h

some effort is going fnto lift~fan solse reduction, the asjority of

the work add: dynamically g rotary visg wise. The
Arwy’s primery 2bjective (S1ide 1) to be obtained through this

noise teduction sesearch program fs to sinisize aircreft detection
tice and distance on present wd future VISTOL alrcraft. The
nininization of crew station cabin nolse and the mintmigation of the
ankeyance of Army aircraft operations to the surrounding comumities
are tvo additional goals. There objectives are being achisved (hrough
efforts which sre Iundasental in natere and are directed priserily

at underacandiss and reducing the nolse sources.

ROTARY W’'NG ACOUSTIC RESEARCH

PROGRAM GOAL

®  UNDERSTANDING AND ELIMINATION / REDUCTION OF
ROTARY WING NOISE MECHANISMS

ARMY'S DIRECT INTERESTS
® DEFINE AND MINIMIZE DETECTABILITY
®  MINIMIZE CLBIN NOISE
o MINIMIZE THE ANNOYANCE OF ARMY AIRCRAFY
TO YHE SURROUNDING COMMUN:ITY

Slide §

The Ames Birectorste of AMRBL fs iocated at SASA's Ames
Resea-ch Conter, (Slide 2) Moffert Fleld. Californta. Under an sgresment
for Joint participaticn batveen NASA and the 2rwy. the stalls of beth

st anizetisns perform jefntly In accomplishing resesrch of sutesl interest,

Enchange of meapaver ane {iscal resources s included,

The Anrs Directorate hes concentested its efforte em four basic
areas of acoustic research vhich are 1isted in Slide ). Thay are basic
acoustic heory, helicopter and V/STOL noise reduction, Systems
studies of noise-perfornence tradesifs, and aceustic wind tusasl
investigations. A quick Teviewv of each subject ares vill new be
presentad {n order to outline the extent of the Awes Dirscterste’s

resvacch atfort.

ACOUSTIC RESEARCH

*  BASIC ACOUSTKC THEORY

o HELCOPTER AND WSTOL NOISE REDUCTION

* SYSTEMS STUDES OF NOISE-PERFORMANCE TRADEOFFS
o ACOUSTIC WIND TUMNEL WVESTIGATIONS

Sitde )

Tk, first area of ressarch, antitied “Basic Acowstic Theery,”
] 8 the fwnd. Is of the s of

setodynsnic seund. Umier s study with ford Uni ity,
the sound predeced by s vercen iateraccing with a rigid flse
plate aictell Is being tored. A stagle 4 Jovel

smalysis of the vertex-viag ioa has been deveiopwd

te assess the iapertence of the Induced vertex’s motion on

the generation of nejoe (Sitde &),

TVIO DIMENSIONAL VORTE <- MRFOL INTERACTION

FREE VORTEX
0 TAAXCTORY OF
T VORTEX. e FORCED VORTEX

“3—ty—pgi d 1oy
i e
—_ >

.FREE VORTEX
FORCED VORTEX

~2 - (D) UNSTEADY LFT ON
THE FLAT PLATE

-3 .- ) 5 O D Ty e
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15303500655055.06570
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Siide &

As the vortex pasoes the rigid airfell, it is allaoved te foilw tts
A trajectory w0 deternined by the viag-vertexn interection, Ia
pravieun {nvestigations, the ancine of this vwrtex hes been
restricied to move paratlel 1o the olzfsfl. Preltainery camwits
tnéicete that the additions] sewnd produced By alloving the
warten to Meve along 168 wm trajoctory 1 sfgniftcant.

Amether résparch effnrt hoo colonced to tr, *~ /eveivp
trcmiques which can b waed to predict the far a-owstic fleld
(ten selectod negr-fleid pressure masucesmes. Thig thecreticst
stwly is Dring performed tn-houns and {8 designad tor potentiat
appiication (n the Anen MIXED Font Wind Twnnel.
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ROTARY NING ACOUSTIC RESEARCH AT THE AMES DIRECTORATE OF TNE U. S. ANMY ALR MOBILITY RESEARCH & DEVELOPMENT LABORATORY

The second sgjer ares of vetary wisg acevstic ressateh
1 helicopter and V/STOL. weise prodicCion oné raduction. Nest
of the pregrens im this srea sre deing perfereed tn-house.

Ons fculsrly ying of halicopter flight

i® the eccurence of lepulsive nelse in certeta fiight regimes.
Theoretical snd enperinuats] ptegrams sre baing pursesd in aa
affore to try to understand the reremsters Which sre important

19 the goneraction of this type of meise. At Migh adveacing

cip Rech suabeve, sipnificant incresrsn in level and harasaic
centent of roter weise have bosn meticed. Data Jhich wes gathered
in the WASA-dows 40300 Feot Vind Tusmel i which neize ves messwred
20 & full=scale helicopter retor showsd s roplé incresse fo

seund preseure Jevel with lacressing tip Mach auaber vhen sprrating
in the cramsenic conge (Siide 3). Peer correiation betvenm

theory and enperimest was nered When operating ia this range.

EFFECTS OF ADVANCING TIP MACH NUMBER

MO! T T T
OVER-ALL
“ 13sF /75150 W2
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s e 95 105 LS
My1, 901
Slide $

Inclwitag the muise dor ta compressibllity drag, hawever,
cignificontly fapreved the correlation betwesn therry and esperizent.

(5ltde &),

CALCULATED AND MEASURED SOUND PRESSURED LEVEL
vs HARMONIC NUWBER

3

pwrraatttecates
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Side o

Blade slep (impuloive nelee) §5 alee thuught te sccur when the
Slade of » reter interacts vwith the tip verten of the pracediag blade.
It ves mezed in dats cellected frem previeus fuli-scele vind tvansl
favescigations of halicepter melse that distince splhes in the sound
pressute level dats were sccutriag at lecotisas which cerresposded
te potential bisde vorten intervseztioss. Tests hove sow beun conducted
in the AMRBL-Anes 7X10 Feot Wind Tunael whleg & 30-iach dismeter
asdel reter. Step-sction phategraphe shavisg tep asd side views of

seversl stoges of vertex intersgction ore showm tn Silde 7. T

TIP VORTEX TRAJECTORY OF A TWO-BLADED
HINGELESS ROTOR

RPMe830, 1+ 02,8 « 12°
TOP CAMERA SIDE CAMERA
T.meec l
L] -8 - .
R >

a“- [ _-._1,.
73y . —1

Sltde 7
shjaccives of this (et wive to cortelate the hypetiesized Dlade vartes

intevactions with the seend p¢ Tevet Reovits of

this investigation hive net heen compistely sativfying. The primsey
problan which was encowntered Vs correlatisg the soend pressuce leie:
ceceriings and the fila data. Werk is currently being condetted ~n
wesinisg better dotn arquirision and snalysis equipsest snd
developisg orre sephistic tew tachniques {or pravidisg this enrselatinn,
An (n-house researel effart te crrreiate the latewt svailadle
theeretical predice’ schniques with enperiorntal anise dats is
being purswed. .. pregran related to this ¢f{wrt i3 ame ia which an
ateenpt 15 detag mudn to veri(y and extond lseding lews which have dbeen
postsinted previewsly for wae in the prediction of retary ving relaticnal
wrise. Umigr a previews Arew suppertod effert, a t} weretical scthod
wis devalopad by Lavena ond Allerhead far o purpese of prudicting
save'ynonically d wnise. A dtavback ts the developed theare

wes ihe Tegniremeat for very detalled serwiynenic isnding infermetien
awd this required datatl is met awiiiobia for retary viag vahicles

tedey. Recopnicing this. the invest 4 e
presoure data which vas svallsble and hyputhenised a leading lov t~

b wood I8 liew of the required dutasiod servdywanic Input. ¥aler

the current pragran, detailed blode Toading dats and far fleid avmestic
dats have been slauitontemaly recardind, This data waz shiaineg from
wind tuane] siperinents over o vide range of opcrating parsweters.
Beeeits fron thie progred are just kecaniog svailabie. 18 1 anticipated
that this data will pleld part of the (nfaraetion whish {5 required te

wtablish biade leading lowm wver & wide ranpge of eputiting paremelers
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ROTARY NING ACOUSTIC RESEARCH AT THE AMES DIRECTORATE OF THE U. S. ARMY AR MOBILITY RESEARCH & DEVELOPMENT LASORATORY

and that this losding-lav information can thes de ueed to provide wore
sccurate predictions-for the rotational componemt of rotary wing

serodynanically generated nojse. Data frow this progiem vill be augmented

vith data being taken under s precent MASACATwy “program at the Lasgley
Research Center. Simultaneeus blede pressure dota sed acoustic
neasuremests are being taken >a full-scale helizepter blades eperating

on the KASA-Langley Mhirl Tever Facility.

In cooperation vith NASA, a limited offort alse exists to

urdetstond and-predict 1ift-fan noise. Some concepts actively being

iavestigated include the use of & serreted-leading edge to reduce
(luctuating 11ft nolse and stator lesn to reduce rotor-strter intersction
noiss.

The last ares ofresrarch vhich cor. be classtfied under the hesding

of Melicopter and V/STOL toise prediction ead-reduction is eatitled
rotee i has "his p

grom is just beginnt Its
-primsry objective fs-to devilop a sethed of ‘synthesizing audible sownd
-in oeder to 8) verify smalycical meise snalysis by cosperison of
anslytically produced synthetic nolse and-actusl messured noise, amd

¥) predict moise characteristics of-future aircraft or of wedifications
to existing afrcrafc. The sigaificance of this effort lies in the
tmmediste elimtnation -of existing subjective Nolse judgements, The

ear vill be given thezopportunity to judge the-characteristics of the
analytically genersted_nolse. Swch & technique vill ensdle
quantitative evalustion-of-rotary wing operationsl and design tradeof(s

eclstics of p J

»

to ascertain the more-important scoustical cha

designs prior to experimental testing.

Systems studles of V/STOL nolse 1s the third area of active
research. As lsplicdpreviously, the most direct and effective vay
of -alleviating che rotary wing noifse prodlem_is-to eliminate (h_c soutce.

“his, however, ssy not=be (easible. Therefore,-vays and weans of

reducing atrerafe nofsezthrough system destgn-and/or 3 Judlclovs selection
ol-f13ght paths are Delng-investigated. The curcent in-huuse effort;
vhich vas Initiated under an Army-¥ASA contract=with Boelng-Vertol,

consists of the optimizaticn of the trajectoryzof a tilt-rotor alrsrafe

“TRAJECTORY OPTIMIZATION OF A TILT- ROTOR-AIRCRAFT WITH-
‘NOISE CGNSTRAINTS -

TASK OBJECTIVES .
© EXPLORE, THEORETICALLY, MINIMUM TIME AND_FUEL TRAJECTOMES OF

A TILT-ROTOR AIRCRAF T-OURING TAKEOFF AND LARDING WITH
STRUCTURAL,, AERODYNAMIC, TRAJECTORY, ANO NOISE CONSTRANTS

® BETTER DEFINE THECAREAS WHERE THEORETICAL ANO/OR
EXPERIMENTAL RESEARCH NEEDS TO BF. CONCENTRATED

® TRY_TO ESTABLISH AND MINMIZE MEANINGFUL SUBJECTIVE NOISE
CRITERIA WHICH EVALUATE TOTAL AMRCRAF T_OPERATIONAL NOISE
Slide 8

vith_meles constrainte.-(Siide 8). The obfectives of the inftiel
pregran ware to explore on a-theoretical besls the ninismn tine and the
-fugl-trajectories of s-tiltroter alrcraft 4iring-the takeofl ond londing
phases of (1faht with structural, serodmnanic, snd neise conatraints.
Secondary objectives were-to define aress of research where theeretical
wnd experisental effort needs to be concentrated,-as_ well as esteblish
and_niniaize eseaningful swbjective nolse criteria vhich evaluate tata}

alecraft operational nalse. Currently, the esphasis Is being placed-

upon usisg this theoretical study to aseess methods of veduciag tilt~
rotor detectability through f1light-path control.
This program hes invelved the developmant of both a-theoretical

performence end far-field scoustic-sodel of a ti}z-rotor sircralt

ACOUSTIC MODEL OF A-TILT-ROTOR AIRCRAFT
) CONTROL-

TILT-ROTOR
PERFORNANCC

MODEL
A/C OPERATING PARAME TERS

—_—t .
ROTATIONAL INE AND
[ o™ J fromrexrose] [puisisonios!

l N
GOUND ATTENUATION
u&ccmq ABSORPTION
SOUND PRESSUNE LEVEL
SPECTRA AT GROUND LOCATIONS
MOTATIONAL NOISE PREDICTION OF A TILTING ROTOR W NON-AXIAL FLIGHT

uoomcmou OF OLLERHEAD & LOWSON H(L-CUT'R HOTA\MN-
NOISE PREDICTION TECHMUUE IHERON I). BULADE LOADING-LAWS Wil
BE CORRELATED WITH PERFORMANCE HRAMETERS . e INFLOW)

VORTEX NOISE: EMPIRICALLY FITTED DATA
ENGINE NOISE:-EMPIRIC/..LY FITTED DATA

Sifde 9

(Slide 9). Inzthe aceustic wndel, rotatfonal mefee and vertex meise

were considered and found te be domitant over engine and transsissfon

noise, The-retatiowal notse was predicted from a wodified version
of Lowsen and_Ollerhead’s method for-predicting helicopter-rotational

noise. The program previously mentioned regarding the generation of
Slade lmu;zlgy:hhr-uoa is being-incorporated into this model.
The blade loading laws postulated by:the previous investigsters are
hot sultsble for the vide range-of operating conditions experienced

by 8 tilcerotor-atrcrafe. In this_model, vorcex nofse fs-predicted

using empirically fitted Jata.
A typical:noise abatement takeolf=profile that might be-{lown by

EFFECTIVE PERCEIVED NOISE -LEVEL VERSUS
DISTANCE ALONG THE.-FLIGHT PATH-

¢

L YO — ; 20
T agy B ® W 1O-
g 2 \\\ 100
Y o S {90-m
2 ] - it Y 20-
= ~
- 2090 —— b
=] H AN 70
< s 0ne .

47;*1 k3 1 I - ‘o
oMt 12 L 4 ¢ & 10 1 14
X DISTANCE, 1000 f}
Slide 10

& commurcisl tiit-roter alrcraft s 1llustrated In Slide 10, A-
purely vertical=takesf{-tea)ectory is_(Jovm-to an altitude ol-3000 feet
te reduce the noise exposure near a hypothetical takeolff site. An-
observer located-at-(he three locations, £, G, avd £, Which correspond
to distances of 200, B0, and )00 feet_f1om the takeol( poini-veuld
heat the maximem sownd pressure level-curve Sllustrated In S1ide=il.
Rotationsl and vertex noise components are discernible in each-case,
The eflects of-stanspheric abaarption ineluded in the model are

noticesble at the higher harmalca vhere they drop of( eapldly-as
distance 1o increased.
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Although the firet phase of this effort s complete, a simffar %
3 R ia-house theoretfcal study of other rotacy wing V/STOL configurstions
i planced. Emphasis will de placed upon understaniirg the operatirnal
3 tradeoffs vhich sre possidle with V/STOL atrcraft through flight
LTa)ectory sansgesent. H
The “ast sres of cesearch to De reviewed s acoustic wind tunnel 3
favestigations. The Army has esbarked upon seversl ia-house programs )
to desermine the feasibllity of using the vind tunnel Lo gather scovatic Siide 13 3
B data. This effore is tcquired to help develop an sdequate supply of E
accurate V/STOL acoustic dats which has been taken under carefully 3
coatrolled test corditions. acoustic dats nn full scale alecvaft. One third octave band awplification _‘
Unfortunately, taking acoustic deta In che confines of a vind tunnel factors have heen established for the tunnel and the personnel there
3 is not 8o essy task. [n some tunnels it may not be possible to Nave a policy of taking noise measurements for a1l tests, leaningful ;
. sccurately re-producs tie scoustic characteristics of free~field quantitatfve accustic data has been taken in che confines of the tumnel b
nofse. BReverberation effects, tunnel fan noise, and doundary layer {1lustrating both dread accustic trends and the effects of i
4 . coise mey mske f¢ difficult, 1f not fspossidle, to Alstinguish model iacremental design and operstionsl changes ~n the acouvtical characteristics 3
+ H
i senerated noise fros tunnel background nofse. of several V/STOL afrcraft, Acoustic messurements vill be Caken by N
3 An in-heuse progrsm Co survey the scoustic properties of the BASA on Hoth the OV-10 (Z1gde 14 snd XV-5 (S1Sde 19) algcraft ia the :
* Ames Directorste’s own 7X10 Foot Wind Turnel (Siide 12) t9 nesring %
)
7

Sitde 12

cosplecion. Prelininary fesultc isdicste that the smplification fector
3 of the tunnel 1s both & strong Cunction of frequency and microphone

locatien In the twnnel. Thus {t will be necessary to acoustfcslly trest

Nt # o e s ) st el el At M el Mt Bt 8 AR N e

the tunnel *o make quantitative ratary ving nolse sessuresents that can

be co.rected to (ree fleld condftiona, AL the presemt time, Che Anes

wirectorste 13 supporting a ressarch contract with Penn <tate Universicy Slidr 14
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Sumasry uf Helicopter Noise Resssrch at Zustis Directorate,

U.S. Army Atr Mobility R&D Laboratory

by:
John E. Yeates, Chief, Aeromechanics Divisicn

William £, Nettles, Aerospace Engineer
Bittlem T, Al der, A

pace Engineer

Hellcopter nofse research has been undervay at Eustis Directorate
slace about 1960 and nuserous reports feporting the results have been

published,

The present repors treats only those research efforts that are Jase
deing completed nr A;e now in progress.

Summary of the following research studies will cover five general
dafcas.

4. Tip vortex myise

b. Shed vortex and rotational nolse

€. Internal noise (transalssion, engine, etc.)

4. Tail rotor nofse

€. Mcasufement & detection of nolse

1. INVESTICATION OF THE REDUCTION OF BLADE TIP VORTICES AND NOISE DUE TO
TR e SLAVE ST VOREICES AND NOISE DUE TO
ROTOR WARE SBLADE INTERACTION, BY AIR INJECTION AT TME BLADE TIP

Summary: Subject effort {s betng performed by RASA under Contract DAAJO2-
71-C-0036. 1The prograa Is essentially an experimental investigation to
deteraine the practicalicy of Introducing a mass of alr into the tip vortex
core of a rotating rotor blade,as & means of modifying or Jissipating the
vortex. Essertial to the conduct of this study will be the measurement

of {nfluential parameters, and both visusl and optical (photographic)
recording of blade tip-and vortex flow patterns in the University of
Maryland 8° X 11° Wind funnel. fmproved discernment of flow patteens s
cxpected by application of new hydrogen bubble techniques. The test model
will be a-full scale helleopter blade tip with-tie span properly sized to
Fit the wind tunnel test scctlon, A few of the parsmeters that will be
studled are angle of atcack, mass injectlon rate, location and size of
2ass Injectlon, 114t, drag, vorticity disteidbution, etc, Their cffects
on the coupling characteristics of-the trailed vortices and the aerodyna~

alc flov of the model will be investigated,

Finally, all data wilt-be analyzed:-to deternline 1f tip injection Is a prace
tical means-for eliminating the vortex without_ compromising totor perfors

aance,

MOTE: Completion date:r January 1972,
X

2, INVESTIGATION OF TME VORTEX NOISE PRODUCED BY A MELICOPTFR RU/TOR-

= e e o S e e LIV TR R

Summary: The objective of this progrem vas twafold. The-first patt-vas

to develop an advanced-capadility to accurately anslyze the more subtle
comc-rants of helicopter nolse, In particular, the brosd band of vorlex
nolse. The second part conslsted of the development of an explicit analyses
to predict rotor vortex nolse based on & coreelation of the vortex nelse
components with & shed_vortex analysls. That Is, Inatesd of being satls.
{ied with empirizal curves fit to what [a nouinally called vortex noise

43 had bren done In the past, an attempt vas made to predict vortex noise

bated on & specific aerodynamic source.

The elfectiveness of this research-required the development of a digital

Sand pass (ilter for snalyzing rolse records. This computer program,

9

based on Fourfer transforn techniques, provided » narrow digicel filter
vhich sccurately calculated both amplitude and phase of the nolse compo-

nents. This digital technique also slloved close ceatral of the specific
semple of the nolse signature selected for analysis, sn ftem of particulasr

leporcance where the noise has & transiert quality.

In the second_phase of this program, this filter was used to extract-the
vortex noise from selected signatures. The noise vas exsmined and corre-
lated with shed vortex calculations. The cctrelation results were used
with existing noise snalysis theory,-and an analytical technique was deves

loped for predicting the hellcopter vortex noise sixnature,

The resulting analyses were used to study the basic character of vertex
nolse prcduced by the hellcopter rotor. Onme potnt of particular {nterist
was the ability to reproduce on magnetic tape a vortex noize psttern vhich
could vesdily be fdentifled as a helicopter nolse signature although rota-
tional nolse was not present, While the results of this work have not yet
been fully reported or evaluatee, It is anticipated that these findings
will produce & sigaiflicent new capability to analyze and understand the
quality of helicopter notse.

NOTE: This work has just been completed under Contract DAAJO2-70-C+002)

wi*h Rochester Applied Sciences Assoclstes (RASA). Final report
to be distribnted:about December 1971,

3. DEVELOPMENT OF A TECHRIQUE FOR REALISTIC PREDICTION AND ELECTRONIC
SYNTHES IS OF MELICOPTER ROTOR NOISE
Objective: Extend current analytical prediction technique-for rotor broed-

band neise to include rotationsl noise and develop a methos of simulating

the nolse signature of a-hellcopter ftom the predicied nolse force constants.

. Develdp an acoustical dats bank (controlled data, .c., whirl tower,
flight test,-etc.)

b, Extract rotational nolse (rm the broad-band nolse (1sing method
developed under Contract-DAAJO2+70-C-0023)

€. Extend RASA analytlcal prediceion technique to Include rotational
nolse,

d, Develop technique for converting predicted nolse inte amalog
acoustic tapes,

e, Evaluate ef(ectiveness of noise prediction and sisulation methods

by comparing predicted results with expurimentatl ¢.ta,

Snemary: RASA, under Contract DANJ02-70.C-0026, <eveloped an analyticat
tecknique for-predicting the acoustical signsture of a helicopter rotor,
This method, however, unly accounted for the broad band {boundaty leyer)
osclllatory molsc. The enrrent study {s designed to expand this tool to
tnclude detivation of the fnrce constants for rotational nolse. The teche
nique will be_designed_to predict nofse of 4 rotor using auch parameterrs
a5 mumber of blades, blade chord, hiade thickness, blade twist, rotatlons}

speed, forvard velocity, alrcrafe weight. and alrcraft atticude.

in attacking this problem, the Contractor will research and catalog atl
rolse data cousidered accurate and applicable to the task, Selected data
vl then be converted from analog to digital form to pernit sepatation
of the totational [rom the hroad band (vottex) nnlse using the extraction
method developed under the above contract, The force constants derived

for both nolse sonrces {brasd band & rotatlonal) are then converted inta
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SWSWRY OF HELICOPTER NOISE RESEARCK AT EUSYIS DIRECTORATE, U.S. AMMY AIR MOBILITY RAD LABORATORY

paramtric forw as functions of the sheve listed control paramsters to

form a dets baek.

In addition te the above, the Cemtractor {s to tmvestigate 2 means of elec-
trontcally simulating rotor melse by cenverting the predicted digital notee
signatures into amaleg acoustic tape. Such tapes then cen be used s o
destgn tool in subjective evelustion of & nev design or planmed retor

acdification,

Finally, the Comtractor {s to test the accurecy of this design teol by
correlating the predicted results with experimental data {rom the UH-IB

and Vertol Model 37, Data will de das: (o)

time history
plots, {(b) noise spectrum plots, ead (c)-subjective evalustion of sudlo

tapes, Further, for the HLM configuration currently usder development, the
Contractor will predict ard provide simststed molae tipes fn the seme fore

mat as (or above slrcreft.

Upon completion of the sbove, the Contractor will demonstrate and {nstruct
Army personnel-in_the cepabilities and practicsl use of the design_tool.

NOTE: This study {s being performed umder Cemtrct DAAJO2-71-C-0064.
(A 12-month effort with & completion date of June 1972)

4. INTERNAL NOISE REDUCTION {Cearbox Noise and Vibration Reductlon for
Rotary-Wing Alrereft

Summary: Apptoximately four yesrs ago, this Directorate initiated a pro-
grom with Mechanical Techaology, Inc. (MT1) of New York t'» analytizelly
investigate means of reducing the lnnrnidl nelse levels o1 helicopters

dy {mproved design of transmission gesring. Also, this effort wes further
enhanced by the pessidility-of schieving an

ded Time Overhaul

{T80) a3 & result of reducing the dynsmic force levels between drive train
components. One of the schievements to result from this Inftial effore

has been the devrlopment of-snalytical tsols and methods of predicting nelse
levels of various gear trains. This Directorate now hes & cemputer program
that provides means of evalusting new transmission designs as well as pro-
posed modifications for noise reduction.

Although some-of the recommendations derived {rom the MTI prograns_heve
proved impracticel (such as sachining complicated toeth profiles) others,
such as operating oo near crizicsl vibratory frequencies and heving teo
stiff or too soft bearing supports, sre proving to have merit. Meny of

the MTI {indings are being experimentally veriffed through s research

prog now being d ¢ at Beeing/Vertel *(investigation of Helicopter

Transalssion Nolse Pedvstion by Vibration Adrorbers),

A sutvey of the major alrfram mecufacturers and Covernment agencles is
curtently being mede in-house te deternine the overall status of noise
reduction efferts and vhet 15 required to sesure quiet hellicoptars of the

future.

Tt s becoming Incressingly clear and essential that_s key to any swccesse
ful neise reduction program Is coopetative effort between the designer and
aceasticlan during Initial design and In the applicotion of the tools new

avallable,

*NOTE:  Tinal Report due September 1971.

S. ADVANCED RESKARCH PROJECTS ACENCY (ARPA)-IVIET WELICOPTER PROGEAN

Swamary: It fs well Fnown that the tectical use of the halicopter:in

Ve e

Southesst Asls has been somevhat cempremised by 1ts high nelss levels.

That is, the clement of surprise {s megated by early sural dstection.

In en effert te tectify this comditisn, APRA recommended that three “crash*

progeams be intciated to preve the fessibility of quictening three operationst

typs helicopters (the Kamen NN-433, Sikersky SH-JA, and Mughes ON-6A) using
current techaglogy. The Fustis Directerate, wsr directed to manege the
hatcsl and \

P of each prog The mecessity for
3

ON-6A
1 REQUCED BOIN KAIN & TAIL RBIBR APM
2 INSIALIED LOWER SPLED TAIL ROIOA CLAR 80X
J IWO DIFFIRERT TAIL ROTORS USID (2 & & BIADE}

uN-438
1 ROIOR SPEED AtDUCED
2 11P CAPS WITH SWEP! LEADING LDGLS ADBED
10 INE ROTOR BiADIS
3 MODIFIHD ERCINE 1AL PiPE
4 ADDID ACOUSIICAL BIARREIING 10 REAR CASIN
$ INICKER TRANSMISSION 8It

$H-3A
! REDUCED BOIN MAIN & 1AIL ROIGR APM
2 INCREASID_MRIN ROTOR FRAM 3 10 6 0IAN(S
3 ADDID IRAPEIBIBAL CAPS 10 WAIN ROIOR BIABL 11PS
4 INSIALIED LOWER SPEED TAIL ROIOR CIAR 80X
3 INCRIASED RO OF I311 NOTOR BIABIS I1ROM § 1D 18
& 1AL PYION WAS CAMBINID
7 UINED INE DUCIS 81 ENCINE INLLIS & LXNAYSIS

Figure:-1

poiat is app {rem the ponsibitity given each Contractor
{n performing Phase I: The design, (abrication, and installstion of those
medifications that the Contracter felt would sid In reducing the extérnal
nolse of his pacticulor helicopter, Phase-11: the evalustion phase, vas
the_responsibility of the Coveriment which-conducted nelse measutements at
the Uallops Island test station “before and sfter™ the medifications for

each aircraft to determine the noise reduction achleved,
The medifications performed on esch vehicle are identified In Figure 1.

Although the quantitative results of the three pregrams are classified,
some of the conclusions that mey be vevealed are:

a. Tw tip sperd of th: main reter has the mest prosvunced effect on
the helicopter's nolse signeture. Newever, helicopter performance is com-
premised (fotward sp 4, pey_loed, renge). 89 & result-of tedueing fotor
speed,

b, Mechanical sources s seund such as gesrbonas, transaission, etc.
are aet hoard watil the aircreft is relotively close. Noise attemusting
efforts should be directed, therefore, towerds the maln and tall roters.

NOTE: A listing of popers Shich report on the resuits-of the progrom is
shewn in the Appendix.

LN RLIA NOTSE MEASL OF ANYY WELI

Summary: The principle aims of this progcam ate the devlopment of » dats
bank of helicopter acovstic 8!

ond & dealt specification that ney
be used o6 2 standsrd (n the test ond messurement nf hellcopter acoustic
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signatures. initlally, efforc will be directed to: (1) resecarching current
techniques ewploved (n the messurement and anatysis of acousticel data and

{2V defining & total fleld

progi (inser ation, (light

patlerns, pertinent parameters, vallbration, etc.).

The acoustic signatures were messured at Camp Plckett, Virginla for five
Arwy Pelicopters, the OH-6A, UH-1B, AR-1C, CH-4TB and CH-54A, during hover

and flyover modes of operation. This ghase Is critical to the success

of any 7 e progTam by of the necessity of having reliable
equipment, knowing precise position of alrcraft relative to recording
medla, doementing st enviromment, Instroment, sivcraft descriptive dats,
and the re+rrding of the aircraft noise In 2 manner thet will assure veli-

dity and rasy rekrieval of the recorded dota.

The data from these tests vere quontitatively evalusted through narrow
band analysis to define {requency distribution, harmonics, random noise,
accustic energy. etc., and {dentify the contributors of sources of the

tatsl alecralt nolse,

Finatly, the Contractor r ded d i specs, calibra-

tions, flight conditiens, signal asd recording particulars, etc., essentlsl
to the development of standardized noise dats bonks. The nolse data, recorded
on magaetic-tape, will be retained {n a data bank at_the Fustis Directorate.
NOTE: The above effort vas zonducted under Contract DAAIO2-70-C-0025, with
Wyle Labs, [t s new complete and reported in 2 Vols, USAAMEDL T

#71+36A and 71368, 7148 1s classified becsuse neise levels for
the alrcraft are specitied,

2, HELICOPTER AURAL DETECTION

Susmary: This {5 an anslytical study designed to:

a, Deterzine the survivabllity of current tactical helicopters on the
basis of thelr nolfse signatures.

5, Develop ncise signatuse criteria for optimm hellicopter surviva

Slity,

Fundemental to the anslysis {s that only aural deteclion of the helicopter

uwill be considered as it ts "flown™ against hestile ferces.

The program is divided (nto three (3) phases: Phase [, Study Definition;
Phase LI, Survivadility Determination; and Phase II1, Analysis and Resnlts.
In Phase I, those parsmetess that describe the-tactical use of the five
clisses of alecrait {observation, attask, catgo, utility snd heavy 118)
wiil be defined. Frum thiy sppropriate scenarin/progrem material will be
atcanged €o sapport the basic analysts, Consideration of enemy thrrat will
be Lixited-to aural and visusl perception of the approaching helicopter

by the enemy (I.e., PADAR, optical/acoustical afds arc =0t considered In

the detection).

Phase 11 will be devoted to the development of aural detectabllity contosrs
as dlctated by the helicopter nolse spectra ard environments, ODetermination
of survivebility vill be based upon:

s, Single groand wapon vs single alecraft

. Alvcrait penetrating forward dattle Line

The final phasy will be devoted to analyzing the helicopter airal detecs
tlon patterns (coatours) to Jetermine the probability-of ki1l frem eneny
?ire, Recommendations vill then be made as to vhat kUil probabiiity far

each afreesft vonld represent annptislzed survivabliity/atssfon effectivee

R A 2o

SUMMARY OF meLICOPTER NOISE RESEARCH AT £USTIS DIRECTORATE, U.S. AMAY AIR MOCILITY R0 LABORATORY

ness level. As a consequence, new uptinlzed acoustic detectahility dista

contm.s vill also be developed for each class of alrcraft.

NOTE: <This study I3 belng conducted by Boeing/Vertol under Contract DAAJO2-
71-C<0065, (Estimated completion date is Junc 1972)

Hopefully, the noise research brivl presented abuve glves some indicas

tion of the new Ioporiance wiven to this ares ol work.

The results feom the acvystics work presentod sbove show the.  slcni=
ficont zatrs have been made [n experimentally recording and anslyzing data,
the capadbllities and limitations ot existing Instruseptation are befter

understond, and (n many cases whule new systems and techniqurs Bave evolved

In the area of theorrtical analysis, majer Improvements have been asde

in defining the mechanics vf the nuise source. This bas led te the sdevelops
ment of servsacvustic trams which have attacked the problem at the riurce
and, In many cases, have demnscrated that this appreaach can produce signie
ficant reducilors in the nolse signature uf a hellicopter, As a tesult, the
hellcopter moise prodien s no loager 8 secondary consideration, but- fs -

being treated by the preliminary designer in his Initial conteptual Jayouts.

In-effect, the-subjrct ut rotary wing scoustics-is becoming- Increasingly

important and (s nv lotger simply an art, but a wvell defined science

ATFENDIX

Reposts on the ARPA Culet Helicopter Peoitan

FASALTANGIEY WOFKING TAYFRS:

1. #2533 = Description of the Nalsr Measurement Progran va 4 Standard and a

Adified Kaman LN Helicopter with-Some Inlcfal Reaulta. June &, 1949,

2 )8 - Description wf the Soise Measuresent Peairas o a Standard ard Two

Madifled Hughes DH-8A helicopters with Sioe Initial Results. Dec 1), 1949,

T #%) « Dascripfion of The Nalse leasuresent Proxras on a Standevd and

the Bdifsed Phase 11 Hughes OHoAA Hollcopter Xay 28, 1971
&. 980} - Description »f the Solse Mrasurenent Proiran on a Standard ang »

Mdified Sthorsky SHOA Mellcopter with-Some Inicial Resalis  Sep 30, Y949,

REPORIS-
1 MSA Technical Mewstandum 8X<2226 = Ground Nolse Metsurenents During

Flyover, Bover, landing and Takeoff Dperat®oms «of » Standard and 3 Modi({ed

WLk Belleopier  February 1971

2 SMkorsky Finsl Reporr #SEK-ART1S7A preparet wader Conteact MAIGI-49.

0030, title  HUSH Final Report « Quiler Helie spter Frozran (Senl)

3 Hughes Final Report, HICAD 7024, Contract MAIYA2C.n0IR, xitie:

Prograe to Reduee the Solse Signsture wf the DH.0A Helfeopler

% Toawm Final Neporr #%<0A8 wt April 2., 1989, Contract DAAIDZ. A0 0010,

title, Solae Reduction Progras HloadR Helleopter

ROTE: AT o1 the abore reports are clasatfied CRPIDENSIAL,

- ma— e ee




e AR o v, Y vy v

ooy

AECENT ASPECTS OF TME ANMY’S INTEMEST 1N TNE
NEDUCTION OF MELICOPTER MOISE

Richard L. Ballerd

0ffice, Chief of Nesearch and Development
Departaent of the Army

The prodlem of the nolse signature of & helicopter is an im=
portant aspect in the considerstion of the survivability of the hell-
copter on the battlef{eld., Durlng the 1960°'s, the U. 5. Aray vas
involved in & var that vas clessified as lov {ntensity and therefore in
the area of survivadility the mair emphasis vas placed on providing pro-
tection 2@ the alrcrevs from 7.62am (30 cal) projectiles. Yo reel ate
tenpt vas nede to red ce the roise-signature of the helicopter or sny
of the other sigaatures (radar, {nfrered, or ¢pticel). The real desire
vas £o-produce helicopters chat would operate effectively agafrst the
eneny. Any Shanges 0 the design of the helicopter thet reduced_its
ability to eccomplish 1ts maln sission vere not accepted. In the case
of nsise, ro changes to reduce rndlse vere allived because it mesnt
pesalties in that the alrcraft gross veight vas {:creased with accompanying
relustion In paylosd or the rotor efficlency ves decreased or expersive
=zodification to an existing fleet wiuld be required. 7The Amy hes learned
a 13t about fighting with Rellcspters and is cheaging its attitudes toverd
survivedility. The Army Is nov designing Its alrcraft (NLH, UTTAS) to
cperste In =ideinteasity. 7he alrcraft sust be capadble of vithstaading
hits=frus 2.7 (50 cal) proJectiles, and must have reduced sigretures.
Therefore, « phasls at the present-tine 13 20 reduce nolse, {nfrared, and

radsr sizsetures of Arzy afrcrafe.

The Arxy has prouted s short f1lm on the asise reduction progrem

cundscted by AMPA with the Arzy oa the OH-6A. The research effort on

€3 enployed mofifferent design phllsscphy than previous nolse

*

7el4ct.0n prodrazs In ohet the desiqn of the Relleopter vas for sinlmm

relze Jevel, regardless of the redustion In gerformance except that it

=uss be able %0 Oly.

This f11% showel scme very remarkable results. These results are
2342 1o be used in-n program for a scout hellcopter. Ihis effor:
brougnt out one very-Iaportent sspect of desianing helicopters for lov
nofse slenasure. == "It is possidle to give the piiot the opticn of

selectizg his nolse signature.” For exmple, ot home dese the pilot

1oads Mo Relicopter 0 the Z0ranl 4r0ss welght and takes off, Prior
20 a5 raching the target area, the plint reduces the speed to that res
qilricg the slalaus-Rorsepover and redaces the rotor AN to adout

61 yercent. The nofse slansture is greatly reduced as vell as the per-
farmasee.  The hellespter ean continue to TIy stralght anl level hud

13 very 1ialtes In aanesveradility. The performance has been reduced,
Bat pot the paylond. When the pllst_arrives In the tordet ares and
detersices that he must have the performance t0 land or mareuver, mdfer
the nolse signedure I3 no longer {aportant, the pilot ¢an {ncresse the

rotor PIX ¢4 100 percent. The modern Army dellcopter vill e usirg o

Mroader definition of eurvivebility then has previously been used, and
the nolse signature will e carefully considered. I as sure that in
such afrcraft e the LM and UTTAS, only minor reductions in performance
will be alloved for design features thet will reduce the noise signe-
ture. Nowever, in special purpose helicopters such as the serial

scout, other aa)or chasges in design may be appropriate and suetified

that result {n significant reductions in noise signature.
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VTOL MOLSE NESEARCK
AT THE LANGLEY MESEARCH CENTER

by
Hobert J. Pegg ~Langley Research Center
ané
Rotert K. Hosfer = Langley Directorste
U. S. Ay Alr Mobllity

Research and Development
Latoratory

SUURY ARD ADSTRACT

Atriel overview of the XASK langley progrems in VISL molse pedustion
ressarsh i3 presented. Irncluled are descriptions of speclalizml facilities
relating T« VICL 1olze, und 3rograms designed to 2xplore tasle thecretical
fantests and % develop rolee control technology for quiet vehlele desians.

IATESIACTICN

The 2aint XASASLTAMOL acoustics resear:h program at langley, Is
trosily tased and diverse in rature. Included are several specigis
regearch areas relating directly to VIOL noise vontrol, and trese are

atlined in Zigure 1. The-purpose of this peper {5 20 sresent trief
discussions o2 the activitier in esch of these areas and In the order
1is%ed i5 ke fijure.

Spesific areas_¢f VIOL noise research include rotor blade rolse
resaaticns the develepmens of techniques for measuring flyover roise
radiazion; reciproceting ensine extaust muffling techrologys huean
fa2tors 3tudles whict deal-prisarily vith the offects of nolse on
AnAcyAnCy Al k- prriorsancer and speclal facility dewwlopeents. Ia

tnls edrk, w5¢ Lo Sale of Zacilities azd eqiipmest which will be de-

weritel Lriefly along wits, Jlecassionsy of the 3320¢inted rasearch proe
la2t.. Referesze. are zmic also 1o future facllity modifieaticas and
develogrents nov Seler ciasileration.
RGuE BLAE JOISE REDUCT,

Ahe Zammd el & £0lsr ralt $5 emplex 1n malure since It g profxed
By zeveral Intlsl2ual scuores which say Seneralc seoustls erergy b7
varice gsuhanlezs. The prizwcy emphasis in Longley VIOL nalse resesren
1 tertarsd of chtalning a4 sore ~Eplete wilersiasting ol "heie gemeratiun
Drrranise. AL 0l Inshoe DrANY-tal reiearch § The 017 o3
U 0T o Tit a0 ing Lande JressTes o6 e far {Ieid Tilates
fam, The JAptTinant LY ThRUAUn Torees o reor Bl2e hae Been
exaviished ard La Intixated (o flZare oo 1o this Tlgae prriicted
naten fevel, £ar Tv Xlendy rolor loads shov b Iapld sleap ofF with 1ne
ren 15g Bwmcals 2 Sder, waerens cijerlzental data In-a%e n veey S30w
reducticn. Revent thedrles Such aS that of reference I, which are
5323 36 Ti-xteatisg tinle i alz siacepts, protlst nolte lerels mxcty
2loter Us the exprrioratal datu,  This resalt suigests that a prellstice
setho! dased on FISeturting blnie 1oals z=ay Be usefll. pirticalarly for
e higher Rarsocizs walsh Are of concern for cieally annomnee,

he matare £f We Fletnting loals thecry L@ Imdloatel by e
formas of flgae 5. Do neesitle pressure hrsonlea, M, ar~ exjresiad
B A SEation of e thrat, T AR vOTjue, Qe ¥inde 1oallng harvalss.
Thr Bestel functlon Jy . (r.'u‘ #ne} anZ the ~uEé tern deflna the
dirertlvity pasiern Astocidted S1In rotor nilie wherenr the tara Pl

repoesents, In sesplex forn, the Fuorler serles expansion of the Bblsie

-
"

loading. The wulective uf oue recewrch [Fograr §2 the sieule
taneous measurersnt of the fluctunting loads quaatitten (T And
Qg) and U eailatet nolse (i), to valldate themjuntlon.

N.o ndoye wors w111 L carecled out o6 u:e tangley whirl tover Shasmes
in figre k. Fer riele nolse ¢ata will Le $ime corr-inted with
simultanews blnte jreisure Smaswrenents at reveral cjanvice ang
chordvlag 1w allons. An Atlempt w11l by zde to correlate the avus
rotary dess with Sisilar tata from o tvo disenzionl whee o e wind
tunnel test at “ogparnble fleynolis numers. Speinl lnstouecn.stle
of the Zs4e tevelofe! 13 UBX {fee reference 2} WIIX be szt o o o«
nTLace jreciures in the frequensy range S 10 1 rlip st e telemater hes
dats from Mw Blut 1o freund based reconders.  [n adslilen b tte Jove
prograss, otz fteration 1z belag glven to rossarch that wvill
evaluate the yls~res d1rcipation of the blade Fore vartes nod s lble
reneficlal nofee s Ifects by peans of Cip oir =aver fnjoction, Mhesr
stadtes vill te-razed on Inltlal weog perforact Ly RA3A, une Gewix
washirgion Lnlsersity {Gewr rerzrence s},

FLYOVIR HOISE MEATKEMNTS

Several hellujter Z11gt L6t poSrand have been conduwctel 5% e
HASA Yallofa JEAtion Mulse mensurement ramyy which iz shown in figure
Yo The range cwaslits of an opernticanl alritrip, loaeated fn relatively
cj4n and flal Zerraln. Because-there Is 11%01e Alr traffic asd zpasie
popdatlen I the nreq, the nmble, Hlte levels are senerilly fuw,

All measwwemert profodures utel at Lk rangc to mrisare exterpal slrerslt
nolse tonfuea n. clusely as pozzitle tu the standands et ferth In
reference »,  In 181210 %0 jrovicions for »lleable tize correlnted
slcrozhora neray. Involving adltiple =cblle - reeonling suetlons

{2¢e Incet jtrtc), tare 12 2 joecizion:-tracking radyr for chtalning
alreeaft jo i lem, wd 2ocplt temeteorulogionl faciaitlos,

A, A rxampie of the e £ thla teet ravee m SUEt Investloation |
Wt feriorsat L, ottabn Ind 2,06 i the neles rotlation clarsat~riotisc
wf a bell~ 3t r tn forear?: SNt ANE e #I0eelr o f ~hansder I alrers
VARG PRraetar, 30 Che it chapteterk tigs. 2 pleal Qreriignt
rolee pdlatl & patters 12 hawn I Sigxe v, In order 1 jOuie
3ot Te. W1, AL 12 Deersrary to HiDe rorpelals als =vpoplaxn
shansel. Warl-tre Rellrspter rezfnion tnferontisn, The Bedlscprer
203 ST *te » tests U the THesA  Ingle rotor, * v i fewere! Jdr-
Sraft. The pesille o Ihe ediz, show that the InmeTilint prin
aiintians jatierminre trongly direrticaal, e palz 2 rolte
eatintlon belns-In the dpsetisn »f T11a5%. The risary Jarnorier that
affeetel 1narILAt palsr wal rr L p jrel. waly m30l) tereficlal offests
o eeatet polae we e amraclatel ith pelaced Diraard (peed Wl redaced
enia revor thrast {see referenne %),

A tell~spier nolre pmasurenent procran tinscn=l by ARFA wu W&

accomplishal At Lhe nbave nal-e SmAZwrwment PARLe. AL B ogart o f W
above prosvas the vt wehiclec Af Jlguwre ( vers e-ted. ‘The “tardard
sonfigraties f£ shoun-2n the top jhote and the zoilfled wer o0 12

shoay-In the tatl0a ThatL, The oblentive vaa e =2ATe n LTamIrd

¢
oy i o=

Rellr ptar vith ore wsjerinily ondifled Tor I sxtermal heloo,

1L vas #oerjated Trom the peral’” A 1= e % that Y e Lo peduttisas
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VTOL MOLSE RESEARCN AT THE LANGLEY AESEARCH CENTER

RECIPAOCATING KBNGIST EXNAUST MUTTLISG

Piston engines Live beer replaced in the majority of military
helicopters by less nolsy ges turbine emgines, dut they are atill
used to pover maay small civil helicopters. Operstions over congested
areas by users such as pollc.c departnents may require engine poise re-
daztion.

Langiey Research Tenter Las hed & susteined progrea to develop
reciprozating englne exbaist muffler technology. The development of & mufflsr
to a peins where 1t can provide large nolse reducticas and still heve
scceptadle weight and performmnce, has in the pust required a lesgthy
*cut eni try” spproazh. 7This approsch has been supplemented ty & nevly
developed, more ezact, computerized zifller attenustion, evaluatiosn, sad
design procedurs. 7This program sllovs £or such constralints as zoluse and
size to beplaced ¢n the 3ulfler detign. The progres then perforss the
rejulred numerical Aterations to define an expansion chasber suffler
white aiputtle perforsence {3 saxizized within the initisl siz« and
rolwe sonstrainis,

Usizg the above tecinique, tvo muffler configuraticas shown §n
figzve B-have teen Cesigned and evaluated on the SASA H-1M hellcopter.
Tyzizal narsov tand nolse spectirum results of thesy tests. are
presented in Zigure 3, for the hsvering flight condition. The upper
curve {8 for the basic engine, and the lower curve {s represeatetive of
=3tfler eontigeraticn I for comparatle cperating conditicns. A large number
of rolze peaks obserzel for Sfe baslc ecglar are essentially eliminates
by tne mulfler, with an asssciated 3 dstantial redjation in the oversll
n3lse levels. The ascwitic results for venfisuration lI were the same

a3 ihose for corfliguration I Butl the velght asd Saik preasure Sere
less. T resulizs of this study alyy ahow thetl for the
B3 hellagpter, e ulflers can be designe within actepiadle size sl
back jessare Mantez, (less tta § la. Hg).
HOMAR FACRS

b Lansley Researeh Ceater has active ccatrniter s7alles in the
ATen LI Bman respoaie %0 VIOL nolze. A3 an exemple 0F some of this
wire, e v Likcsitates the Sest configuratits for a SIkesky Alreraft
Company 3tuly ) detemalze the offects of tmbised nolse and vidration

UL @ YT0L BA Jerforeance. A 45 fllusimated, [ilots plased-in
8 2ocxpit slalator-are exposed 20 preerecorded hellcopter nolse and
vitrations, While Lelng shus exposed, he pllots fly a sisulated
comw:rcinl alr route, performizg IFD marigatiod tasks. Fllot pere
formante ratings arc sale durisg o= flight asd post-Tligt questicaalres
ere alsa al=inl{sierel. TBls progrwe 15 63111 La progress and the Sinal
results-are rot yeo avallable,

Another example of Langley cipported paythomcnustizs vork is
1ilusirated In figare 11, Shovs 1s the test envircament fur s Boelza/
Vartal tuly to deteralne the atsclute acceptabllsly of YIOL slrcraft
rolte drlng stadatad teralnnd ares operatimms. Subjects are placed
i the-lest traller, Vhich slmulstes & vork aad leisare enviroamest, and
asiel Lo pursac n fadber of activities such ns Job related virk,
piayizg oards, or valching televislon. While the subleits are perforaing
these Activities, recoricd VINL terninal acea nolse records ace jlayed
o thes throuh the speaker systems for evaluation purposes. 7The

resilis oF thls vork Are awaltiog jubi22ation a3 n JASA Coatractor

Reporte

o i i 3 iw“’ an
e’ omm L

Tae lasgley Lov Prequescy Notse Pacility (LIW), shovn 1o figure 12,
provides aa 1n-house cepability 1o stuly humea asd structural response to
YIOL noise in the frequescy reage delow 50 Nt. Roamesite structures
cen be placed is the noise fleld gemersted by the facility in order
to evaluate the effects of lov frequency Dolss exposure of pecple
both taside and outside of structures.

SPECIAL SRCLLINIRG DHVELOPRENTS

Ivo of the langley sbsoric vind tunnels whiich are ideally sulted
for VIOL ¢, d are being ically calibrated.
Yessurensats are being made to deternine the sound absorptioeg treataent
seeded to0 incremse the utility of the tunaels for evaluating the effects
of forvard velocity ea rotor soise stics. Ao ple of the
results of this calibration work accomplished to date are shown in
figuwes 13 and 1%, Typicel experimental data cbtalned in the evaluation
cf the Full Scele tusarl ste shova ia figure 13 vhere the noise levels
from & calidrated acoustic sowrce are shovn as & function of distance in the

tunsel test section. At the large distances, the messured nofse levels
approach those in the reverbersot fleld. For the example shovs, the messured
values exceed those Of the laverse distaace 14/ by 3 @B st a distaace

of adout 17 feet. This 1s defined &4 the hall radius viich ir the

1imiting disteace at vhich usesdle scoustic data cen be ottalmed. A

lac viev shetch of the test ares of this viad tumoel {s shown In

tigae 1% sod the current usesdle acoustics test ares is ehovn

<ross hatched. Cocalderstion 1s beiag given to the {aclusfoo of acoustic
wall treatowat 90 that the acoustics test ares cat be considersbly in-
creased as iodicated by the dashed limes.

Of special interest is the Alrcraft Noise Reduction latorstory pow
under commtrustion at Langley and vhich is sk-own as-an artists conteption
in figure 15. This lsborstory vwill specitically-support TIOL rolse
reduction research by providing for rutor noise studles at forverd
velocities up to 150 ft/sec. Of particuler significence is the
Copabllity for testing rotor models uwp to 3 feet-in dimmeter ip an
snecholc envizoament axd vhere the tumael soise and turbulence levels
are o alntmum. In addition, the laboratony vill provide lmproved
capabllity to quantitatively determine the effects of nolse on
people and _for engine and exhawst noise control studles:

CONCLUBING RBWAR 'R

The SASA/USANGOL research programs mploring VIOL notse from
the source {rotors and engines) to the recelver (mmen and structursl
responae) have been cutlined. The various research Tacilities .
at Whlck the above verk 1o belng conducted vere also descrided.

Proposed future programs vere shovz te provide increased emphosis on
hellcorter neise reduction and prediction techniques, and to Include
considerations of improved fecliity cepabllities.
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o ROTOR BLADE NOISE REDUCTION

® FLYOVEK NOISE MEASUREMENTS

® RECIPROCATING ENGINE EXHAUST MUFFLING
® HUMAN FACTORS

® SPECIAL FACILITY DEVELOPMENTS
Figure |. - Langley VTOL acoustics research.
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Figure 2. - Helicopter rotor rotational noise.
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Figure 3. - Fluctusting losds theory.
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Figure 6. - Overall noise level radiation pattern.
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Figure 7. - Quist helicopter program.

Figure 8. - H-13 multier test configurations.
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Figure 9. - Helicopter hovering noise measurements.
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Figure Il. - Test environment for subjective reaction to
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; NOISE AMALYSIS OF TIE EXTEMMAL Y Expansion of the exh flov vill tend to aggravate this situatien
‘f( AZROUYRAMIC DIFFUSER APPLIRD since the mess flov theough the systes is { d. Theref considerabdl
3 P 170 SHAOWOED PROPELLERS atteation sust ba given to the inlet val) ¢ Iniet bewndary 1
3 mazheds (suction, atc.) ey be Tequired.
. 8. %. Leagheuse and Since fuel requirements are about ten times groster in the hover medes
3 3. L Dailey conpered to level flight, the-incraase In the thrust to pover ratis that con
- be provided by EAD is mest attractive. An eperstionst afreraft with 1ifc fons
E
£ CEWTER POR ACONSTICAL STWDIRS oquipped vith ZAD weuld have increesed range and peylead capabllity and weuld
1 ) MECRANICAL AND ARROSPACE DNCTIRERIAC DEPARTIENT decrease the probebility of humen anneysnce respense since less noise would
] WORTH CAROLINA STATE WIVERSITY be produced in the hover medes “hate the potentisl of nsise sanoysnce {s
[ SALZICH, MORTY CAROLIMA s EAD, thervef has_the potentisl of providing & built-in neise
b »
: redvction mechenism thet enhonces rather thes & des systew perfor
: Current precodures wader investigetion (4, $) & system p
3 » Abstgact *
5 t Ic is well hnowm that prepeller can be improved by preper hile eorly axper| 1 {nvestigations st Pri {8, 7) did net
addition of & sheoud. Previevs imvestigaters have shovm that, attendast vith establish pesitive banefits with ZAD, more vecest experimntal resvits (8, 9, 10)
3 the laproved performence, the shrowd significantly reduces the system meise, Indi fdersble system perf fnpr con be sthaived. M
1 Y {ncrease in exheust sres of 30T con be sxpected. The effect of this imcresse
9 provided {nlet flew seporation does met sccwr.
E

External aeredynanic diffusion (EAD) of the enhavst flov provides an

evtiasion of the sh

uded propeller p This pt, Whicth is weeful

for VISTOL sircraft dueing hover eperation, sigaificantly inproves the system
thrust/pover Tatie compared to the conventions shravded propailer vith ns
diftustion. Attendant vith the performence Incresse is 2 reduciion in the system
nolse. The moise reduttion is & reswit of a decrease In the fan Slade aeredy mic
loading and fins] exhaust velocity. EAD, therefere, provides s mathed of
decteasing the system nelse While tupreving system pettormance, Curramt
techatques of reducing the neise of Y/STOL propulsive waits tend to degemrtate

system performence.

latseduction

Por-V/STOL afr:reft {ncorperating shrewded prepeliers of fanein-wisg
units, the system nolse and thrust to pewver vatie can be significantly
{nptoved by using external aercdynamic diffusion during hover eperation.
External aetodynanic 41ffusion (ZAD) (s & precess that produces acredynenic
expansion of the fan exhsust flov. EAD can be accrmplished by providing &
shert expansion area in the exit scction of » shroud and by prevesting flev
separstion on the diffuser vall for high divergence angles, Figure 1. The
affect of ZAD Is to increase the effective exhaust to fan disc area ratie which,
in turn, reduces the final exit flov velezity, fam back pressure, and fan
»lade aerodynonic loading for a £i=en thrust cendition.

The neise preduced by the propulston unit (s related to the megnitude of

steady and fluctuating blade leading and to the exh

velocity.
Reducod blade loading, s given by BAD, would therefore tend to reduce the Ine
tensity of sound produced. Furthermere, since-jet aé.xs depends on the Btk
pover of the exheust velocity and the Ind porver of the exhoust diasuter (1),
lowering the exhoust velecity would materially reduce Jet nolse (2).

Carly studies of shreuded twe-blade prepellors by Mublrd (1) Indicated
that the presence of the shrowd, vhich decreases blode loading, reduced the
sound pressere level by 6 40 ot the fundemental frequency ond by as much as
20 4B for the Mgher harmenics for smoeth flev conditions, Plev separation
ot the (nlet of the shrovd cavsed the neise Tevel tn increase to the washrowled
values and grester vith mere acowstic energy concentrated at the higher frequencies.

It wos alse ncced thar (lev sepatation could be precipltated by very slight
cronsovinds, Inlet flev

» ton i3 an attendent prodlem with ok

dod “propeiier

{n enhowet ares {5 to raduce the fan blede losding by T and the exhoust
velocity by 50T ac constont theust.

Recogaizing that the neise preduced by a propulsive wit is reloted to
the megaitudus of the steady and fluctueting blade 1osding forceas and the
exheust velocity, the intent of this peper is te ensnine the potentisl offered
by EAD_for simulitancous improvement of system nelse and perforrence.

Noige Reduceion Analvsis
The noise {s considerably reduced by vsing EAD dve to three effects:
(s) Reduction in stesdy 1oads
(V) Reduction in fluctwating forces on the blades
(c) Reduction in final exbewst velocity

tt is (mportant te wnderstand that large acrea Incresses ote possible.
Increases of 0T In ares ave reslizable. The fallowing exemple vil) i1lustrate
hev this affects blade loading for the simple case of {deal, walferm flov,

Fora prepeller (shrovied or wnshrouied),
M R cx o
71' = system total thewst
Consider the caststhat follew:
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NOISE ANALYSIS OF THE EXTERNAL AERODYNAWIC DIFFUSER APPLIED TO SHROUDED PROPELLERS

: ]
c-h-l and
_— A
A _—
1 T
2. 1
! 1 LTum C? *
1 T 1T
Shrowd, o 1.0 L A
A

A, T
et ot.50
oy I.SORQ‘?:'

i .

1-
2(1.50)

compared to ne
sheoud condition)

Shroud, ce 1.5
In the precesding exsmple, it {3 shown that & shrewded prepeller with
0% diffuzten wil) covse a decrease In blade losding of 677 in cemparisen

to an unshrowded prepeller for the seme tetal thrust. It appesrs that a

significant veduction In nefse wovld theref: be exp d. As d d
by Mubbard (3), shrewding the free propeller (deubling exhsust sres) reduced
the fundemerital frequency noise of the system by 6 d5. This reduction is
the order of magnitude that veuld be expected since 'r’. and assuming a
proportionate change in torque, wos veduced by a factor of 2.0. The pressure
weuld be reduced by the same order of magnitude. The externsl aersdynasic
d1ffuser provides an extension of the use of propeller thrust relief as a means
of pure tene neise reduction.

A simllar comparison of a standsvd shrewded prepeller vith no diffusion
to a shroud witha e 1.3 can be *mde. The latter has 2 less losding on

the blades. This rep s apy

ty 372.5 48 fend 1 f mey.
noise reduction. Only the nolse reduction due te the steady 11ft has been
consideted. The unstasdy pure-tone noise I3 alse reduced by the Jecressed
“blade loading via & decrease in the potential field interaction. This can
be {1lustraced as follevs. Since the theust Increase at cemstant pressvre
tatio {s proportional to ares, the system vith g »1.50 has-3507 mere thrust
than the system with # ¢ 1,0, Thus to return to comparable thrust levels, the
pressute Totic of the diffuser systew must be significantly reduced, f.e.,
the propeller must be throttled heck, If the propeller vas originally
operating at P{.Iro » 1,40, this means the pressure rotio must de reduced to
P.rl:'o ® 1.255_to meke 2 neise coq:ﬂun at constant thrust. The affect
of pressure ratio o1 netse fer a typical system (7), considered here to be
the Genersl Electric 11€c fan LPL7S3, is shown In Pigure 2. The spplicadle
reduction in pressuce vatio indicates a 5.5 4B reduction in the fundementa)
-frequency nelse. The diffevence in this valve ard the steady 1ifc nefse-is
sttributed to wasteady loading nelse reduction and reduced exbsust velecity,

It is axpected that the noise reduction-achelvrd for-a given ¢ will-
depend signlficently on the characteristics of the parsicular propulaive wnit.
The mumbers presented here ate for the purpese of sheving the evder of magnitude
to b erpectod. Prom a free prepeller to a shrowded propeller with o = 1.8,
the vrder of mgnitwie of fundamental frequency nolse teduction is 10 4B for

constant thrust,

Riffvass Sratem Parfermace
Use of an external aerodynanic diffuser cignificontly Incresses
the system thrust te power ratlo. Consldering the case of the constant

thrust for 1desl, untferm total prasswre Clow, {t can be shewn that the

Ty .33 T, (678 reduction fn T,

RSO ES

N

porfornsace imprevemsat ratie is ‘h&)
"o, emx __vith dif{usien ,

te ¥ + vhere *e (&‘)u‘ﬂhﬂn N

at ceastaat :buu.h Thus, for © @ 1,50, the perforusnce improvement facter 1
1s 1.225, se thet the perfermsnce improvameat is 22.5% st cemstsat thrust. i:
Thus, net enly has the system nolse boen reduced. dut the hover .‘
performsace has boen significently {mpreved. 4 j
The overall performance of the ZAD will be dependent on the efficiency 4

of the neans incerperated for diffuser bovadary layer ) 1 .
mgthede may be applied, a.g., bloving frem slets, trapped vertex, suctiss,

ete. Alse the veight of the shrowd met be consideted. Too lavge of a
shroud vould tend to negate the performence gaims.
Use of ZAD for performsnce improvemsat is net vithewt problems. -
Espertmentation to date has indicated that the high divergeace angle diffuser :
vhen subi

system tonds te be b d te &1 h

(side winds, etc.). )
Theust variations of 10T or more con be expected. Alse, the flov vill tend -
te separate st the inlet waless proper design is folloved, Curremc
that the inh

" t{on {ndi.
exper

[

instability of the system is
the major sbotacle that must be overcoms before system integrity con be
-acheived. i
Sasclusions and Becowmandaticns

Current experimentat lqv:-ulutlm substantiate theerstical clainms
that the system thrust to pover ratie con be significently improved. A
couparsbie decresse {n system neise {s alse predicted, dut it remsins te
be shewn experimentally.

EAL ic net s with the inb -1

The prodi b1ty |

Tomains a major ebstacle in its applicotion. Attendant with the instability
would be aggravation of the neise preblen.

1t 15 balieved the potential marits of EAD warront further enperimental
and theoretical-investigations te elimi

_the { 1ty preblem and P

te delinsate the abselute level of nefse reduction.
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MOISE ARALYSIS OF THE EXTERNAL ATRODYNAMIC DIFFUSER APPLIED TO SHROUDED PROPELLERS
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THEORETICAL AXD EXPERIMENTAL STUDIRS OF This of course givie rise te tanden-rvoter blade slap which on the newer helicepters 1

MELICOPTER NOISE DUE TO BLADE-VORTEX lll‘iIACTIOI wes b jally reduced by roising the aft reter well abeve the forvard reter. j'

Sheils Vidsall, Sing Chu and Albect Les For the single retor helicepter it is likely that the blade tip on the advaacing 1
Depactasnt of / tce and A ics slde is the most likely ares of blade-vertex interaction although s pessible inter~ i3
Nassachmsetts Institute of Techaslegy 3

sction could occur betvesn blade ) and the vertex from blode 4. (See Fig. 1).

ABSTRACT Since the rotor weke 1n net vell medeled by ssouming ne distertion of the vertex -
The generation of impulsive seund, comonly called blade sisp, due te filameats (the rigid-vake ssswnption) a grest desl mere must be learned frem

R blade-vortex interaction for helicepter retecs is discusssd., Tve cases are flov visuslization te sccurately locste the vertices relative te the dlades. Twe b
B constdeted: first, blada-vertex fnteractions for which the angle between the potential-flov medels vhich are appropriste for Candom-rotor hlade intersction snd i /'z
} QI dlade sad vercex is less thaa s cricicel value such that the eacire loagth of siagle-roter tip interaction vill nov be discussed. It :
E the blade patticipates in efficient seund goneratisn--1ikely te sccur for tanden If ve conslder the tandem-retor {lov field tateraction shecchod 1n fig. 1 % :
Bl cotors only; second, Dlade-vertex iaceraction i which the wnstesdy interaction and vz see that the ¢ssence of the blade-vortex interaction problem is that of %’
B 5t the vectex vith the tip of the blade is the primary covse of melse--inportant & loag blade passing obliquely aver a vortex. Except-nesr the blade tip, the %é :
k foc the stcsle retor halicopter. For the first type of blade vortex Iateracties, sctedynsaics of this fnteraction con be nedeled as & tus-dimensionsl sirfoll in g; ‘
- I the unsteady 112t on the blades 1s calculated vaing an existing Lineer vastesdy 0 eblique gust. Twe recent seredynanic theeries have deen develeped to predict ;E j
sersdynamic theeey for eblique blade-vecten intesactisns. For the tip deminated the usstesdy 11fc fluctuations on » blade due to 2n oblique sinuseidal gust. Filetes (2) * E
. B dlade-vorrex interaction, wastesdy slendec-body theory i used te calculate the has considered the oblique gust 1 1oy for 1 ible flev. Joh [$}] “E ;
- [ unsteady force on the blide as {t encoucters the vortex. A thooretical medel has consldered the oblique yuat 1 {on for subsenic compressible flov. ok ) i
= for radlated sound due to t'e-translent 11fc fluctuations is presenced. Predictions has also applied this theery to the calculation of hellcopter atrioads for blade- 1':, 3
E ot che directivity, frequeacy sp and Lent acovstic sigasl are prasented. vestex intersctions. ¥ .

: Calculations of the trassient-sigasl are presented in cemparsien with recent In 2 recent-papss, Widnall (6) sresented 2 model for seund radlation due to :

B expecinentsl results. The sgreement 1s goed, particularly for the small angle this type of blade-vorten interaction. The results 31 this saslysis vill be Jiscussed “
Slade-vortex interactions. aad compared vith experinents. ! ¢
Wile the analytic medel of Dlade-vertex interaction present i (L) is very i i
svitable for the-tandem-rotor fnteractiond, it wewld net correctly predict the .1
Introduction rallated nolse due to blade-vortex-interacti~n near the tip on the advancing blade §' ;
The generation of 14ft by a Malicapter rotor In foruard flight s sccempanled side of & stagle~roter hzlicopter. -This is i the dy dynrei ’ ;‘
by the crestion of an secodynsmic {lov field of great cemplexity in beth space an In{inite tvo-dimensisnsl blade vith ne tip. This acredynamic mele] is nat %’ i
and time. The charsctecistic neise signsture is-largely deternined by the able to -for the d as the tip of the blade rotates and meves i é
1 fluctuating loads on the blodes due to operation in this nenualferm (lew fleld. over the vertex. j
p 1r. sany casrs, the eperation of the helicopter roter produces an-lapulsive seund. A prelininary trestmant of this aspect of blade-vortex interactien, based on )

P One source of this is due te traasenic {lov effects st the tip on the sdvencing sleadet-body theery, will be discussnd. i

i Sladeside. A recent poper by Lyen (1) has demsnstrated that vien an alrfoll chonges
b its forvacd speed relative to the fluid In an wasteady monmer,-33 does 2 retating
blade in forvard flight, sewnd i3 |:nnud even theugh the flov speed s less

than sonic everyvhere. Anether seutce of blade slap Is the vasteady lift fluctuation
on & blade due to Interaction with the vertex-{rem snether blade.

Even vhen the helicepter epetates in & condition vhich subjectively is descrided

as non-banging, 1t 1s Jikely chat blade-vartex intersction prevides much of

the higher harmenic centent_in the rotational neioe spectrum, As has been

noted by many awth the bewndary b blsde-slap neise and_retational neise

o Wiy Ae
e

is net sharp. Belov speeds tor vhich cospressible blade slap con eccur, beth

N

KY
Ml
¥ e

pELES

i nenethe.less deterninistic. The distinction betveen blade slap-and retationsl neise

1s made for convenience, vouslly on basls of subjrctive respense. *‘
In this paper, ve discuss tve petential-flov wriels fer the flodusting 111C due N :%

[ to blade-verten Interaction and the resulting Impulsive nelse signatire. Sowe k3
kY

k-

tecent expecinental resvits ace slse presented.

X

It we constder *he roter flov (lelds shatch in Pig. | we see tlut the posslible

: blade-verten lazeractions ace quite different for she single rotor ss compared vith

the tonden toter. As 1s well knewn, for the tandem roter, blade-vortex interactions ;’.f ‘

con toke place {n whlcs the sngle betveen the blode ani vertes is susll (say less than “’:
FIG.} SKETCHM OF TiP VORTEX CONFIGURATION FOR 5

30°) and-for which o good portion of the dlade will anpecionce o fluguating LIfC force. SINGLE AND TANOEM MELICOPTER ROTORS. .1
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1VE WOISE DUS TO VORTEX -~ MODSL %

PR
HOa

The moot straight forverd calculation of the impulsive nilse dus to blade-vertex
intecaction is te use the medel ohocchad ia Piguce 2, Is thie medel the observer
1 1s loested in the fluid at & disteace rfcom the location of & vertes, vhich {o tahen
t> be at reet is the otil] fluid. The dlade maves in the pesitive y direction ot
o opoed U o distance k sbeve the vertex, vhich 1s eblique to the leading sdge by an
3 angle A, The vertex height A is taken 28 Zonstant along the span. The seund

d by repested of this tramsl

1o built wp in & sluple vey frem the fouri f
sinplifiod medel

38 occur for helicepter eperation,
of the

sigasl.
of the blade-vuctex interactions

RN

tal £

the

whick occur for tanden Totots but doos net include the cemplexities of Slade retstion,

e

the senunifors [ree stream at esch blade clemeat due to retetion, the curvature of
+ the vertex filamsnt and ch the blade anéd vertex along the

length of the blade.

nd »

In the calculation of the wasteady 11t on the blade a twe-
dinensional theetry is ueed, thus ignering throe-dimensisnsl effects at tha tip. The

finite loajth of the blade is constdered enly in the scoustic calculation,

A, The Ussteady Aeredynamice Of Blade-Yortex lataraction

daghould et iy

il

The wnotosdy 1ifc on the blode due to dlade-vortex-futeraction is calculated

using linear wneteady seredysanics in a naser snslogous to the theory of Sears (3)
developed for parallel { 1 The wa
- due to the intetaction between the vecrticel velecity field of the distuchbance snd

dy 11fc on the blade is primarily

. the selid airfell surtece. Linesr theery treats this verticsl velecitly input ss

the

an impesed wastesdy wpvash fleld which dy 1ift disteibution on

-the sirfoll verface mecessary te sstisfy the condition of no flev throvgh the

airfeil. Figere 3 shews the g fen. As ts dotd In

y of the
P

, FIG. 2'MODEL FOR BLADE/ VORTEX INTERACTION
< AND DEFINITION OF COORDINATE SYSTEM.

aaf __ _
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: THEORETICAL AND EXPERIMENTAL STUOLIES OF HELICOPTER MOISE OUE TO BLADE-VORTEX INTERACTION -

o N -

A ‘
. 1
P
"
' It
}
r .
p
A '.
4 f )
b P
- @ !
y v b
!
i
- 2y - ;
[
r y

Wby

@7 f

FIG. 3 GEOMETRY OF BLADE/VORTEX :
INTERAGTIONS. :

» the blade

" 4 "

stasdy ¥y Achord b, and the blade velecity U are
used ss relerence quanticios. The nondimensionsl frequency is them S-g-b.l(l. the

Strouhal frequency.
The velecity fiedd of a vertex of strength T located & distence ) frem the blade
say be medeled as 2 distribution of sbiique sinuseidsl gusts. Using Feurier

traneforme, t1. vertical velecity field st the aizfeil lecation due to the vertex

B8y be written

m !
T $ 4108 -
vie) p oo o | we) ds, .
Ir ot [. . ( i ;
1
vhere ' .
+ i
} .
we) e -Eﬁ[‘"‘l" () i :

s the Pourier tronsform of U(s). TFor s resl vertex, with & viecous core, »

Tosssasbie 1t to the velocity dlotribucion Lo obteined if K 1o replaced by (h1eh D1/

vre ll° 18 the radius of the vertes aore, to the poing of naximum toagentisl velocity. i
A sinusodial guet with this srfentation vill coves on wnstesdy 211t on o blade

section of (requency ¢

[£7) o
$ *ecroh
and sinuseidal veristion sleng the spen
L(x,3) = L ($,1) exp(ivm oinr-= 18¢), {%a)

ot slternately, -
L{n,3) = L (5,2) enp{ie sink(x = (cosh/ntmr)e]} (W} )
4
4

(=<3

O
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THEORETICAL. AND EXPERIMENTAL STUDIES OF HELICOPTER MOIST DUE TO BLADE-VORTEX INTERACTION

This can be interpreted as & sinusoldsl patterm of 1ife vi..ch Sa coavectx} along then & wavelength se that the unstesdy 111t may be aodeled as & line of scoustic
the dlede rith convaction speed dipoles, distributed along the span, moving with velciity U in the y direction.
Under these conditions the far field sconatic presswre due to & 1ingle
[ RV TN )
; fisquancy coaponent of usstesdy 1ift cavsed by the oblique siousofcsl gus® vas
) For the stmplast acouztic model, & criterion for very efficient souws:! radistion shown to be
: R (L))
| would be U, >2, the speed of sound. This would correspond to redfation fxom a I I £, & sint sinfks [(canA)/H ~ (cosv sing)/(1 - ¥_coad cost))}
5 ple,e)f » —
disturbance moving at s_supersonic spsed with respect to the fiuld, i 25 (1 = K cosd cosp}’ K[(tanA_ }/M = cosd s1né/(1 = X cos? cosd))

The unstesdy 1ift for such xa oblique sinuseifsl gust interaction-is availeble

- from the incompressible flow theory of Filetes (2) or the mere genersl ;whsenic
L o b4 d vhete I.° 1s the amplitude of the frtusrizg lift, ¥ and ¢ sre the elevation and
theory of Johason (3) - the fare

asisuth angles of Fig. 2, A is the sagle betveen the blade and the vortex ¥ is

2 A the blade Mach number, k s the .~oust!c wave mmber v/c. (Equation 9 differs
L{x,$,A) = (et b, )C a5 (00 1% X amrltlix - S0)),

from eq. 13 of_ref (4) fn that an error wes asddx previously {n polng from acoustic
X)) power to acoustic pressure for s moving scoustic seurce). Eouaticn 9 ‘udicates that
whete the angle A between the biade and vortex has a major effect on the-acoustic fleld.

This ke decavie the angle betweer: t%a vortex and blade determines-the trace welocity

k =asinr

x of the intevaction along the Ulade, If this trace velocity is gubsonic, very listle
To obtaln the specticas of the 11f3 vy to blsdesvortex intrracticn, L(2,5,%) from scoustis power is grierated {or the Dutuat ing force level vhich ex{sts at the various
Eq. 6 s multiplied by the Yourter transfora of thy vortex velocity, Eq. 2, expressed spanwise stativas along the blade. In fact, {f the blad: “ere_infinitely long, exactly

.

as a functlin of 5. A _factor 1/cosh speesrs In the t fon do to JS. Expressing no sound usild be-generated by these fluctusting forces, (This {» discussed {n wore
the unsteady 11t as a functien of frequency snd A only, we vhtain detail in (4)).
Figute & shovs thu saximus ssplitude of the directivity fuaction defined as

(10)
sin{s x{tand/s - coss sine//L = M con? cosd}ll sint

2 , 1k x « $t) bl - - —g e —
L(x,5,48) = (23178 )C, ) (S/cosk, AMle " x . 5,1 = M cosd cost)® {klcana/ - cosd sinp/(1 = M costr ~~e¢}})
i s .-ls/:ui.i.\ vs. 2levatfon angle ¢
Sy e . ipor
* for vacious combinations of A and Mach nuebet ¥. The most isportant feature of these
Filotas has developed & simple analytiz expreirfon for CM’ (Cub HS curves is the dependence on A, As the angle betveen the blade-and vortex incresses,
& complex quantity with both magnltude and phase depoadent upon frequency) the aceustic efffciincy is greatly reduced. Tha results o! ref.(4)alao indicated &
1 strong besming of the sigas] In & direction mormsl to the bl.de- (say within 20°),
- » Cran{S/cosh A; M o 0)
Z L2 o ot 1 | 15 (4s)
]

e '2'3};?' (L +crv A et Scant)

vhere the ascudynsmic phase shifz between the gust [aput and the unsteady Iift is

3(s, A3 e 0) ¢ ot
t—{i -2 Q *5q sint)

st~ (L]

cost + 215-(1 + % sind )

This expression vas uscd in the nuserics) predictionn of the acovstic transient

signal duc to blideevortex ton, A sere pl steow ¢ of these aerodynasic

theories can be found in {2) » (3.

3. Acoustic Redlation From Blade-Vortex Intersction

In developing the exp fon for sound g 4 by blade tex _intetsction, 30° \</

we cotstder the blade tesnsiating arrmal to {ts lesdSag edge to pass over the-vertex

o g tTA s it T e
%

which Is at rest in the still fluid, as shetched in Fig. 2. For & hellcepter in

Bl "

forward fligh., thare 1s a [lovw sleng the blidv which could be teptesented Ly mveping

oy

Rl

bav e blade. This additions] cosplication has not been Included, since the

convective Nach nusber uf {lov along the dlade never enceeds the forwsrd {1ight

"
.

¥

speed uf the helfcopter. In addftion, on the advancing blade slde vhere the

Mach wovber fs the highest, the most critical condition (or nelse generation, tle

k
H
3

Clow comprnent aleng the blade fs Identically nero,

I (4), @ decalled analysie of the acevatic field due ta a single-frequency 80°
T . _ FiG, 4 MAXIMUM AMPLITUDE OF THE DIRECTIVITY FUNCTION
conyment of vnntesdy 1218 vas presmted sseuming thet the blade chord 1o saaller AS & FUNCTION OF 0,20 leg O (."u", FoR .‘° >>f.
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THEORETICAL AND EXPERIMENTAL STUDIES OF ML}M! NOISE CUE TO BLADE-YORTEX |NTERACTION

Since the directivity fuaction dees not cestain the megnituds of the unsteady
111e, & further_coduction in the aignsl is obtained as A increases due to &
in the f1 tite. Fig (3) taken frem (4) {ndicates the effect om

the acoustic spectrum of the reductien in unstesdy lift due to increasing blede

vortex sngle A and blade vortex spacing h. Recslling that an increase in vortex

cnte size is squivalent to an effective incresss in h, ve can see & veduction {a

in vortex core size.

level and high freq y weuld an i
As A appreschas 90° the aceustic-end secedynsaic theories in this sodel
predict ne unstesdy 1ift and mo seund redistion. This is one Teason vhy this

etex 1 fon vhich occur near the tip

aodel does et _ch ize dlad
for a single rotor since these intecactions occut &t angles very close at 90°.
Tra complexities of the resl flov which have been left out of the simplified model

must then be re-exaxlned.
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FIG. 5 NORMALIZED SPECTRA OF THE TRANSIENT
‘BLADE /VORTEX INTERACTION AS A FUNCTION
OF S; A=BLADE/VORTEX ANGLE, h=BLADE/
VORTEX SEPARATION.

EXPERIMENTAL STUDY

5@.7“(,“.. estliest esperimental-data we had acceqs tiron the sceustic sign-
atuca due te Ulsde-vortes intersction ves obtained by Boring Vertol (6) using
the model (ator of McCormick (7). The comparison between the peak to peak pressure
tn the treasient aceustic signal ss obtained from the eaparimant and as predicted
i) the theroaticsl sodel are shewn in Fig. 6 asd 7, taten frem (3). Alse shewn
19 & sketch of the trmsiont acoustic_pulse (rem both the thecretical pratiction
ond the enpeiiment. W1 felt that the doutle puisr obtsimd 1n the emperiment
wee the regait of reflection of seme nanthy surfece. This was_ later confirned vhen
ve obtalacd out ons fazIvimental results, Alse shovn In Fig.-6-Is the theoretical

prediction of the effect of a chatge 1n cote sise on the sianai. As would be

-8

expectod the core sise affects the leval significestly for very close imtersctions
but 1s uniaperteat 1€ the blede passes only through-the poteatisl-flew regien of
the vertes,

Me have nev begun te obtein axperimentsl date oa radisted noiee duc to blade-
vortex interaction in eur open jot wind tumsel. Figere § shevs s skematic of the
experimeqt (the tuanel with the medel helicepter roter and the upstresm vortex
genarater) as well as the transisat scevatic signsl due to blade-vertex interaction

" 24 -

" "y
on_a

at s aagle A*M0°. The 1< nigs is p
vhich the rep d tent sigasl frem the wacercelstod backgreund nofse.

The lower trece shows the taw data (at a veduced scale), the upper trace the extracted

blade-vertex transient signal. Ths left-hasd cutves shovs the aceustic signal
obtained fres the medel retur vithout flew fu the tunnel. This signal is just the
totationsl nofse of the model totor im hover. The right-hand cusves show the acoustic
signal due to blade-vorter fnteraction == the vertex being generated upstresa in

the tuanel by & fixed vortex geaer: . The p ing of the signsl by the wase

analyzer_improves the clatity of the signal in cemparison with the rav
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THEORETICAL AND EXPERIMENTAL STUDIES OF HELICOPTER NOISE OUE TO BLADE-YORTEX INTERACTION

s, cpdal h“mﬂ:lm

- THEORY .
o hs 0"
O h=1/4" EXPERIMENT
Ah=t"

dats. The typical shape of the blade-vertex fsteraction tramsfent-is clearly

visible fn the processed signal. One can also see the reflected pulse frow the

L

concrete celling (the celling vill eventuslly be covered with an anecholc treatment).

This reflected pulse 1s much clesrer in some of the acowstic dats vhich vill be

-preseated later tn this paper.
EXPERIMENT THEORY

In order to predict the transfent scoustic pulse one must know the tangential
f velocity distribution in the vortex. This wvas obtainel by measuring the vorticity
A p distributton in che vortex (near the point of Intersection) with the vorticity meter

developed by HcCormick (8). The experimentally determined vortictty discribution

and the calculsted tangentisl velocity distributions are shown in Fig. 9. In

PURP Y P

applying the anelytical prediction method for fatetrsectjon through the vortex

s s

cere, the vortex §s modeled as a potential vortex with the effective distance and

/Y____’T_ circulation chosen 30 as to match both the locstion and magnitude of the mazisue

normsl velocity at the blade.

The expetimental results for the peak peak press §n the transient acoustic

h o. signal, present in the form 20 log 2p re 0002 ub vs, the blade-vortex separation
=

h in iaches, are presented in Figs. 10, 11, 12 and 1) for values of blade-vortex

20°log (Ap/2)

T

interaction angle & of 0%, 11°, 35.5° and=63*, The results indicate a rapid decreasc

{v SPL as A and h Increase. The agreement-betveen theory and experiment s certafrly ;

%
|

acceptable considering the sieplicity of the model. In replacing a rotating blade

interacting vith a vortex vith a finite length blade translating over a vortex,

Py

one does not krow_precisely how to choose the effective trenslational velocity and k
.
the «ffective blade nteraction length. The agreement between theory and esperiment B
85 - 1 o o ) |
E o |0 20 30 40 50 is poor for very large interaction angles, (1>%3°). This is to be ¢cxpecled since many -

of the assumptfons in the simple model are not valid ss the blade-vortex Interactious
BLADE / VORTEX ANGLE A ~ DEGREES occurs near the tip reglon, The present aralytic model seems to underpredict the
radisted nolse although we consider thw experizental reaults to ¢ soeswhat prelixinary
¢ FIG.7 COMPARISON OF THEORY AND EXPERIMENT ON THE
EFFECT OF BLADE /VORTEX ANGLE AND SPACING

ON THE TRANSIENT SIGNAL h=BLADE/VORTEX ,
SPACING ROTOR RPM =1500.
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THEORETICAL AND EXPERIMENTAL STUDICS OF MELICOPTER NOISE DUE TO BLADE-VORTEX INTERACTION ~
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FIG.11 THE EFFECT OF SPACING BETWEEN VORTEX AND ROTOR ON SPL
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FIG. 12 THE EFFECT OF SPACING BETWEEN VORTEX AND ROTOR

ON:SPL OF TRANSIENT SIGNAL ; A=386°
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FIG.13 THE EFFECT OF SPACING BETWEEN VORTEX AN ROTOR ON
PL OF TRANSIENT SIGNAL ; A +63.8°,
since the anechoic treatment has not yet been applied to the valls of the test ares.
Figures 14 and 15 shev the shape of the tyansient pulse for A = 11°-end A « 63°
odtained {rom the experiment as well as from ssslycic prediceions. The experimental
results shov meny reflactisns from the walls of the ecclesure vhich sake the intecpre~
tation of Jwet vhat censtitutes the blade-slap sigasture o Mt difficult. The
second pulse Aes baen Sdontified os & refloction from the ceiling vith later returns
comtng from the walls and the floer. The amalytic predictions do agree with the
shape of the "firat arrival” of the tramsient signel. x
The elfect of rotor sagular velecity om 3p s shown in Fig. 16. In this
experiment, the circulstion of the vertex vas held comstast, The theeretical curve

predicts an incresse in SPL proportiensl to u‘. the experisent swggests L’, with seme

® senand

. The ¥ ocures b _the 1nd

d sngle of attack for a given

cdrculation is inversely proporticaal to velocity.

In aa actual helicepter (holding the Lift constast) the circulation would be
roughly inverse to the velocity so thet the blade-slop signature SPL worild increase
as 63, This hevever 1gnotes the effect of this chenage in opersting condition on
both the vertex core size and the blale-vertex sepsration~-deth very important

pacaseters in determining the bh‘cc-l'q signaturs.
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FIG. 14 EXPERIMENTAL RESULTS AND THEORETICAL
PREDICTIONS OF THE ACOUSTIC PULSE DUE TO
BLADE - VORTEX INTERACTION; A=l}°,
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FiIG. 15 EXPERIMENTAL RESULTS -AND THEORETICAL
PREDICTIONS OF THE ACOUSTIC PULSE OUE TO
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IMPULSIVE MOISE DUZ TO TIP INTERACTIC S -~ MODEL 11

While the analycic model of blade-vortex interactlon {s very suitable for
the tandem rotor interactions, it does not correctly predict-the radiated nolse
due to bladeevortex interaction near the tip on the advancing blade side of a
single rotor helicopter. This is because the unsteady aerodynamics assumes an
infinite (two~dtmensjonal) blade with o tip, his arrodynamic model is not able
to accouat for the unsteadiness as the tip of the blade rotates and moves over the
vortex.

Quslitatively, ve expect the force on the blade due-td blade-vortex Inter«
action to behave as shown {fig. 17), When the blade Is In position (1) the net

force due to the presence of the vortex is small, In position (4) it is also saall

becsuse the positive and negative forces along the sped will nearly cancel. However,

a3 the blade woves from (1) to (4) a ncgative Torce will te felr as the tip interacts

with the negatlve dowmwash of the vortex; the net unsteady force, F{t), should
behave a8 sketched. The radiated nolse is determined by the rate-ofschange of
this force 35 (1),

We w121 argue that since the rate of change of angle of attack at the tip due
to the presence of the vortex, especially in the situation vhere the vortex is very
¢lose to the surface of the ving the unsteady (Jov field may be analyzed by spplylng
alender body theory to the tip region. This of course is not valtd In from the tip.
Atthough analytic difftcultles present a rigorous matshing to a tuo-disensional ot
Hfcing=line theay for the rest of the blade, we feel that iome Insight Into possible
optinae tip rlan forn_shapes might be gained by spplyiag the siaple fdeas of alender.
body theots rather_than-attespt a complete numerical trestment of the full threee
dimensivnal unsteady serodynsaica of the tip. Slendec-body theory does heverer
have a nvader of peculler fratures even In steady (low vhich are difficult to

accept for helicopter-blade tipsesas will be seen,
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THEORETICAL AMD EXPERIMENTAL STUOIES OF MELICOPTER NOISE DVE TO SLADE-VORTEX INTERACYIOX

(r, .) ) '°

FIG.17 BLADE-VORTEX INTERACTION IN THE
ROTOR TiP REGION.

Figure 18 shows the geometty of blade-vortex interaction at the tip In
Viich the coordinate system I8 s0 chosea that £ and n axes are on the blade vith the
£ anis parallel to the vortex vhile the n anis fs norsal snd passes through the
intersection of leading edge and trafling edge (in the case shown {n figure 18, the
tip edge {3 also trested ss a trailing edge). Since the vortex-filamnat i3
static with respect to the tluld (under the rigid weke assusption) in this
coordinate systes, the free stream velocity V‘ iz in the £ axis-direction and
the blade s woving In n direction with velosity V‘. Both V‘ md v: are functione
of f1fght speed and advance ratido, They are also functicns of time but for the
shore period of-intersction, they are assumed to be uniform for sisiplicity.

Trom many experimertal works such as Simons, Pacifico and Jones (9) and
Plercy QO 1t 1s_found that the corn dlameter of the tip vortices rre of the order of
one tenth of the blade chord, This fact allovs the use of slender-body theory

to calculate the vasteady force acted on the blsde and thus Its time derlvative.

By weing the slender-body thenty, three-di tonal teady compressible flow

» con be _red dle flovs {n the cross-

¢ to tvo-iimensional etesdy incomp

{lov plane vwith the third space coordinate and time as patameters ;o the governing

squation is

U an

wles
3t

-and the preseure {s given by

1)
pe~ n(%ﬁ“ A} -:-%l

From 7ig 18 the croesfiov has & eemi-infinits plata end & vertex, the petential
of the flov con be found threugh Schuars --Christeffel cnufonnl‘on

v | T

TSR

7,._\1>"

FIG.I8  BLADE ~VORTEX INTERACTION NEAR
THE TIP AND THE TWO-DIMENSIONAL
FLOW IN THE CROSS-FLOW PLANE.

¥ 3in G12) = /&7 stn (4.12)
/T con () - A7 cos (8,72} a3

(X '2_5 {tan”!

o1 Fotn (812) = B atn 01D
/F-cos (312) + Vi cos (8,/1)

T
where
2o ltnen?ed? (8-
) as
Ape [P o) 1e)
) an

€ and ¢t extec o parameters in ¢, for straight lesding edge
L, ) eV, t4lcot b as)

wvhere ‘L 19 the interaction sagle with lesding edge.

S0 the pressure con be vritten ss

3t 11 E1d 2] 3
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> In this process, the unsteady part of cthe pressurs s written in teras of the 4
’ ’ ' %) BLADE TIP 1
E. steady part; this will simplify the space integration process to get the force. "o s 4 3 2 } [v}
- Prom the slender-body theory, tie portion of the blade after the {ntersection ) [} 40
2 2 e x
E of lasding sige end tratling edge will maks no cemtribution to the lifting force __o bo/ V¢ i
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FI1G.19 THE SECTION LIFT COEFFICIENTS FROM SLENDER- )
The sectfon Lift coelficient con be obtatned as 800y THEORY",ND LIFTING LINE THEORY AT THE
- TIP REGION, °
-
o"e :e)
Coteze)e m (283 Before we evaluste the force and its time derivative, we first examine
s ¥ ¢
£ the characteristic of the “unsteadiness™ of the tuo parts of the force due to the
tip reglon and Juc to the rest of- the blade.
-.l(_.i_) u.i‘_“ng) ".,,"M ’ - 3
] b° vl V( Bl % Ar - fq LeC The second part of the foece, which can be obtalned froe two-dimensional-theory, 5
has a Jefintte 110 distribution which Jdepends only on the angle of attack. Hence, f
- But it should be noted that this result ts applicable only to the tip region of 1ts "unstesdiness”™ comes Just-from {ts uniform translatfon along the blade, From
the blade while away from 1t, two dimensfonal -11fting line theory should be early consideration for-the tip-interactlon of single rotor, this translation_speed -
used to calculate the section 15ft coefficient. This glves is vety low and the acoustic sradiation froa this transtating force Is neglizibdle.
So the cffective force that-contributes to the acoustic radlation is only :
Coap (b5 t) = 2n :—{- that due to the tip region
L4
= ¥,
b, (-t r (u-n/:w*(zb)u[ I ENIEER e}
o (L (] n (26) 1 4 (Al aL~=0
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should be used. This mey be investigated in the future.) e, = ) tan ——‘-..7—_-'-.-—_. z.’a';.?: cos (3,/2)
r » i
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THEORETICAL AND EXPERIMENTAL STUDIES OF HELICOPTER NOISE DUE TO BLADE-VORTEX 10.TERACTION

This 1s the strength of the acoustic dipole snd the acouscic pressure field
can easily be calculated.

The value of fq Tomains sa open questien. [t may depend on the unstesdiness
Lie. V.. BResults_from (30) are plotted sn Fig. 20 by choosing & cutoff of one
chord leugth; this shows the sheape of the impulse qualitatively.

From (30) we can see that the magaitude of the time derivative of force increases
vith V, snd §;. This suggest that £t can be reduced by modifying the rotor and
blade destgn.

Pirst comsider vc, for & given flight speed. \lc can be reduced by reducing the
advaace ratio with the extrese limit V‘ « 0 at hovering.

The lesding edge {

fon angle §, depends on both the Interaction angle A

and the swept angle of lesding edge (Fig. 21). &, 1s de ing a8 A 1
this can be accomplished by two ways =- reduce the advance ratio and {ncresse the
nuaber of blades, To increase the number of blades has saother benefit that the
1oading on each blade is reduced and thus the strength of the tip vortices can
ba reduced. GL can also be reduced by having s svept forvard leading edge nesr the
tip; this Is described geometrically in Fig. 21.

To suamarize,-the blade slap nolec of & single rotor can be reduced by having s
sualler advance ratio, more blades cn the votor and & svept forvard leading edge
near the tip of the dlade. Of course, the nofse could be further reduced by-

reducing the flight _speed and grcss veight.
LONCLUS 10MS

Ve have presensed the mesults-cf our ongoimg theoretics) and expecimental

studfes of signature due to blade vortex fon,

The experis 1 and
theoretical results-obtained to date cleacly deminstrate the ability of

sinple unsteady potential flow models to predict the blade-slap signature. The
analysts ¢f the cip region using slender body theory s still fn the very
prelisinacy stages. We would hope-to obeain some-insight into possible optisua tip

shapes to reduce blade slap nolse and to test these concepts In the wind tunnel,
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FIG.20 THE TIME DERIVATIVE:-OF FORCE _OUE TO TIP-VORTEX
INTERACTION FROM SLENDER -U0DY THEORY.
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FIG. 21 MODIFIED BLADE TIP WITH-SWEPT -
FORWARD LEADING EDGE.
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SYNTHESIS OF HELICOPTER ROTOR TIPS FOR LESS NOISE

Richard K.-Lyon®, William D. Mark, and Robert W. Pyle, Jr,

8olt Seranek and Newman Inc.
Camdridge, Massachusetts 02138

ABSTRACT

~Zheoretical and computaticnal studies of rotor tip sound
radiation have been conducted for the purpose of designing rotor
tips that radiate less sound in specified. frequency btands, Cone
sideration 1s glven to radiation due to 1ift and thickness ef-
fects., Effects of unsteady vortex shedding on 1lift radiation
are examined, It 1s shown that 11ft radiaticn is generally neg-
11gible in comparison with thickness radiaticn., A computaticnal
algorithm {s developed for the synthesls of tip shapes that
couse minizum thickness radiation in specified frequency bands,
Humerfical results are obtained for tip shapes that mininlie high-
frequency radlation, and a substantfal reduction of radlaticn iu
compariscn with existing shapes is shown. The uncertainty prin-
ciple i3 used-to establish a-fundamenial relationship betveen the
tip section-chord length and-the minimum possible cutoff free
guency for effective suppression of high-frequency sound. Factors
that affect trade-offs between-cholces of airfoil section and

planforn are discussed.

1. INTRODUCTION

I thic_paper, we present-the results of theoretical and
eimputaticnnl studles of rotor-tip sound radiation. The purpose
of the rusearsh i3 the deslgn-of rotor tipa that radiate less
sound in particular frequency bands. By design, we mean the
selection of a conbination of planforn and airfoll section shapes
basea on a~custical and aerodyna=i{c consideratlons. The sound
radlaticn that #e conslder 1s that due to compressibility effects
that are important &s the Mach-number of the advancing rotor tip

approaches unity.

The theory of nound radlation from accelerating alrloils has
been presented In another paper 7). Sound radfaticn is due bith
to the 1ift 2istributicn on the tip and to the longitudinal sec-
lon area. 3Since a functional-relatlion was developed between the
radiated sound speetirun and these functlons, §% 22 izmplicle thas
we 3hould be-able to derive-tip shages that will radiate less

sound, at leazt In sone frequency dands,

A3 We 3ec other shapes however, {1t w11l be necessary 1o ine
pose zonstralnts on the area and 1If: disiritutisns. The aren
funetion must be ponitive, Xe can keep the tip volune constant
by Cixing the-Integral of the-area functisn, and the center of
gravity lx fixed Lf the firat-momont of arca 12 flxed. In ihe
case of the -1ift distribution, we night ke to keep the total

© 158, the pitching moment (Cirst chordwilse monent of 1Ift), and

_ "prenently, frefeszar of ¥echanienl knglneering, Miyssachurellz
Institute nf Teehnology, Cazbridse, Hascachusetis 02139,

the center of pressure fixed. The actual constraints employed

are discussed below.

It 15 not necessary to polnt out that designing airfolls by
acoustical considerations s unusual. To aercdynamicists such an
approach may scen naive and presumptive., But we do not minimize
the acrodynanie problems. The design suggestiors offered here
are only partial. Sufficlent frcedon will be avalladle arter
the acoustical design 1s complete to allow for aerodynamic pere
for=mance cptimizaticn, which must include both acoustical and
aercdynanic experimentation., We do-feel, however, that our
approach = the definition of thickness and 11ft diztributlons
through acoustical considerations = 13 a viable and desiradle

procedure,

I1. RADIATION BY LIFT AND THICKNESS EFFECTS

In Ref. 1, a particular model is used for the calculaticn of
the sound radiastion. The rotor tip is modeled as a "torpedo™,
an axially symmetric shape with 117t and longlitudinal sectlen
srea (LSA) identical to that of the tip secticn. Further, the
11t and area effects are replaced-by body force and vslume ve=

lozity dlstributicns along the axls of the torpedo. Thus, we

replace a boundary value problem on an alrfoll that has dizen-
sicns In feet with an Inhomogenecus wave cquation probles shere
the source terms are concentrated-along a single line. It i
worthuhile dircussing the limitarlens that may resalt rem this

upproxiz=ation.

The area effect alone can be treated as a distributlon of
sinple sources over the tip planform. Generally, these sources
produce no normal velocity in the plane in whlen tney ure \ocated,
Thus, the rigid baundary conditlzn is autezatically satiafled for
thin alrfoils. In-acdition, az we shoxed In Ref. )1, the direce
tion of sound radiatlion from the nrea erfect in very strongly
Corward., ihug, in the spanwlse directicon, the fhrace wavelength
for radlating wavenunhers 13 quite large zempared to the tip
spaniengih. Tnis mcans that the radlated sound s insensitive
to the distridutlon of voluse veipcity in this dlmension. The
dolume veloeily may therefore be concentrated . to a-ilne in the

ehordalse diroetian,

The t.atifieation for the 1ifi-bLazly force replacesent iz
more dirfteult. In part it 12, as we shall sce, that the 1ML
radiation {3 20 much weaker than-the aren radintion that it
daean’t much matter whad we assume a3 long az we get a "bali

pary” catinate. We can, however, do better ihan inal,.

The dipole-diatribution aver-the planfors reprezenting the
11t atreas wouls produte nensers velscitiesr In the plane of the
alrfoll; sherefare, the rlgid surface 4 the alrfoll will affect
the radlatisn from these agurces. We nred 15 esilmate the size
% Lhis effest that ®e are not avapunting for. We can do thiz
by nating thal Plowes Willlams haz shawn that superasnis sulti-

poles radiate independenhtly of each other (Z).
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SYNTHESIS OF HELICCPTER RITOR TIPS FOR LESS NOISE

Thus, at least for the supersconic wavenumters describing the
source distribution, the effect of an infinite rigid plane passed
through the plane between the positive and negative monopoles
naking up the elementary dipoles is to increase the sound radia-
tion by 6 dB (3 &B for each side ¢~ the plane). Since-tue actual
rigld plane is the size of the tip planform, the radlation auge
zentation will be less than 6 dB, With the infinite rigid plane
inserted, the justification for ccl.apsing the dipoles into a
chordwise line is- the same as abave, since the radiation from the

11t dstribution is also very strongly forward [1].

In Ref. 1, the 1ift force per unit length in the chordwise

direction is given by

2(x) = P a(t) (BC (X)) . 8

The product Bcp 1s proportional-to the incremental 1ift force per
radian increase in angle of attack, and is expressed in Ref. 3
by the product

Loc (x)m 9.,.% R (2)

%% LA
where the two factors on the rhs of Eq. 2 are tabulated for varie-
ous airfeils.

Applying the formulation of Ref. 1, we have calculated the

sound-power radlated by an airfoll of the fellowing specifications:

MACA 0012  Rosor Disk Dlazeter &B f:
18 1in, RPM 309 (Y Hz)

Section Shape
Chord Length
NHuzber of Blades 2

Forward Speed 333 fe/sec
Ad;:ncing Tip Hach 0.96

TUp Tran %6 in,
Average Anglc of g°
track

The radlated sound power is expressed as the m.s. pressure at

50 ft-averaged over all directions. The results of the calcula-
ticns are shown in Pig. 1. The difference in level in nearly all
bands is at lea3t 30 dB and in the higher bands it apprsaches

70 d3. Thus, even with a 6 43 augmentaticn of 11ft radiation due
Lo blade dbaffling affecss, our conclusion that 1ift radiation is

unizportant would not be affected,

THICKNESS

1 1
0129 023 09 1 2w

Pig. 1. One-third octave band spectra for thickness and 110t
radiaticn. (See-text for parsmeters.}

%

THICKNESS

S DR W—— o L
0328 0.28 03 1 [T}

Fig. 2. One-third octave band spectra for thickness and 1ift
radiation including high-frequency vortex shedding. (See text
for parameters,)

We can include the effects of unsteady vorticity shedding
from the rotor tip by postulating a "high frequency” component in
the angle of attack. As an example, we have assumed the same
conditions as those for Pig. 1, but have added a fluctuating
angle of attack of 1 degree amplitude at the 50th harmenic of the
rotor rotation rate-(frequency of vortex shedding = 250-Hz). The
results of this calculation are-shown in Fig. 2. Note that the
augmentation in radiation 13 quite droad band, and does not show
up in the 250 Hz band at «ll. 7This example dces show,-however,
that excessive fluctuation in the ghed vorticity during the fore
ward sweep of the blade may cause 1ift radlaticn that ¢ould coms

pete with thickness radiation in the higher bands.

The princinal lesson from the foregoing, insofar as design
18 concerned, is that we c¢an conceatrate on mininizing thickness
radiation. This circumstance is fortunate .since the relation be-
twesn tip shape and thickness radlation is very direct, while the
1ift distribution depends on-shape in a rather complicated
fashion [3). Thus, our approach i3 to synthesize tip shapes for
=ininal nolse, under certaln constraints, We can then-look at
the pressure dlstributions on these derived “optinmal™ shapes fronm
the viewpoint of flow separation and lift.radiation. If they ap=
pear to be acceptable, they will beconw candidates for-a new tip

design, to bLe studied experimentally.

[11. "MATHEMATICAL- FORMULATION AND NUMERICAL RESULTYS

In Ref. 1, the LSA function A(x) was-expanded in an expo-
nential Fourler serles,
. 1k, X
Ax)-o2=! | Ae =, 0¢xet {3)

fisan

where ku » 2mx/t, The period-t s the spacing between rotor tips
in the rotor model used in Ref. 1; each interval t ccntains one
rotor tip. It was shown In Ref. 1 that, for practicel purposes,
there i & onesto~oke correéspondence betwenn the frequensy spec-
trum of thickness radiation-and the squared magnitudes |A_j? or
the expansion coefficlents of alx)., The rasiatud angular fre-
quency corresponding to a apatial wavenumber ¥y 13 ckﬂ, ¢ being

the speed of sound. We can therefore find optimal L3A functions
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SYNTHESIS OF HELICOPT'R ROTOR TIPS FOR LESS MOISE

by minimizing the values of [A | over chosen wavenumber bands,
where the minimization is subject to an appropriate set cf cone
straints applied to the function A(x).

The expansion coefficients in Eq. 3 are

t =1k x
%-Lxuh g, (4)

which is also-the:-Fourier transform of A(x) evaluated at wave-
ruxder kqs We can therefore formulute the optimization problem

in terms of the Fourler integrals,

A(x) = ‘-%- J i(k)e““ dk , amix<n (5)
i = [T Ao ax, (6

instezd of Pourler series. The optimization problem &s thus

reduced to mini{mizing the integral

1 A'I VOO A ]2 dk , (¢3)
L]

where V(k) 13 an-nonnegative real spectrum weighting function
that s chosen-to-be-large over the range of k-where we wish to
=inimize [A(k)]?,.and where the admissible A(x) are required to

satisfy an appropriate set of constraints.

A. Chotce of Constraints

The LSA function A{x) must be constrained in the ninimization
process so that 1t-will be possible %o design_an aerodynamically
acceptadble tip from the minimizing A{x) function by chcising an
appropriate tip planferm. (Factors affectins this cholice are
discussed in Sec, iV.) To help Insure that the minimizing fors
of Alx) is "recasonable™, we shall constrain-the admissidle class
of A(x) to those functicns lying between appropriately apecified
upper and lowsr bounds which are functions of 'x. That is, the

admissible A(x}-shall be constralned to satisfy
alx)sa(x)sd(x) , 0<x<L (8)

where a(x) and-b(x) are these bounds, and where L is the maxizuz
chorv of the-tip-section under consideration. At the wvery least,

¢ 13 clear that-A{x) must be cecnstrained to-be positive and
finite; that iz, a{x)»0 and b{x)«w,

Ir JA(k)]? were to be minimized over a certain iaterval of
¥ subJect only to-the constraint of Eq. 8, it- 13 clear that the
atniniz*~g A(x) functiocn would tend to fall on_the lower bounding
function a{x}, since the requiresment that Ii(k)l' be small favors
s=all values of A{x}. OSuch dbehavior unnecessarily restricts the
shape of A(x) and-can:-be avolded by also constraining the area of
Alx) = L.e., by requiring that the admissible_A(x) also satiafy

L
! Alx) dx = ¥, , (3)

where #, i3 a specifled nunber,

“e snall rquxre—klx) to satisfy one additional constraint,

it 13 shown {n Appendix A that, Insofar as -the constraint of

Eq. 8 permits, the minimization of Ii(k)]' over given dands,
subject only to the constraint of Eq. 9, would lead to ainimizing
functions A(x) that tend to be symsetric about the midchord

point x = L/2. This aerodynamically undesiratle result can be

controlled by additionally constraining the -first moment of A(x):

L
[ xacoax =, (10)
L]

where M, is specified, Equations 9 and 10, taken together, are
equivalent to constraining the area and center of gravity of
A(x). It is clear that intzlligent choices for M, and M, will
not be independent of the cholces for the bounding functions
a{x) and b(x).

8. Formulation-of Problem in Terms of Sampled Area Functions

For numerical solution of the minimization prodlem, the limit
constraint descridved by Eq. 8 1z, in large measure, the deterain-
ing factor in-our cholce of method of representing the LSA
function, This-13 because 1t must be possible to convenlently
transform this- constraint to whatever representation of the LSA
functicn we decide upen. This transforzmatfon is mest eazily
carried out if we base our representation of A(x) on an approprie
ate set of-the-sample values ‘J L A(xJ). I5-will be convenient

to use equally spaced samples; that is, x, -« J&, J = 0,1,..., H,

3
where 8 1s the sampling interval, and where N = L/&. ¥or values
of x ¥ Xy A(x) -13 defined from the 3et of-sacples AJ'

3 » 0,1,.,., N-by interpciution. Our representation of A(x) can

thus te expressed-as

"
Ax) -—Jgo Aij(x) N Ay » A(2) , [$33]

where

"J(‘) = wi{x=j2) , (12)

where w(f) 1z an appropriate Interpolating function with the

properties
w{0) = 1 (13)
w(iad)-=2 0, mo 1,2 2,... . (14)
In pozt of our numerical work we have used for the interpolating
function

wig).e —2iRZR/8} (15)
60~'sinh(82£/4)

which {5 a gencrallization of an interpolating functicn suggested
by Lerner {4, 7The Jdecay of the talls of C3. 15 fa controlled
by the paratetcr-6. For large #, the talls-have atrong tlecay,
whereas, as 6+0, the rhs of Eq. 15 approaches the famillar
[sin(sL/8))7i%6/78]). For rost of our numerical work, we have
used 0 = 0,h0,

To mininize -the {ntzgral of EQ. 7 sudbject to the constraints
of Eq3. 8-10, it iz first nacessary %0 express li(u:l’ in terms
of A(x) as represzinted by Eq. I1. After carrying out the inte=-

gration in Eq. 7,-we can then expr29a the integral [ a3z an exe
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SYNTHESIS OF HELICOPTEK ROTOR TIPS FOR LESS MOISE

plizit function of A,, A,,...,AN.
Defining

-
G0 & [ wgoetaz (16
J J
we obtain, by substituting Eq. 1l into Eq. 6,
A ¥ oags 17
Alk) » JZO—AJHJ(k) . a7)
Multiplying Eq. 17 by its complex conjugate yields

- N K .
1K) |2 Jzo nzo zJAn-:(k)-;(k)
. 'z‘ Alu CwS eI +] TA A D, (KIWE ()R T (k)W (X))
gk MagtiIgtine Lhyhatvy ting BOT TN

N . - - -
- J;o A}[uJ(k)|’ozgézujhnnclusik)v;(k)] » (18)
= n

where the-asterisk denotes the complex conjugate, and where
Rel...) denotes the-real part of the quantity within the
brackets. We now substitute Eq. 12 into Eq. 16 and then_intro-

duce the change of variable § = x-ja:

k) - I:;u(x-JA)e"k‘ dx

. e, (19)
where We-have used the definition
Mo & [ﬂ w(g) e 1€ gg . {20)
Lo
Comdining £3s. 18 and 19 yields

" - ¥ .
JAtx}|?® = |x(g)|a(Jgonj;zgégAJaacos[x(=-J)al)

oot} s V(T (une)) t21)
® |={k) Ale2 ) AR gos{xnt)) . {21
neo © n-l(:-o 4 -"")—
One can-shew that as 2«0, FEq. 21-beccmes in the linlt
- L [L=¢ .
M)t e2f |'[ A(x)A(xocjdxlcos(kc>ds,. (22)
£l xe0

which is_the Wiener-Xhintchine theorem for deterministic wave-
forns A(x) that are defined over-a finite Interval Oc<x<L, We can
therefore interpret -Eq. 21 as the Wiener-Khintchine thecren-for

sampled deterministic waveforms.

75 express I expllcitly in terms of A.,Al....,AN,—ve must

now subctitute Eq. Z1-Into Eq. 7. Deflining
6y & [ vtnlito Peostunsak , ne0,1,...00 (23
]
we odtain
] ’ N Len
(T TRE SR W B c,(ngoxn)ozngltcntlgofan,n)1 . (2n)

Zquation-2¥ 13 the desired explizit expression for the weighted
intexral-of Eq. 7 in-terms of the zamples AJ!Q(JA). The-coeffie

clents G, are defired by Eq. 23.

Hext, we must expyess the constraints in Eqs. 8-10 in terns
of the LSA function samples AI,A’....,A”. From Eqs. 11-13, we

immediately have for the limit constraind

ljgﬁJ:pJ » 3%0,1,...,8 , Constraint A , (25)
where
s & 230) , 390,1,000,0 , (26)
and
by f vega) , 390,1,...,8 , 20

are specified sets of numbers. From Eqs. 6, 17, and 19, x¢ have

for the volume constraint

N X
N Constrain: 3 , (28)

A, = =
0 ¢ wio)

waere, from Eq. 20, 2t follows that
oy e [ wtey g, 2

is the area under the interpolating function. Turning to the
first moment constraint, we have by differentiating Egs. 6 and 17,

and then combining-the results-with Eq, 10
N -
. » 13
%, ‘,zo,"é oy, (30)

where the prime denotes differentlation. Next, we differentiaste

Eq. 19-and combine-the result with Eq. 30-which gives, after some

rearrangeren:,
u H,
h (JAOV)AJ . — Constraint ¢, n
=0 w(0)
shere
o o eutadae
y g le) e (32)

%oy [T, wieag

according to E3. 20. MNotice that y is tho-center of gravity of
the interpolating function w({); thus v is-Zero far sym=etric
interpolating functiuns such ac Eq. 15. Equation 31 is-the
desired:-expression for the first-moment conitraint in-tercs of

the L3A:function samples A,,A,,....AN.

Equations 2%, 25, 28, and 3} eollectively define the optini-
zation prodles under ~.nsideraticn. The proslen s to midimize
K{Agshyye0ephy), as=given by Eq. 2%, where thLe adnlssible
ve::ors*lk.,kl,...,sul are sudlect to the-constraints given by
Eqs. 25, 26, an¢ 31,
the Gradlent Method, i3 described in Appendisr B,

Outr method of solution, which 13 based on

€. Solutions for Particular Cases

Por several ¢oabdinations of parameterz, ve have used the
technique desdcrited In fppendix B to find-optinum LSA functions.
In all-of our numerical work, the Initlal vectur (a£°),kf°’,
....A§°)! w23 taken-to be » sazpled veralon-of an NACA 0012 atr-
feil. The upper ang lower bLounding vectors that constlitute

Constraint A werc-Soth taken propurtionsl 2o the Inftial vector.
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In most cases, (n.,n‘.....u“) and (b.,bl,...,b,‘) were taken to

be 0.5 and 1.5 times (Afc'),i(lo),...h,(‘o)) respectively, The
soments M, and M,, used in Constraints B and C, were evaluated
from the initial vector using Eqs, 28 and 31. This insured that,
at every-stage of the iterative procedure descri®ed in Appendix B,
(As"),kfn,...,lt(,"’) had_the same area and center of gravity as

tite NACA 0012 starting vector,

Figure 3 shows the optimum LSA functions and their corre-
sponding spectra for chord lengths L ranging,-in 9.5-ft increments,
from 1.5 ft to 4.0 ft. PFor all of the results presented in
Fig. 3,-the spectrum welighting function V(k) was chosen to miri<
mize the sound radiated over-the entire frequency banu above
700 Hz. This was accomplished by taking V(k)}, k » 2zf/¢, tc be
unity in-the band from 700 Hz to 11,300 Hz and:-zero outside this
band. MHewever, the value of 11,300 Hz can de_regarded as being
erfectively- infinite since-the sampled LSA functlon representation
used in-computing the results of Fig. 3 has an-inherent cutoff

frequency of about 5500 Hz as we shall now show.

Using -tabulated intigrals, we find the Fourler transferm,
E3. 20,-0f the interpolating function, Eq. 15, to te

O+ AT - 33

In all-of the cases shown-in Pig, 3, we have-taken 6 = 0,%t0,

For this value of 8, EG. 33 13 very close to a rectangular funce
tion with cutoff wavenuster k., ® (s/8). Hence, the cutoff fre-
quency-f., in Hz, i3 £, #-[ek /(20)] » [c/(28)]. For all cases
3ycun in PIg. 3, we have taken & » (L/N) = 0.10 f%; hence,

f. * Sc-® 5510 Hz, the number citad above. The fact that the
cutslr wavenumber of w{k)- colncides with the-inherent cutoff
wavenuzber of cur sazpled LSA function representation follows

directly froa Eg. 21,

The ratlated spectra wWere computed using-the formula

N ; N tan
;go""l ozngl'"(x"k')ljgo‘-l‘}ml '

"I
l 130 ] dx = V.(k'.k,)‘
%

s
2%)

wWhere
Ky - R
1,00k, § J 14x)1? costnslak-, {353
,k'
where:%, and k, are the lower and upper wavenumbers (k » 2x(/c)
corresponding to the standard one-third octave dands. Equation 3%
was-obtalned by Integrating Eq. 21 detween:-the limita k, and-k,.
The spectra of both the initial sampled version of the NACA-0012
airfoil ang the final optinized {5A functicn-is shown for each

of the-cazes ztudied.

Referring now to the-spectra shown in Pig. 3, we see that
virtually no laprovesent In-the spectrum of -the L3A function
with 8:1.5-7% chord was possible. However,-as-the chord was
increased from 1.5 ft to 3.0 ft, considerable Improvesent wac
achieved. Increasing the chord veyond 3.0 ft produced no further

algnificant Improvesent relative "o the NACA 00\2 shapes.

»
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Pig. 3. Optimum-LSA functionz and-their radlated one-thisd
occtave band spectra (so)id =urves) for chord lengths L-ranging
from 1.5 to 5.0 ft. Radiation iz ailnimized above 700-Hz. Upper
and lower bounds (dashed curves) on-allowable LSA functions are
0.5 and 1.5 times NACA 0012 airfoll-of uniform spunwise thick-
ness. Dashed spectra are those of -BACA 0012 sirfolls of same
chord length, sectional acea, and-center cf gravity as optimum
L3A functions.
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Pig. §. Optisum L3A functions and their radiated onesthird

octave band spectra (s0lild curves) for 3.0 rt chord -leagths,

Padintion {3 ainimized above 700-Hz. Lower bouhd on-allowable

LSA functions=-1s 0.75, 0.5 and 0,35 times NACA 0012 alrfoll of

uniform spanwise thickness. Upper bound {3 1.5 times NACA 0012

;:rl‘o;l for all-cases, Dashed curves have same meaning as in
g 3
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SYNTHESIS OF MELICOPTER ROTOR TIPS FOR LESS MOISE

Turning now to the optismun LSA functions showa in Pig. 3,
we se¢ that the result in the 1.5-ft chord case has a very blunt
leading edge. As the chord is incressed to 3.0 ft, both the
leading and the tralling 2dges drop onto the lower-bound con-
straint. Then, as the chord-1s further increased, the trailing

edge rises and takes on a more complex shape.

Table 1 lists the ordinates of the cptimwy LSA-functions
shewn-in Plg. 3. Since the termination of the cptimization
technique was chosen to given answers accurate to one part in one

theusand, three significant figures are tabulated -in Tadle 1.

TABLE 3, ORDINATES OF OPTIMUM LSA FUNCTIONS SHOWM IN FIG. 3.
ORGINATES ARE GIVEN AS FRACTIONS OF CHORD_LENGTH L.

x, ft Le1.5 122.0 L22.5 L=3.0 Le3.5 Le4.0
0.6 .030 .000 .000 .009 .000 .000
0.1 .083 .056 .038 .030 .c28 026
0.2 .089 +067 089 040 .038 036
0.3 £107 .0 .068 .053 V53 052
3.5 L1158 302 .085% 0569 068 067
0.5 .122 .118 .103 085 .086 L08K
0.6 .123 .129 .118 .103 .102 100
0.7 .120 .13 232 .119 .118 115
8.8 2112 .139 .143 .133 2132 »129
0.9 333 137 I 34¢) 155 133 L1430
1.¢ .088 .131 L152 .153 152 .147
1.1 SOE7 123 150 .158 2155 151
1.2 .04 .106 .283 «159 2156 162
1.3 .032 .030 L1380 .157 2155 150
1.8 013 072 121 151 149 .185
1.% 001 L0585 .06 141 W51 137
1.5 .037 089 2 .131 .129
1.7 .822 073 .16 .121 2120
1.8 .01% 2357 .102 .110 112
1.9 .co% Q82 .083 099 .10%
2.0 L0 82) 73 H50 0497
2.1 022 i) 081 92
2T 017 $Y-] 2973 048
2.3 912 037 L067 086
Z.h 007 623 062 088
s 001 922 057 .082
e L0190 LOR2 .032
o 4 018 oan 079
2.3 LO1¢ L33 077
2.9 006 049 073
3.6 OON Bixl] 068
3.2 2028 »0h3
1,2 .023 S5
1.3 7 0%
1.5 SO 037
1.5 008 23
1.t 21
3.7 L01%
3.3 308
0 L2905
A -091

In-Plg. B we show the effetts of varying the helght of the
lower hound constraint fop the-case of a J.0-f%t chord., Golng
fros top to Sotton in Pig. N, the lower bound was taken to be
Ge75, .59, ane 0.25 tizes the NACA 0312 starting shape. The
spectrus welghting funcsicn V(k) and Interpolating funetion w(g)
were the 31a¢ a3 those used in=edtalning the resultz-of Plg, 3.
Thus, the alddle pesult shown In Fig. ¥ {3 a repeat of the 3.0-rt
chord -resuls shown In Pig. 3. he generasl behavior of the spectrx
shown In-Fig. % I3 as expected.

In-Fig. 5 we shaw the LIA function that was obtalned dy rake
ing ¥{x), k » 23f/c, to be unity {n the two oztave band [rem
700 Hz to 2200 Hz and zero outside this bdand.
funetien, we used Eq. 15 with & ¢ 0.50. 7The chord L-was taken o
be 3.0 rt, and the numder of samples N to be 50. This gives

& = (L/%)"s 0.06 ft;-hence, f, * {c/(22)] » 9200 Uz I3 the in-

herent_cutoff Crequency of the sampled LSA-functlon representa-
tion.

Por the interpolating

rg. S
CurV‘l; where radlation was zinimized between 700 and 2600 Yz,

Optimum L3A functior and its radiated spectrum (solid

Chord length 1s 3.0 ft.

Dashed curves have same mesning as in
Fig. 3.

It is_clear from the spectrum shcan in Pig. 5 that_the fre-
quencies between 28G0 Hz and 9200 Hz were not suppressed-in the
optimization process. It iz this high~frequency content that
csuses the erratic behavior of the LSA function shown {n Fig. 5.
However, in comparing the -spectrum shown in Fig. 5 with the
spectrum for the L = 3.0 ft case shown i{n Fig. 3, we see that
virtually the ssme reduction of radiated sound in the two octave

band from 700 Hz to 2800 Hz was obtained for the two cases.

To test the dependence of the above results on the particu-
1ar interpolating function chosen,-the 3.0 ft-chord case _shown
in Pig. 3 was also rua with a triangular interpolating funsticn
that decreased linearly from unity at any given sample to_zero at
its two nearest neighbors. The maximum fractional difference
batween the two LSA functions obtalned was 2.3%Z, The optimum LSA
function cbtained with the interpolsting function of Eq. .35 woula
seem to be somewhat preferable, however, since the continucus
-function defined between tie sample points by Eq. Il 15 sacoth

when EgG. 15-1s used for—interpolaticn.

The general behavior of the spectra shown in Fig. 3-can be
partially explalined wish the ald of the uncertainty principie

for Feurler transforms, which can be-expressed {$) as

oLy 237, (36
or, in our applicatlion, as

a, L, 22, (30)

where k= {3 the =aximsm-angular waveniaber In the spectrun—of
the LSA function; hence,-f ckml(2:) 15 the maximun frequency
in the radfated spectrun In 2, and wherr L, 13 the noainal (8]

effective LSA funesion chord, and ¢ s the speed of sound.

Since we are considering rather sharp cutoffs in the fre-
quency domsin, we might-Cirst take ke = L72, where L 13 the
actual cherd. The "uncertainty principle”, Eq. 37 in this-vase
becones rap > ¢, Solving the equality in this-relation for L,
using ¢ = 1iUG ft/sec and f., ® 700 Hz, gives L= 1,67 rt. For
the zituation studled in Fig. 3 we could not, therefore, have
expected sharp reductions in the radiated speetrum for chord
lengths less-than sdbout 1,5-r%, In-fact, we saw little reduc-
ticn for the 1.5 ft chord, but began to see strong reducticns
for the larger chords, However, we rust recall-that the genter
of gravity of- the LSA functions of Pig. 3} has also bveen cone
strained to be off center., As far as the uncertainty prinelple
1 concerned, this has the effect of reducing thy effective

chord length somewhat further. The sharp reduction in the-sound
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SYNTHESIS OF MELICOPTER ROTOR TIPS FOR LESS MOISE-

radiaticn at-frequencies deyond 700 Hz-that cccurs as the chord
13 intreased fzo2 1,5 ft to 3.0 £t is therefore completely con-
sistent with-the Muncertsinty principle”, as described-dy Eq. 37.
The results of Fig. 3 therefore can be regarded as verification
of Eq. 37, which 13 an expression of the fundamental -limitatlon

on the reduction of high~frequency sound-radiation due to thick-
ness effecta,

1Y, IMPLICATIONS FOR ROTOR T12 DESIGN

The synzhs::; rosulto presented in Sec, III determine an
LSA function only. The relation Lsig=en the LSA function and
the airtoll section and planfor functions-is shown graphically
In Plg. §, which 13 reprcduced from Hef. 1. It 4s clear that
having determined a new LSA function, we have the option of using
a standard airfoll sectlon-and modifying the planform or-the re-
verse, or modifying both planform and airfoll section. The purpese
of this gectlion 1z to dlscuss the rfactors that affect our cholces
in doing this,

Pig, 5. DZfagram of rotor blade tip showing how area function
A(x) is derived.

I8 we sary-the alrfotl-section shepe, -then twosdizensional
airfoll theory-can 3¢ used to cempute the new pressure dlstridu-
£ion B4 A Tunstisn of chord -for both surfaces [3). Of sourse we
wish the 117t to reraln cznstant, but we will also have to exa=ine

the-nivehing =onent, and centér of pressure. Certain aersdynasic

dertvatives, such as the changes of pltehing =moment and-1ift with
angle of adtask should also be evaluated so that the aeror-lastic
stabllity of the rotor s Ralntalned.

A esjor-dirficultly wita-tip -J23ign of current rotors §s the
rather bIUIC end-of the rotor. This 1s thought to cause-separa~
ticn of flow wher, the tip 1s-forward of its zaxizun relative
speed point, so-that the infiow vector has ¥-conpinent iruard
alang the blave-3pan, When-the inflaw has-this component, then
the blufl end of the rotor iszh2ading irtc the Clow, and irregular
or saparated Clow 13 likely to result. To-avold this prablea, a
cembination of planform and airfolil zectlion that presents-an aero-
dynasle scction=to the Ilow as the inflow veetor changes would be
deslrable. PFrom sn acoustical viewpoint, this means that the [SA
function should=alsa be relatively invarians to the direction Jr
inflew, at least-for variatlions-in Inflov Clirection of 20 degrees

or 39 froa the normal to the-span, The LSA-funetion must how be

1

defrins 3 along the direction of the inflow vector, not along the
chord {(normal to the span). .

The—forces and moments on the outer regions of the rotor also
affect the afrfoll section/planform-tradeoff. The 1ift on the
rotor increases as one proceeds outward toward the-tip, falling
off rapidly at the tip., The distribution of 1ift along the span
must de compatible with -the spanwise bending rigidity. This
would not see;m to be a seriocus factor, however, in-choosing the
planform-or airfoll section shapes,

If the 1ift varles along the span, vorticity will be shed
along the span and the tip vortex will be spread vut In a sheet,
The amount of this spreading may have some effect on-the shape
(core size) of the trajiling vortex from the tip and on the inter-
action of this vartex with a trailing rotor blade. Such inter-

action is known to produce acoustical impulses, termed "blade
slap”.

Clearly, the research presented ir this paper-does rot sllow
us to draw-detatled designs of rotor-tips that not-cnly produce
less sound, but are alsc aercdynamically well beliaved, etc. There
1s stil) enough flexibility in the cholce of :n airfoll to allow
considerable-1atitude i designing ior proper aerodynamics, since
the allowable set .7 planform-airfoll-secticn combinations that
zeet the required LSA shape 1s still-quite large. de belleve
that more theoretizal research should-be carried out on the simul-
tanecus optimizaticn:for Botn acoustieal and aerodynamic pepe

formance. We also Felleve that supporting expers

tal studles =
both scoustical and aerodynamic - should be carried_out to clarify
actual benefits of the new designs und how sensitive the gains are
to minor mojlifications in-the airfoll and flow parazeters.
Quite-apart from the -lzproved design of rot.= tips for less
noise raglation, we belleve that the optimization method presented
in Se¢. Iil and the Appendlices has a-much brozder appilization
potential to_mininizing the-noise fres-rotors and prepellors.
Since analytical forrulations for the-sound radlated—frem rotating
air-oils have bean developed, 1t should be possible to nininize
the rotational-nolse from-propellors, for exuiple, by—@rocedures

very similar-to those presented in this-paper.
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APPENDIX A. MATHEMATICAL MOTIVATION FOR THE FIRST MOKENT
CONSTAAINT

We show-here that afnisizavion of IA(¥}|? aver siven bands ~
o K, sudject only t6 Lhe-constraint of Bq. 9, would _Iead to

nirinizing funetiens A{x) thal are even functisns about the alde
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SYNTHESIS OF HELICOPTER ROTOR TIPS FOR LESS NOISE

chord point x =-L/2. After changing the origin of the abscissa
to the midchord point x = L/2 by defining the new coordiiate
¥y = x~(L/2), we express the translated longitudinal section area
function A*(y) as the sun of 1%z even snd odd parts i:(y) and

AI(y) respectively:
IR BT
U EFHON (A1)
Tor the Fourler transform A'(k) of A'{y) we have
IR ]° At (gre” Mgy (8.2
-
= o ki,
where

i:(h) - J ‘A:(x)—co:(ky)dy

3o = [ alen stnteney - .
From Egs. A.l and A.? it follows that
el = irop
- ooy« (il . (A:8)

o, since A:(y) is an od: function, it contributes nothing to
the area-of A’(y) which 1s the same_ as the area of A(x); however,
the contritution of At(y) to JA(x)]?, according to Eqs. A.3 and
A8, 12:{A3(K)1% It follows that-the mintatzation of- JA(x)|?
over given bamnds; _subject &nly to-the area constraint of £q. 3,
would -7ielu =inlnlzing funceidns A’(y) that have no odd part;
zhat 1s, nininizing functions A(x) that are-symaetric-about the

=003 polnt x-n L/2.

APPENDIX-3, METHOD OF OPTEMIZATION

The prodblea-1a to mininize I(A.,a,.'~‘,ﬂ"), as given by
£q. <%, where the adatssidle vcctor:*(i,,h,,zs',ku) are sube
Jest to the conztraints given by Egs. 25, 20, .and 31. Before
dizsnuszing our approach to this problem, it 13 Instruntive to
consider the problen wizh-constraint A, Eq. 25 rezoved. The
resulting problen &3 2 c:iaslcal mininization problea-that, in
principle, iz easily solved using Lagrange multipliers. %he
solution Involves matrix-inversion 3nd the solutlon of linear
algebrale equations only. We wWe' I¢-Zenerally expect-the zolu-
sion 1o be-unique; that is, we would expect only one vector
(A..A,.'-'.AN) to-yirld a-statlonary value of T{A Ay, Ay)
sublect L, the conssiaints-of Eqs. 28 and 31. Hewever, we would
not generally expect thix aslutlon vector to-=satiafy the con-
4rraln: zlven by-Eq. 25. In fact, some elements of this solutisn
vestor 3ay have negative values. A-aimflar situatlon-exists with
the ~ariat{onal problem that {s faraulated by finding an extremua
of the intigral in Eq. 7, whure-In-this care [A(k)]? f3 given by
£4. 22, and where-the adzmissidble A{x) functions are subject to

the constraints of ‘Eq3. 9-and 0. In this case we would not

generally expect- the minimizing functisn to satiscy Fq. 8.

T § T TATTREEETTY, S

Our approack to the minimization problem defined by Egs. 2%,

" 25, 2 and 31 has been-based on an intuitively appealing-tech-

nique generally called either the method of gradients or the
method of steepest descent. In discussing our approach, it is
copvenient to _consider any se:'(@.,nl,---,ﬁu) of LSA function
samples as a point in-2 space of N+l dimensions. cConstraint A
defines a rectangular region of this space. The collection of
Foints that satisfies foth constraint 3 and constraint C defines
a N-l dimensional hyperplane within this space. Thus, the-ad-
missible points are points on this hyperplane that lie within
the closed rectangular region defined by constraint A. Asso-
ciated with each of these admissible polnts 1o 3 value of
I(A..A,.'o-.nx). The prcdblem is to find-the admissible point
(A,,A,.---.AN)'wherc I(A..A,,-'v.AH) takes on its miniaum

value.

Our numerical solutions ware cbtained using an iteration
procedure. Tpe procedurc we used was chosen instead of one of
the rather aophisgtcated gradient methods such as-Davidson's
method or the-method of conjugate gradients because of the-re-
striction imposed on the admissible domain of I(A.,A,.'--.AH)
by constraint_A. The approach described-belox iz-conceptually
simple and allows the straightforward 4zpozition of all of the

constraints. -

Our nunerical procedure is-begun with an inltial cholce
(AED),AsO),°°1.A§°’) of LSA function samples that zatisfles. con-
stratnts A, P-and C. Hence, this-starting point -in cur Nel
dimensional space lins on the hyperplane defined by consiraints
B and C, and-{t lles {n-the tnterior of the region deffred by
constraint A. The conputation begins with-the evaluation and
s:orln; of the N¢l values of Gn defined by Eq, 23. !(O){Asu),
Afo),--'.A§°)). the fiitial valve of I, &3 then cvaluated using
Eg. 2%. An increment &hy In each of Aygo gy oo Ay 1z then

cozputed such-that the new point

[ S L L I (Y G TV PPN L Y TR Y ALEY T B B
]

also-satisfies-constraints A, B ani C,

The increments ‘AJ!J'U.I."Q,N are chosen to maxi={ze the
rate of decrease of [{A,,4,,7°%,4,) by taking the veclor
l(A..JA,,-'-,li"l parallel to the negative of the gradlient of
KAgshy00evshy). Since.we want to constrain the arguzent of
K‘l)(isl).&sx)}"'.lgl)t. where 1837 15 the new value of I,.
to lie-on the hyperplane defined by cons.rainte B and C,
E(Agshgooeeshy)} Dust beTegarded-as a runction of -only li-1
independens “3"‘h° iwo-resasning ‘3 also-teling regarded as
functions of ‘the N-l independent A, where this latter func=
tionxl-dependence is chfr=ined»by conatraintz B and C,

Eqe. 28 and 31, We nust adhere-\o this rule in f'craing the
Krpdlent of x(A.,A,,-..,Ax). Let us deslignate the twy dependent
AJ by:A=I and &". Thcn’l= andg Aﬂ,c:n te explicitly-expressed-as
funstions of the N-} lndependem,:kJ by solving Eqa. 28 snd U1

for A, and A uzlng Crazer's rule. The result Is
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SYNTHESIS_OF MELICOPTER ROTOR TIPS FOR LESS MOISE

(naey)M =M
Ayt sy —————— - I (nepA (8.23
a%(0) I¥m,n 4

' (maey)¥ -N, 5
- - = =3)A 'y .
S ) ———_—a-(o) whon m=3)A, (8.3)

wxhere Jgi,n designatcs the set of all integers O<J<H except Jon
and Jan, Continuing o conslider Ay and An as -functions of the

=1 independent i,, ®e can nox £ind 3!/3Ak by differentiating

* 2 %‘ a_’ “EJ '.‘1(510 X" 2% 5‘ - Bk 8apy ) {8.3)
3m1 1a0 3,k ne= Ci4¢j,m men 145,n

n=z neX ‘ -
W B b1, 2 Gz.n’] » KA am

ahere &, 3 denstes fronecxer's_delta, and where in carrying out
-9

she abave differentiation, we recaired the partlal derivatives

24 3
2 {nek) n (n—v; .
3';{; * = Tieay * 3',‘_;" “-Emy o f ¥ a,n {6.5)

which were abtalned by differentiating Egs. 1.2-and B.3. Froa
1he definitign-of the gradlent, the ln:reﬂent:—&kJ(J # a,n)

are thue given by

thy = n L;.: , 4 fmn (8:6)

whore 5 82 1 constant Independent of § that determines the-step
size, and where IlfaiJ 12 deternined for all OgJ<l except J-e-m,n
ty wvaluating-the right-hand aide of Eg. B.t using the inltisl

et (a£°’.kf°’.s--.a§°’) of Aé's.

Fron the norenenta 6»“5 deterained by £5. €, the new zet

cf Ay's 12 then evaluated for all Jgj<l except § v m,ng
AP e af0 wsay, g ran s o))

1t iz puesible hat sne or asre of these values of Ail) will fall
surzize Phe .niervals deflnelsty constraint A. Hense, at thls
fanyere, eack of these values of A}l), 3 #a,n iz tested to
Inz.re that 1t savisfier ccnstralnt A, Any value that cro3sed
rither of the brundaries, aJ nr'bl. ia set ejual te the value

4f the boandary kAl waz riszed.

Leing £q7. BT and B.3, A;x’ and Agt, at2 then evaluates?
Frre nre Lol vaiges: O A}‘) derersined by Eg. 8.7. Theze values
4 ai" and 5;;) are then tested to Insure-that they 4o not vis-
Jate srnstralnt A, IC elther-vislates consiraint A, & smaller
v1ide T h In-Eq. B.& 12 chosen, and the proecedure Sroa Eq.-5.%
en 13 repeated. The method explained in Appendix 3 for chossing
thw yajues 37 2 and n Jnsures thay the coaputed values of 3
ani ﬁn i)} zeldsw vislate zanstratnt A when-reaz~natle values
4f L are azed. 7The abrwe procedure for deteralalng (i.
i;x)I fe1ransecs that thil new-goint will zatisfy esnstralnizc A,

& ant o

3 L el 2Dy 45 cone

A% shix stage, tae value-of I

pute? i2ing-Eq. 24, It Iz then sompared Witk the value of

W,

LD

x(o)(Afé).ASO).o--.Aéo)). Unless h was taken too large,
will be less than l(o). Ir I(l) is greater than x(°3 a smaller
value for h i3 chosen, and the operations beginning with Eq. B.6
are repeated, If 143) 45 1ess than I(O), (Asl).asl)."'.Aﬁl))
becoSes-the new starting point, and_the operations beginning

with the-evaluation of Eq. B.& &r repeated.

5 { s
Eventually, for some value of &, .“'1)(As"l),As>‘l),....

a{3*1)) w11} e greater than 1O ) e )y uhen
this occurs, the adzizsible point |A..R,,--0.A“). where

T(A oA 4% sAy) takes on {te ninizum.value, has been overshot.
Hence; at this stage, h 12 given a szmaller value and the co=-
putatfon iz raturned to the operatlons beginning with-Eq. B.6.
Using thiz s=aller value of h, we agaln continue to m=arch toward
the ad=iszible point uhere ! taked ¢n i%2 =inimu= value, alwiys
golhg &n the most dosanhill direction on the adsissibie hypers
plane defined by constraints B and C, and always staying witiain
the adaissitle reglon defined by constraint A. When It 12 ob-

served-that, for soze larger i, X‘i'z) !(‘)

agaln eoxceeds » then
the value for h iz further reduced, and computation-iz sgaln
returned- 16 the operatlons beginning-with Eq. B.6. Thiz process
13 terzinated when negligibly czall ntep sizes lead~to an in=
ereasc -in X(A.,Al,-'-,A"). In our nuzerical calculaslons, we
auto=atically terninated the abave process when changes in AJ,
with magnitudes ne Iarger than (1/1000) of the largezt vajue of

Ay led-to an increase In the value of I(A.A,,°°%A,).

Becauce evaluatlon-of ihe canstion 1 and it gradient in-
volves only ermpatatisn of quadratic-foras in the hl's. each
*deunhill step” took-relatively little computer tine. Thus the
conparneively slow con;craencc (typlaally, on the order of 168
stepo-were required) was not costly. In fact, more progeszor
time was required fer-the evaluation of the eaeffielont: Gn
through-the integrals of Eq. 23 thnn was neaded for the entire

gratlent descent.

APPENCIX CT. METHOD-USED FOR DETERMINING 2 AND n

At nny glver stase of the iteration procedure dezoribed in

S(L)

Arpendix-Bi, the uze of Eqz. B.2 and B.3-%0 evaluate Ay and

;ix’ rrem the resaining AS"': Zuarantecd that fhe get of ;}!).

J » G,1,000,0 would 3atisfy constraintz B and £, AL each rtage

Ty
of iteratlsn, b and n-were chosen Su that the valdes of &, and
in' semputed from Eqs. B.P and B3, were very unllkely ts violate
eonsiraint A when reasonably ssald values far n were used. Thiz
was accomplished by-ch3osing = tu be the index § of 3he 1A fune-
tion cample 4f the prios iteratlon-that had the iargest sininus
¢istanee fras the bounds ny and bJ in the izt rne-third of the
tntesval Jedsd, and by aheoxlon 6o Ina sinllar rfachicn fron the
indfzes § In the Jazv saeeriird of the Interval J0<i<li. That Ix,
¢ 5 detersine m a% n-glven stase of the Iteration, we found the
naxizum over | of the zmaller of (Ail'l’-ail ar (bJ-kgl'i,) LT3R
was varled over the Integers 8c3<{(Na21/1). The resulting value

af J-was shasen for @, The 2i%e deterninathon AvAr-the Integers
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SYNTHESIS OF MELICOPTER ROTOR TIPS FOR LESS WOISE .

{(2N#2)/3)<)<N ylelded the value § » n, Ve chose m frow the
first one-third and n from the-last one-third of O0<i<N to insure
that the magnitudes of the derminators n-m and m-n in Egs. 8.2

and:B.3 were reasonably large. By choosing = and n in the-above

canrer, it was-assursd that the magnitules of the incresents
ta, = (4512017105 and a0 aSP-a8271)) courdape velattvely

large without the rnew-values Aéi) and Ag’) violating constraint A. .
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LIST-OF FLGURE CAPTIONS

Figure 1. Cne-third octave band:spectra-for thickness and 14ft

radjation. {See text-for parameters.)

2. One=third octave dband_spectra for thickness and 1ire

radiaticn fnsluding highefrequency vortex- gshedding,
(S9e %ext for parameters.)

-

2

5

5.

6.

Optinum LSA functions snd-their radiated one-third

octave band-spectra (s0lid curves) for chord lengths
L ranging from 1.5:to 5.0 ft,
above 700 Yz,

Radistion 15 minimized
Upper ainl lowesr bounds (dasted curves)
on allowable L3A functions arfe 0.5 and 1.5 times
NACA 0012-airfoil of uniform spanwise-thickness.
Dashed aspectra are those of NACA 0012 airfoils of
same chord length, sectionul area, and center of

gravity as optimum-LSA functions.

Optimum LSA functions and their radiuted one-third
octave band spectra (solid curves) for 3.0 ft chord

lengths. -Rediation is minimized above 70G Hz. Lower

bound on_allowable LSA functlons i3 0.75, 0.5 and
9.25 times NACA 0012 airfoll of uniform spanwise

thickness. Upper bound 1s 1.5-times NACA 0012 airfoil

for all cases.
Fig. 3.

l'ashed curves have same meaning as (n

Optimum LSA-function-and 1ts-radinted-spectrum {solid
curves) where radiation was minimized between 700 and
2800 Hz. Chord length ir 3.07ft. Dashed curves have
same meaning as in Fig. 3.

Diagram of rotor blade tip showing how-area function
A{x) Ls dertved.
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SOME ASPECTS OF MELICOPTER MOISZ THEORY
fart 1 Moustie Fadiaticn from & Plane Surface with Application to Rotrs*
¥y Cregory F. Hoamicz

Abstract

A formalisn is developed for predicting acoustic radiation from
& plane surface that eaerts & fluctusting loed upon the surrounding fiuld.
The development asstmes the pressure field on the swface to be random and
ztochastic; -it may be bozi non-stationar: and inhomogeneous. The result is
an_exprescion for the acoustlc posur spectrum iz terms of an intigral over
the digturbance region of the generalized four-dimmsional Fourier spectium
of the forces, It is capatle of predicting discrete-frequency as vell as
procd-band spectra. A-feur 1llustrative examples pertaining-to rotors are
presented; the results agreec with those cages that have been treated
previcusly. The treatment is bein; extended to the broad-band noice
enankting frem a rotor &n turbildent air,

3. Introductiom

The Slazsle probles In rotur nolse-theory was analrzed by Gutin'”
in-iy16, ie Wodeled the Vlades-as 8 point forces rotating at ccnstant
angaler veloclty uith no variation inthelr negnitudes and obtained a discrete
spedtrus at mudtiples of tkhe bin:!e-;:ss:ce frequeney 8., lovson and

(X))
Clerhed

, Bsvell a2 :.':-ld\tm s have cxteaded this to tre case

vhere the force varles-zinusol¢ally in the azimuth angle. The specirua
§2ostill dlzercte, thoush Lougon ¢4 n.l.m vriefly discucs the extenzion %o
randor; 2oads, ond hence brosd-band acoussic spectra, sharland'®glves
evidence that free-ctresn turbulence can be a sipnificant factor in cuch
loadings. Ke-estizates the tolal radicted-accustic energy froa & fan rotor
under such-cirewrstences; hevrever, his resuit leans rather heavily on
empirieal estinmates of the correlatisn areds and s useful primarily in
estiniting orders of nagnitude or in interpreting data, Ffowes Uillions
and Ih*inc;“,cdcu;zte the rodiation fron & rotating point~force with
randon loeding in terne of the load specirum as neasured moving with the
dtpole, ioray and Tainst conzlder the fane probled and obtaln the acoustic
gpectrus as a-pover zerles in N/ f » Both-leave open thy Questicn
of-hxr the 103 spectrum nlght be related to the turbulence charscteristics,

mr.'es""u%:‘-o:vlkmhandlc thiz by modeling the bladesz as an Infiniie

cascade and then using tvo-él fonal & fble airfoll-theory; thia is
s better cpproxination for creprescors and fans than-for helleopler rotors,

th tlro accune the blade chordi-to be ncoustically compact,-1,e.) 3 blade
becoces a linc of dipoles. In many practical applications,-particularly
at-kigher frejuensies, and higher subsonic lnch nusbers, the above acsumplions
are_diiflewdt t2 juttify s priori,

1% £z hoped that the present treatment willzpoint the way toward
relaxing soee of these approxirntions. A croundwork is precented for the
previction ol brasdedand as vell a3 glscretesCrequency mise radloted freu
n-surfote eistribution of dipoles In an othemdse wnbonded fluldy it 1z
direcsly applicable to cxleulation of the acoustie cignatures of rotors

¢ 7Thiz rescirch var-suppocted under contract SIANZOL 70 € OO5T it vas
carrivd out under the supervision of rrofessor A.-R, Ceorge, vhose

irvalueble puldance {= gratefully acknovledged,

45

" "
ing pheric turbul

The acousticz equations themselves
are linear, and linearized acrodymamic theory will be used to obtain the
217t response, Hence the overall problem can be vieved ag that of
determining the statistical response characteristics of a linear system
subjected to a random input.

he system may be conveniently divided into two sub-systems: The
first deteraines the 1ift response of a fixed point in the roter to a given
pattern of turbulence, and the second deternincs the radiated sourd froa
the 1ift reaponse, The Lift response-is chars-ierized by an impulse-
respoase function, or equivalently by an aerodynamic transfer fuactior.
We will neglect the effects of drag and centrifugal forces, as well &s those
of turbulent veloecity

ponents in the rotor plane. Assuaing the appropriate
transfer funtions nre knowm, these could be easily included. The second

P ac input, ¢ forns it into the
resultant nolsc spectrum at the observer's pozition, This is achleved

through the far-field soluti

( _ _
St o 7The present diccuscion congerns prirarily

sub-systen, ucing the above

of the {

acoustic wave equation
as foroulated by Lighthill
-the latter analysis, and 2 & results are gencrally opplicable to a"much
‘broader class of problems than that of rotating-forces;:1t ic easily extended
to surface distridutions of other scouztic singulnritics,-such ©s monopoles
or quadrupcles, A-few elementary cxaoples pertinent to 1ifting rotorz are
_presented;-the results agree with thoce of other authorz.in those cases
rrevlwu'.y investigated, A prelininary dizcussion of the-analysis of the
2Lt recponse i3 then given.

I1. _Solution of Acoustic lave Fruation

The equation degeribing the :(:eratlon’ét traveling vaves by-

o distritution of acoustic dipolcs is (o)

P Y 2 2F
- -
2k - - g "
vhere F represents force/volune. The far-field solution can be-exprezzed-
-a8

£ S [3E] ey

Tquation:(2) iz valid under the following conditions:

)

KA » ()

A > 1F ®)
-Assusption (D) 1z a statcment that the dicturbance region appears pecmetricully
corpact o the observer. Ueing the 1Zentropic relation, s n,“f ’

and our supposttion s Fom L r?, (see Fig, 1),-ve g2

= 1 X “3LT] 4
7 = gwa At ) [5T] Yy
(3)
I8 oar cese, not only does (B)-hold, but.to lovest order the forces

-all 1in-4n the plane o = © . Hence v can mubstituse L= f J(g,) B
-resuiting In the surface integral forn

R

-where 1¢:1s nderstood that ,"'

()
now 1lez i the horizontal plane,
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L SOME ASPECTS OF HELICOPTER MOISE THEORY A
f py
2 X % A Observer »
1 = - _
3 ! 3103, 6-% . ai7ar s ;
L ! SS 3{ §rl-%a m-gi/a) %4.(!, te W3~ 1R-2i/a,) dy d*z *
X S : ]
e ] “ (9) 3
3
i It is coavenient to dencte the geometric coefficient preceding the integral
}- PPts brthe sybal G . We also introduce the aversge and relative position ,
3 \' vectors, 7 id &, defined by (see rig. 2) . ";
1 — X
4 4 +¥ -
E 7-3t ¢- 3 ’;
| A
3 : 4
Observer !
7 R ; 3
3 | !
Fiz. 1. Rotor-geometry ant coordinate systems. k
o i
A t E
: Since our prodles (= random, ve cimot get an expression for f(‘{.t) . ! %
3 23 & deterninistic funetfon, but we-can vork with an acoustic intensity K
E averaged over a hypatheticsl engemdle of realizations. Consider the quantity 3
; f(?,t-"”/.t;j)f(i" t‘f'Y/a.iJ') :
vhere the argucent J 1s an cnserdle parameter whose diiferent-integer. K
J values 1, 2,.00 N refer 20 d1fferest realizations of the same experiment. Flg. 2. Coordinate transrormetions. =
ferforming & statictical-aversge over all recalizations, we obtain- It is easily verified that the Jacobien of this transformation is 1, and ! j
= N :
— —— hi 3 * — X Y t i
R,(Zt, 7} =2 p(X,t- 72)p (X, 0+ 77) ance dly dtz d'nde  dtrectly, ‘ i
5)- Now consider the term- li’-o‘il/a. ocowrring In the i Ji
And heace the- ble-sveraged Instant s-intensity az firat retarded tisr. From Fig, 2 we sre that { R
' s ;
% 0) P = = e - 1 7
3 f(i t) = #(—:{Q - Ry (X, T, o) 817- - 'x-7 ~ €/2 1 1
E ’ fo . a - ‘s
» e |
- e - D . '
® 1RG0 s LI-g1t s Emp ¢ 2] ;
T constder the Fourler tranetom of R, (R, L, 7) / .0, i ;
with respeet to 77 ,-and its inverse: i !
- - - 3
. 5-gt = gt {1 BEB L o)) L
} - ‘3 -7 A § :
- ~sanM ' H
S(xtf) = R“(l.tl’}’) e s f'r dr X :
- [ ] f. Qa, { :
Ry H M
(7a)- . 4
L - s A ( Il ) : ?
_ . _ . llﬂ”‘r l'l'-"’ = h"’[l + &E-n/3 + O ot )
R R 7 ; :
. t !
(] A i :.
() . (om) i
Substituting from (T0) Into (6) we find: ’ A velng the uitt vector alog X = F . ; -
. - Siatiarly f i
- N -
J((ty = SS(:,t,f-)df ‘ !
halad {0) Y 2 e Bt ' ,s' 1 :
- IR~ = 17%=B - & dsa + O e
and hence S s 2he spostral decomposiiicn of J 3 It reprezents the {100) .
acoustie energy radlated vithin the frequency interval f to Tiue (9) decores .
4 ferdf.
- . -
substitating for o (X, T 5j)  fram 14) tnto-(5) vierds = = i
? ’ Ryp(nti7) o G 94(1-04,:-1«- mpe ) , ;
r. .O , .
‘ Raltt. asnt
1 Ll - ""‘""""‘un-f, e X ——
3 %(19 ay o = u‘-grl—-‘- d'y,l‘t 7
) E
L
~N

.
3
e El A .m.:;’-nst‘.d
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Porm the Pourter traneforn vith respect to : Observer :§ 3
- . 3
“ian$ j——— ;
S(R‘t,f)-GSCK 7"' Sg%(. ..)‘ ,(' ~),‘47‘|‘ . §
-
-5
and difine ;’% .
L 3 12-%1/a, I
S =7+ TA/a,, dvaeds e
kS
&
being the average retarded time bt 4w E . e .3 '
@ - - z.a b
—1anfs tanf & 5 H
T, f) = GSe ds Sge' W E
A 2 +*
‘;—’%(7' ‘/‘; t..,-—‘/:.) %{ (7" ?"4, Can? s’:) 4'7 d*¢ ¥ig. 3. vonstructive interference at frequency f’ . ~f
x
02) . ~ 2
_ A out & magnitude, §/ @, +anddirection, 7, ,for K ,and 4
The arguments Sppearing in the correlation Hod appear-in symmetric form, £ - _ " ,:%
hece K o= -% oa @ . gothe above requires that ]
alloving us to write ' e, ¥
. + ) _ Y
- . - k=t gwed a A= £ 2/ ¢ ¥
- { -ianT Ceia . . N =
S{%, t,§) =G 4'7 j,ds et 5(1?( ariav 4- Aty L.e., Juzt 8z {n & diffraction @ating, the intencity at frequerncy 3
T s - & an elevstion angle P depends only on those sources nzeillating vith ’i
Rij (7,8, t,s) - tresuency £ and dtetitbuted spatiatty vith the vivelengtn A, g
It ¢ esstly shown tHat r ot ot by 'A‘. f2-the nt given atove. Only then do the signals constructively interfere, a5 iz - g
the g . 3. E
requlres '7':«/'4 « a,/f ) or *8811y seen from the geometry of rig. 3 §
. While (1k) provides more detajled lntomtlm*gm (1)), ve »2uld 215n E
-k '.'.?‘.,."“ <« / () to get the integral_{n terns of Pi(l » Since / iz more cormwonty }
L } L1adte th . 7To this end el result from s2ochaztice N
Uhlch 1s called the I¥ainhofer or ditfraction Pareseter. Carrying out the o i o thls mR“ qucte & ucefilresu “:’r;n ochaztie %
last tvo tntegrations, Process theory, vhich expresses \fi  1p terns of ﬁ:u H E
- )
€ a Z
St f) = GES]‘TP-- (9,-£ 4., t.. §) Ryt t) = i.BlL{_t.;f:_.)_ ¥
A ) i s ’ i "5 Ba Y9} A :
- (m’ ’ a 5
P4 1 s
vhere f?u (7. L .—'t-n ' F ) is the generalized-four-uimensional ¢ ¢ (15) %
- her: and both absol & . i ¥
Fourier transfors of Rh- vith respect to € ana -§ » but evalusted at vhere here L, 4. e tolute vlues of time. in our B
b (3] ¥
kw-fa o Tote that the appearsace of the spatial hotasion, ;
transfera vith this argument-ie & result of having retained ditferencer t = t_a"t; r= L, -t )
% u E £, E;
in retarded tines in (11);-the deccoyposition of the 147t distrivution into %
_ the ehe -for_difrs, tlatl asily ¢ fornz th B
fes Pourder t3-17 tjace vould be ¥ had ve assmed an And the ehatn rule for differentiation e L1y tranzfornz the above to K
acoustically compact_source reglon, 3here iz & slaple_physical interpretation . . o5
O VA7 the tvo-dlnensional spatial 1od cpectrum must be evaluated in Rig(t,7) w ’:Tgl - %._gll é
terns of o threc-dimvnzional wave vector. It 1z casily seen that the ) *%
. . 1 g
spatial tranzform of o Zingle-vavelength twvo-dimensional-ginusoid (zce Fig. 3) e - ,;
5= . . h ve 1 .
18 slmply i—[l(k,-k,)zo[(t,ok,)] SOk, S(R)Y . we have cingien Vhich ve use in . - %
’ - {4
. =ian(fr ¢+ K.8)
o= { Rij-e drd‘e
-~
-
(@ s 221 p cantErebe)
..{ K ,,-n} Ry e drde

1
In the first tem, ')lf" "y be browght outzide the Integrals, and the
sezond ters msy de integrated by parts tvice to yield

L}
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" SOME ASPECTS OF MELICOPTER MOISE THEORY

Py = {H & ¢ @nf] g,

n
17)
g0 +hat (14) decomss N
St = G(% 3 r4mFt) x
Sﬁ‘ (7, - %ﬁ., - 1qifa, , £) d'y
(18)

If the integrand wvas only weakly non-stationary, the 25:5'
term could be negligible in cowparison with the f" tern in a particular
application. In any case, in nost acoustical applications and measucements,
the physical quantity of interest is the time-averaged pover spectral

dengity 2) H
/2
<563, 6)) = _,/_(:;»;4,-5 S(%,t,f) dt
B A

Under such an averaging process, the first tera in (18) contributes nothing,
ae

{H) =

L, TJ. az-" dt

<%:t€” z‘w-\ L —-ll

1
o

S

- F,

Fiovided only that :—f” is finfte st £ 0 .

i Thus the_ acoustic analysiz reduces to its final fora in terns of-
tine-averaged quantities:

I =T~ {<sund af )
vhere i

£S(x f)> ﬂﬂ-i—’ih—* S( 0 (7, - n,,f) d'7

-(20)
Zquation (20) 18 thy maln result of thiz section. It sscumes only
that the disturbance region is planar and that
Kanl 5 1§/ <1 5 Kkifhae/r <1
Either droad-dband or discrete-frequency spectrs can be handled, and no
sleplification for the case of rotors has yet been made. Since the manipuls~
tirms involved are concerrad primarily with the arguments of the disturbance
functiors, rather than thelr physical significsnce, results analogous to
{20) for acoustic mnoples and qusdrupsles dre easily derived,
We note that the calculations in (70) are all performed in space-
tixed coordimates; this can be'a dig advantege-in calculating nolse froo-
rotcrs In twhulence, since 1t-1r in such acrordinite frame that turbulent

velocity correlations and spectra src most essily specified. Host
irvestigations have assuned that the spectrua of Aift fluctuations as

-seen W7 the moving blade iz known, which Iz usually true only If such

Retsuremmnts have been made,

Section I¥will give & brief introduction as to how

o ty,- £a, ) can be deterained theoreticarly,
The next section u.vu & fev slementary examples in which- Pll
is prescrived o priori, to demcnstrate the application of (20),

111, 8 of Accustic is
In this section three exsaples of the applicetion of (20) to Yifting
rotors are given. The first two involve discrete spectra; the last i¢

btroad-band. They all involve a point dipole rotating in & circle and
-experiencing fluctuations of the forms

Case A: con VO (cf. outin®, Loveon and OQerhesa®™, ursgne ¢
Case B: Aiwm ¢X, nev

Cose C: "White nofse” (cf. Pfovcs Willisme and Havkings ‘¢! )

In Csse C, the result has been extended to any planar motion,
Case A: consider 8 point LTt forces rotating at angular frequency .1
about the origin, with their magnitude varylng as <ov 7@ M 4
being & positive integer or zero (see Fig. 1). By inspection,

dir0,t) =L, cou Vo x(fc-k.)}i; Stre- 25d - arpat)

“ K wi¥o iir-p) E S(e- 3 - amat)

(1)
where ve have used

Sfll)—; {ﬁ(X-x.\}’dlt = { %ﬁ) S(x=x)dx

Even though this is & deterninistic prodlen, it 15 stild-valid to spesk.fh
terms of correlations and spectra, if one keeps in nind that et
and hence all realizations by definition coincide with the mesn value, ile
fora-

R” - ',%E Sin- R\‘(G 2) cow ¥ (0- ‘Va)mf(ef‘o,a) X

.Z. _'L"‘ (o- %o/~ - ar&(t—"l.)) I(oo o - 2z _ aw.n(tﬂ'/.\))

- ﬁ; §(R-R) §(€) 4 (cow V6, + o a¥0) ;:_.:f(o- 3_3_1- anat)

o)
€, - AR
2,606 247 ann)
(*2)
He can perforn the tise age mediataly, Since depend on t iz

periodic’vith a fundeson:al. frequency of 8., we average over the

fnterl O to Yo , vhich picks up one "pulse” from the sum over - .
The result is

<Ry = ;%";'f‘ [mfe. ¢ e i06] £R-R,) §(6) x

§ §te, - 37 - avar)

23
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-spectrum, f.e., ‘ functionz, 7o this end, after much alpebra, ve can
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. SOME ASPECTS OF HELICOPTER NOISE THEOR:
From (20), manipulate both terms into integrals of the form
- an -
<S> = ¢xifiq SR&R d -ianfr g
e |dre
) > S.T (a2.aiat)e’? lt = 1r{J" () 5(/«)
. . .o -
-
. I 3
_ FY L
SRde Sde ettt <R > -
. 3 Y] 4 ; ]
] @) 22 ET g0 T, [$ et +S(/u-1)]}
he integrations over K and €4 are essily perforned due to the (28)
presence of the § functionz, taking use of the geometry in Figs. 1 and Also needed are
k ond e 15ttle manipulation in the exponent gives
- . .o = T, (@)
A - Liawfr | . ;
&s) = 5#.(47,!{‘)65&7& iaw J“ fde, (cou¥e, 2
- ' .
~-4n-‘-m¢“—(‘a-e)‘:—~ €o/z 1.
+ coe VO cf‘ *% -~ a8 A Y
) S etammu _{ It uwo k] 2a,.., !
y ) LI Y]
O  otherwt
Z_ S;(e... é_’s"_".' - ;,l._n-.,,) ervise (%) i
ma 0 ’.
The final reault is .‘1
(25)
1
. B L2 -‘¢ x t
ianfr [ <S(x,§)) = S lesin (52 :
sH= B ('hr‘f‘)GIJr tar ’fd {mY o awar) » pralar ..Z P Wy 7 Toaer :
- +i¥nR, MQ 2 (B8) ainm (mrnir e I
fmife} : a e el !f,) 2t ,7 T - ‘ ;
=) #2610 e dp Ty J;",) (f-n80) :
Integration over ©  of the first tern yields s zerctheorder Bessel 1) B
function;-the change of variable Awo- g /2 g usef\d in the The argunent of All the Becsel functions is :
second tero, which gives, after some manipulation,-another Bessel function: ilrk’% wed u AR Kwoip = nBMersd
The above i-sul.t ie in lcxeenent vith those obtained by Lowson-and :
Otlerhead and by \:rwn. ) the forner have defined @ = © as the :
LY o)urver's azimuth; hence our results differ by the phaze angle P . N
. For ¥m 0 , (31) reduses to
: 1 1g & i
<S(F5)> = ‘—rL;-‘*—;— % 3 170 §(f-nBa)
€ '-JR.M?‘;..O RN
4e (2*)
6,. - AR, am ‘f s ‘.AE which agrecs vith Gutin's nn.uyslém of & constant_point force-rotating in
4 ST W ) a elrele. .
§o A cosputer progTam was used to cvaluate (31)-for rotstiesnd jhech
* ) nunberz of 0,5 and 0,9, for ¥ = 1 and 10, %he obzerver's positien
o xos takenaz O = 30 and ,! w 15°, Tezults are prc:c'\.ed in
Z = = - x, Fi5. 53 andZ5b in the forn of the dinenslonlees pmr,fﬁ&‘-;—’l-(w-) 43
verzuz N, the h e of the blade-passage frequency. She Zpectra-
Fig. b, molar coordinates for rotating pint forces.
<s) = aitvxifN6 f"’ -iawfrr
ar - ~
= {u‘ Y(LF f-.ur,n'r) * coe l."P J;,}
(=7

The argueent of the-Ressel functions i3

Jwr, {-. won @ ain (WAT+ wM/G)
The factor-in curly brackets fc periodic; hence we expect & diserete
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* Fg. 5. Dimensfonless acoustic power
versus harnonic nusber for asimuthal
node-(Case A): Joc L sonVo.0bserver's
position .30, = ¥s, 8= 4.
(a¥ M= 0.8

Jet (x10%)
A ¥s10 (n10)

_ n

re

7 2 ¥ i ll 0 Harmonic

Avmer
tend to peak near the lover harnonics with the peak broadening as M
incresses. Increasing ¥ tenss to shift the spectrin to the right,
ss.one wuld expect due to-the faster fluctustions of-the dipoles.

Case B: Any spatially fixed-two-dimensicsal upwussh pattern that is:frozen

in time can be represented as & Fourler superposition of vaves of the form
x - X, _ -

s 3 and  coe { '} « In principle, the resultant-2ift

& 2{1.} e x, n pri » the M

response can then be modeled in the same manner, Thus, the acoustic

res to such a fund 1 sode would be useful sz & building block

in_situations in vhich a decosposition into

1 modes a8 discussed
in tase A 1s inconvenlent.

Consider- B point 1ift forces rotating at anguiar frequency .
bt the origin, with thelr aagnitudes varying as aim @ X, ,-vhers q
18 any real nusber (see Pig.-6). Hence, rather than esch dipole
oseillating et constant frequency, a8 in-ths previcus exasple, at any instant
1ts variation nov_depands on vhether it is moving along or perpendicular to
the X, direction. By inspection,

. &
jln,o,t)*- -};-’.«‘M,tx, ‘(K-R,\lg. §$(o - 3 _axat)
(33

Torming Ry, andsetting X, » R coe®  ylelds

ﬁ"-li pa— o e
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n, Harmonic number
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* SOME ASPECTS OF HELICOPTER NOISE THEORY

L

Ry = 5 S(R-R) 5(€0) im {qR, o (s - “) ,..-,.{,n,h..(. R ;.)} x

z $ 8o~ -2 ana(t-m) S(o0 & -

‘. ~ao
5 (34)
Trough r crest

b, Side View

Fig. 6, Fatating point ¢ipole fluctuating eimssoléally in X

The dependence on -©@  and Gn ¢an be scparated usirg .-.u:-vh.—d trigo~
nometrie-1dentities, and the time average yiedds a facter B/z7r Just

2z in Case A, Hence,

Ry> = .r,‘,%g $(r-R) §(€,) {w" (2R, iin 8 .ain ]

-m(atk.mem?)}g; $ ((.- ‘Z"' - avr.i:.'r)

(35)
Fron (20}
ad aw 7. ]
<S(i{i)> = G(ymw2f?) SRdR gdo fzd’rc'“"f!r .
] . o
Sad oo §oa
. QW n‘.t
(24)

The transformatlen of- -é. 3. '—E to polar eoordinstes i3 the

same Az uses in Case A, and 30 the {nterration over 6‘ yiclds

- Z)r.n.(t'r'r’.\))

L1 X}

. g AX .
<S) = -'—‘:,%fﬁzﬁ' gd'rc'm"h Sdo > x
e o

{c« (2?& m O adm (X3 nm.r))— "";‘('I‘I.R-“" 0 cou( L;s,rua_'r))} X

. £ .
e?l" .?,-Q-‘w¢ Mi(p-o)‘.:“(yrn_-r » "I’_;:)

(313

By writing the ines_ns compl P falz and several chanses

of variadble, onc can show that:the intcgral over @  reswts in four
terns; all involve J'. » but cach with a-different argument, T of
these-terne can Le integrated with rezpect to 7 using (?8). 7he other

tvo con be aanfpulated into a form In which the following expansion by

sontne” is useful:

J, A eTme sy

T AR T (c)r -'li J, (A) T (C).cou fx
1 4 1

N

(38)

Identities (2)).and (30} ore alzo required, 2nd the final rezult is
2 < 2| R _ a ;r:f
(Sand = grotte 5 5 {75 m ¢ Th

nay -
-:uo’an'f'I.g,!MI,,, (C)J S(;—nB.n.) ,:
’ (32 ]

vhere 2 3
- A %
A = R, E—i" * 'Ivnl;—:-g-.coo:p couf + 'Jn‘(-,‘,-'.—)‘m'¢]’l 3
. [ 2 £ (A% % :
C= R [q AL Sl AT r‘/nf(';.)m'¢l E

f
y; = - 47[? a, tov P aimpl
uj‘f“ tl__ ,/":.(‘{_jf-ma¢

Thein .ponse to Lo §%. -is the adove with a (+) ziga-preceding the
last-term, It iz cazily seen that this reduzes to Gutin’s=result for
Q=0 » Fora {m} 1*a
iz that fe s i s
T { N 4 tut with  _ade F replaced by
m;e and vice verza,

variation, the recponse
The asymptotic behavior-of (39" as q1—*o is

f aat n-l ""'

St ~ JAQ_L._A_M-'é $* {‘ :

=2 wewap Tgar J;M,} § (’f'-nB.n.)

(10)
where the argument of the Perzed-funstlons {e Rwﬁ. -;- Lo % .
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" ’ Tonen Dieensionlése acocatic j
Jover versus Lermonic pusber for
case 2t f o L,Ja:ln,-i..;-‘(tl,u-t).
Ovaerver’s petition ¢ » 30°

TR
§ et e

A @X, 2 aim (gR, wweb):

T TIN MTY

S G
F - 2 ?_'. 1) 7 T (qR) oo Yo ” [ERLA L
5 vl () M= 0.5 ]
& azes -3
A
B s o i
£ ~ qR, we0 + O(qR) R i{
i ” . P
5 1 the above should agree vith & calculstion using (31) with ¥=/  and F )
Ep wultiplied by the factor (QR.)" . Thiéis easily seen £o be the case, ™ :
& A A
E‘ The computer ves agein used to evaluate (39) for M = 0.5 and ;."J 4> 0 Ca o) §
0.9 and vadues of (92) = 1073, 1, and 10 for & = 0° and '{,}.-l (2 10%) 3 i
: @ = U5, Besults are plotted in Figs. Ta 834 75, Again, ratsing M 4 e 2 3 i
. 4
broadens the apectrum vhile incressing —~(1R.) chifts it ¢o the right. &Y g\
For all practical purposes, the curves for ¥ m [ of Case A and . : k ?
. ;
i

R =t of Case B tially coihcide; h v, the difference

between the ¥ = 10 curve and that-for qR, = 10 iz significant, ]
- ”
and here the Mach mmber plays & strong role. Most likely, directionadity )

il

i also important. The care qR, 1073 vag 1un to verity mmerically :
thet the asyaptotic behavior of (39) as  qR, —>:0 agreed vith (31) ‘ - f
for ¥ =1, asdi 4 abdve. _Accounting for'the factor “1 ;
(2R = 10°5, thay essentially Me atep ohe uacther st M r 0.5, : - i
st M 20,9 the difference is discernidle, though still negligible. . S
ﬂ;l. S and 7 disploy Rearly constant siopes for ALl the curves st the -, N S B S S S Tt ”""'“nk :
higher harmonics, evidently tndependentof. ¥ or qR, . Apparemtly ) T number
M does have & strong effect on-this exponential decay rate, ).i 1
Unfortunately, results for very large_walues of ¥ or 1K. are ;-
unavailable at this vriting due to nuserical difficulties with the Bessel "ﬁ'{'}!‘"(ﬁ')‘(s) j
functions, 12 " ‘ i
Case C: Consider"point forces rotating dt engular speed L about the Fig. 7 (continees) (b3 M= 0.9 ‘l -;
origin, but vith their magnitudes varying randsaly in such & vay that no :\‘ ) f ,-j
correlation exists from ope Instant to the next, or equivalently froa "' k ‘
one point to another, 7his is co-mly zeferred to as vhite nolse, nnd re- ,3
evlte in & f2at lca? zpectrun independent-of frequency. The correlation ' ’
function for such & systex is esifly feenito be Y- o peon? (i) . ]
- 8t : o el tarn) E )
Ru = S(R-R) € S(EYE(7)2 8 (o~ 35 - amat) ot ' ;;
Ll mzo > (,“)
vhere E 1% the nean-square 2ift-exerted by one of the dipoles, "?f " E
Even t1.ough ve know that the acoustic:speétrus will be broad-bang nd ¥ F|
hence have no "fundasental” frequency,-the non-stationarity in tine % ” j
exhibited by (1) 35 stidl pericdic, -Hence n time average over the ! ?
intaval O t¢ Yom 1z 3till meantnchd and reswlfs In o fector 3% . { é
rrom (0) ; j
.  aw e "t i i
O G(vn'f‘)fm f_g_fd-,- cinir Skde.
[ . -0 !‘ 3
g £4.7 45 “F ? !
gde,e'“":- ¥ *.gf-ff(n,-n.)’i(c,) () §(7) : ¢
. " 2) ) i b
ALL the integrations {nvolving delta:-functions are eastly corried out, ’r.; n, Hermonic number E :
siving © 7 5 ) 75 m R ') ; 1
H 3
2 .
i 9
HS 4
F
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4
T .. a fixed point 5  at time [ due to a zimusoidal wpvash distributi
SUMD = gnifigliG = -Blainie S 7 - %
’ 4 'Pe adar of vave-vsctor Vv . This function, generally complex, is referred to
®3) as the asrodymanic transfer function. Then the recp “7 at time T ;
which is independent of the dipoles’ motion. %his result vas nated for the to a turbulent vpvach pattern is, by linear cuperposition 3
case 8w/ by Ffoves UiMans ard takings ‘61 | lite that ve onty - , ;
giin a factor of B in pover as contrasted to 8%  in cazes A ana D. l(y,ti}) = S !/ (i,t.V) F,,(F;)) 4y ! ]
This is “ecause successive dipoles no longer reinforce sach other's i (46) i
signals, es their phases are random; hence the intensities adq rather vhere . !
than the pressure a=pitudes, hd 3 i
_ <3y = s ~L AT Y
The ease vith vhich thiz rezult vas arrivcd at duc to the delta L5 S wr(f;j)e 4’y j
funztions in 7 and -E. suggests that it may hold for any planar g (87) i
motion, not circular or even periodic. A single point force whose path vhere . and C, are taken as generalized random functivas, liow ¢
1s prescrived as fy’;(t) and vhich fluctuates in the above we forn the correlation of the 1ift loading, ! ]
1
panner is described by - - - i
=
Ry (5,2, L) = R, (5,€,¢,7) . i !
. i 3
_ _= » - AT E T ]
- Y = ;3% .= 'y {(r SSSII( <€, t-% 7)},( '1 teva ) F (V)F (7°) dogrdry E
Ra(7,z't,‘r) L 5(7 7.(0) (& $(v) p) 7 ’ 1) ) E, F. )
(W) 3
i
i 3
®0)- ; ;
- d -
_f- 1 a {7,  -iaw fr Ilomogencous turbulence has the prepsrty that cscillations of any given -
St f)= 6(F & rvms ) Sd‘7 gd‘re x b
' e L. wavelergth musnt-be uncorzelated with those of any cther; l.e,, A
- E ;
N :uvf- A€ o : - = ‘ E
dlg e’ S & ;(7-5,—«)):5(&')3(7) E £ ) = B (7)8(-7) : {
-te (‘9) ]
F
- E,, o belng the pwer spectral denzity of the turblence. ;
p— R [y —fom Ferforzing the intesration over 7' glzez 3
= T 6§ Roremf?) ) IG-4.0) dy
- rad
- b p
Py - - N, = -
LT AR S,!,(r-tq,t-'/"l)l,—ﬁr'h,tv"/,",') X 3
. T a -
L 3w o L aimie F - 4 E
= yrifilt-G = = B3y
i e @ e ;
{L5) Consequently, 4
_ ’ - - r
Herce, as long as the dipule rerainz In's plane, itz nccustis P 2 "ﬁ : tanfr
oL P f-a- a AT g N, -e2an
radiation iz the-zame as-4f it vere {mnoblle, The-rezult for 8 dipnles 4 (7' AL tlf) = d'e e ", dre x ]
XS .- k
i3 8  times the above, by linear superpasition, even-if cach exezutes a
-
dizferent motlon, 7his iz because the assumption that trajectiories nre 1 . 3
_ _ L (3.7, t. o -, -
geonetrically cocpact preclutes amplitude variationz-in the epeetruws, and 4k, G, %,7) xy (et by /‘;7’ Eo,f (v) o0
o hehad 51
the loppler chiftszare indiccernible in & flab spectn, R _ N K
) tnfortumately, (51) in conjunction with-(20) implicz a total of 3
B 5 3
IV, _Lift Response el Fotor to iurbulent Uswaczh Imttern elght sealer-intesraticns, well teyend the capabilisy of even the fastest :‘
As mentioned above, our acoustic amalysis requires the rpace-tine ceaputers.  It:Iz hoped that cooe may be done-analytlesldy; but cven with-the p
1014 spectrus, Pll » expressed in fixed coordinates az secn by the sinplest formn fer f,’.,,,, y l, 2 uzually eesplicated enaugh %
sbserver, To obtain this quantity, ve begin with-the foldowing approxinations: to proqibie thiz. E ;
1) Linearized serodynanfc theory is applicable ~ hence, ve can ne simplification weuld be to nenleet:retarded-tice ifferenzes R 3
H
superpoce solutions, agrosa turtulent cddles; foe., to nzsune-that they ase zmch sealler than the
2} the turdulense iz homosensous in Sgace. aceustic wavelength, Unfortunately, integral-zeales in the atnysphere .
. v i
The nced for=1) 1z obvious; ») iz nob ebzolulely neceszary, bt typleally ran-26-2everal foot, 20 sush au appraxi=ition breaks devr nd hina 3
it consicderadly slmplifiez the analysiz, frequercles, A'more reazomable appravch ks 9 conzider the chord az acrusticaddy 33,
E
The vartatlensin v (F,C5))  eive rise to Nuctustions ' coopacty "
in the argle of atiack & = »/(y » U being the loeal rean ke = e “.c = M-}
horizontal velocity, vhich varics lineizly with distance ree, the hud. Ve whore ue have-taien u/c Az Lplenl of the highest Crequency, Hense
presve thet ve have  f. o 9, t, V) o-the-11f¢ loading £ thiz effestively 1inite thy resulte ta fnesepressible flaw, Another nppreach
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wvould be to model the ise loading as rectangular. y this
and the previous assusption both imply that Wit » 85 scen by & fixed
point in the disk, 1s zero except at the discontinuities, The form of
(13) suggests that this vould tend to oversmphasize the higher frequency
conponents; indeed, this may explein why Gutin's calculation overestinates
the higher =N
We plan to apply the present analysis to a point dipole rotating
at t angular vel g and _§ pic turbulent
£1eld, vith an ad koc spplication of quasi-stesdy serodynemics or the
Sears fmetion to obtain }J o We then plan to consider the effects

ag the ic regine is approsched,

ity in a b

of finite chord and sr2r  ..:luding the different orientations of the

spatial Fourier components of turbulence relative to the blades.

V. Outeary and Conslusions
#n acoustic analysis of a surfece distridution of dipoles has been

made vith A ninisun of assuwptions; both diserete and broad-band spectra
can de dated, and fon to ssoustic poles and quadrupoles
1z straight-forvard, The formulation has been applied here to yaveral

exarples and shoun to agree with previous apsroaches vhere applicable.
In perticular, it i2 expected o be of value in treating the
pretlen of 2 1ifting rotor:in atnospheric turbulience, as it asoimes
xneledge of the cpace-tine loading spectrun in fixed coordinates, Pl s
4hig ic a frade-in vhich the turbulénce characteristics are most easlly
zpecificd, liovever, & mwler of integrations nre lnvolved inthe
deterninaticn of El.l » and furrher approximations will predably

be roquired before practical results wfll be obiained,

loaenclature

position.vector cf chscrver
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2
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SOME ASPECTS (2 MELICOPTER NOISE THEORY
Mrt IT Recent Results Relating ¢o Dgine Noise®
by ¥, R.-Sears
Cornell University

Abstract

An investigation of blede forces arising from rotor-stator intersctioces
in subsonic flow is reportel. One conclusion is that the Kesp-Sears type of
appz on can be

d to include compressibility effects by means of
the technique suggested recently by Mxlet and Sears.

In the course of this investigstion, some apperent discrepancies in
the Tesults of Johnson on gust loads in subsonic two-dimensional flow were
sncountered, These are Teported here, vithout explansti

, especially 1n
view of the importance of Johnznn's three-dimensional results in helicopter-
noise research.
1. Aerodynaaic Taterference between Moving Klade Rovs

Under tract with the Mechant m{-,otwocg we have continued
our_studies, begun in the 1950's, of unsteady effects in uld—@w fans_and

soaprescors, Although thers exist, in principle, methods for solution of-
these prodlems, withla the twosdimensional and small.perturbation approxina-
tions but without further simplificaticac, the practical situstion is that
these are generally not in forms suiteble for practical use. It:is,
therefore, stil) of interest to investigate possidilities of extending the
Xenp-Sears type of sprroximations to subsonic coapressible flows. Mr,

C. Osborne has carritd out such an investigaticn,

The Kesp-Searc-theory | treats inter-row interference s a
pertusbation of stesdy flov through & stage consisting of an upstrean
stationary row of bdlades and & downstresm moving row - stator and rotor,-say,
It 1% clear, first of-adl, how to secount for compressidility in-the steady
flov_fields attachec to the respective rows; nemely, by the Prandtl-Glauert
rule. A possidle approximation (¥1) is to mske cnly this correction for
ccmpressibility and to use, 88 Xemp and Sears did, incompressible wstesdy-
alrfol) resulte to estimate the unstasdy forced that result froa the motion
of the up- cr dovnstrean blades through this perisdic flov fleld. Proposal §2
night be to-invoke Prandtl-Glauert theory agsin, In a straightforvard quasi-
stey fachion, to estimate the unstesdy forces; i.e., to transform the
flov tield encountercd. by the moving dlade by Prandtl-Glauert stretching with
respect to its relative flow direction, before esploying incompressitie
unsteady-airfol) results, snd so forth,

But {n & recent ptper"'hlet. and Sears pointed out thet & consistent
firsteorder theory for unsteady flov, analogous-{o the Frandtl-Glausrt,
involves an'additional effect: there is the Prandtl-Glauert stretching, but
there s alzo s first-order diatortion of any time-varying boundary condition.

(Fcz wvant of a better nane, I-suggest calling this the CASP spproximation,
alhough unfortunately this acronym puts Prasdtl lestt)” This yields s
relsted incompressivle ursteady flow 1f terms of order &% are neglected
compared to 1-and terms of order €  are retained, vhere €  denotes
the rat1o of body leagth & to.vave Jength of scusd:

cx $F/o

* This vork ves partially supported by the V.3, Alr Force Office of Selentific
research under cotract FhliG20-69-C-0063.

Lo s e

$5

(1)
wure £ 18 the fraquency and & the speed of sound, Thus €  ic also
oqual to l/li‘ times the product of the Mach mmber and the conventional

“reduced quency” of unstesdy-al £0i1 theory based on the Mlf-chord,
Ic 4s only vhen terms of order € are alpo neglected that the
approximation of §2 sdove ~ "straightforvard quasi-stesdy Prandtl-Glauert” -

1s obtained. Thus, our third proposition (3, say) is to proceed, once
again, as in Fi-and #2, tut to transform the flow field (vhich is unsteady
in the-frame of reference involved here) as per the GASP spproximation,

Of course, one would eploy, instesd, compressible-f104 unstesdy-
airfoll results to estimate fluctuating forces if such were available.
To & lmited extent they are aveilable: sowe yesrs ago Drischler et n."
of HACA obtained the gust-respcise functions for three Mach mumbers, by a
serfes of ingenious Tumerical approximations,® Two parts of the inter-row
interaction ere gust-like, viz. viscous-wake and vortex-vake interference,

1.6.) the passage of dowmstresm blades through these two kinds of vakes,

(Ineidentarly, vis Lo {nt

13 38{d to be the most important
pert of inter-xow interaction in present-doy enginez.) Consequently we
have caleulated these two phenomens by use of Ixischler's results,
especially for comparison with approximations £1;.72, and {3, above; ve
call this {b.

Our nuserical results are admittedly dimited. They all pertain to
~the L5°:15° stage_treated by Xemp and Sears, vith varying Mach musber,
gap/chord, and axial rowsspscing. Two different asswpiionz vere made
regarding the unperturbed rotor-blade-loading diztrivution: Ibre casez could
easily be calculated, since the results sppear in closed-fors formilaz for
direct_evaluation for all four approxisations. The conclusions are.sicple:
Taking #% as our-standard of comparison,

1. Approximation J1 (incompressible unsteady-airfoil theory) shows
the Tight trends with Ikch number, dut seeas L7 underectimate the effects
of coopressibility,

2, Approximstion [2 (quazi-steady irandtl-Glauert)is corpletely
vithout merit, predicting.compressibility effects that even have the wrong-
tronds vith varying tich muber,

3. Mpproximation £3 ("GASF") ix-relatively satisfaciory, even up
to Mozx 0,7, and even for relatively larce 6.

"k, The principal effocs of corpreesibllity, in general, ic to
reduce the magnitude of-inter-rov int

tion (1ift r tions). 7This

is recognized as & general phenonenon in unsteady-airfoil flovs, and cen Le
explained coslly_in the framesork-of the GASP transformstion. It also becones
clear, “In this framevork, why the predictions of cur £ are-so vrong.

Naving thus succinctly stated our_conclusions, we shall nit prezent
any of Qsborne’s grephs here. They appear in his thcais" »-which we propose
to abstract in the form of o1~ or more publizhed papers as_soon As possitle.-
II. The Reguonse of Thin Airfolis to Sinusoida) Gusts at Subzonic Flow Spece.s

éﬂcﬂntlm of the ;reuu;u and forces Qstcurou;'or infinite
spen in convected sinusolal gust fields have been carried out, for
compressible flow, in References & and 5.

foth investigations involve solving integral equations for the
strgulerity distriwtions In the presence of vortax vakes. Johnson™
transforms to & coordinate system in which the flow becomes stesdy
(three-dinensional) - an ingentous device vhich, of course,-casnot be used
to produce the twoedimensional cese. levertheless, doth authors do present
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-data for the mdhmzlwln case; Johnson's: are in the form of exponential

formilas obtained from his numerical solutisas by curve-titting, vhile
m’u‘ sre presented (to date) caly in & single vector diagram vhose
scale is not adequate to provide sccurate values_for computations, 1t is,
therefore, ispossible to make meaningf\ul comparisons of-Johnson's and
Crahan's results at this meeting, '

On the other hand, it 1s possible to cowpare Johnson's values
(a) with the corresponding incompressidle-fiow Mtlm’ » (b) with che
results of applying the GASP transformation So this-function, and (c) with
fxischler’s approximate results 3 » ‘These comparisonz are presented in
Figs. 1-3, viere the abaclute yalue 5T the ratio of 1ift to quasi-steady
142t is plotted ageinst roducsd frequency & -and sach nusber of flight M.
It should de recalled that the validity of the CASP approximation is
limited by M afd the frequency parameter € 3-¥iz.,

Atz 1-md i

and “"“‘1'
b s <<
€ 25 {

111

"Fe cirves of Figs. 1-3 therefore leave us with some concern for the
azcuraty of Jehreca's results for the two-diwernzional case, It is hard to
belleve that the-effect of coupressibility 18 so-large at very saall M,
As indicated, the valueof €' for M 20.3and W w b is ondy
«Ob, 20 that velexpect the accuracy of the GAST: spproxination to be very
800d,

We have,:therefore, foregsne the application of Johnson's results.
that is move important, especially to those-Interested in broad-dand nalse

 bhar- Tk

prediction, is whe 's vesults for other anzles of inclimation of

the tisusoldal gists to the wing are dependadic, Pending the pudlication of
detailed results -ty Crahan, or the equivalent,-it:zecms irpossible to
angrer this isportant-questing,
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DETCRMINATION OF THE-AERUDYNAMIC CHARACTERISTICS
OP VORTEX SHEDDING FROM LIPTING AIRFPOILS-
FOR APPLICATION TO THE:-ANALYSIS

OF HELICOPTER NOISE®

oy
S.-G. Sadler
ROCHESTER APPLIED SCISNCE ASSOCIATES, INC.

140 Allens Creek Road
Rochester, New Yirk

ABSTRACT

The purpose of this project is to determine whether or rot
vortex- shedding noise from heliccpter rotors exists, and if it exists,
;. to determine the associated aerodynamic characteristics. The first
p year's-effort was.directed toward an evaluation of the-feasibility
L of an-experiment-to atteopt to-measure vortex shedding noise on-an
airfisil. It was actermined that the state-of-the-art experimental

tec'iniques and equipment would be adequare:to measure vortex shedding

if ¢ had 2orrain-assused fraquency characteristics and if some

specific model, instrumentation, and wind:-tunnel requirements were

met. The second year's effort was directed toward coordinating

design-of the airfoil model and instiumentation and conducting ex-
peripents on two-dimensional and three-dimensiocnal airfoil nodels.
Surface pressure measurements on the airfoll, hotewire measurements
in the wake, sound measurements, and accelerometer zeasurements wefc
nade, Those measirements indicate that vortex shedding at a discrete
frequency exlats but that its-frequéency may be higher-than has been

used-in helicopter-noise prediction teciinigues. Detafls of this

and other nolse charactscistics as observed from the experimental
data will ke preseted and diecussed. A brief discussion ot the
. upcomring year's effort will be presunted.

Introduction

Helicopter rotors are an-important helicopter-roise svurce.
'; Reducticny In helicopter rotor noise are:desirable from various

consideratinng, Including detection, annosance, and hearin, damage.

{ Aa Inproved understanding of the trechanisas involved in holicopter

noise genetation-arc-important in the obtainnent of -veduced heli-

copter-rotor noise. Vortex sheddino nofse-has heen suggested as

one source of high {rcuuency-noise, «and under some-flight condftions

it has_bees suggested as a source of high-asplitucde-high frequency
roise.

The primaty purpose of this wvork is-to establish whether or
. hoOt vortex serect-shedding from hellcooter rotors is-a-significane

noise -gource, The bulk of studias 2f vortex chedding have lnvolved

bluat bidies. Considerable work-in the 4tea of vortex shedding

.

from airfoi's lLas-been done-recently, and-is pressntly-being con-

;. ducted. Of particular Interest-ix work done at UARL hy Patterson,

¢this study is supported by the Department of tha Army, U.S., Army
mesearch Office<Rurham, Durham, North Carolina, under Contract
DAHCO4-69-C~0030.
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et al.! Hanson? has done extensive experimental wirk on notched

and bluff airfoils. An-extensive survey of literature concerned
-with the singing propeller problem-(primarily for hydrodynamic

1}
-application) by Ross? contains interesting papers which are pertinent

-to the current work on-airfofls. :

The first year'n efforts were directed toward determining,
insofar «s was available from existing literature and sisple theory,
Important-vortex shedding characteristics, orders of magnitude of
frequencies and amplitudes which might be expected, and important
acrodynamic-parameters and thelr effects on vortex sheualing charac-
teristics, The feasibility of an experimental-investigation to
attempt to determine vortex shedding- characteristics of an alrfoil
was evalusted. 1t was determined that such an experiment was fea~
sible, subject to certain restrictions and requirements on experi-
mental facilities and instrumentation. The second year's effort
was to perform the experiment ani €o_analyze the axperimental data.
The third year's effort fs to be directed toward thc use of the

experiscntal results in-modeling helicopter noise.

The effort has been completed:through th¢ obtainmenz of ex-
perimental data. Datw-analysis has-not heen completed, so the
results presented here-are of & preliminary nature. The exsoerimental
effort was-delayed approximately nine months from the schedule
origfnally planned, and:completion of the data-analysis had been
delayed accordingly. The delay In-the experimental phase_of the
effort was duc to problems assoclated with experimental facility

-construction, instrumentation, and-shakedown.

Summary of-Lxpected Vortex cmmctérlstks
and Trst Feasibility Studies

Expocted vortex shedding characteristics which were determined
early in the investigation included-the following:
1. The-oscillatory 1ift force, L{t), ducszto,vonex
sheddiny at frequency, «,=from an alsfoi) with
chord, ¢, leajth, &, and lift curve slope, a,,
in a-{luid with density, -, and rclative velocity,
V, with angle of -attack sagnitudd duc-to vortex
'

shedding of a, -is given by

Lie) » (%’c Vic L oa,l ﬂv,eh“. '
2. siailarly, the first harmonic d'raq (oré;. nie), -ix-given
by
1 53 int
Lit) » (I,p V¥ et a,} a, L
i
where 2, Iz the-steady alrfolil angle of fattatk,
3.

The vortex shedding angle of-attack magaisude, ag

is-expected Lo have & range-an given hy;'

ol 1, . 1.5 zyl0,

[l
where ¢, Is the-airfoll drﬂ'coe(llclef-t. and is a
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Lé function of airfo!l shape-and surface-condition, and 3D model tests were conducted, Datajled analyses of tunnel

E angle of attack, and Mach nusber. nolse have not baen made for the two fan configurations, but .

;: 4. The second harmonic drag force is negligible with preliminary investigations indicate that changes in the test section ‘. =

3 respect to the first harmonic drag force except conditions were small. (A-more detailed snalysis may be cvailable ki

;j: at very small angles of attack, is of the order of by the date this paper is presented). |

a, tines the first harmonic 1ift, and in expected to “Two wing models were used in these testo. Plan views are shown

A be negligible for essentlally all practical flight in Pigure 2. Both were WACA 0012 airfoils, made of stee), with span- )

E conditions for helicopter-rotors. wiss -internal holes for surface pressurc microphone and accelerom-

E’ The feasibility study for the experimental tests indicated eter cables, and-with a surface pressuze microphone mounted in a -

2 that tests were desirable if certain-test facility, model, and spanwise slider mechanism to permit the 3% surface pressure micro- ] .

- instrumentation requirements could be achieved. phone "tv be traversed along-the airfcil span. The two-Jimensional

é model- (21 inch span) was clamped at each end, and the slider micro- ‘

1 Test facility requirements included the following: phone could be moved to any desired spanwise position. 7he slider

- 1. Wind tunnel turbulence, /",T/{,- 2 .0004 mechanism was observed to have a slight gap along its leading edge

< 2. Known wind tunnel speed and angularicy distribucicns; and to be & few thousandths of an inch _above the airfoil surface, J

§ sgeed range to-600 ft/sec. The three-dimensionsl model (+ 11 inch span) was clamped at one end,

; 3. Souid {leld measurements outside the-open jet test and the slider microphone could be moved incr al s, Sepend !

4 section, with tunnel espty-and with a known sound ing upon available inserts-to £ill the slider gap. The slider-mechan- 4

3 source in the test section- (both with-tuanel running). ism fit was better on the three-dimensional model than on the.two- 4 i

% 4. Capability to-achieve full-scale helicopter Reynolds dimensional model. A chotdwise array of surface microphones was 3 .

z nunber range. located-seven inches {rom one end, for both wing models, with_micro- )

3 phones at 15%, 30%- (slider), 388, S0% and 70V chord. Arn accelerom- 4 i

3 Model and instruzantation requirements included the-fnllowing: eter was located at midchord: at midspan:of the 2-D model, and-near ;

1. Size large enough to achieve full-scale helicopter the tip of the 3-D model. The accelercweters weve internal to-the 3 4

- - Reynolds nunber-range. surfsce. The surface pressure microphones were mounted 50 25:to0 E
V‘; 2. Standard airfoll skape, oreferably NACA-0012. have a:very small-gap around the exposed dlaphragm, and with the 1 ,
. 3, Two- and thrce-~dimensional-models. diasphragm wounted:- a5 nearly flush with the airfoil surface as 3 E
L- 4. Hodels and mounts as rigid-as possidle to reduce rodel possible. During-some of the 3-D tests,-not all of the surface %
j motion. pressure microphones were operational, and {n any-event only-five 4
3 5. Known model natural frequencies in flap-and torsion. ’

® -
of the_ surface pressure micropliones, the accelerometer, and the

%, Accelerormeter peasurenents-to determine sodel motion. two sound nreseura misennhnnns could be-recorded at:ode time due to

- 7. Surface pressurc-measurements to determine pressure the limited nusber=of power-supply units-which were available-for N

=magnitudes, -correlatfon lengths, and frequencies: various amplifiers.
Tests were perforsed-at the United Alrcraft Research Acoustic

wind tunnel, which was designed for-a turbulence level (ﬁlu_l of Two hot-wire- ters:were ed d tream-of the wire, i
0.0004. An SPL of the turbulence has not yet-been made hy RASA, #s shown -in Figure:3. One was on 8 traverse mechanirm which -
but :he overall level was-reportua-to be approximately 0.001, some- permitted spanwise and vertical (normal to airfoil middle surface) :

what higher than the design level. The tunnel test section can be motions, and is referred to as the "movable™ hot-wire. The other 3

could be-adjustad manually only, end iz referred to as the "fixea™
hot-wire.

operated as on ovpen jet, -in an acechoic charber. The chamber is

anechoic above 270 nz. MHicrophones were positicrned within the It could be located at any sparwise position and at one
anecholc chacber 30 as to-bs In the.far field of tha sounc radiated inch vertical increcents. Th€-movable hot-wire required a verticai -
from the model In the tes: gzecsion. The test section used duzing 2lot in one side wall to allow-vertical motions.

Holes were drilled

these tests had an open top and bottom with approximate dizensfons in the side to permit vertical adjustment-of the fixed hot-wire.

of 21 Inches (spanwise} by 30 inches-{stresmwise). Steel side walls Only positions below the 0° angle of sttack plane were attalnable, E |
provided mulel-and jnstrumentation support, and zome flow contain~ Originally, it Pad been intended to make-wake surveys at approxi=
pent. various-arrangesents of Zlow control devices were used to mately 0.5 and 3.0 chord lengths downstream of the tralling edce of
reduce noise levels associsted with the open jet nozzle and-collector. the airfoll. The use of a )0-inch test section opening together
Alternate downstream open-jet lengths were svailable, and offered

with rather severe buffeting nesr the collecior precluded making
advantages and:disadvantages.

The-30 Inch length was chosen Lacause surveys-at 3,0 chord lengths downstream, -and the surveys at 0.5 were

1t-represented, in our view, the most "well known” and reliable shifted to 1.0 due to interference with other iratrumentstion.
operating contfiguration ¢f & naw tunnel facility. The general

arzangement of the test section is shown In Figure l. The tunpnel

Two sound pressure mjcrophones were locsted in the anecholc
chasber,-as shown in rigure 4.

tan-undswent sore modifications betveen the timmes-thal the 2-0 One waz Incated directly sbove the
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OETERMINATION OF THE AERODYNAMIC CHARACTERISTICS OF VORTEX-SHEDDING FROM LIFTING AIRFOILS-FOR APPLICATION TO THE ANALYSIS OF MELICOPTER NOISE

model centerline, midway between the tunnel walls, had an essily
adjusted height, and is referred-to as the overhead microrhone.
Another was located at-a lower, more downstream location. but not
80 as 20 be in the direct “shadow® of the collector nozzle, vas
rormally kept at a somewhat swaller radius from-the model center-
line-as the cverhead microphone, and is-referred to as the “down-

stream™ microphune.

Appropriate anplification of transducer signals was: provided
when necessary. An oscilloscope was available for some on~line
monitoring and investigation, and an oscillograph and a magnetic
The vscillo-

graph had 7 mirror-type galvanometers-which were flat within L

tape recorder were uzed to record transducer output.
to shout 1K Hz and had 2 gradual drop off above-that. (The response
is down about 25% at 2K Hz, and about 75% at 3K Hz.) The tape
recorder was a one inch, 14 channel, FM recorder with a 27K Hz

carrier signal, and had a flat frequency resporse up to SK-Nz.

Test Procedures and-Resulcs-

-Instrumentation-was tested-and calibrated before each set of
vests.  Individual componrents were monitored with the oscilloscope
and=yeplaced, repaired, or removed when found -to be defective.
Systen check-gut included runs made with the tunnel empty and with
A one inch dianeter steel cylinder placed at the_airfoil-midchord
position. Scme of these tests-indicated significant characteriatics
of the system. They provide-a base of-reference for other measure~
wents, as well.

I+ was-noted during calibration of other “instrumentation that
the-acceleramsater scemd to have a residual output of 0.05)g at
about. 60 Hz-and 0.0254g at abou: 180 Hz. This_ was probably line
noise, and could be a-significant part of some of the accelerometar
tire historiss. The-overhead-microphone also had a residual

stgaal with 30 Hr and higher frequency:noise contained in it.

The oscillograpli-records are the-source of most of the rosules
presented 1n-this paper. The prizary function of the oscillograph
wag=to serve-as an on-iine nulti-channel monitoring device. Thus,
all-chonnels-were used for prizary transducer-output, and for most
runs no reference signal for-frequency-{or paper svead) was recorded
on the oscillojraph., -The maximum nominal papver speed was 80 ips,
and-there wore occasionally vartatiors-by as much au a_factor of-
two or rore. Frequent7 values hased on-an assumed paper specd of

the-oscillograph arc-keown to-be inaccurate.

Tunnel-empty tests and cylinder tests indicated that noise
from-objentsz-within the tunnel snould_he of gufficient amplitude
to be:-measurable, and-rot bhe Sasked by-tunnel background noise.
A beating pattern, which was ohserved:during the cylinder tests in
the:ovarhead:-and downstresm sound microphone racords, could he fros
zlight spanwise nonuniformities in the tunnel-velocity or argularity.

{#ejular shedding from the cylinder was ohserved at all velocities

-61

=

through peak velocities of about 670 ft/sec, or Roynolds numbers
of about 2.4 x_10%.)

Spanwise correlation lengths in the wake and-on the airfoil
surface were investigated. Preliminary estimates of the lemgth
over which wake velocities were in phase-wers made by observing
whether-or not-Lissajous figures-were ganerated on-the oscilloscope
when one hot-wira anemometer was used as the horizontal input and
the other was used as the vertical input. ZIn-phase velocity varia=
tions -for the two-dimensional model were -indicated for only a 4°
angle of attack, &t low velocitiex. At 4° and 100 ft/sec this
length was approximately 1.5 inches: at 200 ft/xec-the length fell
to approximately X inch. The correlation-was not found, however,
except on the vertical “"edge” of the most turbulent region as
indicated in Figure 5, and at the_spanwise coordinate position
of the chordwise array of surface pressure microphones. This
indicates that cither (1) the surface pressure microph-nec caused
the correlation in the wake, or (2) the wake was warped verticaily
and surveys at othar spanwisc locations missed the region-of corre-
lation. It was-observed that the maximum_ amplitude disturbance for
4° and 100 ft/scc occurred from-approximately 0.2-inch to 0.4 inch
below the 0* plane. The observed dominant frequencics, together
with this sire of peak amplitude region indicates-that the-wake
thickness is approxinately one-tenth the airfoil’s projected
dirension on the free-stream. -It is possible that-helicopter rotors
bhave lower f{requencics and larger wake thicknesses than thosc ob-
servaed during these tests. Different turbulent levels, airfoil
surface conditions, and-other differences in operating conditions
could result in-different frequencies, and it is-expected=that
most-of these-differcnces would=tend to:-lower the shedding:frequency.

For those-configurations whore pure-tones were observed, the
surface pressure microphone peasurepents:indicate that the-surface
pressures were-correlated over the entire length of the airfoil.

As shown in Figure 6, at 4* and 100 ft/sec the 15t surface pressure
atcrophone, the-overhead and downstream-sound pressure aicrophones,
the accelerometer, and to 3 degree, the 701 surface pressure nicro=
phony ard the-hotewire ane=ometers all appeared to he correlated

and have & dosinane frequency of aheat 1160 iz, A traverse with

the 30t surface prezsure microvhone indicatew no-vagiation pf magni=
tude,-phase, or frequency with span, and-dppcarcd:to have the sase

anplitude as the 15% microphoeac.

0:'xc result of the-spanWise aurface pressure-microphone traverse
vs. the ohaervation that the 15%-microphone (and-probably-all “up-
strean” nicrophones) had a significant-effect on-the Idt:microphone
{and probably other downstrean microphonex), as-shown in Figure 7;
A high_Crequency disturbance of sigalficam npagnituds was:-introduced
by placesent of *Le 30V-microphone down r an of “the 15V microphone
wice Figure 7.0 and was climinsted whe . the 164 nicrophone was
rezoved fron the downstream position by approxisately 0.5-inch (see
Figure 7.b). The 0V -microphone output shown on Flgure 7:a is as
free -fron thia-high frequency disturhance as any-dswnstrean microe
phone=aiqgnal-recorded “during most of the runs, Other conditions of

arjle-of attack and velocity showed simtlar of fects of =oving the
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30% microphone out of the “downstrean' position. All downstream

surface_microphones had nutput containing significant amounts of

high frequency output_as compared with-the 15% microphone jutput for
casea where-it had a relatively clean sigrat. (That is, output
was similar to the 308 microphone when it was downstream of the
158 microghone}. Thus, it must be assumed that most, i{f not all,
of such-output is due to the upstream surface microphone. The
oscillograph records of-the chordwise surface pressure microphones
are of doubtful value, Lut analysis of the magnetic tape records

may yeild more information.

Wake correlation was also investigated during the three~
dinensional model tests. Correlation lengths of approximately
0.5 inch were oblerved for the wing-at 4° angle of attack and at
tunnel- velocities of 100 ft/sec and-200 ft/sec, downstream of the
surface presuure nicroph‘one array-duricg the three-dimensional model
tests. Again, 3 wake-regicn of peak disturbances and observed
frequencies indicated a wake thickness on the_order of one tenth the
alrfodl's projacted dimenslon on-the {ree stream. There ¢id-not
appear o be increased spanwise-correlation lengths In the wake rear
the tip o? the three-dirensional model. Surface pressure microphone
traverses indicated-that the 15%-and 0% (movable) microphones had
the saze amplitade, frequency, and phase along the entire span, for

those cases investigatad.

7he models could be expected-to respond most-ruadily ncar their
natural-{requencies. An attempt-was made to determine ratural fre~
fuencies of the :hiee-d!ncnsionq:’:mdcl by tapping the medel:near the
tip. Resulting accelerometer output Indicated:ihat the two lowest
berding natural frequencies of the thres-dizensional model were at
approximately 135 Hz and 527 Hz. Higher frequency nodes exise, but
nede types and frequencies were ns:,cicarly indicated by these-siaple
tests. Model-physical properties-and support conditions are-not felt
o be known sufficiently well to-perait a theoretical estizate of the

aodel-natural frequenciag.

The acceleromatar output Indicated that there was mcdelzotfon
at the same frequency as surface .and far {iald-microphone pressure
vartations for many-anqgle of attack and flow conditiont. At-other
conditions the acceleroeeter either had no significant output with
tho sazc frequency-as the microphones, or trat-frevuency cosponent
was not clearly distiaguishable -from the vscill.araph record. The
possibliiey of model.notion exiszix, and either-torsional or-flat-
wise-rotions would have a corresponding angls-of-attack, 1ift-varia-
tions, and possibly wakxe valocits and sound pressure variations,
Model-cotion, as measured by the-accelerometcr, was ralculated for
the two-disenz!ional sodel for a-» 4° and v = -100 ft/scc. This
condition resulted:zin very nearly pure 20ne -(single fregiency] out-
put from all irstrumentation. It also had one of the largest ratios
of mode) velocity t5 sound pressure ratlos, Indicating that .if model
sotinn-were ever-important, it-should be for-this condition. Calcu-
lations for thisz_case indizate that {1} the-airfoil potion-as & flav

plate would not e largs enough-to cause the-ubservsd sound:prossures
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at the overhead microphone, and (2) 1lift variations due _to the angle
of attack cavsed-by flapping velocities would not be large enough
to cause the observed sound pressures at the overhead microphone.
The measured surface prassures, however, would be sufficient to
cause the observed sound pressure. Therefore, model motion does not
appear (o he the-primary source-of sound even when it is at a rela~-
tively large lavel-compared to the sound., It is entirely possible
that model motion, -though small, doas contribute to the mechanism(s)
involved in vortex shedding and turbulence, and thus plays an impor-
tant roll in sound-generation for some model  configurations. Tae
cbserved surface-pressures for-these conditions was approximately
1/2 the naxinus pressure predicted in the preliminary study men~
tioned earlier, sn is the correct osrder of magnitude for-vortex
“disturh Analysis of-other test conditicns

shedding p
is dependent upon freq
which was not completad at the tinme of the printing of this naper.

y analysis of the magnetic tape records,

It-1s expected that further analysis of the:-experimental data will
be-done, including spectral analysis of some of the recorded pressure
tine histories. The results of this ani other available work will
be-used to develop methods for predicting vortax shedding-paraneters
ax-a-function of-airfoil and operating characteristics. These
sethods will be-used in conjunction with existing rovor blade loads
programs and rotor noise prediction programs to predict helfcopter

main rotoz vortex rolse for helicopters in.varivus flight regizes.
Conclusions

The expected magnitude of -surface pressures was cbserved for
cases where “pure tone® signals were ohserved, but fraquencies were
an-order of magnitude higher than predicted-on the hasis of airfoil
dizension perpendicular to the free stream. Model motion did not
appear to be of sufficient magnitude to account for the ohserved
sound levels, but say be an important-part-of the mechanismis)
involved in vortex shedding noise, particularly wherc pure tones
are exitted. Shedding frequencles may be different on.-cperational
helicopter rotors-than thosv_observed during-these contralled tests.

Most angle-of attack and velocity conditions did not result in
pure tone ¢aission, but was characterized by scund emission over a
range of frequercies. MNone of the observed frefquancies-were In the
range which-would-be predicted-using a Strouhal number-of-approxi-
mately 0.2 and-the alzfoi}’s-dimension perpendicular to-the free
stream: the observed frequencies ware spproximately an-order of

cagnitule higher than those-predicted on-that basix.

For conditions where pute tones were ohserved the surface
prosaure variations «ere in phase over the entiro sirfoll, wake
velocities were-in phase for-lengths on the order of thy, Airfof}
thiczness, and-accelarometer, surfacv-and_sound pressure microphones,

and hot-wire enemometers all had tha sase:dominant frequency.

Ho increase was observed In the spanwize length within which

wake velocities were correlated In the tip ragion of the threse
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3 dimensional model, as compared with two-dimensional model results, R 1 :

- l =~ - - | !
Three-dimensional effects do not appear to have o significant effect -— j

b . .

E" on syrface p or sound pr frequencies or magnitudes. : ]

: further anslysis of the date-is anticipated, and may modify 1 4 , ¢
these-conclusions and indicate other important facts related-to the ! ! 21
generatior. of soura by airfolls. 1 ) E
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ROTATING BLADE VORTEX WOISE
VI AD WITHOUT AXIAL VELOCITY

James Schelman and David A. Hilton
NASA Langley Research Center
Hempton, Virginie
SUMMARY

An experimental investigation has been wade in the langley fullezcale
tunrel and cutdoors to fnvest{gate some Of the characteristics of vortex nofse
generated on a rotating blade system. Acoustic messurements vere sade for
two different blade sect{cas with several tip shapes when the dlades wvere
rotating {n their own shed wake 1ind vhien the shed wake was blown downstreas.
The blades were operated only at-zero:-1ift at each radlal gectlen, The t,uult:
irdicate that the tip shape changes hsd very little effect on the overall sound
pressure Jevel. Introfucing axisl:velocity to blov awvay the dlade shed wake

for the retating circular bladessection resulted In an intrease In the rolse

level, while, Tor the alrfoll secticn, the overall molse level dedreased.
INTRODUCTICN

“srer rolse §2 a 2aier cperating proties of Rellcopter and propeller
Iriven alrcraft. The dovelojEent of satisfactory methods Yor predlcting
1o-called "vertes rolte”has been an objective of the hellcepter ard propeller
Srtustey, but w ladk of experleental 2ata has retanied thiz goal. tor exanmple,
1n reference 1, Yulln encourfered Alfficulties In the experizental zeparatlon
of poaticaal And vortex noise. Also,-Demirg, reference 2, states that jgusts
¢f wind mav cause the zousd preszure to vary conslderadbly.

The origin of "rertex nolse” iz certroversial. In refarence §, Stevell
And Demirg fesigned special rodzin an attempt to leolate peaks In the zpece
srza eerresperdlng 2o the Stroukal frequency; hovever, they found that such
Attempts were unsutcessful. More recently, the origin of vortex rofse has
Deet: Attrituted By teme 16 Von XirzAn vortex rhedding and by others to turdue
lence ahend of the blate. For example, reference b azzumes %At the sscfl-
Iatirg binde surface pressures are nizociated with the shelllrg of eidles
rezulting Cree vortex zirest effectz; Vherear reference § Intlestes that the
wyortex reise iz nszeciates with tre randoz turdulenze aheas of the dinle,
which in turn cauzexz surface pressure osilllatlenz.

A shortage of experizental-Informeion on vortex ralse tad scemad the
major izpedlzent o Zevising art correlating theory with test recults. To
nelp cvercome 3nls ghztacle,-the NASA-langley Meserrch Center his recently
ccmpletet a te3t progran within the largley fullezaale tunael ard cutloors.
The test pregras Sensisted afznolze measurements for a rolor foaraticg al ers
1122 £o2 two alrfoll zectlons. The tests Incluled ratar operatlon Witk the
bindsg rotatirg In Shelr cwn-she? wake ard with the biate wake blown dewns

e tvo blade zections were a clrcular plpe ant an FASA 0012 alrfoll

stream.
zaction. Poth blsteg Eat the sams res s dfamater anf Linte thicknezs, naaely,
7,05 = Ant 5.0 ¢=, respectively, For the windeon conditions, the SATA OOIT
3e2t{on binde vz provided with a Relienl tulst g6 the afrfsll eferated at

zero LEFL all Aloeg {ts-span.  Varlous dindest!d eonflgiraliong ware gozted,
anonls

-4 rator Alameter, u-

¢ Ceeqiency, K-

.4 rotor rotational apeed, rpm
R rotor radfus, m
r hall radius (see text for-definition), m

velocity slong the sxis of rotor rotation, m/sec

rotor angular speed, radfsec
TESTS -

Test_Setup

The indoor testt weie conducted in the Langley 9.15 % 18.3 o full-scrle
wind tunnel. A schematic sketch of the test setup drawn to seale f¢ shovn In
figure 1 and a photograph of the setup is shown in figure 2. The rotor rotas
tional axis was In the center.of the tunnal and approximately 3.96 m abore
the ground board., 7The pertinent microphone locatione are indicated by the
1011 dotz In figure 1. The Microphones shovn are alined vith or at 45% to
the rotor rotational axis. The zero-wind izdoor tests vere duplicuted in the
cutdoors, For the cutdoor tests the rotor axiz was alired farallel to and
approximtely 2.Lb u above the ground-level. The recording wicrophones were
located at cvery 22’.')° :lmit}:u.glmer.d at a 2-dlameter distance. The out=
door tests were ecnducted to-cbiain a-reverberatiun cvaluaticn of the full

seale tunnel,

Fullegeale funrel Reverberation Effects

She question of the reverberation effests arlzes vherever acousiic measo
urezente Are mate In & closed-Chamber. WO separate test prograps wers cone
dutted In order o ansver-thiz_question., The Tirst program consisted of
Identical tests cenducted With the rotors {nside the tunnel ant cutdoers
urater zero-uind cendltions, The second program was corducted insldz the test
chaaber only Ant vas dlrectéd-specifically townrd ocbtalnlng directivity ard
reverteeaticn timez within-the test chamder.

Cemparizens of- intoor-And cutdoor nolte-frequency :pectra for two differs
ort medels are-shown In-figure=3. One of the modelz iz the blale with the
clreular crosz section andzthe other iz the blade with the NACA €012 alrfoll
sectlon. The comparizon 12 for zero axial veloeity and for cne sicrophone
position, namely, At A distance of-tvo rotor diaseters and alined alorg the
retor rotatlonal axls. The cosparlsen of the asplitude and spectrus diztribue
tion for the clrcular blade zection 13 quite Sood. For the BATA CCID blade
secticn the comparlzon 13:alsc quite gool, But rot 2o £ood as for the elrculaz
binie zection,

With Indoor-iata caly, an evaluatian vis saie on the tasix of-rolze decny
rate with distance {inverzessquare lnv). The measured data Indlested A %-to
Lok Aifference ns compared with » theoretical free-fleld value of 0.5 4B,
This dlffrrence of abeut-RodR 13 the magnltude of the roverteraticn effedt.

In ataition to the Indoor-outicor nolse ccoparisen, reverteration teste
vere conticted In-the test-chamter, The results of this progras nre presented
in reference fi. These rezults, for zero.vind veloclty, have heen extrapolated-
for the models tezted Lareln, nnd 2agples of the concluslons are prazentel-in
flaurez > A%t % for the two AlfTercni roter blade zections, The 07 azlzuth
gozitls- an these figurex-12 nlined with the rotor riintional axle vectar
{using the rlanteband rulel, Theze plots are In terze uf the hatll rattuz
Aividet by the rolor dinacter, The hall-ratlug {5 delined ag the distance

Crea the rource where the-zeund pressure from the direct field oquals the
space averaqe ound prezsure of the reverderant fleld,  In other words,

aceustie measuressnts at one Pall ratiug will te 5 AN adove the eseresponding

Preceding page biank
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ROTATING BLADE VORTEX NOISE WITH AND WITHOUT AXIAL VELOCITY

free-field measuremants. Yurther, at a distance of ocoa-half the hail rsadius, Bffect of Tip Shapes

this diffevence would be 1 d5. In general, the original test-chember scous- Vortex noise rediation has bean shown to be proportional to the velocity

tical evaluation (ref. 6) indicated that s 1000-Hs frequency dand resulted in to the 3.5 pover (e.g., ref. 3). Wy far the largest portion of-the nolse
the smallest hall redius. Purthar, for octave-band center frequencies ocutside level, therefore, originatec fram the extresme cuter part of the blade. Thus,
of the range plutted, the hall radius is greater than that for a frequency of it sight be reasoned that changes in the blede-tip fluid flow conditions

250 Mz, Figures & and 5 indlcate that wicrophone positions alined with and night produce large changes in the noise lavel. Purther wind-tunnel tests of

at k5% to the rotor_rotational axis at the 2D distence are inside of or nesr loads on stationtry eircular éylindars:(refs. 7 and 8) with various tips had

a distance-of one hall redius, vith the esception of the 1000-Hz frequency shov ) & significant effect of tip ahape. In order to confim this influence
band, Therefore, except for the 1000-k's band the indoor date presented herein on ro-ating blades, various gecmetric tip shapes vere tested. The remults
zhoyld be bLetween 1 and 3 dB too high. Compariswn of the %vo methods of of-a portion of these tests are shown-in figire 9 for & microphone position
evaluating the test-chamber reverberstion effects shcua that use of the halle i alined with the rotor rotational axis end at a distance of two rotor dimseters
radius concept indicates less reverberstion than the compariszon of the indoor from the source. From figure 9 it is evident that the various blade tip shapes
and cutdoor Beasurements. tested did not produce any significant difference in the oversll-sound pressure

level. Sisilar results were obtained for other microphone positions.

RESULTS AND DISCUSSICNS )
Por the NACA 0012 bladed rotor a squared-off dlade tip snd s blade tip

A plot of the radiation pattern is pressnted in figure & for the tvo . body of revolutior. were tested. The boq of revolution:-blade tip had &
rotor blade sections. This £2 dased on ocutdoor measurements and presents the radius equal to one-hal? the dlade thickness st that chord station. A come
overall zound pressure level At a two-rotor-dfameter distance vith zero axial parison of the noise radiation-for these tvo blade tips (fig. 9} shows the

-velocity-and for variations in rotor rotaticoal speeds. The zero angle is same result as tests with the cirular bladed rotor, that is, no noticesdle

alined vith the rotor rotaticnral axis (using the right-hand rule}. The data difference in the overall noise level.

irdfcate that the 1adiation is nearly symmetrical adout the 90° azimuth angle, On the basis of_the results of rig‘ermcn 7 and 8 the dladestip flov

as vould be expected for zero-wind coniitions. conditions are certsinly changing. MNowever, the results herein irdicate that
For-the circilar dbladed rotor,-figure 6(a), the radiation pattern-indi- sownd pressure redisted from the remainder of the dlade dominates, and there-
cates Alost equel-radistion in alldirectiors. Sluce rotor torque vill fore the effects cf tip changes are unnoticed,

preduce dipole radlation In-the plane of the rotor whereas vortex shedding
will profuce 2ipole radlation along the axis of the rotor, figure 6(a)
indicates that the radiation pattern of doth nolse sources are nearly equal. Effect of Made Alrfoll S-.cion

Purther, -1t appears that the radiation pattern incresses equally in &ll direc- Figure 10 presents & comparison of the aound pressure level for the tvo

tions as-the rotor rotational sneed is increased. diffnurent dDlade cross sections (chwl}r and NACA 0012) with and vithout axial
The radiation pattern-for the airfoil bladed roter iz shown in figure 6(b). velocity. -The results indicate that the blede vith the circular section
At 1ow rotaticnal=speeds the vortex shedding sesms to be the predominant nolse mkes & significantly larger nolse level both with and without axial fluid

source, vhereas at the Bigh speed the urque'ndlnlon is dominant. Shis flow when the blade frontal areas sre equal. Thin crnclusion &% In agreenent

Sehavior {s certalaly aifferent for the two dlade sections. The reason for with the conclusions-in reference 1, where it-is stated that the intensity ¢

this difference will be explored further in figures T and B. vortex sound-increasés in proportion to the forw drag. Powever, Yudin In

Pigure 7 iz a plot of the 1/3 citave frequency spectra for the atirfoll reference ) encountered difficulties seperating "rotational” end "vortex®

bladed rotor. Cne plot s for a microphone alined with the rotor rotational noise with'the commencement of axial:flov. This difficulty 15 not bLelleved

-axis (21g. 7(a)} ané the other plot 1s for & sicrophone in the blade rotational present in this investigation because the blades did not produce MMft. Zcous-
plane (fir. 7(b)). Pros figare 7(b), it 1s-seen that for the higher_rotatioral tically, it s concluded that the seme frontal ares, rod, and alrfoil blede

speeds, the high-meplitude nolse lavels originate in the lov-frequency spec- gections behave differently and this difference exists when the rotor operates

trum, nemely, 50-to 125 Hr center-band frequencles- This result is indleative with or without axisl velocity.

of rotor:torque or-blade thickness nolse radlation.
- Efrect of Turbulence
These same dats are shown scaled In figure 0. The emplitudes vere scaled B .
An attempt was made to determine more explicitly-the origln of vortex

-according to the_sixth pover of the rotational tip speed and the frequencies
nolse. TFigere 11 depicts the effect, for tvo different microphone positions,

are shown divided by the tip speed. This figure shovs that the data alined i . .
- of imposing & meall axial velocity on the rotating Slades to blow their shed
wake avay-tafore the passege of the following blade. One microphone is alined

with the rotor rotstional axis and the other-1s at &3° to the rotor rotational

-with the rotor rotational axis (f1g. 8(a)) zcale well, whereas the data In
-the blade rotaticral plane {fig. 8(b}) do not. Thls observation is another

-manifestation of:the results from figure 5(b). Pigure 8(b) shovs not enly

R - N axis. DBoth sicrophones are st & distance of two rotor dimseters. Necall that
that asplitude does not scale ut also that the sceled frequencies are mixed. - o - )

the rotor with the alrfoll section had & helfcal tvist and that keeping zero
-A search of the litersturs shovs no esmplanation; therefore,-it Lz concluded - - -
: . 10t on the entire blnde span requires precise combinations of retetional
-that this strong phenomenon 18 not understood. B o
- and axial velocity, Therefore, the axial veloaity for this model varied cone

timuously with each change in rotational speed. The results-in figure 11
irdleate that the Introduction of axtal velocity on the clrcular dlade section
[}
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ROTATING BLADE VORTEX HOISE WITH AND WITHOUT AXIAL VELOCITY

increases the overall sound pressure level by about 3 dB; vhereas, the intro-
duction of axial velocity on the XACA 0012 bladed rotor resulted in a decrease
of about 6 dB in ths oversll sound pressure level.

Part of the reasen for the foregoing results might be_explained as
follovs: The airfoll rotating in fts ovn wake contains some “rotational noise™
due to 141t vhich fs caused by velodity fluctuations in the shed wake. ZThese
fluctuations in 1ift do not occur whew the shed wake is blown downstream, thus
resulting in & dacreased noise level. Seall axial-velocity fluctuations
(present when the blade rotates in {ts own shed wake) will produce relatively
large 11ft fluctuations on the airfoll section beceuse of its hbigh-lift.curve
slope but would produce sero 1ift on the symsetrical circular blade section.

COn the other hand, the fact that the circular sirfoll section produced
smore nolse when its shed wvakXe was blown avay by axial velocity cannot be
i3 & poor secodyramic section, so that blowing the

axplained. This (31
wake avay vould riot sesm to affect the section either serodynamically or
acoustically. Introducing sxfal velocity certainly increases the dyramic
pressure on the dlade; however, the vectorial addition of the axial velocity
and tangential velocity vectors will not produce a sufficlent incresse-in total:
head to explain the 2 to 3 4B increase In sound level.

CONCLUDING REMANKS

An experimental investigation vas conducted to define further the char-
acteristice of vortex noise generated from a rotating blade system. The
analysis of the data indicates the following results:

1. A comparison of the smplitude and spectrum distritution for-tvo models
tested in the wind tunnel and outdoors s good. Evaluaticn of- the wind-tunnel

«ferberation from the inverse-square law of the overall souni pressure levels.
% slso relatively govd. Mrther, the test chamber "hall radius™ tas Geen-
deternlred for the tvo different blade sections operating in the wind.off
condition.

2. The sound-pressure radiation pattern indicates that for the circular
bladed roter, the nolse level incresses equally in all divections vwith-increase
in rotor rotational speed, vhereas the radlation pattern for the airfoil-bladed-
rotor Increases more rapidly in the plane of the rotor than along tte axis of
the rotor vith increasing rotor rotational speed. The resson for-tiisz Js
presefitly ndt understood.

3. The blade tip shapes tested did rot show any appreciadle rffect on.
oversll sound pressure level.

4. The circular section 1s much the nolsier of the two sect/ons even
though the frontal sress of both blades were the sase. This result confirws-
previously found results indlcating a direct relsticnshlp betveers increased-
noise level and increased form drag.

$. The introduction of axisl velocity to dlow mey *he tuthulent shed
wake of one blade before the passing of the following biade =auied hé;que
u? sppronimately 6 dB in the nolse level of the alrfoll sectior sz compared-
to the case for xero axfal velocity. Part of the explanation »f-this result-
would seem to be that msall axtal-velocity fluctuations (present when the
lade rotates in its shet vake) would produce relatively larg: 11t fluctuss.
tions on the airfoll section beceuse of its high 1ifs-curve siope, but would

produce sero 1ift on the symmetrical circular blade sestion.
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ROTATING BLADE VORTEX NOISE WITH AND WITHOUT AXIAL VELOCITY
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Yortax Shedding Yolse of an Lsolsted Atrfol)
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Last Mertford, Commecticut 06108

>

ABSTMCT

T e

TR el iy R T

vortex noise produced by an §solated nonroteting sirfoil in low-turbulence flow
12 being investigated analyticslly and experimentally. This paper serves as a progress

report on the not yet completed fnvestigstion. CSurface and far-field acoustic spectra

-

and cross-correlations were obtained with full-span snd semispsn NACA 0012 airfoll
solels of J-in. (23 cn) chord. These vere tested in & seal-open Jet with solfd side-
walls 21-1n. (53 cm) spers »=2 open jet Baundaries sbove and below the test section.
Alrzpeeds renged from about 100 to 670 fps (30 te 200 m/zes), providing s range of
Reynolds nusber from 0.5 x 10F to 2.7 x 106.

At low Neynolds nusbers, the observed fer-field spectra were-jominated by a
discreis tone. The intensity of this tone incresses to & maximum end then decreezes
with {ncressing velocity. The airfoil nolse could nol be detected sbove the far-field
tackground noise for high Reynoclis nuspers snd low angles of ettack. The measured
surface preszure spectre then were typicel of those expected-for turbulent boundary

layer pressure fluctustions.

An sfproximate analyticsl methol for dezeribing and preticting the zirface and

far-rield tone nolse phenomens 13 belng developed.

INTRCUCTION

~-reclcopter rotor gencrates three micr types of noize: periotle, Interference,

snd vortex. ‘The periodic nolse 135 caused by the pressure pattern of the reior blafe's
thlcknesa and 1I7- distribution. That pattern varies once per revolution reiative to
the.liale a3, i3 Cuved past wn observer as the blate rotates. Interference rotze 1.
tauted by relative motlon Tetween the blale ant an adjecent phyzical or serolmsalc
obstructicn {a fuselage cr snother blaZe'z tip vortex). The remaining type of nolrce,
wortex nolsze, {2 caused Oy Interacticn of a blafe wizh 12 cwn-boundars Jeyer ant
near uske. Vertex nolze 1spozes a floor ¢n the nolze germrated when rotor lasiing
ant Interacti~=z have heen alnluized. This the stuly of vorlex noize ts igpertant
since it reprezents a practical alniaum tialt on hellcopler rotor noize an! fores an
interasting predlem in bu.lc flutd dynemics,

Prior to ztudying the vortex nolse of rotsting blaies, {t vould be uzeful o
unieratand the simpler prodlem of the vortex nolte protucel-by a nonrataring alrfoil.
This vortex nolze will be sccompanied by droadband nolse from lift flucruntinn:
induced by upstresa turbultnie and from pressure fluctustions within the alefotl’s
turbulent boundery lsyer. The only anslyticsl desceiption of vortex notze i3 ihat af
Sharlant (Pef, 1), which does not permit calculatien of surfsce pressure flactustien..
Fev experimental ztudles are available. Moat of these were condacted with low a’pert
TAtio models aupportes throuah the shear layer ani tested at relatively low keynogd
nsebers ant aight not be reprezentative of high aspect, retio blnies at fullszeale
esntition=. Al20, the contributlon of free ciream turbulerce Lo previont:y rawsuresd
vertex nalse charncteriatics [« not kowvn, Finslly, in 7rrier Anter exprriment. oaly

farefield 3&ud pressure neasspavents have Sean meie-with naddcteraination of wrfvre

d

pressure fluctustions and correlation sreaz, Availability of such 4ata would be useful
for separste evalustion of different assusptions within various portions of snelyticsl
mthals for ealculating vortex nolse.

Recently, an acoustic wind tunnel was constructed at United Alrcraft
Research jatcratories. 4his tunnel iz capable of testin~ sirfol} =zolels at
full-seale Reynolds numberz and Mach numbera for the rotor blades of zmall helicopters,
Aich nodelr are iarge enough to contain cosmercially avallable mircophone instrumen<
tation for messurement of very weak surtface pressure fluctuations. Provisions have
alzo been me‘e to enzure & very lov turbulence level in the sirflow in an sttempt to
sininize {ts effect on vortex ncise. 7The objectives of the investigution dezcribed
herein were (1) to obtaln sirfoil surface sni far-field acoustic dsts in that wind
tunnel for variation: of velocity and Incldence, {2) to utilize these data in
evalunting anslyticsl aszusptions concerning details of the process that generates
vortex noize, sni (1) to cosbine the validated azsuaptions irto 3 nevw analytical
method for predicting sirfeil-vortex noize,

The expertaential effwt Is heing funled by Arms Rezearch Office = Durham under
Contract ¥o. DAHCOM-60-¢-0089. The anslytlcal effort = belng conduct..l as part of
path

the United Alrcraft Pesesrch Laboratories Corporatesfunds rezenrct grogres.

portionz uf thi- investigation are In progresz 87 of the ua- nf Shis rogart;
completion wnt preparation of a finsl report are scheduled for the end of this yesr.
Thi pager thrrafore zhoald be rezarded as & prograzs report satner than a deseription

o coepletes effort .

RESCTIPITION TF EXIFRIMENTAL FQUIVFNT

kcoustle Ferearch Tunnel

The Arca fac Rerearch Tunnel, shown sehematieally In Fie, 1, 12 @ controlled
turbulence Ievel, <pen ¢ircult, open-jet wing tunnel designed zpecificnlly fer
acrolynazic nolze rezearch, Inzenzitivily of test zecticn flow . external wind
censitinn. §. achlevet by the_uze of a high lenath to dismeter ratio {72) honeycomd
St the tancel inlet, For the prezent experiment, five 24 me:h turbalence suppreszicn
ereens were providel In the inlet, iize of the zcreenz In cenjfunction with a
£ratene ot TA%yn < T 1Y produced Lvh A Liv turbulence level and a 2patinl pean
velincity Gisitibition in-the teit zecticn meazured to te unifera to within :ﬂ.25 percent.,
The raty
s be lesr than ».° perceat fer frequencies above 2 Hz. The vp»n Jat 13 contalned
“ithin & 3o 00 nih, 32 0% 1o (axinl Slrectlon}, ant 20 ft wide “caled reinforcet
crnerete chaztar Jinet with one foot fiderglasa wedres, Mensuresents of the chasber
Aeouilac Properiee  Fave demcnsirated thatl the chamber 12 anechole (b AN decrence In
i oper Seabhen 0 Hotsee free soarce) for frequercies af ant abme MO He,

Fleare . chows the te T zection arrancesrnt eapleyel {n the present stuly, A
tertangaling fe-i section 33 in. high by 21 In. wide with € In, rouniet corners was
SBoef to provite twaatipenzicral Tl To provile a unifors spanvize variatlon of
onting <0 Farle-pan sirfoll model-, the vertical sides of the Jet vere rlored with
ardeplnte  extenting frem the-conteaction outlet tnte the Jot eollector inlet, The
iMeplate  al.o ellalnatel the need Lr extend the slrf2il ar atrfoll suppert

ve 7

thrragh the thick, hishly turbaient Jet zhear rerlon vhich vosld nermaily extst {n

Preceding page blank

of the ras sersicst furbilent veloeity Fluyctustion 1a masn velaelly was srasured 3
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VORTEX SHEDDING NOISE OF AN ISOLATED AIRFOIL

their absence. With sideplates installed, variations in sparwise velocity dlstridution
occur only in the sideplate doundary layers. The sideplates were constructed of
sluminua ¥ith & smooth finish and were not scousticelly treated.

To 130late the sirfoll models from vibrations of the tunnel stricture, the
alrfo{ls vere directly supported from the anechoic chamber floor. A 1/2-in. annuler
clesrance, fillad with sponge rubber, provided isolation butveen the sideplates and
the alrfoil’s circular end supports.

The semi-open Jet vas collected at the diffuser entrence by s let collector.
‘The interior edge of the collector was located on the constant mess flux stresaline
vhich divides the sean jet flow from the chamber recirculation pettern. This
positioning helped to mininmize streamline distorticn in the test section. Based upon
»0del tests, a Lefn. radius collectrr lip waz provided whlch ainizized the background
nolge due to sheer layer -- collector 1ip interscticn. In addition to this brosdband
nolse, e acoustic coupling between the contrastion outlet and the collector 1ip
proticed strong discrete-freqaency teckground noise (edge tones) st certain tunnel
speed~. To suppress this n3ise tource mechanism, an array of 20 imsll trisnguler
tabz prolecting 1/2 in. iato the Jet were instelled at the contraction oatlet. Based
on tha seasured veriation of tunnel background noise with open Jet length, s test
secticn length of 30 in. was chosen for the present experiments.

The thres-stage d1ffuser located downstreaa of the Jet collector operrates
unstalled and 12 therefcre not & major source of dackground nolse. To attenuate
tunnel fas nolse, an edzerptive Z-shaped sffling section consisting of parsilel
fiterglass Salfles ani lined benis ir loceted between the diffuser and fan {nlet.

For frejiencies abcve which-the chasber 13 saechole (255 Hz), the a4 2uffling iz
gafficiently high-that the dackground nolse level in the chasber iz set by nclse
redlnted frem the Jet shear lsyer end from the shisr layer -- collector intersction,
Padlsl 7anes locsted at the inlet of the 1800 rpm centrifugel fas provide continusously
varl ble test sestion velocitiez from €0 to A70 fr/sec. Tunnel speed is determinesd
from total presscre at the coentracticn inlet enld-static preszure frow a ring of teps

A% the centraction outlet, Fluctustions In tonnel speed #ith time were measured to

te lessz than ::'.5 percent.

Motels snd Instrumentation

Three airfoll motels of 9-in. chord were fadricated fer this progrea. Ivo have
WACA 0012 zecticns sni the third has an XACA 0013 section. Cne of the NACA 0012
airfoil scdels an! the NACA 0018 sirfoll molel.ccapletely cpan the 21-In. wide UARL
Actustic Research Turnel test recticn. 7The other aolel spans only half of the test
zection and has a t1p falring 20 sisulate s wirg tp. The molels were fadricated
from ztainless steel with a surface finilsh of approximately 12 alero-inches., A
tolerance of 20,010 In. waz cbtaines with 0.005 to 0.915 In, 21scontinuity cn the
{nstramented aide and less then 0.005 in. on the other side. Cravings c? the three
8irfoll m>iela are presenteld In Figs. 3 ant o, The alrfolls were mounted as shown
in Fig. 2 vith the lealing edge 9.5 in, downatrees of the inlet contrastion iip.
The mounting ves Jesignel to peralt varlations in airfoll angle of ettack.

“he stcrophons Inzalletion sketehe! in Pig. b requirel a sinlsua of 0.%-In.

sirfoll thickness. In crder to cblaln alcrophone positions between 15 and 50 percent

chord of An NACA 0012 alrfoll, a 9-In. alrfoll chord was requires.

Bruel 3 Kieer {BaX)

4 aicr were used b

of their high sensitivity to pressure
fluctuation and low sensitivity to vibration and tespereture changes. From the

results of saall-scale tests 4 with sicr

flush and cavity-mounted,
1t wa2 decided to flushemount the microphones to aysld cavity

resonence. It vas slso decided to test without the microphone grid to avoid highe
frequency noise caused by the grid. The microphones-in the afrfoil were optically
aligwd to within 0,004 {n. of the airfoil surfece. An annuler gep of 0.008 in.
existed sround the installed microphones. The microphonea were instslled in a msnner
simdler to that described in Mef. 2. In order for the microphones o be flush movnted
in the airfoll surface, BAX right-angle edepters had-to be usec. The 1/4-in. micro-
phones were the smsllest for which such adepters are msde. As shown in Fig, 3, five
1/u-1n. DK microphones were located on the NACA 0012 airfoll models. Four were

fixed at one-third spen and 15, 38, 50, and 70 percent chord. The right-engle sdapter
vas redullt in onrder to fit within the airfcil section at 70 percent chord. The firfth
sicrophone wez mounted st 30 percent chord In e slider which alloved spanvise travel
{Ft5. 3). For the half-span model, inserts were used to close the gap caused by
movement of the silder. 7o obteln Yar-field pressure meesurements, a 1/2-in. microphone
wes sounted on & boom 7 £t above the tunnel centeriine.

Date were acquired on line with swept one-third octave and 10 Hz filters and
resl-time correlations. A BAX Audio Frequency Spectrometer (Type 2113) couples with
a DMK fevel Recordar (Tye 2305) produced the one-third octave zpectra. All zound
pressure levels in decibelz vere determined for 2 x 100 d,ym:/r:z2 reference presture.
A Quan-Tech SWeve Analyzer {Model 305-R) prodaced the 10 Hz spectra and_a Salcor
Correlation and Probebility Analyzer (SAT-42) the correlograss.

‘The sicrophenes were calibrate? with a MX Pistonphone at 250 Ht and with &
General Redlc Calibrator st 125, 290, S00, 1000, and 2000 Mz, An acoustlc coupler
fadricated at-UAAL wa3 uzed during selitrstion of the surface microphones. The
signals vere filtered (vith LISA type 550 25 filters) when using the correfator in
order %o resove low-frequency nolse sssocinte? wizh the tunnel 4rive fon,

A MK Accelercaeter (Type L135) was Installe? In the alrfolls as shown {n
Flgs- 3 end L. This sccelerometer opersted in condunction with a MZ Vibration
Pick="p Preanplifier (Type 1606) eng Microphose Amplifier {Type 25603}, 7The accelercmete:r
was calibrated st 60 Mz with the Vidration Mck-Up Presapiifier.

TESCRIPTICN CF ANALYTICAL METHOD

A genersl framvork for studying the acoustic redistion caited by vortex nolse
13 provides by the relationship between surface pressirz ant the far-Cleld reiiated
sound Tleld, Within this fremwork, measzured or analytically predlcted zurface
pressure fluctustions con be used to predict the radinted acoustic fiell ef an alrfoll
uniergolng vortex shedding. In addition, zuch & fremevory can b uzed to help
intarpret serodynsmic snd acoustiz dets and to eveluate ssomptions witnin various
anslyses of vortex motse.

The theoretical foundations for relating surface pressures on a bdody in a flcid
to the 20und protuced by thiz body were originally developed in R:f. 3 and later
generalized ta Pofs, b and 5. These anelyzes permlt the sxund-proluced by the boly

to be erpressed In cerme of a distridution of monopoles and dipoles on the gurface of

z
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the body. Since the monopole distribution is proportional to the normal velocity of
the surface, wnd since the airfoil for the present experiment is stationery relative
to the free stream velocity, the manopole ters is zero. Thus, only the dipole
distridbution over the surface contributes to the nolse. 1f the surface loading

{or pressure) at each point on the srroll ic Xnovn as & function of time, the far-

field sound prezsure produced by the airfoll can be cslculated by integration of

TR T SN RTINS R e

Eq. (2.18) of Ref. ki over the airfcil rrrface, f.v., by

Mats 2 Ut
o
2
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where the A axis iz in the flow direction, the y axis is in the spen direction, ani
= norsal to the szpan, In general, however, for & runiom or nondeterministic process,
the detalled diztributien of sirfoll loading »s 8 function of time and position
required for evalustion of Eq. (1) iz not knwn. Thiz equation must then be cast
{n teras-of funcilons characteristic of raniom procezzes sich as the loading pover
spectrum ard correlation length.

The Tower Spectral Density (PSD) in-the far fleld 1s obtaired by Biltiplying the

Fourler transfer of Eq. (1) by its complex conjugste. When this ic doas, ¥q. (2) iz

cbisined,

3 & Fy PP
d . N e \ AS L e
E - YL b @)

This equaticn relates the P50 In the far field to the cross-correlaticn of surfece
pressure flactuations on the airfoll and is valld far sny loading Afstriduticn.
s{enificant stmplificaticn of this ejuation [z poszitle fur random proceszes whusze
dealnant wavelergtha sre mach larger than the linear ¢imensions of the regions on the
alrfoll-over which preszure fluctuationr are correlated or in phase. 2¢ regions
are considerd! correlaticn areas. It £2 important to mote that the phasing betveen
correlaticn areas !t rariom for a randcm process. 7Thiz peraits the alrfoll FuD to be
comrted by suming up the separate ISD contributionsz of each arss. If the process
12 deterainisilc {l.e., not ranicm) then even though regions on the sirfoll can de
foud over which pressure fluctuaticns-are In phaze, the contributinns from each area
cannol te ailed zeparstely alnce the phasing between ares:z i3 not ranice. In thia
case, the contidution cf all the "arces™ to the pressure mist de coeputed first and
then the LD ocbiained. 1hus, for deterministic proceszes, the concept of correlation

ares lodes s2me of its pysical appeal.

She sssumpticn that-the wavelength 12 large compared to » correlation nres is
equivalent to & zompact gource assuaption, This azsuspticn allows the exponentisl
phaze In the fntzgral of Eq. (2) to be neglected, stgnificantly sleplifying the Integral.
Uze of the compactness assuapticn IS valld If the difference in dlstance Crom the
ctaerver 20 any tva points within a correlates ares is small cospared 2o an acoustic
wavelength, This sssumption will be met (f, as discusses adove, the correlaticn lensth
13 smll compared Lo a wavelensth. She assumpticn can alzo be met (€ the far fleld
obgerver 1s directly abore the alrfoll slnce all points of the alrfoll will then be
eqsldistant from the sbierver (for an alrfoll with zmall tasder and angle of attackj.
This fz an {sportant palnt since th [ axlz 13 alzo whare £02% of the far fleld aeqcstic

measiresents are being maie.
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The neglect of the tisl factor in Eq. (2) for either of these two ressons
then allovs a correlation ares-to be introduced ss

3

4
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For e repdom process, this srea takes on the physicsl significance discussed earlier.

The far field PSD cen now Le written as:

\ll
SPP\"‘J’: lc:T;.‘.z'S St ol v i3 ©
A .

Zquaticn (&) 13 now in & form shich cen be easily interpreted and in which Sc-and
Sqq € be obtained from surface pressure uessurements and correlstions. As can be
szen, Eq. (4) essentislly sums the contributlons of each correlstion sres cver the
whole airfoll ss digcussed above. It i3 generslly vlllq for all field point

locstions 1f the 1

th i3 lerge pe to the correlation length snd, in
particular, is exect, *ndependent of vevelength for field point locetionc directly
sbove the afrfoil.

1f eirfoll vortex nolse is sssumed to be a broadbeni raniom process, ez in Ref. 1,
the far rield PSD given by Eq. (%) can be integratef over all frequensies and over a
spherical ares surrouniing the sirfoil to obtain the totdl raiisted energy. 7niz
procedure ylelds Eq, (3) of Ref.-1. It was Aassumed ;n t;nt analysiz that droaiband
noise wag caused dy fluctisting losdings genersted by fluctustions of nesr-wake flecw
direction. The center frequency of thic troeddand nolce was taken as that for s Stroubal
nusber of 0.2 referenced to afrfoll mexizum thickness. The correlatich, ares was taken
equal to the mximum eddy zize, which waz nssumed to Bave a linesr dimension equst to
the airfoll helf-thickness. )

An slternate approsch 13 cbtained by azzuming that vortex nolze ofcura as a
discrete tone, a3 was observed in this experimental program, The aeroiynaxic behavier
of the near-uske fluctuations snd surface preasur:: fluctuations that radiate noite to
the far field could then be exaalinel,

An spproach 0 calculation oF near-wake fluctustions hal teen develepesd by
Krzywodblocht (Ref. 6) Lo predict the buffeting of sircraft tatl surfaces cpuzed by the
wing wake. [n that analysisz, 1t we= recognized that the wing profuces a steady bouniary
1syer that becomes unstable as It flovs into the vake. For sufficlently lcvw Reynolds
nunbers, the nesr wake then develops into a perioslc Farsan vertex ztreet. Some fraction
of the vorticity generated by the bouniary layer-during one periol of the vortex street
then w3uld by concentrated 20 comprize esch vortex. e wing preszure distridbution
myst Cluctuate in response to formation and dcwnstresm movement of vortices in the
near vake. The chanee in alrfoll 1ife ferce, ant hence the railated acoustie enerey,
could then de ealculated from the eirculotion of each’vortex. 7hiz eirculation would
depend on the freqmncy, which sMuld be that for a constant Stroubal nieber referenced
to the near-wake thickness, It was incorrectly assumed (n Ref, 6 that the relewant
thickness waz the projected manims thickness of the sirfoll. Zor thin airfoils having
smooth preszure dlstridutions, 1t 13 assumed herein that the thicknesa of A laainar
boundary Jayer nt the afrfoll tralling edge zhould be azed. The-11ft force would be
caused by vortices In the near vake rather then ty alrfoll inclience. As can be zeen

from Flg. ) of Pef. 7, the chordvize dlatritatien-of 1oading die 2y & vortex in the
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YCRTEX SHEDOING NOISE OF AN ISOLATED AIRFOIL

near veke would be relatively consteut slong most of the chord and peaked near the
leading ani treiling edges. In contrest, the lceding csused by fluctaating-incidence
was shown in Ref. 7 to reseabla that for stesdy incidence (aharply peaked near the
leading edge and decaying ssoothly to zerc at the tralling edge).

It the pressure fluctustions on the aizfoll are csused by vortices locsted in the

near weke, relatively little veriation of 3@ Jlong the chord would be expected except

flue iens 4

near the lesling and trailing edges. Alzo, tis surfece pr
at lov Reynolds numbers and described ia a follcwing portiom of this report had
relatively 1ittle variation along the instrusentel chordwise reglon. The dominent
portion of the messured PSD°s was & discrete tone. “herefore the power spectral
density of the scrface pressure fluctuaticon st esch gpinuise position wes assumed to

oeour at Cnly one frequency T -"’/(2’) aad to be indeperiant of chordwise position.

Thea, with

. .
~ S Vass

for » discrete tene and Z equsl to r, Eq. {4) becomes

- H g

!xi. STl el Catam ) 9 6)
é

Sor a_two~dizensicnsl sirfoll of spen b, the correlation ares ant the surface yigssure

flcetearicn {and {3 frejiency) should be independent of spanvise position., Then

-~ . P X =
~ T8 E S Lt n
¥ TR \*.lt=‘.‘)\ rans

20 2 atln OF correlation ares to planfors ares could te detersined experimentally
from the aessured freqiency and the asesurel pressire fluctuatiors on *Le surfece and
in the far field. Alzo, the correlation area o1 esch surfage alcrophone location
coull b2 messure! by cross-correlstion witk the otier surface mlerophones.

4% shown In the next gseciion, It i3 cbserver chat vortex tene nolie occurs
whena lnzinar bouniary leyer s expected along most of one or hoth surfeces of an
e'rfoll, The thickness of a leminar boundary layer at the tra{ling edge would be
apprexizately

1e ot 18)
where R 13 the Peynolds nuaber tesed on alrfoll chord. If the Strouhel number cify
{2 agsume’ cenztAnt when references to the lamipar bounisry lsyer thickness at the
treiling edge,

EL Yy 7 v"’l.

',‘A.)-"L 2 Ko &

{9)
where K would b2 1/60 If the Stroshal number were ejusl 20 0.2 referenced to twice
that thickress, The tone fregaency therefcre 1s predicted to wary vith velocity to
tre 3/2 power and to be inversely proportional ¢o the square root of sirfoll chord.
“he retz at which vorticlty i3 convected within an attached bounlery layer ves
shown in Yol. T, Section 22 of Mef. B to be {172)77. It has been found for Bluff docles
tat sppreataately hal? of the vortielity (Pef. 8, Vol. If, Section 244) ts trsasportes

1nto the Intlvidual esiles that coapriss the veriex street anithe remainder cancels

13ze1€ or treaks down (n%o turbulence. ThIs rate at which vorticity 1s transforsed

1nto vortex-street circulaticon, multiplied dy ti2 period of the fluctuaticm, sust

equal the circulation ol esch vortex,

AL edftyox Ny
RN E 3¢ AR (0
3
Toe fiuctuation of sirfoil 11f% force would be proporticnsl to the civculation and slzo
0 the product of sirfoil chord and the chorduiie-sversge surface presgure fluctustion. |,
Therefore,
. (1)
A afgms = Ky f ur 1
Combining Eqs. (9), (10), anmd (11). &;
YT A '1!
Lfrms * 2“;“1(1?")( /U) (12} A
K
or, {n terss of Meynolds nusber,
' ;) i
AT (2R /KIEEV IR (13

The product of the tws constants K> snd lt, con then be evalusted experimentally from
seasured surface pressure fluctustions end tone freqiency. From Eg. {131), the ratio

of average surfece pressure fluctustion to free-stream dynamic pressure is expected

A A e A B o “i

to vary inversely with the squere root of Mymolds number. In contrast, the surfece
preszure fluctuations caused by velocity fluctustions vwithin a-turbulent boundary
layer, divided by éynemic pressure, are approximtely constant {Ref. 1). Tt roct

mean-ryiare prexscre fluctustion at the surface i predicted %0 vary with veloeity

I b D

to the 1,5 pover, while the method of Ref. 1 predicis e veristion with veloeity to

the 1.4 pover. A varietion with velocity sgsared would e expected for » bluff-tody
dipele pravess, ~
This prediction of surface prezsure fluctuation from Eg. (12}

can then be combines with Eq. (7) to deterzine the funcilonsl dependence

of the fer-field scoustic preszsure fluctustion mbove a tvo-dimensional airfoil.

— 3 had
25 . {- (zc‘k,,f,-;{d‘lt"m} \‘/1;5 U/er) )

This the fer-fleld sean rquara of the acosstic pressure {s predicted to very with

velocity to the sixth power multiplied by the az_yet unk velocity depent of
the correlstion ares,

In susmary, the nueerical constants for predicting the tone freqiency ani the

en ¢an de de ined from narrov-dbant sirface pressure

surfece pressure f1
sessurements. These can then be used' for predicting surface spectrs for other airfolls..

Ratlos of correlation ares Lo plenfors aren csn bz deterained from the meagured surfate

o Oy

ani farefield pressure coeffielents. These ratios, whize values are d{fftcult to

anticipate for a deterainistic procesz, zhould be approximately equal tr those determine 1

by the lengthier technique of crosascorralating the aurface elersphones, 1 the

experiaentally eveluated retlos cen de generslized in terms of the ratio of nesr-wake
1amirar bosndery layer thickness to alrfoll chord, the far-field sound prersure level
generated by An arbitrary slrfoll ceosld then be predicted, The oversimplified anvlysis -5
weal4 be verifled 1f the assumes constanis ns deterzined from the data actuslly prave

to be approximiely intepenient of the experimental vasiables. A simple method for
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predicting scrface snd far-field spectra of srbitrary airfoils end three-dimensiooal

$ rotating blades would then exist.

DISCUSSI{N OF EXMRIMENTAL NESULTS

Genersl Negines of Kolse Orneration
ne mator result of this investigation wes the Zindirg that airfoll vortex noise
reaches 3 meximum {rtentity and then decreares with incressing velocity. As Judged

- from acoustiv spectre messured in the far fleld at cifferent velocities and angle of

1 sttack, three different regimes of noire behavior cecurred., Approxismate bouniaries
of these regimes are shown in Fig. 5 for the full-spen MACA 0012 airfoil. At

[ sufficlently Liw velocities snd moderate sngles of attack, the far-rield scoustic

L: spectra were dominated by a strong discrete tone. YVortex tone nolze slso wes reported

in Ref. & for smll sirfoil models st Aeynolds numders up to 0.75 x 105. Broadbend

s

vortex noise with an intensity and center frequency predicted by the method of Ref. )

a3 not cbserved.

At sufficlently lerge velocities and all but large argles of sttack, the airfoil
314 nct ralse the for-field nolse zpectrum above-ite backgrount level. For this
regicon, designates tn Fig. 5 o3 “no tone”, airfoll vortex nolse appesre to-have
decresses telou that produces by the fressure flactustion: within the alrfois turbulent
dounisry layer. In the intermeiiste rvegime, the intensity of the vortex tone nolze
decresszed with incresszing velocit at constent incilence.
F’ The boundary between the regime o0f-insreasing tone strenath and thet for tone
decay rezembles another type of asralynamlc boundary. Julging from the dats shoun
in Fig. 8 of Pef. 9, thly curve also gives the ainimum Angle of attack fer which the
pressure-surfoce btosniry leyes on an NACA 0012 airfoll remains lsnlasr over the entire

blnde chord. Agresment tetween-theze aersiynamlc and acosztic douniaries tends to

esnfira the physicas mechaniom dezcribed eariler fer vertexr tone nolze. [ecay of tone
Intensity with ircreasing velocity cosl? then be aszoclated with » rapld decrenze in
the chorduize extent of laalnar flovw.

he meazired range Of these three regions was not symeirisal aboit 2¢ro angle
of attack fcr thiz nominally syrmeiricsl NACA 0012 wirfoll molel. Tones were cbserved
for a consideradly smaller range of Peymilds rumber whea the model vas tezted At
negative angles of attack. The molel contained a alifer thas proluced -arface

£ discoatinuities st approximtely 23 and 32 prreent cnord actoca tha aolel 3pAn on one

crused prematire tranzitica of the pressute-surface bLoindary laysr. ihe =olel then wa:
< tnvertes tn the winl tunnel 20 that tha sltder wez cn the zie*jon surface At pagative
angles of attack. For those teala, the boundaries shown in Fig, 5-for pesitive angles
5 of ARRASL were approximately reproduced at segstive angles of attack. This rezult
helps 20 demcustrate that the messured vortex tone nolze waz ¢aused ty the al=foitl

$3¢if rether than by some gnagusl intersciicn hetween the atrfoil, the vied tunnel,
and the snecholc chamber.,

32 semizpan MACA 0012 afrfoil oolel had a smller resine tn which the tone

tncressel with incressing velorzity. The bounlaries detween the three reginza resesbled
those shown in Fig. 5 but were located st Reymolds nuster: roudhly 0.9 x m's zamller at

conatant angle of ettack., The presence of the wing tip vortex eay casse earlfer

YORTEX SHEDOING MOISE OF AN 1SOLATED AIAFOIL

surface. At negptive angles of stisck relative to the wind tunnel, the.e Zizcontiniities

n”

transition of the boundery layer. Ounly s small fraction of this model’s span would

have been unaffected by eSther the tip vortex or the sidewsll turbuliit boundsry lsyer.

High Meynolds Nusber

The test conditions that had seemed of grestest applicedility to nolse generation
by helicopter rctor hlades were those corresponding to cutboard portices of full-scale
blades. A convenient reference condition for calcilation of rotor performsnce hacz been
the 75 perceut radius locetion. For typicsl light cbservation helicopters, the
correspording Reynolds nusbers are nesr 2 x 106 and the relative Mach numbers fear
0.k0, Tuerefore, testz were conducted st a velocity of 450 fps which produces a
Reynolds nusber of about 2.0 x 105 and » Mach number of ~.41. At these conditlons ant
smell sngles of atteack, neither the full-span ncr the zemizpen HACA 0012 mofel produced
for-field noize grester than the tunnel backgroun? nolze. They did protice measuradle
high-frequency troadband nolse in the far fleld at large sngles of attsck. For the
full-spen aolel, this incressed nolse wes observed at 8-deg sngle of attack which iz
well below the ll-deg angle of sttack expacted for 2tell at thig Mach nuzber amd
Reynolds number.

Surface pressure spectrs at different cherdwisze locations on the suctica surface
of the full-span mclel sre shown In Fig. 6 for O ant B deg anclez of attack % 450 fpz
velocity. The spectra were essentislly {dentics) :p 20 1030 Kz, A bresl-pewk, not
shown-in Fig. €, waz produced by tunnel edge tones between 200 and 400 Hz. The zurface
pressure zpectTa zacwn In Fig, & have the general appearance expecte? for starin
prezsure fluctustionz sszoclated with the velocity floctuations of a turbulent bouniary
layer. Thiz 1: most noticeadle In the zpectra mewzured % %0 and 70 percent chord,
Center freqiencles of the smeesured broed pesk: decreszed with ircren.ing ctreamnize
Afstance (increazing boundary Iayer thicknesz), but the maxima azpiitules were
Approxizately conitant. Spectrs reasurel further forwsrd on the atrfoil wouls te
erpected to have thelr pesks At fregiencle. larger than 2he %, 000 H2 ).ni% of Ly
one-thini-sctave recorter.

The orerall mound pressare-level of the Righ-Tregiency portions of the rprctra
for zero argle of AtAIk At 50 and 7O percent chord corresponied ta a rool mean square
precsure flustuation about 3.005 times the free-stresc dynamis preszurss, £z oan ke
zhown from Pefs. §o 2y 19, and 11, thiz valie 35 cloce fo but s lightiy telow that
exjecte! for tartalent bountary Iayers in BVI3 preszure prasdient.. The manzurenents
have pot been correctel for the elfeck 52 A nonzero mlcrophone disseter relative-tn
the expected correlnticn lenath of turbslent eidie:z in the bouniary Iayers his
elfect would STeably raicze the teazurenents to the expectet level. Az woull be
expecied from Kef. 11, the choriulcze correlation betveen prefiltered sigmals fros it
tws ciovest urface sicraphones {30 and 18 percent chord; waz smali, A 1000-Hz highe
pazs filler vee utilized to resove *Re hishly correlsted 5ignals at the tannel fan and
elze tone freguencins, incveazing the antle of allack incremzed the preszure fluctune
tizas of WA alrfois sattion surfece (Fig. i Thia result wiuld ts expected temmurs
of the Increncing aiverze prassare grailent. Surfase preszsure spmetra meazurel 20 the
sealzpan solel Al eanll sndlss of attack vere eszentially idarriea) to thase for Uie
fall-3pan molel. Teir aapiitsie Increazed lesz raplily with Increasing geceetsic
angle of attack, prodabdly becauzn the effezitve arele of attack at the inatrusented

sparvice posioien would be abost Balf the Jetmstric angle of attack. Apparently-ihe
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acoustic rediation from airfolls with e*tensive turbulert toundary layers ca toth
surfaces {s spproximately that caused by velocity flictustions within the turbulent
beantery l?y‘er. This radlation can be calculuted by the smethod of Ref. 10. Its
far-rield lnteasity fs smnll, not beceuse the surface pressure fluctusticna sre small
but-because the ccrrelstion lengths sre of (¢ crder of the bourdary leyer thickness,
which {g very smel)l refstive to the sirfoll chord end span. This resclt that the
“irface pressure fluctustion spectrs for en sirfoll st full-scsle Reynold: nimbers are
*hose Tor s turtulent boundzry layer and therefore-produce very small farefield scouctic

ralistion was alzn deternined in the sallplane flight teszts reported in Pef. 12,

Lo Reynolds lNuabers

{re-third-octave spectra taken in the far field generslly contaire! ¢ne baod that
war zuch 2ironzer than the backgro.nd. sleng with the first haraonic of that dand st
17 to 14 4B zmller axplitule, When asslyzed at 10 He tantwidth, the apperent
fusisoentel tone gysually appeared 53 one Atrong sharp tore and ene or oore weak
nentarscalc tones at riardy frequenciez. The amount by which the wesk tome protrudel
sbove the trosdtand nolse ususlly wss et least 5 4B belov that of the-strong tone.
Trpizal 13 Bz pectira are shoxm In Fig. 7 Tor the full-zpan XACA 0012 alrfeil over
s s2all range of veloclty of & deg angle of sttack. The messured variaticn of fare
fleld 22ne fregeency vith veloelty for the full=span %ICA 0012 sirfcil st £ Zeg angle
of ateack i3 shown in Fig. B. For zoall charges of velocity, the frejisncy of the
2vrong tone and urenlly thote of the very wesk tones shown in the upper pertion of
FIz. T oaried aprroxiomtely with velocity to the 0.3 pover. »ith 2afficlent tocresse
n? vel.olty, tne of the very weak tones at a lerger frej.ency thia the ztrongert twvie
terane atnziderably troccer Shan the others. As e shoun In Fios. 7 ad 8, thls tone
*ren tazene dinhian2, ant the formerly stronsest tone tecade vesker. The resulting
cepianee 48 pofats, with quaatue Juzps of freqienay In nerrcs ranges of veloelty,
qsalirstively rarezbles le behavior oF elze tone <. Hiverer, Ibere waz 5 hycteresis
of frequetcy with veloclisy for thrte tonex. The 3302 relative 2irength of tiras use
=258 whether a Yext condltion unx approachsl by !nsreeting 31 Zecrenzing the velonity.
Tezyire ¢7 thete lumpe of frejuency, the general trend, ar ‘hiwn An Fig. ¥, Wit that
2f & yar{ation uith velxlty to the 12 pover. Theramrizsl values =f freqiency
&% each veloslty aze predicted reazcnab)y well by ate of Eg. {9) with ¥j arbltrarily
saken equsl 2% 1190, ns wmild occur 1f ohe tralling-edge bouniary lager was 43 percent
thicker thaa that for-a flad plate. Theze freqienties are In anler »f 2ainitale Inreer
sran thaze calculated for a Sipoatal nusmber of 12 referercel 15 thr airfAll oaxizia
thicknezz {Fig. 3).

e laaps 0T fretienty seeomd 15 ocour when a3 Integer nizter of astustic waves
len3zhs was approxizately eqisd ts e chomts  Delye ateql 133 fps, the wavelensth
Nag greatar than the alrfell ehors. Iata for ®hix mnlel a® otler drzlez of atinck
hed roeihly the seat behavlor., Tests of these cluzely <pace? veloeliles were not
esntucted with the seafzpan KACA DOIZ alrfail solel, but 3td nerrovelast fine
Creqierzles gererally mateted thoze for the full-szan zotel.

At the tiae thla .ritten paper was prejarel, ¢nly llalted sirface jreseire data
Pat teen cblalrel, . typlesl coeparissn of cascthirisantare 272ctra In U Dar fleld
arvl en the siction and pressure surfaces of tha zesiszan matel 14 given in Fig. .

7 the pressars 5irface, where the doaniary layee vas Inalrsr despite ke prasenca A7

1]

JORTEX SHECOING NOISE OF AN ISOLATED AIRFOIL

the silder 83 a surface discontinuity, the one-third-octsve tands that conteined the
tone and its first harronte were prosinent. «m the zuction surfsce. the tone tent
wsg only a week disturbapce as compsre with the broadbend level of the

transitional boundary layer at 30 and 50 percent chiord. At 1% percent cherd, upstream

of the slider, the sprctrus reseabled that for the pressure surfsce. round pressure

levels at the tone frequency, 8s detersined from yarrow-bend gpectra or these onesthinds

octave zpecira, were approximately eqial on both surfaces. fThey sere appraxizately
inlepenient of chordwise position frem 15 to Su percent chord and generally were
largest at 7 percent chord. In contrast, loalings ceuted by fluctunticns of snoidence
angle would have ceused the gsound pressure jevel at 15 percent chord to be about

3.6 4B stronger than kst for 50 percent chord. CSurface pressure fluctusticas at
velocities rasr 100 fps were stout half az large for the semispan az for the full-ipan
MACA G012 afrfoil. [f the farefield one waa strony, these leselx were rowhly
inteprnlent of angle of attack. The effect of velocity cn curface pressare
fluctuations at the strong tone freqiency for the fall-zpen NACA 012 eirfoll ic

shown §n Flg- 10, The genersd level of these data i given by £3. {17} with K, an?

j &

3 taken equal to 0.02 ani ¥y taken a3 1/90. It Is possidle that l=gproved agreesent
could te cdainel st higher velocities If etther by or !’.3 ware Aot ACLuLALLY roelm Lent
but varlet with Reynolds nusber.

Crossecorrelations st theze 1ow velocitlies led to the interesting recalt thet

the diaturtance on the alrfoil apperz to be propageting froe thn trafling edge tward

the lesdirg elge. A fnaple plot of the crossecorrelstion snd autsecorrelntiong 2f the

3 an® 79 percent chor? alcrophones $2 shown In Fiz. 11, The sroev-carrelstica fwncticn

and the two Lato-correlations sre geen to vary ntarly clnuzoldelly with the delay tice
bLecauze of the dlscrete, deterainizsiic character of the “one. The narzalized ero-s-
ezrrelstion couffinient for thiz particalar case hal a sagnttole o7 “.3 showins that
there Ir significant correlntion btetveen the MY md 73 perces sleraphors pre-eare
zearirezents,

she inlicatlen that & ware was 2oving fric the tralling edze tovard e leatllng
~dge becomes evident on exazining the fiaze of the craageverreis"in., I® 1* rboerved
tha® Its first peak oceurred st m tioe dlelay of about 7.7 =illlzsersnds. The S1-tance
tatveen the centers of the tvo zicrophitaes vaz 1.6 §n. 25 thAL the prefictel malve
or ti=e delay tazed on the asnumption oF & rian® weve moving tovard the 1ealfny efve
2.4 n 2ound gpeet of 1130 fps 1s 0%, allliseccnis. The erpas=correlatism tetween
the 10 an? . pareent chord mlerophonms mat shoewn, had 3 meacared tlee delay of
110 mitlirerends stapared 1o o ealeulated value of £,1T nlllteranls, Jistliar
ngreezzal between smazered anld caleslated valic= of tize delny ves sbtelre? fric
wrazrerorrelntions tetuqen the other alercphorrs on the alrfol) =srince.

he Lze lelay tetueen arrival of a clgnal at an aft alersphone and a2 the iter
alerephone waried with apanwtse position of the ritler. ihe sorrexpsmling =pamwire
correlnatica leneiha have not yat teen daterained. Cirrelntlon arsy= i~ san te
Taraslly ccepited fron the nessured narrcwebard Srefventiee and the rurface ant fars
flell zaint prersire levels tysute of £4. (17}, ¥trn thie wae denn, the caleulatet
earreintizn mrens were n signlflcant fractien af the planfors aren, 1In ¥y poegitie
At the preszire fiugtoations actually are not relatively s*asiant slons the ehord

tat are Blakly pesxes renr the uninstrommtrl tralling elze. I thic wers the care,
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te lation areas 4 1o this saamer for those larger surface pressure

;Ml would be mich smeller. Tests with WACA 0018 full-spem airfoll sodel (Fig. &),
ﬁ}éh has surface sicrophomes fram 5 to 80 percent chord, should be useful 4o
jdeternining the actus) e.lchlu varistion of fluctuating loeding. They may also
1stion eres is measingful

grovide s better tndicetion of whet the n of

for this spparently deterministic aesustic yrocess.

COMPARISON WITH OTMER DATA

Hot-wire investigations of the vortex shedding frequency of flat plates st low
Feynolds rusbers were reported in Ref. 13. For thin plates relative to the boundary
layer, the Strouhsl number refersnved to the erfective displecement thickaess of the
;nr wake vas constant, The Strouhel number for sn NACA 0012 sirfoil st zero sngle
of attack, referenced to the e{rfoll saximum thickness, alzo i3 glves {a Fig. 1 of
Ref. 13. 7hls quantity was found to be proportionsl to the square root of Reynolds-
nusber, a3 is predicted ty use of Eq. (6) “erein. The frequancies reported for those
hot-wire dsts measured on the wake centerline should be tvice the scoustic trequency.
As expicted, those frequencies were closely predicted dy Eq. (9) vith a numericsl
constant K3 taken equsl to tvice the value of 190 used in calculating tne =o0lid line
shown 1nFig. S,

Far-Zleld acoustic spectra were Ziven in Ref. 1% for en unceabdered and s cambered-
RACA €5 series airfoll cf 10 percent thickness retic and 2-in, zhord. Frequencies at
Which the pesk intensities occurred were plotted in Figs. 1% and 15 of Fef. 1% for
:!tlocitles from 200 t0-500 fps {Reynolds numters from roughly 0.2 x 15t 0.5 x xoG)
and gevertl angles of attsck. These velues arn compared in Fig. 12 hreln with the
frequencies caleslated from 3. (9) with Ky taken equal to 1/90. The predicted var{ation
with velocity to the 3/2 pover {3 in good sgreement with the data. [t 13 more essily
Juztifled then the linear variations taken frow Nef. 1% and shown a3 .olld ilnes in
Fi3. 12, vhich would pass through zero freqiency At sbout 100 £ps veloelty.

Far-flell acoustic spectra end overall sound pressure levels for high aspect
ratio wings of Iatger chord and apan sre given in Ref. 15. “hese dots were-cblalned
from lovesltitude flyby:s of zeversl ssllplanes, A cnesthird-octave spectrus for the
Libelle 3ailplane, taken from Fig. €5 ¢ Mef. 15, fu reproticet in Flg. 1}, The
sprctrim contalng o broad tone centered in the 1000 Hz band casses Ty the zailplane
7\'ln( and & tone In the 5000 He band descrived as backsrount notse caused by crickets,
:th.'mld be noted that the presence of A uing-generated tone at these large Meynolds
namders {up 203 x 175) 12 attributed 2o the atrfoll scivions uced cn the zallplenes.
They are of tyzms that xchieve low drag ot thelr design cinditions by mainteining

1se extent of lami flov on the precsure ssrface. Tone frequencies

‘s lrng T
calcslatel for the root and tip <hords of this tepered wing glenfors also were shown

In this figire. 7The cbserved domlnent frefincy 1s about half & onesthini-octave

‘Sant Righer than thas esliulated Tor the wing tip ehord. In contrast, the fregiency
that corresponds to o Strouhal nusber of .2 reference? to ving sarimia thickness is
below 100 Hz, an erder of meni\ 4¢ smller. PRy dse of E4. {9), the ed.erved freqsency
7or 1000 Hz fer 105 £33 relocity ant 1% in. meen chor? vould sesle th roushly 9000 Mz
“for 1% fps veloelty and 2 In, chord. This sealed freqaency L3 in goot aqreement with

_the 4ata of Fef. 1% for alrfolls with 2 tn. chord as shown In Fig. 12 Fereln, Thut the

Hl

VORTEX SHEDOING NOISE OF AN 1SOLATED ATRFOIL

predicted variation of frequency with the inverse squere root of chord is verified

for sn order of magnitude change in chord.

DESCRIPTICA OF MEMAINING EFPORT

Curing the remainder of this investigation, we plan to (1) conduct sdditionel
msssurenents of surface pressTr spectrs and cross-correlations for the full-spen
NACA 0012 sirfoil to deternine the ecoustic prenomens at vavelengths less than the
chord length, (2) conduct limited tests with the full-spen NACA 0018 airfoil to
detersine the qualitative effect of airfoll thickness ratio end obtain surfsce pressure
data over a lerger percentage of the chord, and (3) compere sound pressure levele
cslculated by sny prediction sethod developed from these tests with data-for small~

scole (Ref, 14) and full-scale (Mef. 15) cenfigurations.
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LIST OF SHALS

. Speed of sound, ftfsec
b spen, ft
¢ <herd, ft
7 Fregquency, hz
K»X2,Ky  Espiricsl constants
? Acoustie pressere in far f{eld above afrfoil, /102
Q Fressure Juap scrozs alrfoll surface, 15/:&2
r Distence above sirfoil in far fiell, ft
TorTy Position on sirfofl surface i, £t
R Meynolds nuaber, equs) to Le/-r
Se Correlaticn area, £t2
Spp Power spectral density of far-field pressure fluctuaticn, 1@[!:":::
SQQ Power spectrsl density of surface loading  fluctustien, lbzlrt":ec
S%.Ql Cross pover speciral density <of loading fluctustions at two points on
the alrfoll surfece, 15"’/{:"::::
t Tipe, sec
[ See stream velocity, ft/zer
X% Cartesisn coordinates In the sireszwise, spanuize, ani ncrzal directions,- £t
N Circalaticn-of ea individual vortex, £12/sec
3 Boundary leyer thickress of tralling eige, £
-‘f’m POOL mean qusre pressure Cluetuaticn oa airfoll surfece, /02
</ Kinematic viscosity, ft2/sec
f Pensity, slugsfred
o Frequency, radfsec
gpecripts
0:1 Coordinate on alrfoll surfage

vector gaantity
%S
Mean value

Cosplex cenlogate
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ANALYSIS OF XARMAN-STREET VORTEX SHEDDING
USING MEASURED HELICOPTER SOUID

PRESSURE DATA®

This_means. that the helicopter’'s detectability and to a large
axtent its effectiveness as a weapons system is determines by

the noise signature of its rotor system. In addition, because

cf the strong emphasis today in nolse pollution control there has
By besen fnterest in rotor noise with regard to commercial helicopter
H. Xevin Johnson and Walter M. Xatz operations. For theser . dy {cally induced sound from
3 rotor systems has been ively i igated, particularly in
3 ROCHESTER APPLIED SCIENCE ASSOCIATES, INC.

dependent upon the location of the noise source relative to the 4
observer. };
The theoretical analysis-that was developed-related the acoustic ;g
Since in general brosdband noise will be nonperindic with re- =
. radiation of_ the ¥irtex shedding forces on the blade to the k4 pe 3
spect to blade passage frequency,-such nolse is often classitied 3§
b pressure-time histories measured by the microphsres located in e passag « ¥ 3

as nonrotatlonal. The Hroadband nolse that Is associated with

the far field. This analysls wat then used to soive for the

140 Allens Creek Road
Rochester, New York

ABSTRACT

Xarman-street type vortex shedding !rom a lifting surface
was analyzed as .. source of noise from a helicopter rotor in

hover. The theoretical program that was d d used ic

pressure-time histories measured by NASL at the Wallops Island

Test Station for a UKH-1B helicopter in hover and forward
flight.

The experimental pressure-time histories were aralyzed and
high resolution spectra werc developed over a frequency -range of
0 to 5000 Hz using a 6.7 Hz filter. Ona the basis of these spectra
the main and tail rotor rotational rwise as well as discrete noise
sources were identificd and then removed from the measured pressure-
time histories leaving pressure-time ‘1lstorles cepresenting only
the broadband noise radiated from the rotor system. This broad-
band noise was thon related to-the nuise induced by Kirmin-vortex
street shedding on the rotor blade.

oscillatory forces on the blade that would duplicate the ,road-
band rolse characzteristics of measured pressure-time histories
of the helicopter in varjous flight regimes.

The results of the lnvestigation indicated that “vortex
noise” iy the major source of -accustic radiation from a helicopter
rotor in hover or low-speod flight anld that it is concentrated
in the frequency cange of 200 to 500 Hz. Because of the excel-~
leat correlation obtained between mwasured and predicted acoustic
signatures using the averaged nondimensional force constants for
vortex sheddlirg extractad from-the data-snalysis, it is believed
that ths basis of 3 realistiz 2athod of predicting the total
acoustic signature of any helirvopter rotor in various flight
c2gimys hay been developed snd demonstrated.

the last five years. (Sen References 1, 2, 3, 4, and S5.)

Rotor noise consists of two basic types of sound 3ignatures:

one is repetitive in frequency, the other is broadband or non-

repetitive. The repetitive noise is typically called "rotaticaal”

noise In which the frequencies are integral multiples of the rotor-
blade p £ The broadb

g9e iIeq 2 &

d or none-repetitive-type
noise can be Yenerally classified as "vortex" nolse. In addition,
there are other-helicopter ncise classifications such as “Llade
slip”®, and sources such as engine and transmission noise. These
other noises and sources are not treated explicitly in thiz report.
(See Reference 5 for a discussion of rotor noise sources.)
Rotational noise is typically regarded as a dominant iotor
nolse source (see Lowsnn, Reference S5). For this reason it -is
not surprising that many-investigators have concentrated in this

ares Of acoustic ressarch. Results have shon that whereas rota-

tional noise is dominant i1 all cases for fraquencies below 100
Hz, above 100 Hz, rotational noise may dorinate but in must cases
broadhand noise will mask out the rotational nolse. It has been
found, Lowever, that the noise source that is predominant is

halicopter rotor blades is usually related to vortex shedding

that occurs along the blade. Since-vortex-generated nolse is

belleved to occur in the freyuency range closer to that of raxi-
num human ear sensitivity, the subjective loudness of such roise
can be greater than that of low frequency rotor rotaticnal noise.
zven though the latter may be of kigher absolute magnitude.
Little Is known about vortex street shedding .ronm 1ifting
surfaces. Vortex shedding -noise from rotating cylindrical bodics
was first measured by Stowell and Deniny (6). Later Yudin (7)
and Dlokliintsev {8) developed theorics predicting such noise.
flubbard (%) has reported overall noise levals duc to all sources

on propeller blades, and has given an extimate of nolse due to
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vottex sheddinn., He found for propellers that the rotational 3 t

"' 17RO SUCTTON and vortex components caAn be c{ tha same ocder of magnitude. le Z ;
nouted that the vortox compenent has a higher frequancy content - 2

S The primary contributor to tlic external sound of modern yrs= than the gntational component and Increases in Inteasity with «
. s turbine powered helicortern in the aerodynanically Induced noisa increasiry tip specd. Schlegel, et al (J) have made further re- . ’:
from the rotor system. Noise measurements have shown that the finenents in lluhbard's vortex nolse magnitude formula. Krzywoblocki ;:2 -%

acoustic pressure time-history at an observer's location Is due {10) has snasured the vortex shedding {requency for aicfalls at .i ;

g Almost entirely to the noise output cf main and tall rotor systems. low Reynolls numhers: howevur, the data for angles of attick ‘% i

g . b ~junn ’% ;
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but not for airfoil-type sections.

To summarize the experimental work to date, it is noted that
neasurements have deen made of the frequency of vortex shedding,
but not within the range of flow conditions encountered by heli-
copter rotor blades. MNowever, to date no measuremants have been
made within any range of flow conditions of the magnitude of the
oscillating 1ift and drag forces dus to vortix shedding. It is,
thcrefore, necessary that the basic characteristics of vortex
shedding from airfoils should be documented in order to develop
a better understanding of their effects on rotor noise. Empirical
or semi-empirical constants will, therefore, have to be used to
investigate the relative importance of vortex shedding on the noise
characteristics of helicopter rotors until the time that suitable
measurements are obtained.

Sadler and lLocwy (2) have Jdetermined, by semi-empirical means,

overall constants focr the lift and drag forces assocliated with

discrete vortex shedding. In this case the tants were
to be independent 0f Mach number, angle of attack, blade radius,
and azimuth. 1t is, however, believed that these force constants
are not entirely Independent of the aforamentioned parameters.
The progran.reported on hereir <ay set up so that the 1lift and
drag force constants might be devsloped from experimental da%a.
For ths natheuatical sodel the helicopter rotor blade was repre-
sent.d acoustically by-a series of dipoles whose strength and
frequency varied-radially in the case of hover, or both radially
and azimuthally In the case ox-forward flight. If the locat angle
of -Zttack and Mach number ata known at a bialxy element, then
based upon Strouhal pumber the freguency of vortex shedding could
be precalculated. Since there in a~known relationship Letween
dipols stirength at & given point in _space and acoustic pressure
at-another point, it was possible in thls pregrim to use experi-
pental pressure-time histories measured at a fixed observer's
locacion-to deternine the vortsu constants that produced the non-
harmonic (broaddand} characteristics of the measured signature.
The purpose of the progran discussel herein was, therofore,
to deternine the charactaristics of the vortex shedding forces
on a helicopter rotor blade in hover-and forward flight. A more

complete prasentation is contained in Reference 12.

ASALYSIS OF EXPERIMENTAL DATA

TEST _PROCRAM

The data used {r: the analysis was generated during controlled
acoustic tests of as UH-1B helicopter conducted duzing November
1969 at Wallops Island, Virginia (13). This data has been dis-
cussed by Evans_and Nettles (11).

The nolse tests were conducted by the Army at the Wallops
Island Afr Station with cooperation ot the “ynamic Loads Division
of tha NASA/Langley Research Center. The test area consisted of
an array of microphones ia the form of & cxnss. This is_shown
in Pigure 1. As shown, the positive X-axis is in tha Jirection
3f_flight and microphones 1, 2, 3 are at X w 200, 500 and 709
feat; mictophones 7, 8, and 9 are at X = - 200, - $90, and - 700
feet; microphones 4. S, ¢ are to the right of the flight path at

¥ w = 200, - 300, - 700 feet: microphones 10, 11, 12 are to the

AALYSIS OF KARMAX-STREET-VORTEX SHEDDING Jsm MEASURED HELICOPTER SOUND PRESSURE DATA

left of the flight path at Y = 200, 500, 700 feet; and microphone
13 is at X = ¥ = 0. A local coordinate system centered at the
main rotor hub moves with the 'hnlxcopur and is shown in Pigure 2.
A variety of test conditions were covered during the test program
including low, medium and high-speed forward £1ight and two hover
£1ight conditions (6 feet and 100 feet),
GROUND REFLECTION EFFECT

The inmportance of ground reflection in the data is revealed
by comparing spectra for different microphone-helicopter orienta-
tions, see Pigures 8 and 3, which reprasent extended spectra at
positions 4 and € for the 100 ft hover condition. Observe that
the general characteristic of each spectrum in the broadband
region revesls a series of maxima and minina separated throughout
the cecoxrd by equal frequency incervals. However, it is seen
that this frequency interval is not the same for both recording
positions. The frequency interval batwean successive maxima or
ninina on the records is seen to change as the orientation between
source and obverver changes. It should be noted that for a given
nicrcphone helght above the-ground, the microphone receives one
signal directly from the sound source and anothar thas is re-
flected-from the ground and then received. It can be shown that
the frequency interval referred to hatween successive peaks or
valleys on the SPL revords is related to this time separation
batween original and reflected signal. Thus the frequency spectrum
recelved by an observer is distorted from that of the source.
some frequencies will be amplified by reflection while others are
suppressed.

The reflecte. aignal time lag at position 6. Is less than that
of position 4 becsuse the increase-in (lstance travelled by a
reflected wave received at position ¢ is less than the increase
in distance travelled by a reflected wase received at position 4.
That Is, the increase-in distance travelled by a reflected vave
at position € is 1.48 ft while the increase in distance travelled
hy 8 reflected wave at position 4 °is 4.45 ft. Therefore, the
tize lay for a sound-wave at_position ¢ is 1.34 x 10°? sec (745 Hz)
while the time 3ag for position 4 is 4.22 x 10”7 sec (237 Hz). The
maxina or reinforced-frequencies would, therefore. correspond to
integral multiples of this frequency and thz minima or cancelled
freyuencies correspond to (n + 1/2)f. The first minimum frequency
at position $-1s 373 Mz and the first and second minima at position
4 1s 118 Hz and IS(. Hz, respectively (see Figuter 8, 3). These
frequencies ore consistent with the predicted minima {372.5 Mz
for position ¢ and 118.5 Hz-and 355.5 Hz-for position 4).
DISGITIZATION

In oxder to parform compucer analysis of tha acoustic data

the pressure-time history had to be converted into digital form so

-as to be compstible with computer input format. This process s

called digitization. The original-FN recordings were digitized
using a high-resolution electronic conversion technique specially
developed by PASA for cerrying out this work., Ay coupling a
ninl-computer. with speuial circultey, & 1.45-second rucord could
be digitized at an 11.3 XMz rate providing approximstely 16000
data puints. Tha resulting frequency response of the dlglitized
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ANALYSIS OF KARMAN-STREET VORTEX SHEDUING USING MEASURED HELICOPTER SOUND PRESSURE DATA

data extended from about 0.7 Mz to 5650 Hz, which exceeded the
range of the recarding system of 20 Hz to 5000 Uz. The signal-
to-noise ratio of tho developed system was noted to be excellent,
at better than 45 an.

To demonstrate the accuracy of this cigitization the aigielzed
data was plotted and compared with the corresponding osclillegraph
records, see Figure 4. The digitized-data-is seeh to be-in
cxcellent agreement with the oscillograph trace. In fact, if
differances do exist, the electronically digitized rasults should
be corsiolred the more reliable for-two reasons., First, the con~
versfon was dene directly of? the FM carrier of the recorded signal.
This technique bypssses the Fit demodulator unit, which in ftself
introduces some distortion to the output. In addition, the

elactronically digitized data bypasses the frajquency response

of the oscillograph galvanometers, which were flat to only about
IKC.

EVALUATION OF VORTEX GENFRATED %0IS(:
AL DISCUSSION

since the shedding of karmin-type vortlces off an alrfoil causes
vartation of lifc and drag on the airfol) surfaces, the-rasulting
oscillatory forco.on the airfoil-will create nolse. A variety
of-ezplrical ¢ zhniques exist for estimating the magnitude of
noise caused by shed vortices from rotating wings,

2, 3 and 2.}

{See References
The-analysis carried out under this program determined

the magnitude of thase oizillatory forces from-the measured
prassura-tise history of the recorded sound,

The-RASA alcctronically digitized pressure~nime histories were
separated-into b ~3adhand-and Jdiserate conponents using rpoctral
analysis techainues, The broadhand presture-tice history was
then used- in a computer progran which determined the osclllatory
force on the airfoll that created the meaxured zignal. Cecause
of the izmportance of the valuc of tha Stroutial-number used in
the calculations-and because the Strouhal nuzbar has aot been
accurately measured, parttcularly-for airfoil scctions, the ficting
tachaique used to dotermine the-oscillatory forces was.also used
to daternine the “hest”™ Strouhal nunher.

The data used In this program was only sufficlent o detersine
the contribution of cach-airfoil-scctinn to thy-prassurc-time
Sistory. The data was not sufficient to evaluate tho relative
contribution of hoth lift and drag, Since It has been estinated
that tho oscillatory drag forces are very small compared to the
oscillatery Lifr forces-as reyards tho-acoustic signal, the con-
tribution from cach station was assured te tetult oniy-fron the
osciilatory 1ife.

TUE_VORTEX Slmpbmc ¥NDT'L

The voriex-strest phanosenon requiret a ucparated wake caused
by the viscous affects -In the Loundary layer. tihlle aizfoil dasign
sininized this separstion effect, it did ot climinate it. Oa
physical -Lasin, the wake forred-from a separated bhoundary layer
will be Influcnced by 123 width at the separation point and the
{lnw conditions. The Strouhal-nuzber corralites tha-frequency of
3hodding for varlou; hodies. For cylinders, tha Ctiwuial nusber

shanjes with Reynolds nruzber and is not xnown-for alrfoils or

o et e o e mn = = emm
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cylinders at large Reynolds number. The Strouhal number is not

a universal constant but ie-dependent on body geometry as well as

Reynolds number. ‘The results of References 3, 10, 11, 15 are

consiztent with a Strouhal nurmber in the range of 0.11 to 0.2

for streamlined bodies. This venge is only approximate, hut

will he used as a guide until tests can determine the existence

of Strouhal-type shedding from airfoils and the proper range and

dependencics of the-Strouhal nunber on the controlling parareters.
In the present analysis. she Strouhal number for airfoil vor-

tex shedding will he allowed to vary vithin the faunge 0.1 = S,

S 0.3, which excesds the limits defined previously. The Stroulal

number will be considered constant, however, along tha blade for

cach calculation, that is, the Strouhal. number will not be allowed

to vary with blade velocity and/or angiw of attack. 1t is anticipated

that the Strouhal numher Is dependent on thesc parameters, bus

inlieu of this knowledge, the approach used is believed to be

reasonable. Thus, the vortex street shedding frequency i assumed

to be:
S,u
bl ()
where w = vortex shedding frequency (lz)

U-= resultant velocity (ft/sec)
d = projected dimension of the body perpendicular to the
resultant veloclity (ft)
and € = Strouhal numher: 0.1 > 5, 0.3
gffects of vortex shedding on the two-dimensional- 1ift and

drag forces acting on tho alrfoll can be investigated by consider~
ing the circulation around the-sppropriate airfoil scction.
Assuning-ro jular shedding of vorsices of alteraating fign, an
oascillatory circdulatton may be considered o be superimposed upon
the stendy circulation. The corrasponding 1ift and drag forces
acting v, -the airfoil section will then otwillate about a nmecan
value of-lifc and drag. The oscillatory 1lift and drag duc to

vortex shedding can, therefore, be fornulated as

L3yl » (me’ij{lllz““ij]clﬂrl} sin fuggt » 2gg)
@
W50 = oy 120y )ean ) sin toge s o

where ‘KLv’lj s nondirensional forece constant-associated with

oscillatory life
(“nv!l) « nondimensional force constant assoclated with

oscilliatary drag

-

w-density of alr

ulj = celative velocity of the ajrfoll
ci » chordleanth

vy = station wideh

"ij " frequency of vortex shedding

Y = ph 3a of the vortex {nArcoes

Thn nolse source treated are thnse ganarated aerodynanically
from helivopter rotors. 7t it assused that helicopter rotor-nolse
13 produced by varlable forces on the rotor hlades, not fiuld

rass di4placenent by the hladex nor flow turbulence. 1§12 is,

-tharefore, reasonable to use dipoles <0 rapresent these blade

forces {vir Refetencas 5 and 16). The pressure received at.an
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ANALYSIS OF KAWUN-STREET VORTEX SHEDOING USING MEASURED NELICOPTER SOUMD PRESSURE DATA

observer's location from-an arzay of moving dipoles can be cast

in the following form {see Reference S5):

PlRot) = §|——2 13,9,
i,3 l-cki,!l-nnlj]: ‘

- (& - ﬁu).[iu + I:—;i—']-[gglj + i:_jll - Mijl]]]:l]
1) ¢

(3)
where | lg. = avaluation of those quantities inside the brackets
are at-a "rotarded tine” ' corresponding to a real

-time (

a

= apeed Cf sound

%; = location ot the obaerver
2

. s
Ryy = [0 - %@ - Fyp]

Ro=%y 50 it
R {Xp ij) 14
1

’ -
Xy=Rg 1) ¥
g, ‘_“_“:.}_’_ii
T
"ij - -E‘
ﬁi’ - forco on the blade at blade elcment
With terms comprising Equation (3) formulated, the pressure at
an observar's location-may be specificd-once the appropriate sources
have been located in retarded time. The-acoustic signature of the
rotor is assumed to »manatc from a serris of dipoles located at
blade stations. The sound reaching a microphore at some instant
in time, t, uriginates from each of these stations at some caclier
tire, t'. The time that the scund originated from ecach station
(retarded tine} is a function of the position of cach station
and its motion and iz In gencral different for each station.
A retarded time calculation procedura has been programmed for
coaputer use. The program developed locates for an observer’s
location at time ¢, the contributing retarded time position of
cach radial blade station. 7The results of a typical retarded time
caluulation is shown in graphical form In Flgure 5. A3 can be scen,
the rotor ditk has been broken up into-40 azlmuthal sections and
10 radial sections and that the azinmuthal spacing in retarded time
is not-equal as it would be In trus time. The-difference in the
spacing between the advancing blade {obser-:r on the negative
y=axis) and %he retreating blade is very tbvious in this graphical
presentation.
HOVER ANALYSLS
For this-analysis, the Ul-1B helicopter was in the hover con-
figuration 100 £t over tha nicrophone data cross with helicopier
orieatation along tha-flight path. The data received was recorded
at nicrophone 4 which was 200-ft to the right ol the fllight path.

DESEPMINATION OF ANGLES OF ATTACK. RESULTANT VCLOCIVIES,
SMIOoTHC FREQUENCIES

The Strouhal shedding frequency of the Ui=1D afrfoll (MACA
0012) was avsumed to he proportional to the flow velocity and

inversely proportlioned to the_separation thickness of the flow,

This flow separation has been assumed to be equal to the projected
dinension, d, of the airfoll perpendicular to the resultant velocity
U. The dependence of the projected dimension as function of angle
of attack for the NACA 0012 blade is shown in Figure 6.
NUMBRICAL TECHNIQUE

Measured pressures can now be related to the oscillatory
force constants. The objective is to solve for the unknown oscil-
latory force constants in torms of the measured pressure-tine

history. For the hover configurstion, the values of the oscil-

latory f are d

¥

about the rotor disk, since
angle of attack and velocity are similarly assumed to be con-
stant. T.e geometric parameters, however, change considerably
with respect to an observer 3o it is desirable to segm st the
time for each blada passage Into smaller time intervals. If thc
time intervals are small enough, the geometric parameters are
essentially constant during the interval.

If the geometric parameters can be assumed constant in a small
interval of time then thz predictive cquations can be linearized.
When possible such s linearization of a set of equations greatly
reduces the numerical difficulties of their solution. The time
interval chosen constrains the frequency range and nuamber of oscil-
latory stations much in the same way that length of record is
related to bandvidth. The largest time interval that was falt
consistent with constant geomerric paraseters was 1/200 sec.
for avazple, if the time for one blade passage is divided into
20 equal time intervals (the blade passsge frequency is 10.8 Huz),
cich time interval is approximately 1/200 sec. Thus, phenomena

which chenge with frequency less than 200 Mz cannot he considered.
This cutoff is a judicious

mpromise t freq y range and
blade element station size. That is, if & smaller time interval

vere chosen, the ares swept by the blade (the station size)

would be smaller but the lower frequeacy cutoff would increase.
Conversely, if a larger time interval were chosen the lower frequency
cutoff would decrease, but the area swept by the blade would in-
crease tending to invalidate this discreta elemant analysis.

The time intervals when one blade advances toward the¢ ob-
ssrver while the other blade retreats-is particularly advantageous.

The Strouhal frequency formulation is such that the shedding
frequency increases with radius. necause of the Doppler effect
the observel frequencies are-Increased further on the advancing
blade while decreased on the retreating blade. This is coupled
to the Mach number effict in Equation (3) which increases the
pressure amplitude of the advancing blade stations through the
terns l/l-"a and decreases the prassure amplitude of the retreating
blade stations (HR is negative for a retreating blade, positive
for -an ajvancing blade).

The larger frequency spread on the advancing hlade allows a
larger numb~7 of blade elements with observer fraquency sSepara=-
tions above 2200 Hz. On the retreating blade the Doppler affect
works in reverse and Jdecreases the ohserved frequencies. The
net_result ls that for the obsarver frequencies above 500 Nz the
secticn of the alrfoll from midspan to the tip of the advancing
Uit=-18 blade contributes while helow 500 Hz the inboard half of
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ANALYSIS OF KARWAN-STAEET YOATEX SHEDDING USING NEASURED HELICOPTER SOUND PRESSURE DATA

the advancing blade and the whole retreating blade contribute.
SOLUTION TECHKIQUE

In order té solve for the magnitude of the oscillatory forces
on the helicopter blade several assumptions have been made. The
following list Is a reviaw of the assumptions used in this
analysis.

1. The oscillatory forces on an alrfoll occur at the fre-

quencies assoclated with Strouhal shedding.

2. The Strouhal i3 is d to be ind d of

Reynolds number.

3. The oscillatory forces-are sinusoidal and have com~
ponen=s orly in the lift and drag direction.

4. The oscillatory forces on the blade can be represented
by oscillatory dipoles accting at the center of ten
spanwise stations.

5. For cach small increment of time (~0.005 seconds) the
asrodynamic and geometric parameters at each of the
ten spanwise reglons remains ezcentially constant.

6. 1In the time intervals when one Llade advances toward
the observer while the opposite Llade retreats the noise
at the observer for frequencics above-500 iz is assumed
to originate from the advancing blade above.

Using thesz assumptions-the pressure-time history 3t an ohserver

for a blade In the advarzing reglon is:

13
Pit) = {g}{(KLV)iI(AL)i sin ugry + o0) ¢ (B )y cos lujug ¢ ¢4))

¢t A, sin lageg + 9) 4 () cos fugr; o 'i’l}
{4)
where 1, is the ratarded time

-5 is the Strouhal shedding frequency
vy is the phase-of the shedding

Ao (B) . (A5), ane -(Ry), are the qeomatric coofficients
predicted by the moving, oscillatory dipole theory.

The assumption that the aerclynanic and geometric paraneters
remain constant in a 0.005 second time slice Is now applied. The
tern w1y is replaced by »'t where v’y is the Doppler shifted
frequency at thi observer's location. Equation {{) then becomes
for cach blade

195
Pie) = lglm"" sin (gt » vp) (K} cos-{u(t * 3 [£3]

vhere R ) ¢ (K )y Ay o thp)g (Ag) g

Ry = (KL, By & trp); (BR)y

The exact time-interval chosan to solve for tha oscillatory Zorces
was 0.0046 seconds. The rate at which the data was ¢)rctronically
digitized was 11.3 ¥uz. Therelote, there are 52 messured valuas
of the recorded presaure-in each 0.0046-second time interval.
Linearizing £quation (5) by removing the athitrary phase glves

3 .
e - |§;r‘";'l sin tofe,) ¢ o1y con fvitl| 16

tw1,..,,52

vhere  Ak337 o (x0T e AR+ 10 = x,

and L is the total magnitude of the oscillatory force constants.
Since there are 20 unknowns in Equation (6) ten IK‘)i and ten
(Kc)‘ and 52 aquations the problem is overdetermined. The solu-
tion was determinec using the standard least squares technigues
for a set © linear equations.

OBTAINING EXPERIMENTAL MAIN ROTOR VORTEX NOISE

The acoustical pressure-time history recorded-at the microphone
position is assumed to be a linear supposition of many sources
of noise. Among these sources are:

1. engine noise

2, engine exhaust nolse

3. main and tdil rotor gear box noise

4. tail rotor rotational noise

S. main rotor rotational nolse

6. main rotor vortex nolse

7. tail rotor vortex noise
Since the analyses that were performed herein are associated with
only main rotor vortex noise, item {6), all_the other sourcecs of
nofise in the measured pressure-time historics had-to be removed
in order to ohtain the desired preassura-tisme histors.

In the ncdel developed in this contracst, tho noisc associated
with rotor hilade vortex shedding is assunmed to he generated at
discrete frequencies defined by a Strouhal formulation. <Thase
shedding frequencies are determined by the alrfoils-chord, thick~
ness, angle of-attack and velocity. Shedding frequencics, while
in part determined by rotor rotational speed.arc not integral
harmonics of tha rotor rotational frequency. In addition, since
the blade is moving and continually changing direction, the
Doppler shift on these frequencins also continually changes.

This difters fron iteas 1, 2, ), 4, ard 5 of the listed saurces

nf noize which are observad at dlscreta {requencies. This-is
clearly lllustrated in Fiqure R, the spectrum of measured heli-
copter rotor noisc for the hover flight condition. It can bu

3een that the roter rotational noize appears at discrete rultiples
of the blade-passaz~-frequency (10.8-Hz) and the *afl rotational
‘nolse occurs at multipleus of Its blade passage frequency (S5.1 itz).
The peaks at 1922 #z and 213) Hz are Identiffed with the taile
rotor gear slash frequencies of the $2-degrec and MM-degree

{second harmonic) qgears.

In the data shown in Figure B the ratational and dissrete
rolse peaks are sufficiently narrow 20 that-they can be ramoved
withonut- ¢ignificantly_charging the content of the underlying
broadtand noise. Onca-the dixcrete nofse pestrs are-identificd
thelr corresponding Fourisr coefficients as tetormined from the
Fast Pourler Transform of the digitized data, are set cqual-to
2ar0. The broadhand prestute-time hilstory [s then gonerated by
using the inverse Fourier tranafora.

In orde:- to correlate tha reasured prossure-tize history with
tha theory, the azimuthal blada positiva wust be known. fthe
¥allops Island test did not rs ovrd this inportant piece of infor-

mation. The azimuthal locatl .a of ¢+ rotor-was deternined
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MALYSIS OF KARNAN-STREET VORTEX SHEOOING USING NEASURED HELICOPTER SOUND PRESSURE DATA

by matching the measured rotation nolse signature with a theo-
retically predicted rotational noise pressure-time history.
RESULTS OF THE THPCRETICAL ANALYSIS

A total of four hover cases were analyzed. Three of these
cases were from position 4 (200 feet to the right of the heli-
copter) and one from position 6 (700 feet to the right of the
helicopter). The radial stations selected were:

£y = 7,09, 11, 13, 15, 17, 18.5, 19.5. 20.5 and 21.5 ft.
for {1 to 10 respectively. The electronically digitized re-
cords are *~1.5 seconds long. Therefore, 15 blade passages vere
anaiyzed for each of the cases.

The set of equations solved had more equations (32) than
unknowns (20). By using the method of least sguares the result-
ing deviation is a measure of the equality of the solution.
since the Stroukal number is not accurately known for airfoils
at these Reynoldg numbers, a search was performed to determine
the Strouhal number which gave the most satisfacctory solutions.
The optional Strouhal number was deterained to be 0.235:.02
which is within the range for which results have been obtained
by previous investigations.

3ne of tha recordings obtained 200 ft to the right was used
to evaluate the method of removing discrete rotational noise
sources. 7Tle portion of the recording used was 35 seconds into
the recorded signal, For the first of the four cases {to be
referred 20 a3 Case A) all-noise berow 140 Hz, the tail rotor
peaks at 165 Hz and 220 ¥z; and all noise above 1860 Hz was re-
moved, In Case B all roise absve 2820 'z was removed (instead
of above 1850 Hz as In Case A) together with-ths gear clash
sulkas at around 1930 flz and 2140 Hz. In order to deternine how
zuch the results vere depéndcnt on when in time the data was
analyzed, ancther portion of the data taken 200 ft to the right
and 26 ds into the r

ding was analyzed. This conditlon
18 referred to AsCase C. The electronically digitized pressure-
time history and spectrus for this case are shown {n Figures 7
ard § respectively. <The rotational-and discrete nolsze was re-
roved by setting the following coefficients of the Fourier repre-
saatation of the digitized record equal to zero: <140 Hz, 165 Hz,
229 Mz, 1930 Hz, 2140 Hz, and »>2020-Hz. Figure 9 presents the
spectrua of the noize that was removed and Figure 10 presents the
spectrun of the vortex nolse that was snalyzed for this case.

The pressure-time hittory of the rotational roise is shown in
Fiqure 11 and of the “octex noise in Pigure 12. The fourth case
thas was analyzed {Casas D)-was data measured 700 feet to the right
of the helicopter. A portion of the recording 26 seconds into

the record was analyzed. 1In this position the gesr clash frejuen-
cles occur at 1930 iz and 1990 Hz. %he {requancy coaponents
removed were <140 Mz, 165 Hz, 220 Hz, 276 fiz, 330 Nz, 385 Hz,

19230 Hz, -1979 Nz, -and >292D Mz.

The analyses that were carried out used 15 blade passajes of
digitized dats. Bacsuse of the previously ncted inabllity to
separate the 11ft ard drag it has been
shown elsewhere tha' ths drag contributior i Inslynificant com-

h ts and b

pared to the 1ift divtribation, the (K ) 's ware ansused cero in

»

all of the analymes that were conducted. tﬂcroforc, only ‘KL)S"
were calculated for-the 15 blade passages ln:olch case. Por each
radial station, the distribution of thnlov(l;)‘ values multiplied
by that station’s dynamic pressure is shown in Pigure 13. The
{KX,) ¢ {1/200}) for the ten rsdisl stations for each of the four
Cases arn tabulated (Table I) and plotted in Figure 14. Although
there is some scatter in each of the distributions the mean results
are resarkably similar for all four cases. The comparison of

Cese A and Case B shows that the results are fairly insensitive

to variations in the hagh frequency cutoff in the data, although
the magnitudes of station 10 for Case A l!; somewhat suppressed
from Case B. Going to a different position of the record also
does not significantly alter the distributions (see distributions
for Case C). Some of the distributions for position ¢. (Case D)
however, do differ from the first three cases. This is due, in
part, to the differences in ground reflection. The magnitudes of
the oscillatory pressures are »1 to 2 1b/Et? for the tip 1/3 of
the blade (14-22 ft). On the inboard stations (6-14 ft) the
magnitude of the oscillatory pressure ranges-from & to-30 1b/ft?.
It aust bo remembered, however, that thease stations include signi-
ticant contributions from the retresting blade wioress the outboard
blade sections do not. For each of the four cases that wese ana-
1yzed, the calculated oscillatory forces were used in a theoretical
program te determine if the essentisl nolse characteristics had
been retainusd. For esch of the cases, therefore, a pressure-time
history and a corresponding spectral analysis were predicted for
comparison with the experimental 2ata. The predicted pressure-
tine history and the corresponding spectrum for Case C are shown

in Figures 15 and 16 respectively. When these pradicted results

are compared with the measured results in Figureus 12 and 10, it

TAMLE L. MAZYITUDLS CF TRX OSCILIATORT LIFT PCAITS AS A
mé;ﬂx.:f FAIIAL FOSITION FOR l&:’ oF PRE
Zratisn  Angle of Rog% Ereiding
Padius Mack Kaxder  Freqaency Cscidiatery Pressste Llw/reh)
(£i1] ({131] [127] TAVe A Case ® Case € _Caied
1.2 .9 .22 n? 20.29 1.2 3%.33% %.48
p N4 3.4 B.2¢ 288 28.03 13.88 2908 3.1
11.3 $.2 4.24 334 .25 .35 13.92 18,32
133 4.7 .43 81 4.9 .43 4.8 1.2
3.3 4.2 2.4¢ 312 2.13 .30 .15 2.3%
12,0 2.4 4.52 b1 31 1.9% 195 1.97
i3 3.1 .37 50 .19 (13 1] 1.40 1,36
i3 L 9.4 92 2.3 B H 0.7 2.%%
-3 1.3 8.6) [ 13 ) 2.8 (31 %26 1.0
B8 2.3 [ 21 m 2.3 w55 .42 (3
.

is seen that the celculated oscillatory forzcs have retained all
of the assential characteristics of the measured pressure-time

history. Similar compsrisons were made for Cases A, B, and D.

GENEPRAL DISCUSSION OF PESULTS

The technique that was developcd-In this contract effore, of
alectronically digitizing and snslyzing measured sound pressure-
tima histories to create high resvlution spectra, such-as shown
in Flgure 8, has permitted the datailed nnalysls of various

rotor sources. For sxample, the fine . frequincy resolution that

can he odtainad by thewa techniques, allows separation of the
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individual peaks associnted with main rotor-and tail rotor rota-
tional noise and discrete sources such as oil pumps, gear boxes,
etc., from the broadband noise. Since these types of noisa

sources can now be ad ly ted, the ch

3 P

teristics of

the various noise sources can be studied independently. The study
that was reported on herein stressed the analysis of the broadband
noise ratlher than the rotational noise although the rotational and
discrete noise sources were separated from the sotal noise signa-

ture and studied as regards the characturistics of their pressure-
tine history.

The vortex pressure-time histories (Figure 12, for exasple)
thit were generated from the total expecrimental pressure-tine
histories by removing the rotational and other discrete nolse
have the same general characteristics. The signals are essen-
tially random with a modulation in amplitude occurring every
blade passage. The high amplitude region has higher frequency
than the Jow amplitude regions. This featur: is consistent with
the Doppler effuct discussed previously, i.e. the advancing blade
towards the obseryer zaises the fruquency and magaitude of any
oscillatory pressure implitudes recorded at-an observer's loca-
tion. It is noted that each blade passage, however, ié distinctly
different {n fts-structure. In order to evaluate the effect of
this differsnce on the sound signature of vertex noise each blade
passage of the digitized vortex signal was converted to an anslog
signal and then repeated so that a S-second analog record of each
particular blade passage could be constructed oa tape. When a
sorles of sach of these 5-secand records were played on a tape
recorder, it was obvious thit each blade passage sounds distinctly
different. Qualitatively, this difference from blade passage to
hladn passige may be described as a modulated xignal of varying
frequency or “tone”. That ix, when listening-to a series of
blade passage-racordings a different frequency content may be
discerned in cach of the blade passayes.

The vortex shedding model allowed a finite f{requency ramje to
be “f1t” to the experizenta)l pressure-tine history. The relative
magnitudes of each of the radial station’s oscillatory forcas te-
flected the f{requency content of the signal reveived at the observer
for trat blade passage. Thus, since the signal varies {rom blade
passage to blade-passage both in frequency-and ragnitude, the
oscillatory pressures calculated at the helicopter blade had a
cor ‘esponding variation. Since each blade passage is different,
nach calculation performed results in slightly different radial
array of oscillatory forces. This effect 13 shown in the histo-
grams {see Figure 1), which .llustrates how thesn ascillatory
pressures varied-at cach radlsl station over-the 15 blade passages
for cach of the four cases that were analyzed. liistograms plot
the frequency of occurrences of a giver cvent. In this case,
the histoqrams record the frequency of occurrence of the calcu-
1ated osclllatory-1ift forces in a given range. Reference to
Fiqure 1) ahows that the scatter of results increases as the
radial station decceases which relutes to the previous discussion
of the gradual degenaracy of the solution technique as the fre-

quancy of shedding on ¢ ~ blade decreases. The-anount of scatter

of a station corresponds to the variability of the frequency appro-
priate to that station contained in the experimental record.

Thus, for Case C, the frequency appropriate to station 2 was changing
significantly from blade paszage to biade passage while the fre-
quency appropriate to station § changed little from blade passage

to blade passage.

The mean values for sach of these distributions were deter-
mined. The mean values are listed in Table I and plotted in
Figure 14. The shelding frequencies appropriate to the helicopter
rotor reference system are listel as well as the Mach number and
angle of attack.

The advancing blade, as previocusly noted. has its shed2ing
frequenciss raised and spreal spart while the rotreating blade *as
its shedding frequencies lowered and-pushed together. The Doppler
shifted frequencies on the advancing blade range from about 275 Mz
at 7 fr radius 0 2100 Hz at 21.5 ft radius. The exact axount of
the shift depends on the observer’'s location relative to thz velocity

of that blade station. The Doppler shifted frequencies on the
ratreating blade range from 180 Hz at 7 ft radius to about 500

#z at 21.5 ft radius. ..ence the outboard section of the advancing
blade is_associated with high frequency noise and the inboard
section of_ the advancing blade together with the retreating-blade
are associated with low frequency noise., Foc the observer, the
radial stations at 7 ft and 9 ft on the advancing blade are in
the same frequency rangs as the retreating blade because of the
poppler effect and honce these stations also reflect the noise
energy of the retreating blade. This contributlion partially
1cads to higher values of oscillatory pressure calculated at these
radial stations. Thae noisc enecgy of the entire retreating blade
has been lumped into these two stations.

As shown in Figure 14, the decreasing oacillatory pressure
nagnitudes at larger blade radius reflect the gridual fall off
with freguency of the noise energy shoun In the spectra (sce Figute
t for example}. The spectra gencrated In this analysis compare
well with the £indings of Cox and Lynn, Reference 17, in that
the major sourse of audible vortex noise is coacentrated in the
(requency range of 200 Hz to 500 Hz. The maxina and minima in
these spectra caused by ground reflection-aliso affect the calcu-
1ated oscillatory pressures as the model does not include this
reflection effect.

The mean osclllatory pressures have been used to create 3
prossu-a-tire hintory at an observer s station. As discussed
previously, these created pressutea-time histories and these
spactra compare very well with the experimental pressurc-time
historias and spectra. See FPigures 15, 16, 12 and 10 for
exarple. Audio tspes created from the calculited pressure-
time history sound like the experimenta] tapes eXcept for the
frequency variation from blade passage to blade passage eolininated
by using the mean valuas,

since the essantial characteristius of the experimental
acoustic sigasl can be duplicated with these mean osclliatory
forcas in a rotating blade (rams of reference, it is ponsible with

vropar parametarization of tha force constants to effectivaly
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simulate the noise produced by hslicopter rotors for a variety
of operating conditions. Because of the advancel data analysis
procsdures that have been developed, the rotationsl and broadband
vortex nolse can be scparated and studied independently. It is,
therefore, possible to parameterize the vortex noise and the
rotational noise as functions of the rotor Jeometric and operating
conditions such as number of blades, rotationai speed, thrust,
chord, twist, etc. The parameterization of the vortex noise and
rotaticaal noise can be zazried out by analyzing various rotor
data from whirl tower tests, as was done in this program for a
hovering helicopter, Once the parameterization has been accom-
plished, for a number of differant rotor s.stems, it should be
possible to predict the acoustic signature of any rotor systea

given only thy geometric and operating conditions of the helicopter.

CONCLUSIONS

On the basis of the analyses carried out in thls investiga-
tion, it was shown sthat random or “vortex” nolse is a major
source of noise froo a helicopter in the hover condition, For
the cases analyzed, cain rotor rotational nolse was not significant
above i00 Nz ana the major cudible zources of vortex noiss were
concentrated in the frequency -range of 200 to $00 H:. In their
respective frequency ranges the nain rotor rotational noise
was about 30 db above the ihreshold of heazirg while the vortex
noisc was about 45 db abcva a normal background noise.

In addition to the above general ronclusions the fcllowing

soacific conclusions were drawm:

1. Ground reflection effects can significantly distore
the radfated dcoustic pressure-time history,

2. 7The broadband rnoise created by a helicopter rotor can
be represented by Kirzan-street vortex induced noise.

3. The "vortex” noise correlated:-for 3 Strouhal nuszber
of 0.215.

3. T.o vortex noise can be simulazed by an arzay of =oving,
oszillating dipoles with freguencien corresponding to
the Kirman-vortex street pheanozend.

5. <The basis »f a technique hy which the azoustic signature
of any rotor syste= cin be predicted in hover or forward”
£1ight has_been developed and demonstrated.

6. A new technique has been developed whereby sigaificantly
improved high resolution acoustic spectra can be
genarated.
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OISCRETE NOISE PROM LIGH AND LOM
SOLIDITY- ROTORS

S. B. Wright

Institute of Sound and Vibration Research,
University of Southampton, Southampton, $S0% 5 NH, England

Introduction N

» single unified theory is described to account for the
discrete radiation generally froa the whole family of heavily
run axial flow roturs, including helicopter rotors, propellers
and gas turbine compressors.

The approach used, {s to Fourler analyse the periodic
blade loading variation (aximuth profile) into blade loading
harmonics, and then sum the total radiation from each BLH. 1In
this way, the radiatica from any atbitrary blade loading varla-
tion, and thus the rotor noise can be determined. To indicate
trends, the effect of blade loading profils, load excursion
width and nunher of excursions is considered. The blade of
course cCan sweep out some very ’coq)ucated source-distributions,
and again to be in a position to assess the radiation, approxi-
mations have to be made.

with this in mind, the basic differences hetween high and
low solidity rotor spectrums are coasidsred, emphasizing the
difference-between subsonic and supersonic rotor noise. The
special effect of helicopter blade slap and compressor rotor-

stator interaction is di d, and mseasured rotor spectruas

have been sncluded to help f1llustrate the theory. The paper is
an extract (Section ) from the publication Discrete radiation
fron periodic sources in circular motion (1) and is a continuva-
tion of the work reported carlier In reference (2).
1. Blade loading spectra

Consider the acrodynamzic 10ad on a blede: 1f the total ari-
thuetic loading varies as the blade rotates, so that iz is re-
producible- for each blade revolution. then the azimuth blade
loydtng profile, seec Fig. 1, can be Fourier analysed into blade

loadiny har=onics, such that

LB)-LOOE.I (A, ©os 85 ¢ By ain s3) ty
LivisL o] L cos (53 ~ 3 ) 2
> sul s ]
L B
o 2.0 2,7 . ean "1 1.8
1‘:""5 03, ) iy ® 2an ‘rr) ($1]

Any arbitrary periodic azizuth B.L. function zan be analysed
in this way, and again for convenience the B.L. hatmonic amp)i-~
tude can be represented by a constant times a spectrum function,

y1Z.
Ly v 2 Avg, 3y [£3]

ltece the blads loading spectrum level is given by the aver-
age value term, Avg, which i3 equal to the-pulse or excursion

arca divided by the excursion period. The blede loading specirum

shape is determined by the blade loading spectrum function Xgo
which is a functlion of the load excursion profile, width and

nusber per blade revolution.

Some simple pulses with thelr spectra are shown in Fig.
14 ,{1). The reprecentative rectangular pulse is an even func-
tion and has cosine terms only, AL is the pulse height or load

change frxom the mean value.

sin afe t,
X.IT .A\lq-blq (5)

W PR >

The smoothly varying half cosine pulse is alsv an even

function and has cosine terms only,

cos l!t° 2L

X,'r_—(rﬁ—oy, s Avg = ==, 16}

Hle™

| i
SRR o S T O e e et

and the zero lift full sine pulse-is sn odd function having only

sine terms

sing (£t -1) sinz (ft +1) L &

(-]
W T 160 ) I 1¢ 0o ) i A i AL

“In terms of rotor parameters, if W is the pulse or azimuth
excursion width and E is the number of excursions per blade
revolution, then the excursion time to and periodic time T between oy

excursions is «g
Ed

s W w 1 -
fo3 "‘o'\'?': - N, ¢ TR 8) .

aqiving ¥
t
-% " Ep, and fe, = sk, (L] '

Where o, Is the load_ solidity, which is the fraction of .

the effective annulus that the loading region occuplies. viz.

Oy * brrom (A1} -

The first st zcro Is given by

tte,) '
o'z
(!B’z - _au——- (23 %)

N

where (ttolz tor simple pulses can-be read from figurc 13 ,{1)
e.7. rectangular lﬂ.‘,lz = 1, half cosine ""o’x = 1.5, triangular
(fe ), = 2 ete. 7
-As an exaaple, let the Llade experience a short stall or
an iapuisive load change of helght iL from the mean load bye "
1 we represent-the load-encursion by a rectangular distribu-

tion then the blade loading spectrum is ¥

l.’ = 2 Avg Xg

where
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sin 3sB,

Avg = AL.E.o,. and x = T v

(12)
w

This and cther xg for more realistic load excursions are
shown in rig. 2, the average valus term for the half cosine and
sine excursion is

Mgy e Mg, - 2 sL.t.o,. %))

It is shown that the blade loading spectrux level when ex-
pressed In d8, is little different for a variety of simple load-
ing functions, providing the pulse height, width and nusber per
blade zevolution Is the same. Further, for a given function,
the spectrun level is independent of how the averaje value is
arrived at, i.e. it does nut matter how high, how wide or how
many pulses there are per biade revolution, providing the multi-
ple valuec is the same.

The spectrum shape is similar for simple all -positive or
all-negatively going pulses. Pulses with equal positive and
negative areas (zero 1ift functions) similar to the full sine
function, have-zero value blade loading harmonics at zero_order.
Blade loading functions that have more than one excursion per
blade revolution have blade loading harmonics only at multiples
of the excursion nusber E. The paraneter that has the largest
effect Zu the B.L. spectrum is the pulse width or load solidity
8. Figure ) shows that the spectrum level falls off rapldly

with increasing o, or excursion width W,

2. Blade loading radiation

Having considered the blade-loading spectrum generated by
representative blade loadings, we are now in & position to pre-
dict the resulting radfation. From equatiuvn 70,(1) the sound

pressure {rom 4_single blzde loading harmonic, s is

(5% ingte s * :f.x.yq.x‘.xb.xx e

The distributive functions y,. ¥y ¥; account for the linear
interferince aslong the chord and span, and between source and
izage (ground reflection) respectively. For free_field radia-
tion and point -loading or at low frequencies, the three func-
tions are unity. The directivity function yq accounts for the
circular inter{erence around the rotor ¢isk, and the blade load-
ing spectrum amplitude oy together with the operating constant
X determines the acoustic spectrum level. If the rotor Jdisk is
unlformly loaded, then the disk radlates as a whole and 3«9 in
equatfon 14 glves the discrete radiation.

If there-is 3 complete spectrum of blade loading harmonics
contributing to the sound pressure, then cquation 83, (1) to-
gether with the:-relative phase information has to be summad for
all values of s, equation 103, {1) will now glve the acoustic
radiatfon thus

- a
s -
‘spnh,cont. PR o I e A 3

(s

Hetre all the passbands radiated from each 5.L.H. sum-to a
smogth radiatior spectrum, and each mode radiation at a particular
#B number constructs a smooth polar directivity. FPor a flat
B.L.H. spectrum (o, is constant for all s values), equation 15
i3 an exact result. Here there is no circular interference
operating as in the case of a uniformly radiating disk and there-

fore yq collapses exactly to aB and X to K.

T
Physically the BD.L. spectrum assembles to a B.L. impulse
and theref the ic spectrum is dominated by radfation

from a local loading region within the rotor disk. It is not
suprising then, that the polar directivity temm Xy is now that
of a dipole inclined at the blade force angle. For general B.L.
spectrums including random phasing batween blade loading har-
monics, equation 15 will basically hold, except xq increasingly
contzibutes to the radiation norxal to the dipole axis for pro-
gressively less lapulsive loadings.

The blade loading spectrum amplitude s, can either be mea-
sured directly-from the blade, or if the blade loading varia-
tions can be roughly estimated in terms of the maximum load change
4L and width of load excursion %, then from section 1, where im-

pulsive blade loadings are our main interest

Ls
o, - i;, o Lgm 2 Avg x -(16)
and for the simple load excursion considered
Avg » LL.ED, and o = !=—:. an
glving
5. A__"fi:"’ oy us

Three pertinenc plade lcading spectrums and their resulting
radiation are illustrated in figure 4, s$-has now been replaced
by sE t> accommodate for multiple blade loading excuzsions. For
a single blade_loading harmonic, a passband of discrete fre-
quencies is radiated, {figure 4{a)) whose radiation magnitude in
terms of load solidity P+ number of load excursions E, and ex-

cursion helght L. Is from equation 14 and 18

- &LEp,
SP“ - T ""yq"‘u'xa"'b'xx (§33)
The (lrst two terms are basicelly constants for a particular
blade loading function, and therefore set the spectrum level.
The directivity function Yq deternines the width of the radia-~
tion passband, and the four distributive functions XgpXa¥pXy dre
unity for point-disk, chord and-span loading radiating in free
tleld,
Figure 4(b) shows the effect of multiple blade loading ex-
cursions per blade revolution.
only exist at multiples of E.

Here blade loading harmonics
{the concept is analaguous.to
sound pressure-harmonics existing at multiples of B in the ab
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Each B.L.H. radiates a passband of discrete {re-

quencies situated about sE where s = 1,2, etc,

Here the sound pressure spectrum is given by equetion 9.

For low E nusbers or high M . the passbands will overlap and

sinple B.L.H. radiation addition discussed in section S5.1,(1)

will have to be considered.
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within the rotor disk.

Physically multiple blade loading

excursions correspond to E equispaced fixed radiated reglons

Therefore the overlapping passbands now
reconstruct new interference patterns, which correspond to the
interference between an array of E equispaced inclined dipoles.
rigure 4(c) typifies the radiation from a single load ex-
cursion per blade revolution (E=1). A single excursion gives
rise to a continuous blade loading spectrum, continuous in the
sense that the blade loading harmonics exist.at every sk number.

Therefore equations 15 2hd 18 now give the acoustic radiation

as

. AL.E.p,
SP08) cont.s * T,

.l(,r.mn.)(“:.)(‘.)(b.)(x (20)

The sound pressure hamonic_falloff is now the resultant

of the four distributive spectrum !unct(ons—x‘sx.xbxx, whose on-
set of effectiveness (departure from unity) is measured by the
reciptocal of thelr individual soliditles p. Tor free ficld
radiation Xyl and point chord and span loading (o 0, %0,
¥a*¥y*1), the relation between the acoustic spectzum and the

blade loading spectrul is 6dB per uctave within the limitations

of equation 103, (1)

Age ® NgeFB (21

The fact that a relationship between the blade loading
spectrun and its acoustic spectrum has been established has
fascinating posyibilities. It mcans that aerodyramic data van
now be accessed {rom-the acoustic spectrum. To obtain the blade

loading cocfficient for 3 single load excursion, we combine

cquations_15 and 14

(5P cone.s . agKamBy Xy an
L0 PN KYopXaipXy

then
o w5 eone.y ke (23)
soa " T, Kot R

The blade loading coeflicient at the crossover point, L.e.
the point where the fluctuasting load radiation starts to dominate

the steady load radiation ix

2,
K 511} 4
Gyenp * rT B adid K—-'T . J:’(x, 128

Assuning x,ﬂtq. t\,_o‘!“o,and for the observer xituated

along the aaxtzum directiviey LN ltiote !’_o 13 not necnasarlly

9

equal to B",o) . The blade loading coefficient in dB is then
27”
20 log a = 20 "°g(s”con:.a'z° 1oq(sp)’_°ozo 109 5~ 125)

vhere from equation 12,{1)

2y, _ 2
20 10g —52 « - (20 log 2} +7em8 20 log I (26
e

The fractional change in load %- can then be calculated from
0
equation 18 thus
a
s : 121
Similarly, to obtain the blade loeding coefficient for a

large multiple excursion spectrum we can write down equation 14

twice for £ - 1E and s = o thus

(5”35 o 2N gXaXp Xy 128
SPiseo0 KYnpXaXpXy
then
(5P}, Y.
G'B - W .J-;— {29)

where qenmB-sE, or simply at low frequencies

(SR, ¢

2(sp)
0" — £ and t_" o 3B {30)
qu as 0 xyq.pw:(,e .

¥ is preferrnd to Yq+ 33 its zeroes in practice are never-clearly

resnlved. From equation 63,(1)

- 2.4 ns_ 14
Tq = me3 0 = (hiE, f,;-—-eco,,}’ 31

i.e. ; rises at the rate of 3 dB per octave in mn.

The load solidity o, the blade loading:spectru= xg and
the static and dynamic loads on the blade tan thercfore be
estimated from a knowledge of the acoustic spectrum. 1In gen-
cxal for subsonic rotors, if there are large discretes high in
the acoustic spectrum, then [N is low and the blade i3 exper-
1f the discretes fall off quickly,
1f the

fencing impulsive loading.
then o, is"high and the 1oading is varying slowly.
harmunics fall off very rapldly-according to equation iy
then o, = 1001 and the blades are-sustaining static loading
only. For-supersonic-rotors, the stead; 1lift dominates-_the

acoustic spectrum.
3. General rotor spectrums

From 3 noise point of view, rotors can be convenieatly diva-
ded into two classes: high and low solidity rotors. Low solidity
rotors arc-thosc with-a faw narrow blades such as helicopter and
propeller.rotors. As-a result of having few concentrated rota-
ting forces {B small), the steady L1lft or thrust {s=o) on this
type of rotor in clean flow, dominates the low frequency rotor

spectrua in sccordance with cquation J1 ,{1), fn the-cane =¢
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3 DISCRETE NOISE FROM HIGH AND LOW SOLIDITY ROTORS

3

f“ higher reving rotor (propeller), the steady lift radiates well zotor frequency are different, the blade-tip vortex radiation

- into the: audible part of the acoustic spectrum and therefore is therefore heard as a banging noise and rotor-stator radia- §

:'7, gives a reasonably f{ndication of the rotor ncise, Howsver for tion, because of the more frequent load excursions, is heard

L the lower r.p.m, rotor (helicopter rotor), the steady lift as a high pitch whine.

3 radiation from the higher order B.l1..H. is all that is heard. Large number of load excursions prcduce fascinating rotor

E, In ordsr to predict propeller noise accurately and account for spectrums. Pigure 5 is an example of such a spectrum. Here

EE' the subjective noise from helicopter rotors, fluctuating 1ift the emchasis is on the radiation eddition of a few B.L.H. pass-

id radlation (sy¥o) must be taken into account. bands situated at multiples of E, rather than the susmation of

E B i Fluctuating lift is generated by vazying persistence irn a complete spectxum of blade loading harmonics s for E=l. In

E the rotors disc loading asymmetry. The causes are nunerous, the figure, the passbands are represanted by flat plateaus of

E some obvious effects are fuselage, wings and forward speed, length given by equation 9,(1) situated about qeo where s+sE

ivad -exanples of transient effects are crosswind, atmospheric tur- for B>1, their level of course would be given by the blade load-
bulence and afrcraft maneuvers. Some readers may remember the ing function Xg+ The sound pressure harmonics are represented
abrupt change In pitch of the Spitfire's maneuver in the last by the dotted lines and occur at multiples of B, Any rotor spec-
war. To produce strong periodic-tones well into the rotor spec- trun can be constructed in this way. In tha illustration, the

R

trum, the loading asymmutries must be "spike like®, produced rotor spectrum represents a free field compressor with 23 rotor

- by impulsive type blade loading- functions. Such a source of blades and 36 stator blades. It can be seen that the first
current interest, is the banging nolse heard in certain situa-

1 ound pressure harmonic does not -railate, it is below cut off,

tions on helicopter rotors, sometimes referred to as blade clap. only the first B.L.H. contributes to the second sound pressure

Here rotor blades are thought to cut or pass near to tip vortices

B L

harmonic and s=l and 2-to the third, the radiation addition here
shed by pro. eding blade producing a sudden load exczursion. It

e

is discussed In Section 5.1,(1). By rearranging equation 9,(1)
can be argued that strong blade-tip vortex_ interaction can occur for the lower cut off mB number

o

narticularly in high Jorward specd, and in-hover in the case of

v

a tardem-rotor machine. In either case the radiated spectrum (g) =14M, cos0 {32)
c

frem the izpulsive loading wiil be given by equation 20, and
the polar ¢irectivity will be dipole like, inclined in the direc-

TREXVEC T ¥t

it can be seen that for particular combinations of sE and nB,
tion of the-effective blade lurce angln. If more than one blade- certain sound pressure harmonics do not radiste. For example
tip vortox interaction occurs per blade revolution, the multiple it-can be said that for the fundamental blade loading harmonic
1oad excursion theory has to be-considered. {sul), the fundamental blade passage frequency (ms1) will not
For moderate tip speeds, high solidity rotors such as fans

radiate if
- end gas turbine compressors (B large!, produce negligible stcady
1ift radiation. This is immediately evident {rom equations E ¢<1+M coso (33
e -

11 ,(1) and-12,{1). For high values of B, v, is very small

ever, for the first harmonic ({mel) and thervfore no matter how Al¥0, by choosing-a convenient bladc numbes B and excur-

‘big K and a, are within raason, the sound pressure will be very sion nunber E combination, the gro mode radiation can-be seen
small., However for tip speeds approaching Mach one, the m8 fall- to be avoided. In terms of frequency fsmEV, our compressor
off is negligible and the steady-1ift dominates the acoustic example running at say N=100Hz, the spectrus above md=140
spectrum, For tip speeds grester than Mach one, the harmonlcs (£-14,0001z) is of no further interest.
actually Incresse with order for-point loading as shock waves 4. Meacured-rotor spectrums

propagate from the blades, and a loud objectionable noise known To help illustrate the theory, several measured rotor spec-

in the fan-industry as buzz saw noise Is heard. It is-clear trums from rotors of widely different solidity and operating
than, that-to remove steady lift-radiation, a rotor must have conditions are analyzed. FPigure 6{(a} is one of many acoustic
-3 )arge number of biades and operate at low tip speeds.

P I A I

spectrums of a OH4 Bell helicopter measured by Pegg reference

Unfortunately, fluctuating lift radiation is not-reduced 3. Here the-main rotor has B=2 blades, a tip radius r,=16.65 ft.

by Increasing a rotors solidity,-and any disc loading asyametry- and a shaft frequency of Ne§.6 Mz,-giving a tip Mach number of
nt-o.sz. The rotor was lifting t.r-nso 1bs. at a forward speed

of 61 knots, its altitude was 500 ft. and 1200-ft. head of the

-produced in high solidity rotors again produces large discrete
radiation. FPurther examplec of -asymmetry are motor support

struts on high speed fans and stator blades-on gas turbine com-

AL L e

-microphone, -making an elevation angle of o=23'. The microphone

pressors. Hence the blades experience impulsive blade loading height was § ft, above & yrass coverud terrsin-and the analysis

[N

fluctuations as the blades pass over the obstructions -in the made on a 2Hz constant bandwidth anelyser.

flow. Essentislly there is little difference between rotor-

-atd

In the figure, the-stesady 1ift radlation is seen dominsting
- stator {nteraction and blade-tip vortex interaction previously the low frequencies in accordance with equation 1,{1) for swo

. mentionad, Baslcally-only the number of load excursions and

et et RPN 2w
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DISCRETE NC S FROM HIGH AND LOW SOLIDITY ROTORS

(assuning 8=6%). The first harmonic m=l is muted through the
of the recorder {20 Hz), but the har-

low freq Y P
wonic falloff is 1.54b per m8, and is given Ly equation 11,(1)
using a value of :.-o.’:t. The remainder of the spactrum is
contributed by fluctuating lifc, here discrete frequencies
stretch well into the acoustic spectrum at multiple of the
blade passage frequency. The rotor is therefore experiencing
inpulsive loading, the radiation from which is given by equation
20. It is difficult to assess:the exact contributions of each
of the functions in equation:20 without blade loading informa-
tion, but by making a few first order assumptions progress can
be ~ade. Flirstly, the spectrum is noticeably modulated by the
image spoctrum function X, caused through ground reflection
{equations 67,(1) and 68,({1)). In-this particular measuring
set up, the helicopter hefight i3 less than itz range and there-
fore the first and second spectrum zeroes :z are 130Hz and 390Hz
and are adequately given by-equation 69(b), (1) where n=l and 3.
Other simultaneous acoustic spectruas taken at different obser-
vation positions, show that the f move around in the spestrum
according to the above equations.
Taking account of Xg and-neglecting the harmonics of the
tail rotor particularly n,-l,aqd =4, the spectrum falloff will
be given by Kp, mB, X % Xy In all probabillty the spectrum is
generated from a single load excursion per blade revolution Eel,
and thereforn the polar directiviey will be highly dircctional
{that of a dipole inclined at-the uifective blade forece angle).
The directivity i{nformation Is_contalned in the Ky term and is
defined for the observer at-0' azimuth. If the observer ljes
along the axis of the dipole-then <232 sins {s cffectively unity
in K. and the 1spulsive spectrun will have its maxizus value.

¢ the load excursion occurs-on-the starboard side of the heli-
copter rotor, then the lower lobe of the-2ipole will be tilted
towards the ground in the direction of forward motion. Listen-
ing to the s¢. 4 pressure time-histories of advancing ‘blade
slapping® heliespters supports-this:-description, l.e. the bang-
ing Is heard when approaching-and_then stops overhead.

Before wu can stimate the Llade loading spectrum fuaction
xge We must assess the effectiveness of the chord and span dis-
tributive funcr*s s, The chord solidity and firse imn) , would
te ¢“!XI and |m§l‘5100 assuning » rectangular cherd distribution
of asl (. I¢ a tip vortex-blade interaction is the causc of
the impulsive loading, it Is unlikely that the wholu span lenath
would be affected. Therefore assuming an effective span length
of say be2 ft. and a rectangular distribution, the corresponding
span solidity and first (ns)z i3 1% and 100 respectively. For
rore realistic distributions,-say the hal? cosine function, a
sclidity of 1t we '3 give ImB} w150, In cither case the depart-
usc from unity of | ad ¥, functions, would not be appreciable

at nBs30.
With the above assumptions, the spectrum hump situated

around mB=)0 must be that nf-the blade loading spectrum function
¥4 olona. peferring to figure 2, something similar to the full

sine x, function with a load solidity ¢,v3\ would best arzpunt

0

for the acoustic spectrum, This is most encouraging as the
full sine type blade loading function .s consistent with what
is thought to occur when a blade cuts or passes near to a tip
vortex, reference 4. Also in-flight blade loading measurements
reference 5 on a XH-51A conpount helicopter show blade loading
functions cimilar to the zero lift full sine function but with
load solidities of the order of 50%. In this case the spectrum
hump would occur at mB=2, giving little high order discrete
radiation. Assuming a Xg function of the full sine type (of

o =3 and E=1), then from equations 25 and 26, the maximum blade
loading coefficient ;‘-Jo is -50dB or 1/300th, and corresponds
to a fractional load change (equation 27) of %ﬁ = 5%,

Figure 6(b) is an acoustic spectrum from a low solidity
high reving rotor (OV10 propeller). The salient operating con-
dicjons are B}, r =4.25 fr, N#26.6 Hz, M, = 0.64 torque 1000
ft. 1bs. (T,s1200 lbs.)-a=0.6 ft., ca0" Re50 ft., analyser band-
widthe2iz. Because of few blades, the steady lift radiacion
can be seen dominating the low frequency spectrum according to
equation 1,(1) and the harmonic falloff (2.7d» per mB) Is given
by equation 11,({1) using a value of r =0.8r,. The spectrum 15
typical of many spectruams. investigated by Crigler rcference 6,
and shows the 3o called vortex shedding hump resolved into an
almost flat spectrum of-discretes. Subharmonics can also be-seen
in between the nain harmonics, and occur because the blade forces
are unequal, i.e. cach blade force is unique and therefore gen=
crate harmonics at multiples of mB where Hel,

The spectrum Ix probably generates by a single load excure-
tion Esl and the harmonic fulloff will therefore be given by
ml;’yaxbxx. Again it 1s difficult to access the cffcctivencss
of cach of the spectrum functions without blade loading data.
However Xy Appears ineffcetive. and assusing a chord and span
solidicy of less than 1%, X4y Will have little effect on the
spectrum shown. The_spectrum envelope will then bie ans. i.e.
xg I3 falling off at-6dR per octave in mB. Referring to-fig.
14,{1) a trianjular type blade loading function would then Lest
fit this blade Joading spectrum. The tame result could be ob-
talned using say a half-cosine type functinn together with
lower chord ur span soliditics. The truth is probably a come
bination of both. “In either casc the rotor is expericncinyg

irpulsive loading, and the blade loading coefticient o, at the

crossover point (mBs12)-frrm equation 23 and 2¢ !assuaznq the
obscrver is along the maximuwe directivity} is =69dp or 15%3.
Nothing can be sald about the fractional chaage in load without
a knowledge of the load:solidity.

Figure #lc) is a-spectrum from a high spezd high solidity
rotor {J staye axial-flow compressor) Investigated by Chestnutt
and Clark reference 7. The operating parascters are 0a2),-Esd§.
r,20.5 ft. ded99Hz, M a0.B, horscpower=800 {To2200 1bs. firsv
stagel #=40" Re100 ft. from bellmouth, Mcasurcscntis were mide
in the snecholc chasber and the analysis performcd on a $0Hz
analyser. Due to a large blade number, the steady loading ssp
s not contributing-to the rotor nolac at this particular operas

ting spead (M?-o.nl and obscrvation angle (o, If{-for
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DISCRETE NOISE FROM HIGH AMD LOW SOLIDITY-ROTORS

ST,

§ example-the rotor had only one blade (all other things-being :'“:w'_:‘:'“ ‘::" "':":“"‘0 /j
equal) then the steady load radiation would have been 14048 at ' s
a the first hammonic. Or at supersonic speeds the steady load - % _ . ﬂ
3 line sv0 would become horfzontal at g=0' (see fig. 10,{1)) and = 8 + = I N~ 3
; the steady load radiation then dominates the spectrum irrespective i . . . jhm“'-"' t :
3 of blade number. ' .
However In this particular-situation the steady load con- + ? [ }
- tribution to the first harmonic is only 28d8 and the harmonic .‘Tﬂ = @ = E
falloff given by Yq is 4.6d8 per mB. The spsctrum is therefore = - [l | ::: - '
3 generated by impulsive loading caused through rotor-stator inter- Saart b
3 . action. Here because of the large number of- load excursions E, .
3 ; the acoustic spectrum will be given by equation 19. The first Fig. 1 Azimuth blade losding analysis x i
E ! and second sound pressure harmonics ni-le m1-2 of the first , N
E, : stage compressor can be seen dominating the spectrum at mbe2} }

and 46, The tirst harmonic nz-l of the second stage is at mBwll

and the first harmonic m;-l of the third stage is at mBsdé.

T

The subharmonics at multiples of mB where Bsl, is caused through

|

g unequal dlade forces as erplained previously.

: Because of the high shaft speed and large blade number,

; the separation between the first_and second sound pressure har-
i monic of the first stage is almost 7 KMz and practically the
entire audible acoustic spectrun 0-14KrPz-is covered by these

tirst two harmonics. (It is interesting_ to compare-this spec-

trum with the equivalent first two harmonics of the hellcopter

rotor spectrum which covers only 24Hz). The passbands for the

i first and second blade loading harmonic s=1, s»2 for the first
stage are shown in-dotted outline. It can be seen that only ”

the s=)-blade loading Aarmonic-contributes to the first sound x, . “
pressure harmonic_aud s»l and s=2 to the second, The flirst

harmonic Is right at the end of lts passhand and by reducing o g ) Ryt vten o
vml‘l‘.l.l'_

e "

the rotor tip speed a little, the passtands will shrink accord-
3 ingly thus cutting.off the first harmonic. Fros equation 30 the-

blade loading coefficient at the first aarmwalc mBs23-is “ & e,

Byy ¥ = 47d8 or ﬁ%th approxinate;y.
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An_Iavestigation of Noise Generation pernit separate identification of the noise sources, and then to ¥ 3
on _a Hovering Rotor (d) compare these results with current "state-of-the-art” analytical ¢ }
-
H, Sternfeld predictions in order to more accurately assess cursent capabilities .
v 3
and and to identify the more serious shortcomings. : 1
R. H. Spencer The rotor system, tested in this program is that designed for the §
with-a discussion of the Army Clt-478 “Chinook* helicopter und-1s a three-bladed, fully ;
veductive Development of Aerodynamic Criteria for Hovering- articulated rotor of 30 feot radius and 25,25 inch chord. ;,
Single Rotor Impulsive Noise Generation 5
The individual rotor blades are fabricated from a steel "D" spar } 4
with filurglass laminate covered trailing cdge boxes. The alrfofl
¢. J. Bobo -
3 is-a 23010-1.58 section as shown in Figure 1 and the blade is '
an

wtapered in either planform or tnickness. The tip of the blade

R. F. Cnild
s 2rninates in a simple plate closing the outboard box, a “square
The bBoeing Company E
R tip®. For the purpose of this Investigation the blade vas modificd

Yertol Division
by the-addition of amoke generatorgs. The smoke gencerator canisters

it et Sl A s s o L Bk sl i

INTRODUCTION had been developed previously for a fiight test proyram on a CH-46)
ihls paper presents the results of a program of helicopter rotor helicopter 1o,
noise measurement. The proygram was carried out using a 3 bladed The-subject program was conducted on the Lceing-Vertol Engineering
«0=foot=diameter Cli-478 rotor on the Hoeing-Vertol-engineering. Rotor Test Facility (Figure 2). The rotor on this-tower is 50=ft.
rotor whirl tower. The poiaary objectives of the program weres above he ground and 33 powered by a 10,000 hp electric potor.which
i. o cbrain-acoustical duta over a freyuency range wide enough drives throujli-a water-cooled clutch, The wlectric drive, along
0 uefine all elements-of rotor noise under well=-documented- with suitable gear reduction system, 3% housud 1n the concrete-basc 1
asbient coaditions. of-thy structura, This busc serves to mipirze the drive system
2. WO 1easure the tip vortex position with respect to a tratling noase radiated outitde Lo a level which §s negligible when making

blage using-high-speed_cameras and smoke to visualize the sip
-VERTOL 23010-

vortex, and to relate blade-vortex scparation distance to
noisce level.

3. To determine the propagation enaracteristics of- rctor noise.

At e i A s st s

4. 7To evaluate two current apalytical-procedures for predicting

rotor notse (Ref. 1, 2) against the measured data.

The testing on-the C0-foot-diaseter rotor encompasscd o range of NACA 0012

eipspeeds from 600 to YOO fps and thrusts from 6,300 1b to 32,000 1b SMOKE_GENERATOR-

i
i
i
K
H
!

{disk loadings-of 2.2 tu 11.3 psf). <“here have been _several prograns Flgure 1 Test Airfoil

amed at peasurement of pressures on the surface of a-rotor blade,

3, 48,5 -ha " ?
but these studies-have been concerned with rotor perfurmance ROTOR DIAMETER
aad-have not recorded data-with sufficlent frequency response to-be r—-— 60 FT-
: uscful 1n nolse rescarch., -For the most part this was dJue to the CABLE SUPPORT~

1.5% FREQUENCY MICROPIIONES - HUB MOUNTED
1D ROTATING
CAMERA

general unavailability of adequote instrumentatson. Scveral
7

programs have also been performed b to colleat noise data in=the

FIXED CAMLRA

near and far field of the rotor and at-scveral positions of rotor
3 ROTOR

aziruth. Much of this data-has hech obtained un flight alrcrafe - DIAMETERS )
and therefore includes all other noisc-sources inherent in such o GROUND mcuovmm:—’!

vehicle. In at lcast one other program, smoke has-been releascd

e
|

PO CVPIINE SRS N

} at-the tip of a-blado to study the blade wake in temms of the Figure 2 -Rotor Teat Tower

i position of the tip vortex.1? Howevar,. no data ia terms of a rotor noisc measurencits, %he fundamental control-modes available ‘E ’

' complete nolse-mecasurenent-progran has-been published for adequate are rotor speed, and thrust-which is achieved throwzh collective # .
study of the yencration and.propagation of the nofsc of heltcopter piteh. Bo cyclic piteh, or snaft angle variation was utilized, ; :
lifeing rotors. Rotor rpm readdat i ovatlable o the tovwaer operatsr and rotor f
The-concept of -the program-described 1a thas paper was (a) to claridly speeu can be nantained Lo an auCuracy bintted by varsatiens an : ]
the situation (at lcast in-pacrt) by doaling with the sipplost ciase, achivnt wind, generelly to within | ipm. "_ :
nancly a single hovering rotor, (b)) providing instrumeatation The-microphones wacd were of-Lhe condenser type and were located : f
adequate to the task of defining the complete acoustical signature, ag-jllustrated in Figure 2. The ninrophones des;gnated 0.2R, 1R, 10, = H
{c) davising e-test techniyue which would, insofar as possible, 30, 50 were uscd to acquirc-the primary data, As shown, they vere j
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supported by cables and arranged along a single path from a

point just below the blade hub to the ground. The dizection
chosen permitted a large radlal distance without proximity to
other buildings or structures. In general, the microphone
array'was upwind of the rotor. These microphones were selected
for this program because of their high sensitivity at low
frequencies as well as flat frequency response characteristics.
This is especially important for the study of rotational noise,
where fundamental blade passage frequencies may ve below 10 Hz.
In specific, the-microphones employed were Photocon 747 transducers
with Dynaga:e DG-605D signal conditioners.

Ideally, it would have been desirable-to have several radial
arrays of these iow frequency microphones, each along a different
azimuth direction. Since prcgram limitations and equipment
availability precluded such an extenrive system, it was declided

to prcvide four monitor microph tad d the tower base

as noted in Figure 2. These were Brucl and Kjaer Type 4131 condenser

microphones of more conventional frequency-range. In this program
it was not intended that this information be made available, but
rather that-if the primary data shou;d:aypnr inconsistent, they
would permit the possibility of determinirg whether a change in
directivity-of the radiated sound might-be responsible for the
inconsistencies.

The acoustical and atmospheri¢ information was recorded on an
Ampex FR-1300 wide band FM system operating at a tape speed of

30 ips. The acoustical inputs were continuously monitored on

individual-oscilloscopus to determine-the required attenuation,

or ampliffication {n order to ensure-optimum quality deta with-

a high signal -to noise ratio. The-use-of monitoring oscilloscopes
also permitted the engineer to observe- noteworthy changes in noise
characteristics as the test progresses. The Bo ing-Vertol Mobile
Acoustical- Laboratory was used as a-test control center for data-
acquisitivn, Figure 3 shows several views of the instrumentation
employed. Prior to the test program cach complete duta system was
calibrated. A systen was defined as-a-combination of microphone-
n:anlducci, cathode follower, cables,-signal conditioner, and
recordir.g track. Once calibrated, the_elements remained as 2 non-

interchangeable system for the remainder of the program.

Since-the program was essentially a-hover program, small changes-in
acbient wind-conditions could become_important. To monitor ambient
conditions, an anemnmeter and wind vane were ereccted on a 50 foot
high mast approximately 150 ft. from-the rotor tower, This tower
located the-instrumentation at the same-height above the ground-

as the rotor, but kept it far enough-away-to be relatively
unaffected by the rotor downwash. The output of the velocity
indicator was recorded directly on_the:-magnetic ctape along with-the
sound pressure level data. Ambient temperature and barometric
pressure were measured at ground level but not recorded on tape.
These data-were used both for correlation with the acoustical
information and for the tower torque/thrust calibration. Prior to
the tust-program, an evalustion was made to determire the influence,

1f any, of-the tower structure, nearby-buildings, and the terrain
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itself on the acoustical signals :zensed by the microphones by

WEATHER INSTRUMENTS
IN MOBILE LAB

MOBILE LABORATORY
AND TAPE VAN

SMOKE INSTRUMENTATION

WHIRL TOWER
INSTRUMENTATION

Figure 3 Test-Instrumentation.

reverberations tests conducted with 38 caliber blank revelver

cartridges. The results of this are discussed later.

Smoke generators were iynited-in_the blade tips to mark the
vortex. High speed motion pictures were taken of the smoke
utilizing two cameras which were-placed on the tower, onc-aimed
toward the blade tip from just under the rotor at about 0:2R,
and one-aimed upward from the ground at the tower base. These
two cameras provided vortex position. measurements at one_azimuth,
Two additional cameras were mounted in the rotating system-to
measure-the separation between a-trajled vortex, and the blade
which-followed the vortex generating blade. In order to mcagure
the films for vortex position, two_cable grids with ping-geng
balls-securely attached for targets were used., Measuring.the
images-of the targets and combining thosec measurements with
knowledge of the camers positions-and the target positions produced
the -desired blade and vortex-positions.

DATA REDUCTION
The-primary analysis used !orirt.h’ci—:educ:ion of the acousticai data
employed- technigues and equipment-referred to as Keal Time-Digital
Analysis. -Application of this relatively new technique to_the study.

of rotor noise iz one of the major- Innovations of this-program.

Befcre-discusning the detalled application of the processing to
rotor-noise data, it will be“helpful to characterize some-aspects
of rotor noisa an¢ to agree on-convenient terminology. First.of
all, it:is importent to recognize-that any real dats, even_low

wind hover, will display many transient changes due to uncontrollab;
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20

variables. These may be minor in nature, or may be so large mm
= 2 o4

that they completely dominate the acoustical signature. For

D S LW b T TR =0T

many purposes, especially when comparing data with analytical |

predictions, it is important to know whether the data under

o gy
FERENN VIM\\
B v, %

¥

discussion is invarient with time or contains the afovementioned

transients. In this paper, all data will be defined either

as "steady state®, implying that it is valld at any time, or as 1 DIA.

S N ARG

“transient®, implying that it is only-valid at a particular

instant in time,

5
=
H
B

A second sot of definitions which apply to the frequency (rather

than the time) domain are the terms *discrete’ ard'broadband’

VP R T E
4 Vp = 250 #

{ 8

which describe the amplitude-frequency distribution. Thete is no

rigorous definition of discrete but it can be casily understood

that it implies a concentration of acoustical encrgy in a rather

- "f“m&’t\\‘?‘&\m\«m .

narrow range such that the levels at adjacent higher and lower

frequencies are significantly less. It should be kept in mind

- that these discrete frequencios may be harmsnically related to

3 DIA,
the rotor passage, {and to edch other) or itay be independent if

produced by a non-harmonic source.

1n this program, stcady statc harmonic-analyses were used for

:
]
i,
;
i
i
i
-4
i
i
i
]
4
i

comparison with analytical prezictions, while transient analysis

: s le [ 7522 it
- was used to study tip vortex noise-phenoesna. In order to compare w - -

: - the broadband vortex noise with-analytical prediction, conventional

L

P

octave band analyses were performed-using-analog equipment (BeK

‘:.‘gignfin‘
2112 Spectrum Analyzer and 88K-2305-Level Recorder). This method

cathia

AT '~-.v""‘h"v;1h

g was used because the prediction method is cssentially a stattstical

‘ matching of data with vlade operating pararcters.
N . N _S5¢

TP SPEED__ZI5Q . FI/SKC
THRUST __/9Q00 (8-

S DIA.

riqura 4 -

DISCUSSIUN OF RESULYS

A -fundamental purpose of the prograa wos to docurent t) - noise 3
of a rotor over a broad range of test variehles and under v 3
conditions which were closcly mondworsd. Thin was accunjlished
with a recordang system which, as previously describe), had a
freguency response which had no scnsitivily varsat on over 3 E
-{requency range of 2 = 5000 Iz and wai -wizlan & d& ol the
nominal value over the range 5000-10,000 Hz. E
The basie data was analyzed for the range U=500-1+ 4,4 averaged
nver 32 rotor cycles to preserve definition-of individual

harnonics of blade passaye for a broad {requens)y range., N repre-

sentative matrix of data was also analyzed over the frequensy rangs
0-10,000.

Fiqure 4 presents a typtcal set of dato,

BEVLEBLEATION

(LAY

The influence of reflective surfaces, Inziwding e jroamd plane,
was investigated and It was shown that data fref microphones at

.28, 1R and 1 were ot generally deqraded=-fron acuustiaal

reflection. Howaver, data ovscrved at tar Y amd L Lo ations

R st cach i B iaa

Piqure 4 were not f(rec field. Agrecment batwees the preds tpon amd

107




AR INVESTIGATION OF NOISE GENERATION ON A HOVERING ROTOR '

Evaluation of the attenuation coefficient, a’, then pernits a

- measurement is evidencs that only the ground reflected wave was
E} the major source of interference. Destructive interference of correction to be made to obtain free field data. 20 log a' is b \:;
, the ground.reflected ray with the unreflected incident-wave plotted as a function of:frequency in Figure 5. E
3 occurs in the range of siynai frejuencies which correspond to HARMONIC "
Ei one-half the-wavelength of the period associated with the time Predicted lsvels for tiie test rotor have been compared with j
Celay between incident and reflected wavefronts. The pressure measurements —(e.g. Pigure 6) for those frrquencies which are “y
- anplitude at a microphone resulting from the incident and tine identifiable as harmonics of blade passage. The theory of 1 i
delayed reflected wave Is, Reference 1 has-been corrected for the specific test site k

ti - b thod a
Pip = Po sin € + aPp 8ln  fuft + & £)) .condi ons for reflection, by the me developed, and the

P, = Pressure amplitude of original wave reflected wave amplitude has been corrected for source directivity. i
The underprediction, as noted by Lowson, is thought to result from

a = attenuation coefficient

the lack of adequate high harmonic sensitivity of the instrumen- x
At = time delay of rellected wave (sec) B k
) tation which measured airloads utilized by him in developing } -
« » sound frequency- (rad/sec) 3
the theory. 7%This difference between predicted and measured levels g
expandiny, is also illustrated in Figure 7, the zer> referenca being the data
Pyp = Po sin ot + AP, $in w.t COS w.t+ CO8 u.t sin w.it value. k
2
» P »in ut (1 + a-cos w.it) + {aPg sin wit) (cos wt) T = 8300 1b i:
Ven 850 f 3
= Pp &' sin-lut + 1) 100 ¢ " 5
H H H 1/2 3
where a' = {{1 + a cos <.8t) + a sin (w.20)} / o ROTATIONAL NOISE
o ] PREDICTION ’1

o INCLUDING REFLECTION

N
ROTATIONAL NOISE - DATA

PREDICTION-WITH S ———
NO REFLECTION

1 + a'cosu.it

and v = tan~} [l'sin (s.2t) ]

FA

In the form of the-identity,

o«
-]

a' w {1 +2acosu.at+ a® cos? w.it-s a® sin® v.zf] iz

SPLAdd RE 00002 H/MP
-
o

or a* » [l ¢+ £ acos wedt + glJ,Iz 1 2 3 4 S 6 7 8 9 10 11 1

Blade Passage Harmonic

L\MMMMMJL

The measured sound level at 3 dismeters is
SPL3y = SPLo »- 20 log a Figure 6 Comparison of-Harmonic Data with Theory of Ref. 1
where SPL, i3 the level from the incident wave only.

1-DIAMETER MICROPHONE

b e A it

10
2
3 20 “IPSPEED = 850-FEET PER SECOND B
- 8 :
- , - .?, 10 z‘
- A : - ! 3 - REFERENCE i
R 100 200 100 400 500 S0 a8 & 8 8 :
) 1] © 0 @ o O 8 [] 3
- CH
-10 1-20 (] H
3 - i
ni H SLADE PASSAGE HANMONIC THRUST i
a 10p J-DIAMETER J [CROPHONE k] 2 il G 9,000  POUNDS :
] - - 3 3 17,000 POUNDS 3
v . » O 27,000 POUNDS 1
. Fligure 7  Normalited C arison of -Harmo:
2 \ /\ 1/\ /\ /\ / ) with Theory. nic Data %
= 3
- \/ 1oov:\/ 200 '\foo \ Jaso \/soo j
~ \- A ;/ 3
Comparisons of the data with predictions in terms of tip Mach 3
<10 i
number and thrust coefficient were-also made. ~Good agreement N
10 S=DIAMETER MICROFHONE was also displayed at-harmonic numbers of blade passage below .
‘?1 tive., Mecsusn of this agreement,-at low harmonic numbess, the i ‘
u | fundanantal _blede passage freq y was used-in investigating ' :
$ o _‘\\ . data treads-with tip-speed, illustrated in-Figure 8, The deta H
- - 100 200 ’°°\£° 500 X 1
-] — shown for the lowest thrust, displays a 5.3 power lew trend. ;
This slope decreases with Increasing thrust-to n w 3.4, Straight :
-10 FREQUENCY -H7, 1ines were fit to the data by the-method of-lesst squates. Power- - 4
law trends at the low-thrust veluss are in conformance:with other E .:
rigure-5 Signal Asplification Nue:-to Reflection. published data. 1
1
[ i
i 1
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90

80

SPL @20 log (v)™ ¢

THRUST

A 9,000 POUNDS
018,005 POUNDS
027,000 POUNDS
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n=3,37
n= 3,68

nawssS.29

DATA MEASURED
AT 3 DIAMETER
LOCATION

TABLE 111
COMPARISON £F VOPTEX NOISE PRIDICTION NRETHOOS
e TP T RERSUME B TR s s

AUTHOR roa £ MAx I‘lmigf‘lm D2 TA

LQUIVALINT TO

| SPLyye = 10 By [RSY,) Yo 46
— QILRALL VORTEN
10 SOISE TEVEL

Sy« 20 Joy Vo ¢ 2 loy T fo.e vy ol 6. 102
» 10 Jog Ay = ML)

[scHaceL
KING & MULL

PAYIDSON

<ne s log v, +2W0lyT
& wancest 19 R

104.0 102
= 10 1oy 5 = 16.% -

prcsey

e o SPLygg ® 26,8 tog ¥y o 268 TouT | 4y

= 20 tex) SEC ¢ = 49.2

”".e 102

ELVERTON 104.1 12

SPLyge * 60 log b, ¢ 10 log § = 91

150 ry/sec
19,000 t».

v« BUADE VELOCITY
T = NOTOR THRUST
S« A = BLADE AMEA 182,5 r1°

© = DISTANCE TO MICPOPWNE 180 FT

4 v ANGLE BETWLLN TIP LOCATED LINOLE AXIS ASD HICROPWINE

hypothesized that this impulsive signature was duc to blade~voreex

FIRST HARMONIC SPL ~ db

intersections and, therefore, smoke visualization of the vortex wos

600 700 800 900 used to mcasure vortex position in order to correlate-blade-vortex
Figurc 9 allustrates

TIPSPEED, V, ~ FEET PER SECOND separation with recorded noise level,

1
i

typical-results from the vortex position analysis. Thesc mcasure-

i b AN R ok

nents-and extrapolations indicate that intersections occur for H

Figure-8 Tipspeed Trends.

all the conditi;ms obscrved. Of special interest is-the fact !

It-can be qenctally concluded that the low harmonics of blade that-interscctions were observed for a low thrust condition
passage ate predictable in that they can-be estimated to within {Figure 9b) for which no transicnt impulsive noisc was observed,. .

5-db of the measurcment value, at laast_over the range of and-for a higher- thrust condition, Figurc-9a, which did display i

oparating condition. investigated fin this program. Further, & transicnt impulsive noisc_in-its signature. Thus any Zorrelation

between separation and the occurrence of this impulsive noisc 1s

1t -is not surptising that the best agreement between- theory and

data i3 in hc-same range-ot tip specds-and thrusts-as the airload not meaminyful.

Since-the existence ue absence ¢f transient impulscs in-an

- nbkds, e Rt i s bt L s o

data which Scheiman reported and which Lowson utilizad for

developeent-of-his Reference-1 theory. Airlosding data with acoustical signature cannot be determined by the gxtstence or
absience of blade-vortex intersections alone, one of the following !

improved high harmonic content appears to be the solutlon to
increased accuracy uf nofse-prediction of lifting rotors. conclusions can be-drawn: la) the vortex-does not cnter 1nto the
requirement for ampulsive noise yencration, or {b) the presence :

£ROADUAND NOISE of the vorte: 1s-not the total determinant of impulsive notse

P

yeneration. Discussion of -this is continued in the following

Table I presents-a copariidon of methads-for broadband noise
£ prediction developed by other researchers working in helicopter sectlon along with & possible-mechanism of-generation-of single '
rotor transient-noisc. ¢

noise. The constants In-the cxpressions presented-account for-the i

PP VYR

Iy

-tield point where comparison Jdats was obtajhed, Predictions have

boen made for-only onc data point.

ot s

k. TRANSIENT IMPULSIVE NOISE

In previous investigations-of thv nois¢-gencrated from a hovering

rotor as reported in Reference 9, a transient, tmpulsive noise
was observed above the relatively constant rotatjonal nolse. This
noisc dominates the signature arl bocomes greater-in magnitude :

It had been previously

with incrcasing tip specd aad thrust.

s i A e

e ———r
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Figure op Blade Vortex Separation Measurements With

Rotating Camera.
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STUDIES RELATING TO STEADY AND UMSTEADY AEROOYNAN!ICS
OF MELICOPTER ROTIRS

Introduction

The Department of Aerospace Engineering at The Pennsyl-anis

et de

by State University has Leen undertaking studtes’!) relating to
- Sacnes W. McCormick helicopear motse for approximately three yeats. More recently
- Department of Aetospace Enginescing (@

The ? y ia State U ity studies have begun on unsteady serodynamic problems specifically
" related to very large helicepters. This paper, in a sense, is
3
a progress report on all of these studles and preseats future

- Apgtract
2 plans a¢ vell as some of the results obtained to date.

This paper describes the results of resesrch projects which
- The NASA supported studies have been concerned with the
atus presently being undestaken by the Department of Aerespsce
_ ’ y belne 4 pe ° 4 rotor-blade, vortex-interaction problem. Both experimental and
Engineering, The-Pennsylvania State University, relating to-the
_ . anslytical studies are being conducted. Presently, a modification
- steady and unuteady serodynamics of helicepter rotors. Emphasis
- B to our Jubsonic wind tunnel is being corpleted which will sllow
is placed in particular on the ARD-D sponsored-project which is _
- - more ingful noise to be made. .. some sacrifice
o concerned prisarily with blade motion and air loads for large

tn velocity, the-test section has been increased in slze from
helicopters. In sddition, however, results of a roter-vortex _
2 x 3 tod* x 3. In addition an enechoic chasber has been
interaction study, {ncluding a-short sound movie ste presented.
| - purchased vhich will surround the open=jet configiration of the
A In the ARO-D project adeans are being explored_{or rivducing the _
= - new-test section. Once back in operation, the interfor of the
- sicessive flapping to be expected with large rotors. Using-a
- Rpects s tunnel will be srated acoustically in incremental steps to study
E Lagranglan approach, equations of sotion have been Jeveloped for
: the effects of such treatment on-the asbfent-nolse and test-secticn
coupled {lapping, lead-~lag and-torsionsl sotion. A medifiad a
- o™,
Becrnoullf-Euler-{slender bem) theory considers-the effects of
- The results vhich have been obtained to_dats include unsteady
totary inertla and sheatr deformation. The numericsl solution is _
1 - pressure measurements on a single-bladed rotor wvhich sveeps-through
designed to handle an arbitrary elastic restraint at the hud as _
- ) a vortex trailing from a wing mounted in the tumnet ahead of- the
-, B well as a general spanwise and chordvise distribution of mass and
R - rotor, Most of these results have already been recorded In-
H structural sti‘fness. Inetentanecus airlosds-are calculated, _
- - ) references 1 and=2. Some analytical results, which have not
kroving the blade's motion, by-starting the rotor st rest and
- B - received wide disinination, are to be found In reference 3. MNere,
O - calculating the position of “he free veke which is generated as
E numerical calculations of the-unsteady flow about a two-dimensicnal
the-steady operating condition is apptoached. R
= airfoll are presented. A free, point vortex placed In the flow
- K The asalytical problem of-the aercdynriic forces caused by
3 ¢ 4 4 - far ahead of the_airfoll 1s carried past the atrfoll generating
1 1ilatd et (lap on & hellcopter rotor blade
a parclal span, osc ns J P 4 an unsieady pressure distribution on the airfoll. The predicted
is belng I tigated as 8 means of reducing:the flapping. An
3.belng Investigate * awe form of the time-dependent pressure distribution {s shown to be
totd sansion technique-used to solve-the sieady-state
sysptotls wxtane e ’ sinflar to the experimental measuresents obtained with the rotor in
- three-dimensicnal ving, is
problem of a full-span Jet on & “ ke the wind twnel. Related to the vortex-interaction problem are 2he
» -th ady_probl. { a-Jet-f1 4 wing. Th
telng anplted to-the unsteady.problen of J-je 3#ped wink € results of » brief aalysis which the author performed while a
- the wi d jet have b 1tered to R )
N boundary conditions for the ving aad Jet have been 4 consultant to _the-U.S. Army Acreonautical Research Laboratory at
h for velocit
Include the wnsteady effects and the expantions fof velocity NASA Ames. A recent extension of this work has shown that a
h { 10of t ratd
potential are belng written vith the reciprocal of aspec ° sisple tvo-dimensicnal approximation to the vntor blade slap
as the snall paraseter. problem predicts-reasonably well-the nolse spectrim for such a2
A study 13 underway to design a device-capable of controlling fotor
. Th 1 id { se th:
the jet flap poateion e device vou M some mlanck sense the The ARO-D atudies are conccrned primarily with the dynamics
1 - trol th t fla .
rotor blade displacement and accelerations-to contro e Je ¢ of_large telicopter rotors and possible means-of reducing excessiwe
ted to the motfon. Of particular Interest.ar
to 4 position related to the-mation pasticular Interes! * -[lapping assoclated with such-rotors. Using a Lagranglan appeoach,
(fuldic control devices because of their mechanical sisplicity

, enuations of motion are being formulated for coupled {lap,

z able pover /rom the Jet f1 tessure chasber. A - :

S ; and avafladle power / e} » e ead-lag, and torsional motion of an arbitrarily restratred elastic ?

2 B - model of the device will be bullt and Investigated .

i, tuo-dinenslenal 1 of the ¢ A ¢ Liade. Hopefully It s planed to caleulate the Instsntaneous alr ,
in a vind tinnel.

“loads for the rotor blade ueing a free wake analyals heginning

:
b
with the rotar blade at rest. Inttially, however, the waual-strip A
wethad will be wmed for deternining the alr loads In order to 3
preof the numerical problea for caleulating the rotor dmanics. =

The passibility of reducing the blade Clapping by means of

an oscliiating Jet flap ts being investigated. The poslition-nf

(1) 37onszred by NASA Langley under contract NGR-39-009-111 this fiap will be controlled by senalng In some panner the-rotor

12) Sponsored by ARO-Dutham under contract-DA=ARC-D=}[124-7]-A1)
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STUDIES RELATING TO STEADY AND UNSTEADY AEROOYNAWICS OF HELICOPTER ROTORS

blade dieplacenent aod accalerstion. The smalyticsl formulation
of the problm s p 1y und ol an 1e 1

oy »

technique, vhich hes been spplied to the steady-state probles,

12 being extended to the unsteady jet-flapped ving, Presently

s flutaic control system ts being considered for control of the

position of the jer {lap. It fe plamned to construct and test a

tvo-dimensfonal model of such-a device.

Vortex Iatgraction

The experitantal apperstus pictured in figure 1 fs described

in detstl in_relecence 1, This single-bladed, couster-belanced

rotor blade as 4 1 foot radfus, 2 inch chord, a 0015 airfofl

section and-1s equipped vith 5 siniature sbsolute-pressure

*r8,

have beeu aade to date of the unsteady
~horl-vise pressuce dlstribucions at che .75, .85, 9 and .95
radlus stations for varfous vortex strengthé, rotor advance ratios

and totor positions telative to the vortex center. Typical results

are pres.n? .-(n (igures 2, 3, and 4.% These measurewents were
obzafned by recording photographically the outputs from-the
pressaire transducer on an oscillos.ope. The ylw:o!inplu wvere then
traraf2tred to-134 cards using s trace reader snd the results
messured on one side of the blade matched with the corresponding
results from the-other side and processed through s digftal
computer. From mecasutements such-as these the folloving tentative
conclusions have been drawn.
1. The maxizuz 1{ft coefficlent d1fference, .‘.ql,,lnl their

tise varfacions, as defined tn figute 2, afe & n.ulo\g vhen tne rotos

{ntersects the-center of the vortex.

2, Values of 20, st high as-1.13 at 0.03K and 0.5 x 10%/sec
e
for -E'L ot 0.9% vere measured in the present experisents.

3. :.cr nhdi‘-l increase appronimately linearly with vortex

strength vith-the slopes being diffevent for different rotor plam
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4, Acx at each spen station (ncresses as_the shalt ants {s moved
avey from the vertex sxie (1. as the Sntetsection angle decreases).

5, At & petticular m.,ul at the {nbeard span statiens are
higher then-these a¢ the outbesrd spen stations, Nowever, no deffnite
trend exists in thxcuu of the time variation of -wexioum 11t
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STUDIES RELATING TO STEADY AND UNSTEADY AERODYNAMICS OF HELICOPTER ROTORS

A sound movie sccompanys this peper. This movie was taken as

the plane of rotation of the votor wvas gradually moved through the

vortex generated by the ving ahead of the rotor. As this is done

A tvo-dinensionsl formutation of this prevlen ves petforsed in

t 3. The proced 1e 111 d in figure 5. Mete o

thin airfoll-is divided 1oto incremsnts vith & discrets vortex
one can cbesrve on_an oscilloscope the output of a preasure

placed at the “quattar-chord” point of esch segsent with the boundary
Simultaueously :

condition being satisfied at the "threa quartetr-chotd” point of esch transducer on the blade ss it develops a sharp spike.
The vertex, at zero tise, 1s placed (o the flov far shesd the nofse produced by the vortex interaction 1s distinctly heard.

segaent.

of the alrfoil. The sasuing uneteady problem (s then calculated

as the vortex is alloved to wove with tne flow past the airfoll. }

At each sucaeding time increment induced velocities are calculated ) ;
1 soprarestys Mg o 0.0 Wm0 1, e 1525 Fidiem - ‘§
R at the position of the free vortex and each control poiat along

the airfoll. The stremgth of the ditcrete vortices acre then found

vertes path W

vhich will-satisfy the boundary coméftions.

ined these the dy » distridbution

Y

Having 4
on the airfoll {s then predicted uaing the unstesdy Bernoulll

aguation which lasds to the following exp 1on for-the 1

g Ufe.

. < c x
Les [ VN 4o [ & J Y08} dn) da
o o

L
i,

Figute & -Comated €y saslorion ond Comparlion wHR Loparionatsd Tro.e

k
[
et R

- K z
= 10
N
3 : :
| ’"e
3 _ c B | ik RIYN 3
- X} e Garrected 16 Cometotinss ;
— »” r
/
" ] Tidx v24x v{w s o ° -
b [HPRY 14D 1L 3 , . -3
7 7 T x = > 3
X -T' rc;l Gl W] X [ $] % es P4 o./o , 5
z Y Ax -
i o2t | 3
E - ’l E
- - Fec .
1 = LX) 23 33 3 ' 3
= Figute § Cigwre 1o Coapetee 3¢, Correqted for Tip Lovses o1 ' p
- M Stanim
Simstation of Two-Dimensional Attfoll by Point Vortices
Onrg e 0.
" Qajg » 0,15 eaperingsy
A typleal-result from reference ) is presented in-figure 6. In 1,6y Oa/ceb3s 7 ! i
thix-instance the erperimental results have been normalized in o PCLER R ; p
X ' ;
terms-of the maxisum peak 15ft coeffictient to 11lustrate that v 4j
N -
} the_prediction of the form of-the time-vise variation of the *g
3 sectioral 1ifr coeffictent agrees with the emperimental rusult. i
. & The magnitude of the experimental results were constdersbly below ;
those-predicted by the tvo-dimensional anelysis but as pointed ':’i
- - X3 (23 ..t
F E vut in_reference 3 thls discrepancy could easily be attriduted Covet I Commtod 16 Lorrected for Tip Lostos ot é
. B to tip_losses sesoctated with the threw-dimensionsl-flow of the 8 Satien j
rotor. A typlcal comparison, coriected for such-fosses (s presentnd ;
r in figuee 7. For h/c values or .25 and .5 the predicted £c, agrees ;
i .
’ fatrly vell with the measured results. However for h/c of 0.1 ']
o the tuo-dtmenetons] predictions ate high, probably due to the 2 Avpteniusts Relsclesanip Besvaen Bleds Loading end Fer-Pisis .
E : - e
rc.‘:j..cgkn in the tangential velocity In the vortex core which is %o 1 < f
neglected In the calculations. Sy compariaon with the nelse spectrum fer a rotor vithout blade a‘ H
’ * : E
Mote recently Johrson, as reported in refetence &, hos developed- slep, the nolse levels for the slepplng rotor exhibits much higher E e
- € 3
s itfeing-surface theory which s spplicable to:th. rotar blade- harsenics=then the ordinary rator. 1f the assumption Is made that N H
- - . F
vortex interaction problew. Although not shown on flgures 2, 3 the nelse produced by blade slep predoainates the totor aclre und ! g
md 4, his results agree closely vith the ampetimeatal measuraments 15 genetated by 4 discrete divole seutce fesulting from & times N %:
preseated in those (igures. varyling-concantrated (orce, F(t}, then (1t ts possible to relage 3 i
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STUDIES RELATING TO STEADY AND UNSTEADY AERODYNAMICS OF MELICOPTER ROTORS

F(t) to the noise spectrum. The time, through the rotor asgular
velocity, can be related to the sximuth angle ¥, h-:u:c F(¥) con
he obtained from F(t).

The nochomogensous wave equation governing the radfation frem

4 atationary dipole source is

a2
Vz'p - %’—% - OF [¢}]
L ] 4

T being the extarnal force per unit voluse scting on the flutd.
¢ 49 the acoustic velocity and p the pressure. The solution to thie
equatlon for a concentrated force F(t) can be found in several

references and ts given by

P
(-
pxre,t) = - b dtv ( —5—2£) @

F(c - %) means thet F(t) 16 to be evaluated at the “retsrded time,”
{c ~ i—),ulth S being the diatsnce {rom the source to the observer.
To sisplify the algebra, let us place the origin of the coordinate
systea at the concentrated force with the observer lacated in the
x-z plare. The distance S then can be written ss

s /T T

x4+ 2

Also, to further simplify matters, let the direction of-F

be along the-z-axis. Equation () then becomes
5 1 Fz . 2z s
p(xiz,0) = 33 ls’ + 2 Fe-2 1 (O]

F' Is-the derivative of T vith respect to tive sod, agein,-is
cvaluated at the Tetarded time. -For the far field, the first tetm
on tl{etrl;h: side of Equation (5) will be 3mall snd is neglected
lesding to
X s
plxoz,e) = —Em Fe- D &)
* s2‘_ ¢

fhg shove equation suggests_the interesting possibility of
tntegrating the output from-a pfessure sicrophone to obtaln F(t)
dicectly.

The cutve labelled "vith slsp” tn Pigure (8), token from
reference (5), 1s & 10 cycle band width nolse specteus for a
two-bladed rotor operating at 314 rpm and a tip Mach nusbert of
0.9 on-the advancing blade. The-rotor diaseter fv 48° snd the
y 13-10.5

choed 1871.72', The fund al-blsde passage ¢
ht.

Consider nov the following closed-form solution vhich fs
& tvo-dimensionsl equivalent of the solution to the rotor obtained
in veference (6).

-Consider & row of blades spaced a distance D apsrt having &
uniforn chorduise loading as pictured in figure 9. The lesding
on eac’s Llade 13 zero except as a blade passes through o pulse Fix).

Then the total chordvise losd is F(x). The prodbles is to celculate

14

"o _

EITY ‘Nf"‘\\‘r’

e 4
1]V 50 oy ) o 000
« Wl S Wi
" v
withevt slop

L

Dxz®

A0z, Mgty peiee

the nolse level st a point %0 2) a8 8 function of the cho.d, a3
spacting, D;-velocity, Vi end F(x).

Assuaing 8 concentrated force F(t) at x vhich raliates-oaly
when covered by the blade, F(t) will sppear as shown in figure (10),
F(t) 11 pértodic with a perfod of D/V. Let

w2l 2
[ 2'1"2'11

Then F(t) can be expressed as

- > i
CEEAS A no (6
1f we srbitrarily let 0 « O fn the center of the pulse,-then
F(x) dx nya
e o
and 2s
E(x) dx °
f o Efx) dx » Hx
7, Izl 0. B gy ®
_!A
]

Hence F(t) becomes
LORNE . ' HEl yin 22 copmn a9
a~

Now 8 vas chosen to be zero for atime t » (x + 2/2)/V. Mence,

82t | g.le_:._‘) )

F(t) then becomes
(e ':l:!j.ul L4 nfl -z-gl sin !‘%."cor(z—'%vl) - 3%- - ',‘—;—.)l:du

an

F(x)
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In order to calculate the scoustic pressure p(x,z,t), from

equation (5), the sbove i differentiated with respect to time.

Hence for_the far field,

-
? ..._“"_ T “nn_’ér(.) sin (Ln‘.'l'. 1—“ ll.-l)di
ha.bl ¢ nel
{12)
Now let us expand F(x) as follows
hy L [$%))
Fx)-= At 4 A cos Zx!!
2 kel %
Substituting the above:into the expression for p, the n"' harmonic

of the mean pressure over one cycle bacomes,
\'f 1 L] 2 24 . (-l)t g‘- :‘
- .._‘_ _,,,u,,,na.(;n.

[
" 2as’e w/7 2

z ——— l
e (@ ok

(0]
To cxamine the bdehavior of the above core{der the case where A‘ 0,

f.e., F(x) {s a pulse. 1In this case

; _L] L atn _. sin .ﬂ—‘ (1%)
2
/T as’c

The-above shows_that ;n decteases se "II' and fucther, ﬁ"
or g-‘- should be close to an lnug«.:;n for these particuler n
values will be lov.

The predicted ncise spectrum, in db, will be given by 20 lo! ;n'
" e 10 1051 L1 an 22
b-cn’.a lo‘n020 log sin S 4+ 20 log sin S

(18)

In the above cn is a constant c’ preporticnality corresponding to
the constant terms in_the squate brackets of equation {15).

Referring to figure 8 it appears-likely that, for the slapping
case, the sharp decrease in the levels at about 40 and 150 hz
result-from the width of the reglon-of -impulsive losding. A
/% of 6.7 appears to fit the shape of the spectrum best conrres-
ponding to a ¥ of 27°. -D/a for this-rotor is spproxivately 40,
hentr -this term vould not be expected-to have auch alflect except
near a {requency of approximately &00 hz.

Figure {11) presents agatn the spectra vith dlade slap
of figute (8), together with equation=(16) with and without
the sin terms, The sisple tvo-dimensional spprorisation to the
slapping-rotar sppears-to chatacterize the spectrum surprisiagly
vell. The decresse of the maxisum envolope sbove 10 he, {s
predicted fairly closely as well as the shapes of the valleys

and peaks,

STUDTES RELATING TO STEADY AND UNSTEADY AERODYNAMICS OF NELICOPTER ROTORS

Zormulation of the Structursl Dyssmics of Elsstic Rotor Blades

P tly zather 1 squations definiag the resp of

fully articulated wlastic rotors to arbitrary aercdynaaic forces are
buing formulated. Three degrose of freed.m are beilng considered;
flepping, lesd-lag, aud torsional. Cenerally these three motions are
coupled, not only because of the structural properties of the blade,
but also becsuse of the neture of the ssrodynamic forcing functions.
The three unknown displscements vhich are functions of time and
speowise position vill be obtained from three simultaneous equations
Jdarived using a Lagrasgian spprosch. For a non-conservative systcm
the Lagrangtan form of the equations of motion are vell knovn and can

be vritten as

LN
" *‘.,\
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e N ong
~ wreem 130 020k9 5 o207y 310 S
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wvhete-L, the Lagrsagian, Is the difference between the total-
kivetic-energy, T, of the blade and its potential-energy, V.
Q‘ is 2 non~conservative force md g generalized coordinate.
The-contribution to_the total kinetic energy of the blade results
ftom-1ts linear and angular motions due to flapplng, its lu-pla~e
linear and angular motions and the torsional deflectlons of the
blade ahout Its elaztic axis. In writing the kinetic encrgy
term due to angular-displacements of 2 andivied Bemoulll-Fuler
bean theory {s bdeing used vhere both the angle of rotation of-the
bean cross section and the sngle nf sheor deformation are considered.
Nencethe folloving two relationships ate cbtalred by considering
the flapping and-lead-lag sotions:

2

5 M) = Line) ¢ vae) -8

am

i

5 Ixol =alxe) + tse =2

vhere:
v » linear displacement of section tn flapping fros reference (Fig. 1))

e lincar displacensent of-section In lead-Iag frow reference (Fig. 13}

»

= flapping angle of elastic blade

lead=1ag angle of elastic blade

P L B -
]

® cersacsection anglecofsrotation {n flapping

Lol e

U T LTy




STUDIES RELATING TO STEADY AND UNSTEADY-AERODYNANICS OF HELICOPTER AOTORS

n = cross siction angle~of-rotazion in lead-lag

Y = angle of shear deformation-in flapping

1 o angle of shear deformstion in lead-‘ag
The total poteatial enezgy of the blade ts the sum of that due to
gravity and the strain energy due to blade deflactions. This
latter energy must include the strains due to flapping, lead-leg,
cnd torefonal deflections as well a3 the strain dus to stresses
Tesulting from centrifugal forces. The gravity potential energy
13 writtea relative to-the initial vertics] displacement of the
blade in {ts drooped posftion. With the Lsgrangian teing
caleulated as just described, the next step in deriving the three
Adynamteal equations for a blade {3 to examine the dynamic
equilibrium of a differeatfal elemat-of a blade. Such an element
with the forces acting on 12 s showvn {a Figure-1). Here for
sieplicity only, flapping motion is-considered. Notice that tha
totary inercia ters, J ;dx. i3 considered in-the equilibrium of
the elezent and Is an addieional modtffcation to the classical
Bernoulli-Euler bean theory. [f we take as 3 generalized
coordinrte, v, the displacement of -the blade from a refercnce

positivn of » preudo-rigid rotor we then obtatn,

4 4L L
dt ‘) T " rv (a9

where F, {1 the sua of the non-conservative forces aciizg on the

elenent, Suming monents-About the centzr of mass results in

.
il 1.2 (g ¢ 2) ax'sy‘rc““ (BQ‘S) (0)

vhere “l {s the blade zass per wnlt )angth md?!z is the moment
of {nertla about the z axis. These-equations,-(19) and (20), are
related by the following equatiors

A 5

v
Ell ;—-- -M, {x)

!2
2 ™
3 Fw ¥
AL PR S 20
.2
2 ”X
[} v ]
(Ef 1Y ) a o=t
s t,2 P

After considerizg algebralc reduction the preceding equaticns
teduce to the f(olloving.equation 3overning the flapping motien

of the blade.

2
3 gy & - 13 L 3t
= Byl ':’:iﬂe (R E Rrrrwriin (;v) !

{22)

sin fe i R ]
‘o - Ti‘“ 8)o— 4] h‘.‘*lhrx"c““ ¢, + 8]

$inilarly ('Jr the lead<lag sotion,

; 3 L
&ty -‘-‘-.a W e gt 9 )
(¢3)]
ar 2
in T 3 3 13
oq, ¢S 2ol 2 (u lo l'nln(a'r)l
D ¥x cos & 5,1 3-
md for toratonal motion,
’b‘
4 1 L -3 R A
e (rg—r) -—;5; - Hot 5% lGIl 3';‘1 dx {14}

1
These then are the simultaseous equations which are to b2 volved
for the tvo linsar displacesents, v and h, and the sogular
dhplumu.rb‘. The croes sectton of a typical blade is shown E
in Figure 14, Cenerally the three motions of the blade vill
be coupled since the center of gravity of each section, its elastic
ams, and the center of pressure are not coilncident. If the b
€ TANGENT
"
3
o 3
RIGID RoTOR
o ‘REFERENCE
, ; ’ E
Figute 12. Definition of Flexible Rotor Blade Displacement.
E
A
o
E
4
3
E.
Figsre 13. Equilibrium of Blade Flewent. =:
3
ELASTIC AXIS :
0.25¢ 3
0r

Flgure 1%, Typlcal Blade Section

elastic axis {9-displaced upvard an asaunt v and the section i3
tvisted through an angle-of et than the dieslacement of the-CC
from Figure 1% wil] be

Usw - .e‘

This cowling betveen the-linear md angular displacement must be
coneldered vhen writing the kinetic erergy for the linear flapping

sotion. For exssple,
R

Tt I-\" ax
e
vhere!

"'-l(r-c)é.H'nl

3%
-(r-o)s 03—-:-;—:

Fortunately ft-has been shown Ly others that [or a slender beam, the

three dynante-equations (22), (1)), and {24} canbe un oupled
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STUDIES RECATING TO STEADY AMO UNSTEADY AERODYNAMICS OF HELICOPTER ROTORS

before solving for v, h, and 8. la order to obtain the kinetic
energies associated with the blade motions the blade vill be
divided jato lumped masses-and then 2 normal mode approach assumed

of the form

=

w(x,t) e [ .l(.) q’_(t)
el
n

h(x,e3 e T #,(x) q,(¢)
lemtl

coﬂr(x.t) - éﬂﬂ d‘(l) 1‘(t)
1

vhere € is an arbitrary-leagth defined 30 as to mvintain comsistent
dimensions for the 9, terw. 0‘(:) is the spanvise dependent
funceion and q‘(l) 1s the time dependent gemaralized coordinste.
These functions vhich muat-satiefy the boundary conditions for
the-three types of displacements can be obtained from the uncoupled
natural sodes of the bean. Thus the equations are reduced to an
Elgen-value problem which can be solved by the usual sateix mthod

to obtain the natural {

tes and-Efpe tors-for the qmullud
coodinates o (t). In order to calculate the blade motion ffom these
equations the blade will be started {nitially from rest at-the
seatic droop position. The-Instantaneous sercdynssic forces and
moments acting-on each blade section will be detersined from a
consldecration of the local Instantaneous velocities acting at the
blade section. Ultimately-1t 1s hoped that this program can dbe
cosbined with a free wake analyses of-the rotor blade. It is
realized however that such a program 111 be very time consuming
and-1t may therefore take & considesable effort to evolve one which
s econoalcally feasible. 1la the faterin some sort of a strip
wethod, probably usiag & unlform dovewash assumption, will be
utilized to calculate the-aerodynaaic-loeds. In any event it-ts
planned to account for reverse flow effects, Slade dynamic stall

and Mach number.

Studles of & Jet Flap for Rotar Contral

Ia order to_reduce the excessive:flapping and coning associsted

vith Iarge hellcopter rotors both analytical and raperimntal
studien are undervay to investigate the practicability of applving
& controlleble-jet flap-to such & rotor. It fs not plwmned, &2
lesst at this-time, to actwally drive the rotor vwith the Jet-flsp
but_zather to provide only enough jet-bloving for the requited
onteol forces. The posftien of swch 4 jet flap vould Le controlled
automstically by sensing both the blade acceleration andé fts local
angle-of-attack. These signals wiuld be fed back to the Jet flap
1a order to provii. serodynasic forces vhich vould oppose Lhe motion
of_the d)ade.

A% the present tise, hecauvee of-.ts potential stmpiicicy,
the prasibility of wing o fluldic ccateol systen 13 belag Invectie
gated. The same prassure-sources vhich supply the flov for the fet
(1ap could be wwed to power the {luldic device. One such puesidle
schese 19 plctured In Pigere 15. Nere the jet flap 1s baslcally o

digital or bistable f1uid asplifier. When & centrol ficw, L

1

1s applied through the lower control port the jet flap will separate

from the bottom surface exniting through the top channel thus producing

a0 upvard deflaction of the jec. A siwtlar jet flap design considered

by Eestmm (Reference 12) vas shown to require a control flow squal

to spprostmately 11Z of the prisary flow t the jet flap. The
stagnation pressure required in the control flow-is aleo approximately

the same fractioa of the stagnation pressure ia the mean jet; thus,

there should be no difficulty in obtaiaing the required control
pover from the main plenus chasber.

There are tvo possible vays that a signal reluted to an sngle-

of-attack of s blade saction cen be cbiataed. First consideration is

being given to measuring the difference in pressures betveen

Figure 15

JET _FLAP DE/I\CE

corresponding points on the upper smd lover surfaces of tLe_al.foll,
Secondly, since-the scceleration will-be needed anyvay, v..¢ might
integrate this_signal in-=rder to cbtain an outp.t proportional to
the vertical velocity of-the blade. One difficulty hervr, hovever,
night be the fact that this velocity=2s only one factor which
deteraines the angle-of-attack. The 2cceleratfon scnsor is envinioned-
as_a_jet of atr which deflects wnder_acceleration. The deflccted
-jet thas enters cne of tvo receivers-and {s then amplified to control-
the jet {lap. The f{inal control scheme wvhich {s devised will be
tested in our&4-x 3 footwind twumel:=at a wlocity of approximately
100 ft/eec. wing & tvo-dimensional,- Jet-Ilapped atrfotl model.
From some prelialnaty considerations on the size of large hellcopters
1t_sppears as-if & range of reduced frequincies of from wc/V = .06
vp to approainately .5 should be Investigated. Cu values-as high
a8 .6 should probably be studied corresponding-to conditions on a
rereeating hiate,

in eddition to the elperimental _studies an analytical
investigstion to predict_the perforsmmce of an oscilliating3-dimensionsl
Jer flap is being wndertaken. Using-s metCred asymptotic expasion
spproach, the-work of Tokuds {Weference 14) for_the steady three=
dtmensional fet flapped ving {s belng extended to the urstesdy case.
Figure 16 111ustraces the geometry of -the problenm,

The inner reglon Ls-close to the wing, L.o. X » 0(;)1-"-!"
a latae sspect ratio ving Vheress the outer reglien tmplies X » (1)
avay {ton the ving. The-approach in_this tase-is to expand the
wiatesdy velocity potentisel and devevdoh In the-reglons usiag the

reciprocal of-sspect ratio ss the small parsseter. The so called
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inner and outer expansios are matched in the intermdlate region
along the X axls. Slnce the-flov is assumed Incow reseible, Laplace’s
equation geverns the probles.

P Y ax t 40 (23)
The dovnvash doundary conditionsa are given se:

o evtngu x50ty =0 - Hlexc D g

at the tratting edge O (xy.0.0) = Ut e  xec @D

assusing seell 1

o
b n
on thc:ju,u’(l.y.o.t),gf;;l o % -—d (27e)-

ah
- h°(l.y)luh" sy 3—.1 zn)

The third boundary condition 1s arrived at from the asewmption
of emall transverse momentum in the jet sheet”(momentum in the y
direction}. The contentfon e that the edge of the jet does not
begin to roll up until 1t {s-far enowgh downetreem that 1t Nas &
suall effect \won the Induced dovmvash {8 the near wake. Maskell
and Spence (Ref. 13) glve the preseure difference ocroes the_thres

dlmwnsionsl=Jet sheet oo,

STUDTES MELATING TO STEADY AND UNSTEADY ACRIDVINWICS OF MELICOPTER MOTORS

LR Mg SR
il * cutvature ia stresmwise direction
J(y) © jot ssmsatun flux par Wit spam
The y co-ordinete enters only as a paremater. The singularity dus
to flov discentinuity at the trailing edge hes 4 small effect.
Also, far frow the ving and jot_the flow mast-be wmiform.
b (X LA -§

Qe

mxleriezteazgo

Outer flow:

To an observer .1 che outer regton the large aspect ratio
ving sppears as & liftiag lioe with g trelling jet sheet. The
boundary condition on the jet-sheet fp sstistied directly whereas
that on the wing must be sstisfied through mathing with the

inner solution. The outer exparsion 1s wiitten as
-1
Clrne 10 = 0] 4107 F2ale. ...,

29)
WO (R,¥oz,t, 1/A) © u: o:—:-u‘:’ + %z u‘; e
At .'“-‘ field point in the_outer region there s no disturbance
from the visg in the limit of very lerpe aspect tatic wo,
vy o
(30)-
u'; = Vo
Inner flow:
In the_tnner region the velocity potential and the x snd-z
azes are stretched as follows,
X e AX, 2 = AZ,
As = ¥(x,y,2.t, 3/A}

. -1 -
b xyar.e, LUA) @ = R
N wny.s,t, 1A = o r’% u *
Laplace’s equation becomms
M ii it A o

v To obtain the firet order immer solution, fix & field point
X, Yo & md:-let A+ =, Trom equation {32)_the velocity
potentfal 1s seen to satiefy the tvo-dimensional probles.
Spence (Meference 16) has solved this problem and gtves the
jet height above the mean line 28 & function of x, In this
case the innec varisble,
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STUDLES RELATING TO STEADY AND UNSTEADY AEROOYNARICS OF HELICOPTER ROTORS
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- Equattons (37) and (35) satfsfy the boundary conditions st the
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trailing edge. This first order inner dovieash will influence New York: Acadenic Press, 1964.

the second ordar outer d h, ¥y+ through the hi

ek 1

This fa presently betng pursued. Only the first three orders
should Se necessary for sccurate results from which the unsteady r
1ife and drag can be determined. Effects of thickness sad casber

k!
can also_be included by appropriately_siterieg the boundary
3 condittons.

kb,

This vork will be extended to {nclude a partial span jet

JREAT

flap and=further a transverse (y direction) shear flow will be.

ntroduced t\ better represent the énvironment of the helfcopeer

rotor.
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2 A IXPERIMENTAL STUDY OF NELICOXTER MOTOR IMPULSIVE MOISE nofee. A Fourfer asalysis of periodic impulsive znise produces a frequency K B
’: spectrum vith very high harmcaic coateat and relatively little ssplitude decay ;
E, ” vith frequency. This has receatly been demonstrated anslytically by Lowson and 4
E WILLIAM E. BAUSCK & RONALD G. SCMLIGEL O0llerkead (Reference 5) and Leverton (Reference 6),-and experimentally by King and 3
i Diviston otsti:ft:?ﬁ::::;t“wuu Schlagel {Reference 7). King sad Schlegel found that during nonimpulsive nofse
4 Stratford, Connecticut, U. S. A. conditions, blade airloading harmonics decay with b ic order, A, spproxt 1y
F‘ as l/ll" to .\IAI'6 vhile during impulsive noise conditions the airlosds decay 2
3 INTAODUCT ION about a9 llxo‘s. The increased high frequency airlosding harmonic levels for the k
& The helicopter generates noise of both mechanicel and serodysamic origin. ispuleive mofse case result in increased high frequency sound hamonic levels, b
4 Nechapical nolse, such as thet due to the gearbcxes, bearings, hydraulic systess, yielding the observe: "slap”. Purthermore, the phasing of the sound harmonics i
E ete,, {2 Iip most cases importast cnly at 1 1 near the helicopter. Of the impertant ia determining the impulsive mature of the observed sound; for exasple, 3
P’v acrodynamic sources, such as the main and tafl rotors and the engine compressors, & harmoaic spectrun with harmooics phase shifted by 90 degrees vith respect to the 3
] sein rotor generated impulsive nofse (vhen it occurs) can be by far the most pre- fundanentsl may be sore inpulsive than one vith all harsonics in phase. In a recent E
] dominant nolse, exceeding even piston engine extmust noise (as hes been shovn peper, Sadler and Loewy (Meference 8) indicate that the high frequency cuntert of ‘]
d recently by Cox and Lynn, Reference 1). While the other serodymemic sources of RI¥ may be primarily associsted vith vortex (drosdbend) nolre. This, too, appesrs :.!!
. belicopter noise (otor rotationsl noise, rotor vortex noise, turbine engine to be highly ualikely since vortex noise is random in amplitude, frequercy,-and
3 compressor nolse, etc.)-have been studied in quite some deteil dueing the past fev phase. Comsequently, it does not contain the necessery harmonic content-and phase 1
i years, rotor impulsive nofse (RIN) has been generslly referred_to ss a unique and: cobereace pecessary to define an ispulsive sound. ;
3 separnie phencmenon and has been largely Ignored until very recently. The present The effect_on acoustic wavefors of harsonic asplitude and phase is-shovn K
: paper-gives results of a-study of RIN, sponsored dy the U. S, Army AMRDL, that in Pigwres (2) and (3). Pigure (2)-campares waveforss for nolsc harmonic falleffs k
3 sought-to fdentify the mechanises causing RIX, to det:rmine-if-RIN {s prisarily of 3 4B/ octave and 10 db/cctave, from vhich ve conclude that RIN reguires s ’1
3 rotaticzal or droadband, snd to check the adility of an elhui! scoustic snalysis rotatiosal noise spectrum that {7 rich in harmonics. Figure (3) shovs the radical ]
1 to calculate characteristiss of RIK, Reference {2) zontains more detailed descrip- change in wavefors that iz caused by:shifting the phese of all harnonics 90 -degrees
tions-of the experimental program, the acoustic snalysis, snd the correlatisn study, from those of Pigure (2). E
Nolse an? rotor siflcads were messured simulteneously for-f1ight conditions
of hover, 120 kt., 1:0 kt, and 170 kt. IThe_flight test vehicle ves & CH-53A -HOVIR RIK
helicopter configured for s neutrsl center of gravi.y snd nominal gross welght The Statement that ispulsive nalse during hover-involves strerg dlade/vake E
AF 35,000 pounds. Oce saln rotor blade rarried flush 4 rressure s

-Interactions {s supported by the f1{ght data. Cimparison of sirlcad amplitude-vg=

at 5 chordvise stations for_each of 5 spanvise staticns. FPigure 1 shovs the con- frequency spectrs_shovs that many mofe harmonics are jresent for the RIN case than
figuration of the aircrart and of the Instrusented rotor blade. The frequency -for the LlN-free case. This incresse in high frequency-loading raises the higher
response of *Ne airdorne measurement system permitted 30 harmonics of airload to harmonics of noise, theredy satisfying one requirement for RIN. The location of
be extracted from the data with an accuracy of 225 of full scale on vidratory the main rotcr blades at the instant of Ispulse generation correspords to the

S Ml i ot LTt

Seasurements and 235 of full scale on steady Reasurements. sziauthal region of sasisum airloed fluctuation during hover. This was deterzired
During the f1ight -test, RIX vas observed only during hover snd 170 knot-

by relatiag acoustic-Ispulses recorded at 3 locations Ingide the helicopter-to the
flight. Principal conclusions are 1) that RIK iz a fors of rotational nofse,

Jan

locations of the rotor blades at the instant that the noise vag generated.

2) thet hover RIN {s ensentielly an aerodynemic process Involving the Interaction Intersctiony of rotor blades vith serodyramic wekes cause the rapid airload 3
of the sain rotor vith its own and/or tall ro%or vertices, 3) that high-speed RIK -fluctustions that-produce RIN during hover. Clerk and Leiper (Reference 9) Zemon-
I3 caused by the combination of a moving source accustic )rocess:end an aerodynemic strated snalytically that a vortex frequertly vill rise above the rotor dixc plane k
process assoclated vith dlade drag, and b) that-an existing acovatic analysin pre- before atarting down during 1desl hover of a A-bladed aaln rotor, but this behavior

dicts qualitative differences beturen flight conditions with and without RIN, tut does not guarentee blade/vortex intersections. Intersections frequently oceur {n é
that quantitative corzelation of RiK is deficlent due to (1) the lack of profile & real hover because the wake responcs:-to reflections from the grovrd plane-and ‘1
drag and movirg source terms in the znalysis and (2} the current-inatility to -ssall vind disturdances which Induce blade flapping and further charges in the §
predfct_the higter harmonics of airload necessary to predics the higher acoustic -weke structure. Pigure (k) shovs hov blade/wake Intersections affect the eximuthal %
harmonics. -veriation of airloads during hover, In this case, the-lapinging vortices came ;!
from the tall rotor during hover 0GZ vith-the tail rotor upvind of the main rotor !
CENERAL DISCUSSION In & 10 knot embient vind. Intersectinns of main rotor blades vith maln rotor tip
Several investigators (References 1, 3,-end &) have postulated that the vortices vere not indicated from the data-of this perticular rllght test. 1 i
observed charazter of impulaive mise from rotors is dur to severe mmplitude E i
modulation of hroadbend nolise. Wnile this phencmenon can be odserved during RIN HIGH-SFEED ALN

condftions, it is highly unlikely that it Is the sole cause of the ispulsive Tae lapulsive nolse odservel during 170-krot flight apzears to be prisarily

acoust{c veveforns vhich are perceived by an observer ae¢ impulsive nojse. RIN

A

An acoustic event, rather than an serodynsmic event as ves the case durirg hover.
occurs at-the rotor blade passage frequency and is primerily s harmonic phenamencn The alrlosd eaplitude = frequency spectra for crulse vith and vithoutl RIX phoved
whose origin appesrs to be ordered cotational nolse rather than rardom brosdband no strong differences, and acoustic impulses were not detectel jrside the helicopter,
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AN EXPERINENTAL STUDY OF HELICOPTER ROTOR IMPULSIVE MOISE

Stationary observers on the ground heard RIX only at large distances in froat of
the helicopter. These observations lead to the conclusion that motion of the
poiee source towerd an Observer is a major source of. high-speed NN,

This form of RIX ves originally thought to be due to the Zorsation of weak
local shack waves on the advancing dlads. As mentioced Yy Ollcrhesd and Loveon
(Xeference 10} and discusaed by Leverton (Reference €), an observer can hees such &
shock wave only 1f the blade speed is supersonic. If the blade speed is swsosic,
the shock vave can not propagate to am observer's ear, Kowever, the forsatice of
local shocks can affect rotor nolse levels by {nfluencing the local airlosdisg
acting on the dlade. Eigh-speed RIN as discussed in Reference 10 i{s dasically an
of the b ic vave fronts st high

sccustic effect resulting fiom the comles
source translativnal speeds and can de explained by the Lowson/Ollerheat theory.
The predicted incresse-in levels of higher-order noise harmonics vith increasing tip
speed {3 {odependent of the loading spectrum and satisfies one of the requiremeats
for RIN. The highly directional charscteristic of high-spred RIN noted by observers
on the ground track {s an scoustic effect vhich results fram the forward speed
correction vhere the Cistance term, r, is modiffed to reficst the rotor's Mach
rumber tovard an obierver Ly substituting r(l-olr) in the argusent of the Dessel
functions, thus influencing the directivity characteristics. This effect can be
teen:{n Figure £, taken from Reference 5. As forv. ° speed {ncresses, the radfated
sourd beccmes bighly-directional in the-forvard direction, particularly for-the
higher harsonics. This mcacs that the RIX experienced by & helicopter at high spaeds
vill-be radiated perfecentially forvard vith the sazimus at about 15-20 degrees
btelow the plane of the roter, This »ffect vas shown experimentally by Cox (Referen:c
11} in full-scale vird tunzel testi. Thus, the scoustic effect of a high-tip
Mech rumber {s at lea>t partislly responsible for the generation of the ispulsive
noise and the sircraft forvard speed nccounts for the highly directional character
of shig type of RIS,

She aercdynealic forces used {n zurrent atoustic-theory to predict-roteticasl
soise are the In-plane {induced drag) and out-of-plane-{thrust) components of the
blade section 11ft. The profile drag.is ignored, since-it is generally small com-
yared to tie other terms. Whea sdvancing tip specds_exceed s critical Mach number,
Loverver, the drag {acreases rapldly due to dreg divergence. This incressed drag
zay-te a 3lgnificant contridutor to the radiated rofss. In n recent paper, Arndt
and Borgman {Reference 12) exmmined the effect of drag:divergence cn the radlated
rolse. The effect of this drag ters is %0 Increase the levels of the higher Bare
onicr of nolse, & cecessary condition for {spulsive polse. While Arndt and Borgman
indicate that the addition of this term-to the Lowson/Ollerhesd nolse equation
enhances correlation, they unfortunately do not show to vhat degree. For saall
angles of attmek {such as near the tip), the 11ft ters may te quite small and the
Adreg teras vill dminate the rolse radlation. In this case, the directivity will
be that of » dipole with {ts saxizus radiation ir tte plene of rotation, thus further
cunteiduting to the abserved dlrectivity of highespesd RIN. An sdditional factor
wiich may contribute to the odserved directivity and character of RIX is thickness

roise. Vhile 1t {3 not signiffcant for highly loaded rotors at lov for@ud speeds,
thickress nofse can become significant at high forvard speeds. Arndt and Borgman
accounted for thickness nolse by applying a forvard speed correction to the theory
developed by Diprose {Referente 13)-for a static propeller. ¥o attempt vas made

to correct for the nomsifors velocity fleld over the rctor disk, but the results
shov that the Jevels of the higher harmciice of rotational nolse Incresse repldly
as_tip speed Increases. This effe:t, coupled with the in-plane direct{vity pattern

of ‘thickness zolue will tend to enhance the severity of the obeerved RIX.

1

CORRELATION AND ARALYSIS
Nestured and calculated rotor nolse data vere compared to determine how vell
on ex{sting acoustic analysis could predict vavefora and rotationsl nolse harmonic
levels for flight conditions with and without RIN, Waveforms correlated vell as
can be seen h; Figures € ard 7. RIN wvas not heard by ground observers during the
100-knot f1ight that resulted in Pigwre 6, and the waveforms reflect the ab;me of I
impulsiveness. Vaveforms for 170-knots and helicopter/observer placement comparsble 3
to Pigure 6 definitely appear impulsive in Pigure 7, vhich sgrees vith cbservers i
reportiag RIN for =his f1ight condition. .
Despite the good qualitstive agremment between messured and calculated wave-

forms for the 170-knot case, the unsteedy bebavior of the calculated vaveform
es the h.her

betveen pulses suggests that the scoustic analysis underesti
Figure 8 gives & general indication of the correlation betveen measured and calculated
rotatiossl nolse harmonic levels. Hesswred harmonic levels are consistently greater

4 ones at di over 1500 to 2200 feet in front of the helicopter N

thea calcul

during bigh-speed forvard rlight. Consequently, although ths calculated vaveforss

sccurstely reflect thi- trends of messured variations vith airspeed, these vaveforns

40 a0t have esough higher-harmonics coatent t¢ produce the msasured steadiness of

pressure betveen pulees. The 1nability of the asalysis to predict the higher-order

harsosic -levels far in front of the rotor is attriduted to the following factors.
1)  Motioa of the rotor systes in the direction of sn observer-is:

oot included,

2) Drag divergence serodynamic forces are not 1ncluZed in determining
source strengih and directionality.

The u:s;utlc soalysis that was used represents the rotor system as s conical
surface of dipole radiators inclined at-an angle to the ground plase. At-any
polnt on this surface, the dipole radiates continuously at integer aultiples of
the blade passage frequency to jroduce the presaure field experienced by that
point as & bluie resses over Zt. Lasb's nonhomogeneous-vave equation is used %o
transfer the acoustic_pressurs at the source to the pressure reaching an-observer,
and the total acoustic pressure field 1s obtained by integrating the contributfons

of sll source dipoler on the rotor surface for all noise harsonics.

Sy

In smmary, s mmber of important conclusions have resulted from this study.
The first of these is-that Rotor Ispulsive Nolse {RIX} I3 characterized by an in-
cresse in sound pressure level of the higher harmonics of rotational nolse, rather
thas {acresses in brosdband nolse asplitude and moduletion, vith up to 23 harmonics
{325 Merts) being measured during RIK.

The second concluslon 1s that cruise RIN and hover RIK of single rotor hell-
coplers sppear to be generated by different seroacoustic sechanims. Crilse RIN 3
blghly directional with saximum severity occurriag directly shead of the hellcopter
ot-mall angles Belov the plene of the maln rotor, and appesrs to resvlt-from the
cambination of acoustic-effects of source motion towards an cdserver at high sub-
sonlc tip Mach nubders and of the serodynemic effects of drag dlvergence. Aero-
dynemic shock does not rppesr to te s primary contridutor ia crulse RIN. Hover
~iK results from high frequency oscillations in sirlosds commenly caused by
blade/wvake (main and/or tail) Intersctions.

‘The acoustic enalysis developed by Sikorsky Affcraft under sponsorship of
the Bustie Directorste of U. 3. Army ABDL appears *5-be adequate to predict the
Rarwonics snd time histories of rotor molse falrly well in OGE hover and at
noderate distances from the helicopter (up to 1,000-1,500 feet) during crulse
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providing that high frequency harmonic blade airloed data are availadle. The ¥ T T 4 v T - e
Rajor pridlem here, hovevir, 13 that normal data acquisition/processing techniques
used {r studies of helicopter airlosis have not-provided informstica in the -~ - £
L d i
frequency renge required for good acoustic correlation. Also, currently availsdle i E 5 i -
theoretical afrloeds prediction programs are incepadble of predicting the higher- E § §.'
2 & 3
harsooic amplitude and phase data that are seeded for predicting the higher ; ~ 'i' ) -
_ o S :
barmonics of nolse. Correlation at large distances fram the helicopter (beyond o 1 B E L
"
1,000-1,500 feet) tends %o be poor during high speed crulse, presumebly due to the 4 s E 5
13 o
analytical omissfon of source s~tion and dreg divergence effects, and possible s g f ?.
S v o 3] i
awcspheric scatlering effects on the highly directional, higher frequency redisting i i E i
£ -4
satterns. s 8 3
< i
z . ¢
. A A A A A A " ° N ¥
FUTURE RESEARCH RECOMMEXDATICSS ® ~ O © v ~ o 5 o £
(WNIV0 ANVALIBNY) - 20NLINWPY 3UNSSINE 3
Lin1%ed ability of-theoretical airlved anslyses to predict higher harmenic ® N~ @0 0 e m N - O < 9 Y
¥ Y T Ld T T T T T T \J L ©
anplitude azd phnde suggeats that nev empirical approaches are required to provide g ‘é ¢
H A
N f
sirloed data for mcoustic predictions. Suich airload dats can protadbly be zost g -~ E
< . E
econumically developed through the use of acoustic wind tunnel facilities, such as - 5 ; J s o
o » b
the one recently developed by the United Alrcraft Pesearch Laboratories end the E o §
[+
one-plannud at-5ASA largley. i ; '5 .
1 ad2ition to the develoment of sush high frequency airload prediction e - - = o s Py o
3ckenes, current aralyses should be 30difled to Include the effects of source : 5 ‘
- _ _ - N
translatios as-vell as profile drag and drag divergencc. § 3 }
o
A final polnt which should be 2ade is thet although the primary emphasis L . o E ¢
currently {a the =1itary and 1ndustrial vegenrch and development progreas is on é
the develojment of hardvare for rediced-rolse, experieace has sbown that-only a é L
tnorough understarding of-the seroacoustic mecharisms cen guarantee & high prod- =S y W TS ! ! ——— s A — O
abilfty of success. As there slfe a greal aany aress of gnorsnce in rotor nolse
_ e .
&ezerntion still 1o be explored, continued support zust be glven to tesic resesrch, 4 v v v T i
suth ns those pro€rass suppcrted By ARCD, If ve are «ver to achieve quliet vehicles ‘
whizh are ecorcnleally feasidle. T R
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A SYSTENS STUDY-OF MOISE REQUIREMENTS OM
THE DESIGM OF V/STOL AIRCRAPT

Robert W. Simpson
Nency B. Faulkner
Anthony P, Hays

FPLIGHT TRANSPORTATION LABORATORY
Massachusetts Institute of Technology

1.0 Introduction

The reduction of helicoptev noise in military operations
has two main purposes:

1) Avcidance of detection, or delay of detection to
increase the surprise element of an operation

2) Minimization of noise levels in the region of
friendly forces to_reduce communication loss-due
to operations.

The chief elements of_heliuopter noise are due to vortex
and rotational noise from the main rotor and tail rotor, snd
engine noise. One method of reducing the effect of helicopter
noise is to reduce the noise at the source, using techniques
such as slowing down the-rotors, adding more blades, and
using engine and gearbox noise suppression techniques. The
first section-of this paper 'will show-the penalties in per-
formance and payload ( as measurad by operating cost) which
result from using this approach.

An alternstive method-of reducing the effect of-aircraft
noise {s to modify the flight profiles-in position and speed.
The ability of-the aircraft-to fly the modified profiles may
be constrained-by Its available thrust, acceleration limits,
atc., and somr-smill penalty may be incurred in fuel or time
of flight, 1ur second section of this paper describes a
method for findiug noise optimsal trajectories for a-heli-
copter takeoff-and climbout.

2.0 ielicopter Casign for Minisum Moise Generation

T the process for preliminary design of air vehicles con
be computerizcd such that fast, porametric variations carn
-be obtained. These computer _proyrams sre now a design tool
used to £ind optimal configurations for required vehicle
performence in-terms of payload, range, speed, atc. At the
Plight Transportaticn Laboratory, we arc extending our de-
sign programs to include the noise generation of a given
vehicle (as best we can estimate it) as-one of the perfor-
mance measures Of the vehicle. We then-can -meet other
design objectives at varying levels of noise, or can search
for optimal derigns for a specified noise level. The-fol-
lowing section briefly descriles one such computer prograe,
Lor helicopters, and shows some of the noise tradeoffs one
can study using the program.

2.1 ion o i n am
a) The pesign fogic

The Mué&ptu computer design program is fully des-
cribed in FTL Technical Memo 71-3 (Rcference 1). Briefly,
the purpose of thly program-is to provide a rapid mesns of
investigating tradeotfs between design parameters-and veri-
ous figures of-merit, such-as direct operating cost am

£

noise generation. This program considers only conventional
pure helicopters.

The program begins by readingc input data such as de-
sign payload, range, speed, etc. and generating constants,
including atmospheric data, for later use. Calculations
regarding hover perforsance are-dona for & hot day, all
other calculations assume a standard day.

Then the program goes into-a design procedure which
is an iteration on gross weight. Initially a gross weight
is estimated based on the design-payload; on succeeding
iterations the previous gross weight is used. The rotor
is then designed considering both cruise and hover. MNext
the fuselage is sized and parasite drag is calculated.
Then-the power plant and drive system is sized to the maxi-
mum of cruise and hover requirements. If hover rpm is less
than cruise rpm then the installed power required for cruise
is increased accordingly. This completes the selaction of
design parameters.

The vehicle is then flown through the design mission
to £ind_the fuel consumed. Ten phases {n the mission pro-
file are-considersd: hover, vertical climb, acceleration-
to advance ratio .325, unaccelerated climb, acceleration to
cruise,-cruise, undecelerated 4 t, deceleration to ad-

. vance ratio .325, deceleration to hover, and vertical descent.
The time, distance and fuel-consumed in each phase is cal=
culated. A table of-rotor lift to drag ratio.vs. advance
ratio and-thrust coefficient to solidity ratio is used to
estimate perforsance-above advance ratio .325. 7This table
was dexived from Ref. 2.

Then the component weights are calculated, resulting
in a new gross eight. If the difference between new and
01d gross weights is greater than 10 1lbs., the design pro-

dure goes through-another cycle. When the iteration is
complete the parameters describing the final design are output.

b) Vehicle oOperating Cost

=hen the vehicle is flown through various mission
lengths-thac are less than the-deaign range, with appro-
priate:cruise altitudes and speeds. The time, distance,
and fuel consumed for esch phase-of each mission is cal-
culated, output, and stored for use in the calculation
of direct operating cost (DOC).

Then the program-calculates DOC's, broker down by
categories, for each stage length and prints-this out. The-
DOC is now calculated according to the Lockheed VTOL for-
mula (Hefs. 3, 4).

c) Vehicle Noise General -

Pinally, the program makes calculations regarding the
nolse generated by the vehicle. Vortex noise:is calculated
using-the well established formila taken from-reference S
for an observer at 300 feet distance:

10 .2- 2
B 7.62 x 10 17 (Veip)
L’,-flo loqm 2 =

)

:"P w» oversll sound pressure level, db
where T = thrust,-1b.
vtip = gotor:tip specd, ft/sec
= air density, l]\lql/ft:
L total rotor blade srea, !tz

Simple- inverse square law attenuation is assumed for ob-
servars-at other distances. Directivity effects are not
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considered. This formila is apblied to all f£light condi-
tions. In cruise the advancing blade tip speed is used.

Contrary to most trajectory optimization problems
using dynamic prograsming, controls are applied at a given
state and stage to find the optimim path from the initial
conditions to that state, rather than applying controls
forvard in time and finding the optimal patn to the terminal
conditions. The main reason for this is that the initial
conditions are more precisely defined than the terminal conditions.

3.1.2 pynamic Model of the pircraft
A dynanic model of the aircratt is shown in Figure 9.

S and T (and hence the noise generated) are calaulated {n
terms of the state variables, X and h, and control varia-
bles Ak and AR,

The system constraints with this program are

0 x€ 250 ft/sec
0K h& 90 -ft/sec
410 ft/sec? € x € 10 fr/sec?
410 £t/ssc? € n € 10 fr/cec’

Power limitation P Poax

Other constraints, such as maximum height, could easily be .
added-but have not been-izplemented_at this stage.
Initial conditions are
xw0 x=0
heo heo-

Terminal conditions are

X ™ Xierm

hehiern
t = teem

Rotational noise wu—hand‘—calcnhtedi;gor a sample case
using the method of Ollerhead 2nd Lowson, Ref. 6, &nd
another method developed in the Plight Transportation
Laboratory (Ref. 7). Both results indicated that rotational
noise was not significant for helicopters with low tip
speeds, and thus it has not been included in the program.

The standard takeoff profile assumed through the
helicopter design proccam is shown in Pig. 1. The land-
ing:-profile is just '.e reverse. During the acceleration
phase the vehicle tries to accelerate horizontally at the
allowable acceleration, and if it-has more than enough
power-to do this, it uses the excess rower to climb. Mence
the-profile varies depending on how-much power is avail-
able and the maximum-acceleration allowed. During the
climb_phase the vehicle clinbs at_constant forward speed.
The observers are always in the plane of the takeoff pro-
file. varying the height of vertical clisb has the effect
of shifting the noise profile up or-down. Reducing the
maxisum acceleration chauses greater-excess power tc; be
available for climdb and hence has the effect of tilting
-the_path upward during accelexation.

M the vehicle sccelerates from: rest to its vertical-
rate-of clisb, thrust is greater than weight and hence ex-
tra-noise is genorat2d. The noise resulting from maxisua
thrust is calculated and awsuned to represent the noise
in-the first few seconds of the takeoff profile.

The noise is calculated at 15 points during the take-
off profile and output along with_the time, altitude and hor~

A SYSTEMS STUDY OF NOISE ncglmnhs_ ON THE !:)ESlGN OF V/STOL AIRCRAFT

“hover for an 16,000 1b. payload tandem helicopter. The 4

isontal distance corresponding to each point. This can be

CLIMB AT CONSTANT SPEED
TO CAUISE ALTITUOE

E:

ACCELERATE TO CLIMB SPEED,
CLIMS WITH EXCESS POWER

'

Sl B et fa e

CLIMS VERTICALLY TO SPECIFIED
HEIGHT OF VERTICAL CLIND

Y

rrrrri =
GROUND LEVEL

lo— OBSERVER — of

DISTANCE
FIGURE | SCHEMATIC OF TAKEOFF PROFILE &

repeated for observers at different distances from the take- -]
off point. Moise-on the ground due to the vehicle-cruising
at:cruise altitude directly overhead is also calculated.

. ica 1t 13

22 icopter woise Tradeoffs
A study of the tradeoff between noise g ted-and 7
DOC, using the helicopter computer.design prog has

"been started. The-initial results are shown in Pigures 3
2, 3 and 4. DOC is plotted vs. perceived noise level in

DOC -is for a multiple hop trip with.-hops of S, 20-and-100 E
miles for a total-of 125 miles. .
Other symbols:on the graphs are as

L s

'y

-follows:
€y = rotor thrust coefficient
0° = rotor solidity
”at = advancing-tip Mach number in cruise
:v“ = crulse speed, mph
‘DR = design range,-miles )
Vyp, = blade tip speed in hover, ft/sec s
Veer = blade tip speed in cruise, ft/sec
Dt = disc loading, 1he/ft?
The formula for the calculation of rotor vortex:noise 4
at-300 ft from Ref: S may be written-as follows for-the 2
hover condition:
Lp = 10 103-(3.04 % 207%(v, )% ay C,2)

whare 5
Ay - blade ares-

' 1

4‘ E

A.'- L 7

w’, = vehicles-gross weight

c, = average blade 1ift coefficient i

3

% s “c'r/‘)honr 3

In order to reduce:zvortex noise in-hover it is clear that 3
we mist reduce hover tip speed. Nowever, since the same -3
rotor develops very nearly the same thrust in hover end E
ecruise, the following relation appliess 3
2 2 3

uz/or.mr Ve Ce¥ ) pover * 1/2 Ceruten Veer Cre) erutee b
3
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A safe maximm for (c,rkl 19-0.100. vt“ is given by

a M
v cr at

ter " 1 ap
where >
A® Mdvance ratio
a,,= speed of sound at cruise altitude.

Thus we k“p}o. at a practical maximum of 0,50 and Vtcr is
proportional to n“. Hence, in ordnr to xeduce noise we
must reduce (Cp/f ) ..., OF My These ara the variations
shown in Pigures 2 and 3, respectively, for different values
of-DL. These two sats of curves assume that V., and V..
are _independent. This requires either: that there is no
variatjon in engine power or-specific fuel consumption with
engine xpm over tha appropriate range: or, that there is
a transmission ratio change between cruise and hcver. This
sssunpt ion -is optimistic. Tha variation in pigure 4 is
equivalent to Pigure 3 only with Ven * vt". eliminating
this xssumption.

7he propagation conditions nd for ¢ ic
spreading only fxom a nominal distance of 300 ft. Thers is
no correction for ground reflection, effects of air absorption.

Pigures_2 and 3-show about 25% increase in DOC for a
6 4 reduction in Sound Pressure Level. 1In general, reduc-
tion of (c,‘,k) in cruise appears to be a slightly less ex-
pensive way:-of reducing noise-than reducing n“, except
for very low disc loadings. This is because DIC is quite
sensitive to cruise speed, which depends directly on M ..
Also_the optimum disc loading is shown-to be about $ for
this vehicle. This is somewhat lower than current practice.

Mowever, the reduction in hover power-required, and hence in
engine and-rotor weijht, and the cost of maintaining these
components, justifies a movement toward lower disc loading.
The:curves of Pigurs-4-are similar to those of-rigure 3
except they are displaced upward for a given hover tip speed.
This is because putting Ven *Veer has_reduced Vyoy andcon-
sequently cruise speed.

Unfortunately, there are-no presently operating heli-
copters which are equivalent to the vehicles studied here.
The-right hand ends of the various curves indicate vehicles
which are close to optimal (minimum DOC) without regard to
noise. Presently operating helicopters were also designed
without regard to noise, and-hence, should make roughly the
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same noise for a given vehicle size. The helicopters under
study here are: 4 to incorp 1975 tech

lo9y. This
is reflected in_various aerodynamic and structural parameters
which-are input to the program. Thus p t day helicop-
ters would fall above the right-hand ends of the curves.

8ince they hm,vth * Veer’ they would be plotted-in Pigure
4.

At d

52, i ¥o isto. )
Another -iudy has examined tha noise pexceived by a
listener under-the takeoff path of three distinct helicop-
ter designs;: one representing a current helicopter, one ;
representing a minimum opexating cost vehicle designed
using present state of the art technology, and the last

representing a quiet vehicle designed using present state .
of art-technology.

The three vehicles-are all tandem helicopters, carry-
ing 10,070 1be..payload-and a crew of thres. They all fly
takeoff and landing profiles similar to thosr previously
described, and cruise at 5000 feet. The vehicles are
compared in Table I.

R e dt faate i A B e

The fixst, called 270, represents what is existing {-
and avalladle now. It is an spproxismation of the Boeing/
Vvertol 347, s helicopter_prototype which-first flew. in :
4 i
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A SYSTENS STUOY OF MOISE REQUIREMENTS ON THE DISIGN OF V/STOL AIRCRAFT

May 1970, except that it has less parasite drag. It has
slightly more rangs than the other two, but does not have
the ability to hover after engine failure.

the-second vehicle, called MC75, is a minimum DOC
vehicle designed without regard for noise. It represents
what conld be flying in prototype torm in 1975 using-the
latest technology. It is an optimel vehicle given the size
and fliéht profile. The single xotor configuration was
considered-for this and the-third vehicle but the_ comparable
single rotor ship was alvays slightly more expensive to
operate-and slightly noisier.

fable 1: Vehicle Comparison

70 75 - 75
Paylead, 1b 10,000 10,000 10,000
Cruise Speed, mph 217 252 210
Cruise-Altitude, ft. 5000 $000 5000
Range with reserve, mi. 600 400 400
Gross-Weight, Lb 46,140 33,813 43,003
2ngine-out Hover Capability No Yes Yes
Installed Power, hp 7257 5448 6913
Disc Loading, 1b/ft? 70 5.0 5.0
Solidity .08  .083 .20
Munber-of -blades [ 6 6
Tip Speed, Hover, ft/ sec 707 640 220
Tip Speed, Cruise. ft/sec 707 672 514
€/  Hover .067  .062 .100
Cp/s”  Cruise .078 065 .045
Mvance-Ratio in Cruise 45 .85 .55
vdvancing Tip Mach No. .935 950 ;750
Lift/drag Cruise 4.86 5.52 5.36
DOC €-100 mi ¢/seat mile 3.87 3.07 4.02
Ly Takeoff @ 500 ft, d8 02 kL] 7
L, Cruise @ 5000 tt, A8 64 6 56

The two configurations, however, differ by less than the
accuracy-of our techniques-and-hence no definite-choice
can-be-made.

. The third vehicle, called 075, is a minimum DOC vehicle
designed to have a peak Sound Pressure Level at_takeoff or
landing of 70 A8 at SO0 feet_and & peak Sound Pressure
Level: in crulse fiyover of 56 dB at 5000 feet. ~The 5000
feet cruise altitude was chosen to make the vehicle compar-
able-to the first and second vehicles, but this-vehicle
couldzcruise at 10,000 feet, making an L, of 50:d3, with
only azsmall penalty in DOC. This vedicle slso uses 1975
technology and is optimal within the size, flight protile
and noise constraints given.

“The direct operating cost- (DOC) of the three vehicles
is shown in Pig. S, DOC is_shown in dollars per-seat trip
which=makes_a clearer presentation than cents per-seat mile.
Bach-vehicle could have SO seats. It cen be readily seen
that at very short ranges the DOC is about the same for all
three while at longer ranges E70 and Q7S cost_about the ssne
while.MC75 s significantly cheaper.

Piguras S, 6 and 7 show the Sound Pressure -Level versus
time dur Ing the takeoff of the three helicopters as heard by
three-observers at 500, 1000 and 1300 feet distances from
the takeoff point.

various conclusions can be drawn from these curves. It
is clear that Q75 is dramaticelly quister, not-only because
it generates lass nolse but because it moves out_of the take-
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off ares more rapidly. All of the curves show two peaks,
one at 1ift off (vertical acceleration) and one approximately

TRIP

$7SEA

0oc,

[ 100 200
MISSICN LENGTH, mi
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A SYSTEMS STUDY OF NOISE REOUIREMENTS ON THE DESIGN OF V/STOL AIACRAFT

o0

MAX ACCELERATION ¢ ,289
HEIGHT OF VERTICAL
CLIMB « SO0 FT
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FIGURE 8 TAKEOFF NOISE VS TIME FOR OBSERVER A 1500 FT

overhead in flyover. -which peak is greater depends_on-the
takeoff trajectory and-the observer location. The effects
of increasing the:-height of vertical climb and of-tilting
the flight path upward-after vertical climb are similar.
This raises the question of the optimal flight trajectory
to minimize either annoyance or detection resulting from
the noise, and the design-of the aircraft capadble of flying
this trajectory.

3.0 optimn) Noise TaXeoff profiles for a Helicopter

ror a given-helicopter with its performance constraints,

and noise generation-characteristics, the question still re-
mains of how to operate that-helicopter such as to-minimize
the noise exposure -(by-some criteria) of a given-set of
listeners. If an qﬁxnl trajectory can be found, -then the
effects of constraints arising from vehicle performance can
be investigated, and-a feedback established to_the:vehicle
design process. The following section describes the use
of oynamic programming to minimize the annoyance:due to
noise of a helicopter in the takeoff and climd = ph,

of flight on a listener directly under the flight-path.

A more complete description may be found in References 8,
9.

2.1 _7he Mathematical Model
A 1] L]

A detailed description of dynamic prograsming may be
foun'd in Refersnce -10: in this exsmple the state variables
have been chosen to be horizontal and verticel componerts
of velocity, x and h. Control variables are discrete 8if-
ferences in-the values-of the state variables, Ax and A):.
This affords some simplification of the problem since ap-
plication of controls-takes the alrcraft directly-from one
set of quentized:-values of state variables to another.
This avoids the necassity for interpolstion. As-it is
usually the cese the-stage variable is takan to be-time,

t, which is also quantized into discrete values of_ interval

.1
Height and ground track st the terminal vonditisns-are

unconstrained.

2:1.) polse Generstion Model gnd Annoyance Critgris

WEIGHT, W

i, AND l¢ ARE COMPONENTS OF INERTIAL REACTION
PARALLEL AND PERPENDICULAR TO THE FLIGHT PATH"

ILeWav c*Wxvaxy
[} []

FIGURE 9 DYNAMIC_ MODEL OF AIRCRAFT

A noise generation model is required which predicts
the sound pressure level in octave bandwidths at any-point
on a sphere of given radius centered on the aircraft.:From
a knowledge of attenuation due to spherical spreacing,.
ground effect and atmospheric ion, the sound
pressure level in octave bandwidths as heard by a listener
could be determined, and the perceived noise level in PNdB
calculated. This figure could then be substituted into
som» function xelating -perceived noise level and annoyance
80 as to find the annoyance over the given time intexval.
Unfortunately-such.a noise model does not yet exist
in analytic form 50 some simplifying assusptions must-be
made. Rotor rotational:noise is a low frequency phenomenon,
and although the SPL may:be higher than for vortex nolse,.its
contribution to annoyance is small. Assuming that continued
use of noise suppression techniques can reduce engine, trans-
mission and tail rotor-noise to acceptable levels,-main
rotor vortex noise remains as the most important parameter.
This is somewhat of-an oversimplification but -it-does
mean that an easily manageable noise model can be created.
Using Schlegsl's equation for overall vortex noise-fxom
Appendix C of Reference-11, the sound pressure level at
& radius x from a helicopter is given by )

$1m = 10 (2209 Vg 7 + 2 109 T - log A, ~ 2 log (r/300) -3.57]
where Vg, 7 is the linear-blade velocity of the 0.7-rad.
section.

is the total blade area (blade plunform area x
A
nusber of_blades)

T is thrust.

‘Directivity effects:have-not been included at this stage.
Prom a-knowledge of-the vortex noise frequency distribution,
the parceived noise leval may be calculated in terms-of

the overall srL.

7S ¥Y ) i Lot
In a study by lug;n-gcr and Lae (Ref. 12) on-optimal i
trajectories with reepect to noise for cmonuomifa!r-
craft, the unit of-anndysnce called the noy was used.-This
is related to MHL by
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A SYSTEMS STUDY OF NISE‘RE@‘!ID(‘TS ON THE D(Sl? OF V/STOL AIRCRAFT

where L is total noisiness in noys. Por noise in the urban
environsent there are two factors that make the noy unsuit-
able. The first is that noise level below 80 MIB appesrs
to be acceptable to the majority of the population (sccord-
ing to results in Ref. 13). The second is that if the-back-
ground urban noise level is 80 Puds, them any additionsl
noise below 80 PdB doas not have much effect.

A possible alternative is to use a modified noy defi-

nition in the-form

Annoyance = [lo‘m'wn'z] [% {3)
L)80 PNL) 80
In this work the following relationship was used
A [ Lo 50)2} (4)
¥ { 10 "' 80

This expression agrees-with equation (3) to within 1 unit
over the range 85 to 123 PNAA (see P:g.ze 10).

The other effect that must be conrjdered is the dura-
tion-of the nolse on annoyance. -In this work the performance
function to be minimized was chosen to be

[(m. (& Ry) -60) ] et 15y
i=1 ne»e0

vhere J is the. function-to be minimized, and given the unit
S-nunbers

L is the number of time intervals
i‘ is the horizontal velocity
ﬁi. is the vertical-velocity
At is the time interval over which ML is measured

Ag’.' is some reference time interval.

Comparing this unit with that of-the EPNL.-which also-inte-
grates nolse-over & time perlod,-there are:three main dif-

ferences -,
33.2

1) the S-number suas annoyance (v 10 )
whereas the EPNL suns energy (v 10 )-

s0._that the-duration effect is given more relative ismportance
in-the S-nusber formulation.

ANNOYANCE

8 90 100 HO 120 130
-PNL {dB)-

FIGURE 10 NCISE LEVEL VS, ANNOYANCE

B S U

i1) the EMEL has no explicit background noise level
cutoff, whereas the S-nuaber does.

411) the BrmL takes the logarithe of the sum, vhersas
the S-number does not.

2.2 Meeulte
3:2:1 Velues of Peramsters in Exempls

Figures 11 te 17 show the graphicsl output from one:
computer run. It is only intended to show how the progaxam-
operates;:- it is not poseidble to draw any conclusions abaut
isprovement: to the aircraft design from these figures.
Mevertheles s they Jdo show what the program is capabls of
and, wore_iaportantly, how it _needs to be improved.

The pai esters used in this exasple are as follows:

Grocs weight $8,000-1b.
Blade chord 4.10 ft.
Blade thickness .50 ft.
Rotor radius 36.4 ft.
Rotor angular velocity 14.3 vad/sec

Rotor blade angle of attack 0.07 rad.
Wamber-of blades-per rotor 3

Musber-of rotors 2

Puselage equivalent flat 39.5 !tz
plate azes

Distance of observer from 500 ft.
take-off

Maximum-allowable pL Unlimited
Terninal horizontal velocity 150 ft/sec.

Terminal vertical velocity- 0 ft/sec.

Time to reach terminal 29 gec.
conditions

‘Total=shaft horsepower 22,000 hp.

3:2:2 liiscussion of Results
figure 11: plight Path Profile: This figure shows

the shape of the flight psth:profile. Program constraints-
prevent negativa values of x-or h. As_might be uxpected
the aircraft takes:-off verticslly snd gradually trans-
lates to horizontal-flight.

um;_,_u mighc nd ¢ M 1;.:\: plotted naqainst tln-,
This figurn serves:only to ref “the subsequent figure:
waich am plotted-ajainst time, against the flight path
profile,- in which time is not expressed explicitly.

Zigure 13 valyes of v, ¥ and h: The figure ahows
that the aircrafe-initially clinbe vertically until s rate
of clisb of 40 ft/sec. is reached; it-then starts to ac-
celerate horizontally and the-rate of climb resains constant
at 50 ft/sec. The reason for this can-be seen from Pigure
13, vhich shows that at t »=5 seconds increase of rate of-
cliwh is restricted by power limitation. When-the horizontal
velocity has reached €0 ft/sec. the induced powar has de-
croased sufticiently for the aircraft-tn increase its rate
of clisb to 60 ft/sec., vhereafter the rate of clisdb remains
constant-for 2 sacimds and_then graduaily decresses.

The decrease -in horizontal velocity st t « 21 seconds
serves to decrease the thrust, and hence noise level, while
the aircraft is in audible renge. Prom Pigure 16 it can-be
seen that for t ¥:23 seconds the aircratt is out-of asudible
range and ie able-to accelerate to terminal conditions
without.causing _further snnoyanze. The oversll reduction-

» in snnoyance gained by this menceuver is very small and in
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-practice would hardly be worth performing.

piqures 14 and 33; Thryst and Power Required; The
plot of power requirement against time shows up one of
the msjor limitations of the program as configured at
present: sircratt performance is limited primarily by-the
number-of control options that are available, and only
secondarily by the maximum power constraint. Por exsmple,
it would probably be ad g to apply full jawer im-~
mediately after take-off, but the rate-of-climb cuntrol
avajlable does not-use full power at the tak=-off condi-
tions. The solution to this problem-would be to have a
greater range of controls available, so that controls
utilizing meximus power could be used under ail flight

conditions.
riqure 16: Anngyance Prodyced: The curve shows the

cumulative annoyance, so_that the gradient-of the curve
indicates the level of annoyance at any given time. The
curve is steep for the first 6 seconds when the highest
lavel of thrust is applied, and less steep whun thrust is
reduced. The rate of cemulative annoyance finally decreases
to zero as the aircraft recedes out of audible range.

3.3 _Progqram Limitations and Extensions

3:3.1 Upe of More Contrpls
In_this dynamic programming:example the control vari-
ables were numerically equal to-the quantized increments

in state varisbles. This avoided the.need for interpolation
procedures.
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+
.

continuing on all these asp of imp
20 2Jued

:

4.1 By including ncise as a messure of vehicle
performance, it appears possible to design
future helicopters which are significantly
quister (10-20 4b) than current versions.

The penalties for this quietness as measured
by operating coste are in the range of 20-30%.

POWER

T

16000

3
8
T

-
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, 4.2 The optimal noiee annoyance profile for a
helicopter takeoff involves a vertical climb
for 100 feet or more, and a substantial reduc-
tion in power as the listener is overflown.
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1. HNelicopter Design Program Description, n. Paulkner,
8 11y, -3, .
FIGURE 15-POWER VS, TIME M. Scully, FTL Technical meso 71-3,-May 1971

2. Generslized motor Performance, E. Kisjelowski et al.,
The Bosing Co., USA AVIABS Tech, Meport 66-83, Peb. 1967.

3. Melicopter DOC Comparison, M. Scully and M. Faulkner,
FTL Technical Msmo 71-2, Pedb. 1971,

4. A Standard method for Estimating VIOL Operating Expense,
B R.P, Stosssel and J.B. Gallagher, Lockheed-California
-1- Co.. CA/TSA/013, October 1967.

S, Nelicopter Motor Noise Generation and_Propsgation, _
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J.B. Ollerhead and M.V. Lowson, AIAA Paper 69-195.
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§ PIL, in<Progress Report-Wo. 3, Contract DOT-TSC-93, April 1971.
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Septesber-1969.
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Department of A ics and A utics, M.5. Thesis

. @ o N ry

»

CUMULATIVE ANNOYANCE (S -NUMBERS)

.t 1 -1t 1 1
= -10.,State I ina, R.E. Larson, American
e 20 22 24 26 28°30 “Blesvier- Publishing Co., W.Y. 1968,

L. A Review of Aexodynamic Noise from Propellers, Rotors, and
Lift rans, J.B. Marte and D.W. Kurtz, MASA TR 32-1462, 1970,
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FIGURE 16 ANNOYANCE PRODUCED “VS. TINE 12. Technique for Calculating opti-\n 'nkcoft and Climbou’

Trajectories for Moise Ab K. Rrzberger and H.Q.
1f-more controls were used the aircraft could fly st Lea. MASA_TH D-5102.

. quantized incresents in state vari- 13. ‘'Aircraft Noise - Mitigating the wulsance’, E.J. Richards,
states KA ware nok quan’s neres Astronautics and Aeronautics, January 1967.
ables. E.g., at prasent- it can fly at either 20 ft/sec
or 30 ft/sec but not intervening speeds.
Use-of woze controls would require a considerable

increase in computing-time but only a sweil Increase in
additional cceputer storage. N

3:3.2 Mors pafined Nolse Model
Refeserce 6 q(vil a directivity correction to equation .
{1} as

%, = 10 10g [ o882 0L “] ®

tcoo 70 4 0.1

vhere K, is the correction to be applied to (1) .
@ ‘is the angle-batween listerer-and shafe. axis. This
correction can Be applied without difficuley.

Another useful modification to the program would de
in the:-ad4ition of more listeners, who_could be positioned
out of -the plane of the flight path. work is presently
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Seund Attenvation Over Simuleted Ground Cever *
S.P.Paoond L, B, Evers
Wyle Leboretories, 7800 Governors Drive, Huntville, Alobemg 35007

ASSTRACT
In dealing with wave propegetion over lend below 1000 Hz, ground attenuation is on
impottant comideration. Very often, the actual ground surfece is covered with o thick

layer of vegetation which hes o very high avercll void to volume retio. Such a composite
boundary thould be

o ted os leyered media in order Jo anen the ground ottenvatien
offect cotrectly, The wave attenustion characteristics under such conditions are shudied
in this poper. It is found through theoretical analysis that a loyered boundary gives rise to
strong selective absorption in certain frequency bonds, Experi | dote hes been teken

under laboratory conditions over o wide range of normalized porometers, ond the results

quantitatively confirm mony cspects of the predictions. Both theory and experiment indicate

that significont ion 1o very Jow frequencies con be expected for sound propegeti
aver o deep layer of vegerotion. Other rewuls include the confirmation of & strong sound
pressure grodient in the verticol ditection neor the layered boundary, that the excessive

attenuation con increase ot most 6 dB per doubling distance, ond that the effectiveness of

-ground depends critically on the elevation angle of the sound source.
INIRODUCTION
The precise onalytic nature of sound attenuation nest o boundary with known H

impedonce wos fint mode cleor in o series of studies by Rudnick !, Ingard ?, ond Lawheed

and Rudnick 3. The main application hos been the estimat'on of ground ottenvation effects

on sound propogetion in the amospt Some subseq lyticol studies*+3 and
~axpariments *7:8-have fursher explored the details oF this phenomenon, In these studies,
the acoustic media obove and below the boundary plane are atsumed to be semi-infinite.
Corstont values are prescribed to either the impedances of the two media or the nommol

impedance of the boundary ihelf. However, in mory sitvations with ical imporh

L4 > 0

the boundory between the upper ond the lower semi-infinite acoutic medie is not o simple
-plone,” but a porous loyer with finite thickness. It is notural, then, 1o investigete the
-wave ettenvetion choracteristics near such o compasite boundary.

" e ]

In the anolysis of the simple b Yy gutation, the only g icol p

is the ratio of source F eight to the wave langth. The magnitude of etk ion depend

mainl; on the impedance rotio, os e nommal impedonce, of the boundory, It war pointed

out in the pravious onolyticol studies that ground absorption arises becouse the sound wove

propogetes of neatly glancing ongies of incidence, and the wave front is spherical, On

the bo_ndury, the ground attenvation increases of & db per doubling the separation distonce
N -between the sound soutce and the point of observation. A steep sound prassure grodient

-exists neor the bounda-y such that the ground ottenvation effect decreases ropidly as one

moves owoy from the boundery.

-In previow experimentel studies */7, selactive ablorption of sound due to ground effech
hot also been cbierved. The peek oborption bond is wwally loceted berween 300-600 Hr.
-Two probeble explanctions have been offered: “the iaterf effect of differentiol pathy

*  -The meteriel in this peper wos presented in port ot the 0th Mesting of the

A icol Society of Americe, November 1970, H Texos,

of wave prepagetion, and the verietion of nommel impedk of the boundary with respect
to frequency. Evidence has been found 10 support both theories 4¢3:4,

ing angles of incidk m

Owing to the speciel neture of wave reflecti t near g
is net ponsible te essign o constent value to the imped of the entire composite boundary.
A leyered medic rep on b

both the acoutic impedence end the wave trenemission corstent of the porows tramsition

y in this case. [t is required to specifly

foyer. A new celysis is therel auired for estimating the itvde ond ch gt

of the ground jon of such o | d houndary.

Y

In eddition to the anslysis, en experi | study hes slso been undertaken to determine

the ion ch istics of o Joyered boundery. The results of the experiment ore
intended for the verification of the theory as well os for cbieining a seperate view of the

) I ndenand. § . formad ot
p from an nt app The was p under Yy

P P

conditions such thet the ground attenvation effect con be siudied without the unceriainty of

other complications such es wind refroction ond turbulent scattering, Overall, the present
study hos found significont depacture in several otpects of the ottenuotion charocteristics of
o leyered media from those of o simple beundory. Thus, one may find the results ueful in
dealing with e vority of practical problems where o layered rep ion of the boundory is

wartranted,

1. FORMULATION AND ANALYS!S

The ical configuration for wave propogotion over a loyered boundary is shown in

Figure 1. In this figure, the top sumi-infinite loyer is assumed to be oir, which hos o density
of Py speed of sound < ond ocoustic impedonce of P,c, The middle loyer is ossumed
to be o porous material. Its demity and speed of sound are in general complex quontities.

In other words, it has o complex ocoutic impedonce such that a plane wave trommitted from

the ait into this layer will be refracted into the layer with o phese shift, ond will be

ottenveted @1 it propogates through this iol, A third medivm which cep # the

ground, occupies the lower holf space. For the simplicity of analysis, o t normol

imped is prescribad ot the interface b the middle loyer and the semi-infinite

ground. Also shown in Figure 1 is o sch ic of wove propogation paths through which

the sound from a point source cen reach an arbitrery point in the hnlf spoce obove the
layered boundery. The interference of the waves through these puths is responsible for
the boundary attenvation effect.

As pointed out in previous studiet, the simple roy ics opprooch can not

for the obrerved ground ion ph , ond @ more fig hematical anolysis

must be folfowed. In the present study, the opproach of Ingard 2, together with coordinete
systoms ond symbols in thet poper, hes been adepted. The cootdinate systems are shown in
Figure 2,

A sphetical wavefront which otiginates from o point source can be represented of on

integrel of ils plene weve elemenn

. n " ..
ike . xtim i{kxskyosk (h-2)
‘rr'(r%‘),[ a‘f’ R R TN m
0 0

In the ebove integral, the vector (E' N k’ R Iz’) identifies the wavenumber of g plone
weve alement, end b denctes tha height of the sound source ebove the top of the leyered
boundery. The reflection of the primory wave ot @ boundory con evidently be represented
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SOUND ATTENTION OVER SIMULATED GROUND COYER

R(8) = (cor ® 'Bltot0|)/(ta00ﬂl cael) D

Frim® ik x sk ysk (w2l
« ' T R(#,8)3in0d8 (2
-

n
i
p = (45) [ 4
0 [\]
¢ 43 cosBcon® (cosB -3 Y@/{(cmecd cs 8 )2 (cen® +8 )} (9]
whete R (@, 8) is the plane-wave reflection coefficieat. The reflection cosfficient ] 3 T 2 1 1 t 2
R($,0) isofunctionof pond 8.

1t is more convenient for the purpose of integration to write Equation (2} in o new

spherical coordinate system v hera the principal direction of the reflected roy is chosen os with ® = exp { 2ih(n? =1+ cos? 0)*,‘(
the reference axis 2. The new ongular voriobles ore defined as & and n. Equaties {2)
. con now be represented o3 ond cmO‘ = a7t {n’-lbcm’ﬁ}! ’ , ]
: ! ]
E; ; = i"_ sim  ikr cosn whete B‘ 3 the spesific admittance ratio of the middle layer with respect to air, 52 i i
b o= )] o e 7 R¥n)sinndy @ e o . . i
E the specific admittance ratio at the interfoce of the middle layer and the ground, and 0' -
0 0
H is the refraction angle in the middle Joyer. The function @ accounts for the phose difference ]
;
baty the two teflected wave comp ts. This phase shift is covsed by path difference *
An integral of this form can be evaluated by s the method of steepest descent’ in tha
and the wave trangmission characleristics of the middle loyer. k
acoustic for field where the value of kr is lorge compored 1o unity, Along the poths o?
) ? The inttantanecus valve of sound pressute in the for field con now be determined as 4
stespast descent in the complex n-plane, o new voriable con be defined such thot ]
-:: ‘H"\ e ik -r') 11
- coan s 1éie *) P - I-'—‘-e ? X
a s 2
3 whete t is 1-0) ond positive. )
- y 11 2ypvly ). '
: X [k(yaw—;-,‘-,:(-fu VIR L) -, R (yol)]‘ ® :
: : 3
The reflected wave can be then written o3 :i
3 ite, T Ly ke The derivatives of “R(8) with respect 1o €5 8 can be obtained from Equation (7). S
e B v, ¢ "
3 P, = g (k) f e T RGNV Ly Q ) By substituting the known exprestiort for R {8),-R", and R* ino Equotion 16}, an explicit- 1
2
_ 4
s 00 expression can be obtoined for the reflected wave. The ottenvation of sound neor the ,
- layered boundary con'now be cbiained by simply 5dding the incident ond the reflected sound: ;
b which has the form of o wave originating from an “imoge tource™, located ot @ distonce h pressure Fields, ;
- balow the 10p of the loyered boundary, with 6 varioble gth O. The algebrnic expressions involved in the computation of the sound pressute field in the- )
: For an arbitrorily given function of % {v, 8 ), Equation {5} con only be integroted upper holf space is thraightforwotd, kut relatively bulky. Thetefore, the results have been
. . PP . e
op Ty, A first osymp ppto has been given by Jrekhowskikh ™ o progrommed for calculation using o digital computer, The ctymptotic opproxiate soluf

is very for computotions of sound pe lavels in the for field, i.e., points

2

ikr
2 1 1 , - , -
] ll—r;_ % R (,;) 4 ﬂ(_r; (T 4] .,:) R.(yé) - -‘-ol (yo)) } {8) which ore more than o few wavelengths away from the sound source. For the study of ground -

attervation effects, this is o practicolly insignificont restriction, In the computing progrom,

o e LA il 1 i

ol of the geometricat and ocousticol parometers con be veried independently. In porticuler,

o

whate Yy % cn®
s ° the spacific admittance ratios J' . 3’ ond the refroct'on index n , ore asumed to be complex

2 and R™ ore the fint ond second derivotes of K with fopect to y=cos 0. Eqution (&) numbers, Some computations have been made for the limiting coses where ¥ie thickness of

serves 01 0 sharting point for the present onalytical i igation into ground H the middle layer opproaches 2ero and the resulls ogree very wall with those given by legord?.

[ R T

owing 10 Iasered media. 1. EXPERIMENTS

. 1t comaing hete 1o determine the ploasewave safraction coefficient R{8) for o boundaty The of sound ion 0.set @ layered boundaty were mode on o 20 ft ;

. with o laysred configuration. The overall reflection conlficient s for fh.e wave by 811 plywood ploti sm, It serves as an ideolized hard ground surface with very high l_i

1 teflaction ot the top of the middle layer, o3 well o1 the wave which is rromminted into th.e acoustic impedance. A loyer of porous matetiot of uniform thickness is ploced on top of this ;
iz middle layer, reflected by the ground, and returned into the air, IFigure 3). Hence, the platform, The construetion of the platfarm, the ‘oyout of the porovs materiol, and the j
oversll reflaction conificiont of the layered boundary con be given setevp of imirumentotions, ore relatively steaightforward, The longest ronge distonce oveil- 4 ,f

obleon this platform ¥s 200 inches, and the thickness of the porous loyer vaties from 2 1o & { J

H :

inches in the various casas. The choten sound sousce it an acouttic tramducer with o0 Y4 in,
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SOUND ATTENTION OVER SIMULATED GROUNG COVER

diemater threst epenning. One-half inch Bruel end Kjeer micrephones ere mounted
ot six locotions on the top end sbove the leyer of porous material te messure the seuwnd
prossre lovehs in the fer flold,

The entite test set-up wes placed in @ free feld envirenment since @ large enechoic
chamber wat net aveileble. Hewever, the free Held

gement wes quite satisfectory
since the ambient noise level was belo~ 45 d8, and wind and Iurbulence in the test aree

were vithwally non-existent, The dute was d for moleculer eb

ption in oir ond,

n most ceses, this correction was very smell ond negligible,

From experience geined through praliminar: tests, it wes found thet waves propegeting

ot neer glancing engles of incidence con p theough & porous leyer ond re-emerge
fram it only if the layer is extremely porous. Layers compased of other types of ecewstic
Tals wirtk higher densities moy behave like semi-infinite leyers, Hence, the choice

of layer materiel for this test becomes o particulerly interssting tesk, Bosicelly, the suit-
eble material should be extremely porous and yet have  steble and uniform siruciure such
thet repesteble duta con be obiwined with y. The

ials chesen for this expeti~

ment ore listed below:

(1) Rubberized Honehair Materiel — This is o metrix type of mater'sl composed of rubber~
ized synthetic fibers, Tha demsity is 1,36 It/t?, -The estimeted void fo volume ratio
is 97.8%, _Averoge fiber diometers are oppronimately 0,004 ~ 0,03 inch, The

ge dis b two ing Fibers is oppronimotely 0.005 ~0,15
inch, However, lorge cleor opennings of 1/2 inch in diometer ond depth ere not

uncommon . This matetial is originally intended for packaging of el i §

fotion. [t is commerc’elly avoilable in sheen of 2-inch thicknew.
{2) Glow Fiber Air Filter ~ This is the material commonly wed o air filters in heating
and air-conditioning units. It is compoted of long, stiff, ond unbonded glass fibers.

The size of the fiLers is faiely uniform with o nomine! diometer of 0,002 inch. The

oge di b porollel fibers is approximately 0,05 inch, The density of
this matetial 15 0.52 Ib/f?, and the void to volume rotio is opproximately 99.7%,

This iol is ially avoiloble in rolls of l-inch thickness and up to 36 inches
inwidth,
(3) Fiberglos batt — A 4-inch thick Fiberglos bott wos also chosen. In spite of its extreme-

Iy low density of 0.27 I/, 5t oy on tie impodk porable 1o the obove
two iok. M , the cheorption foctor for sound propogotion in this moteriol
is relatively high,

The tic impedance of these ials hos been d in on impedonce tube ',

P

Due to the low densities of these materials, the combined normal imped: of the sample

and the rigid end plate f the tube has actually been meosured. 1t wos found thet the

P dn. h =yt

P of the finst two moteriols ore opproximately equol. The

d impedonce velues ore frequency dependent._ For frequencies obove 1000 Mz,

pts have been made ‘o

d ine the ic impad of the sample itself by decoupling the effects due to the
solid bocking. - Some anelysis indicotes that the specific admil

retio of the fint two
materioks with respect 10 ait s between 0.5 10 0.7, In the third motetiol, the demping
foctor for wave treremission through this material is relatively high. Hence, the effect of
the solid backing is much less prominant. The meosured specific admitlence ratio of the
Fibergles bett is opproximately 0.6,

-a sound source loceted ot the top of the boundery have been

The refrection indices of these meteriels heve not been messured. According to the
dutn given in Deranck !2, materiak in @ similer dersity renge ususlly have & refraction
index between 1.10 and 1,25 ot frequencies abeve 1000 Hz.

A toiul of twenty seis of memsuroments were mede for verisus cambinations of meteriols,
leyer thickness, and seund seurce height. In each set, micrephone reedings were teken ot
six lecations in the far Reld over ¢ frequency renge of 1K Hz to 20K He. The scaling
fucter of this laboretery experimentel set-up with respect o verious practicel field conditions
renges approximetely from 1/10 1o 1/100, Therefore, the tected sound frequencies would
correspond o a frequency renge of 10 Hz to 2000 Hz in the field, Qut of these teshs, o
significent renge of normelized conditiens for sound attenustion over loyered media has been
oncempaned. Sinze the tests are performed in tems of descrete frequencies and the micro-
phone reedings ore dod directly on o level recorder, the deto reduction procedure wos
relatively simple.

11, DISCUSSION OF RESULTS

By wing Equation (8), & series of cose studies have been calculated to investigate the

dependence of sound ion on votious g ical ond ical p In this
study, the principol geametrical quantities ore the wevelength, the middle layer thickness,
ond the height of sound source obove the top of the middle loyer. For calculations of sound
prossure lovels in the fer field, the wavelength is chosen fo normalize the coordinates, while

in studies of sound absorpti the layer thickness is chosen os the reference length

-to normelize the frequenciss. Among the three acowticol porometets, 8 ond n are more
importont; 3; is wually much smoller thon unity, and it het only secondory influence un

the overall resuits. For @ highly porows middle loyer, _3- is g lly in the neighborhood

of unity. The refraction index, n ,-is also ciose fo one ;or fsotropic porous moterials
with low densities. - However, o porous meterial with speciol structure moy have o very
lerge refraction index,

Sound a*tenuation over a loyered boundary is found to depend on the loyer thicknes:,
A typicel cose is shown in Figu:e 4, -The sound pressure level contours in the far field for

d for two different

layer thicknesses. - A general redishribution of sound con be seen in this figure, Of porticu-
lot significance is the otenuation pattern neot the boundary. On the boundory ihelf, the
ettorvation at ory point con differ by obout 5 db from one cose 1o another. “The difference
in sound pressure level decreoses grodually es one moves away from the boundary, At line
AA, the difference vanishes. In the wedge sheped region between the boundary and line
AA, the difference in sound pressure level ot differant loyer thicknesses prevoils even if the
sound source is Jocated high obove the boundery. However, the point of maximum difference

in such coses will be located

here b the boundory ond the line AA, Figue 4
shows olso thot the sound p gradient near the b

doty is very steep,

Colculetions have also been mode to i

gote the dependence of sound ion on
frequency end individvol ic por For simplicity, the loyer thick the source

height, end ﬂ’ . are cumed 1o be costant. The source height is auumed to be one layer
thicknevs above the boundery, Sound presure levals in the fer Field ore computed for given
froquencies end verious velves of GI -and n, 1t wes found in these colculationg thot, for

@ given peir of velves for d' ond n ,-the ettenvation of sound at the boundary itself remains

-more or lews constent for all frequancies.  Howaver, ot o slight distence obove the boundary,

a significant bend obsorption pettern amerges due 1o the vaiaticn of the sound pressure
grediont for different frequencies,
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are assumed to be patfectly homogensous ond ssationary, ond the boundaries ore pedectly
flat surfaces, A sound pressure gradient can always be maintoined even though it

may be extremely large. However, in lob

y ot feld , slight perturba -
tions in the speed of sound or material non-uniformity will exist. Under such conditions,
the actual sound prassure level contour will not be as sharp as predicted by the analysis,
One con only measure the averoge sound ottenvation value over a portion of this computed

stesp sound pressure gradient, Hence, in swh di ions of H

q P

the value of sound attenuation due 1o boundary effect is token by averoging over o distance

of 010 of the layer thickness immediately obove the b

dory. The 0.10 thicknes volue
is sat arbitrorily, However, it is portially reloted to the foct that most of the experiments

were mode with layers of 4™ to 7 thick, ond the microphones used in these measurements

were 1/2-inch di , which is approximately 1/10 of the layer thickness. The pressure
signal sensed by the microphone is, therefore, on oge value,
The dependence of the sound ion sp on the tef index is shown in

Figures 4 and 5. The specific admittonce ratios afe held constont. in these figures,

the wavelenqths are normalized with respect to the constant layer thickness, The sound

due to the boundary effect js 2 .wn in'decibels for o point 50 loyer ri.icknesses
oway_from the sound soutce, In Figure 5, three cutves with small volues of the refroction
index, n, ore shown, The attenuation spectrum shows cleorly o peak in the fow frequency
range, The locotion of this peck depends on the value of the refraction index, For o loyer

of 20 ft thickness, these absorption peaks will

d to f Y
P to traq d

50 Hr ~
200 Hz. ke dash verticol Jine indicates the ted ob ion peok location if the

P P

middle potous layer wera removed such that only the high impedance bare grcund were left,
For volues of n batween1:2000d 2.0, the attenvation pegk oscillates in the low frequency
ronge -(kh < 40), However,_the overall attenvation spectrum shows o definite shift towords
lowet frequencies os n increoses. In some coses, thers s more thon cne peck. In the
limiting case of o layer with @ vety large complex refraction index, i.e., n 52, the loyered
boundary is effectively equivalent 1o a simple boundary with a nommal impedance. The atten-

v0*ion spectrum, which is on overoge value over o short di

neor the boundary, d

seally with f;
y with freq

y. The computed ion spactro for n > 2, ond for
n-= 2, are shown in Figwe 6, The ollenuation spectrum for n  >> 2-shows a higher

ion than oll

level of sound puted spectra ot other values of n.

For o fixed valie of refraction index near unity,-the voriation of an ottenvation
spectrum with rmpect to 3' is quite simple. A typical set of curves is shown in Figure

7. The mognitude of ot tion i

with the specific admittance otio while the

attenvation peak remains in opproxi

Iy the some lo

The experimentol data obigined in this study hove been reduced ond normalized. The

general ch of ground @ such as the existence of o steep sound presiure

dient immediotely above the beundory, and that the ground ottenvation increotes by 6 d8 per
doubling the distance from the sound source, have been cleotly confirmed. The expetimentol
data wos found 10 be repectoble within 6 bond of sbout 2d3, The clomical faw of reciprocity,

which implies thot the value of sound attenuation remains unch

ged if the positions of the
sound source and tha microphones ore exchanged, wos found to hold in this experimant,
Although it had nothing to do with the objective of this study, it was o convenient reference

for 1he verifie ation of accuracy.

b PR
|
SOUND ATTENTION OVER SIMULATED GROUND COVER
At this point, @ subtle descrepency b the onalysis and practical ground ottenu= A fow unique prop of sound attenvation over a layered medio are elso bom out
ation consideration b o In the onalysis, the tic media in all layers

by this expetiment. A comporison of the axperimental and theoreticol attenuation specire

is shown in Figure 8, Three sefs of ottenuation mecturements with zimilar normolized geomet-

rical configurotion, but with different

ials end loyer thick ore showr: on this

figure. The ag of the magnitude of srund ot ton end the location of the peok

are very close. Although the acoustic parameters wed for the theorstica! cutve is probobly

not the exact value for the P ials vted in the esperiment, the predicti
nevertheless, shows the correct trend and order of mognitude.

By comparing the analytical curve with the dota, one finds that the dats is significant-

iy below the prediction in the high frequency range. It fs probably becouse the wave
flections become

domized such that the ground interfarence effect becomes ineffective.
It is interesting to note that the d ab ion peok freq

P

y is significontly below
the expecled “bare ground™ intecference peak, which is computed by using ray ocoustics ond-
is indicated by the dash line. This is patticulatly significont since the loyered materiols

uted in the experiment hove o void 1o volume ratio of well over 97 percent, ond lorge sutface
openings. [nhitively, one might think thot such materials should heve little effect on

ground absorption.

Some lies of the depend

of sound versus di have been

measwred, In Figure 9, ¢ of ground oblorplion venus dista

P

is shown, The volues

ware obtained from the experi For the low density ground materials thot were used,

and for ground ottenuation in distances of less thon 50 wavelengths (k x <300), the ground

p and rote of inc

is ymaller than the classical predictions, The 6 d8 per
doubling distonce rcte is observed for di

beyond 50 fengths. -1n some sets of doto,

V. SUMMARY AND CONCLUSIONS
Several imp t ¢t istics of sound o

which ate unique to a loyered
-boundary, have been found through this analytical end experimental st y:
1. Selective sound attenuction in a certain fraquency band hos been predicted ond

observed for a layered boundory with nt {f P TS IIRY -

q Y P

properties. Suchon effect has not been considered in previous investigations in

the literoture.

2, Aloyer of extremely porous material con still offer significant attenvation 1o sound

propogaling ot nvar gloncing ongles of incid .

3, For on extremely porous loyer, the cound ottenuation in the neor field of the sound
source is uwolly very low, Pressure doubling may occur due to the reflected wave
from the hord ground surface. However, the ottenvation ot distances sulficiently for

oway from the source will be dominated by the i ies of the layered

pProp

materiol, ond significont attensation levels ore observed,

pressute doubling hos olso been detected in the neor fisld ot the lower frequencies.

It wos found olso in the enalysis ond the i that the magnitude of ground

L=t

ol o

p itically on the height of the sound soutce, Figure 10 shows the

dependence of sound ation on the app le ongle of the sound soutce os
observed from o point in the fol Field, The dots points are obiined in the experiment,
1f the sound source is of more thon 8 degrees above the horitontal, the boundory ottenve~

tion drops below 5 d8. In many practical sitvations where noise control is of primary

concern, the ground ion ot lorge elevotion angles b insignificont, An

enclyticol computation, showing the effect of soutce height on the for field sound prenire

level pattem, is given in Figure 11,
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SOUND ATTENTION OVER SIMULATID GROUND COVER

Y

Tha aralytical rewl’s chimined in this study seem to predict the correct frends ond - 0,1 €,) Medivm

9nitude of sound ion over @ leyered medie, on ! sen probebly be wed e 0
bowis for the develop of practical ground o fon predichi hoiques for
situations whare o layered boundery description is werranted. OF course, & substentiel”

%‘ amount of work has yet to be done.
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ATMOSPHERIC AR ORTION OF SOUND: THEORETICAL PREDICTIONS *
L8 Even Wyle Lehomtecies, Huntsville, Alshame 25807

H. €. bom Univenity of Miniulppi, Dep of hysics 8 A y
Usivently, Missinippi J0677

LC. Suthorlend  Wyle Laberatories, £l Segunde, Califernie 90245

ABSTRACT
By ssouming ait is compused of four gme, i,e., nitrogen, ouygen, water vepor, end

curben dienide, and applying energy trancler retes for the binery collisions inherent in such &
d. The celculeted curves basec.

syviem, gbsarption of seund in the wphere has 3000 prodi
upon twenty-four anargy tramfer mechuniooms are d with d | dote ovet the

humidity renge of 0~100% reletive humidity. Agresment batween theory end experiment is

very goed. By including clanical shusrption and 1 relamation affocts the tebe] amos-
phortic absarption is alse predicred ot 20° C. Celculations made for veriéus concentretions of

CO: Indicate the? low CO2 lavels (fess than 0.1%) do net significanly atfect ehsarption of

-oudible sound ot high humiditios, At vety low humidities, howaver, CO2 is on impertent

facter,

L. INTRODUCTION

A bauic cf fstic of sound prepegetion it The
various irraversible precenes which remove energy frem en sceustic wave end convert it fo
in ic over leng distences hes become & metter of -

ion with di dueto-

“heat, Prediction of sound prepegat
incressing practicsl significonce in severa! oront inchuding:
Prediction of community neise leveh around eirporhs

.
. Analysis or acoustic detection of tuctical equipment or aircreft
) ~Evavistion of very low frequency seund in the atmesphere genersted
by rocket engines or from retural sources such o8 tidsl motion,
-oatthquakes, wind sterms, etc.
. Investigation of the vetticel propagetion of senic disturh frem i
signaling grenedes or tonic booms,
Where it is y 1o eveluste sound propegetion over o substential number of weve-
Tengtis, the abserption of seund b7 the phere mut be corsidered, Prapagetion ch

hetic conditions, (b) the patition of the source reletive

istics ave dopendent upen (o))" o
1o the greund, end (c) the terrein/vegetotion fesiures edjecent to ths seund poth. -The obove

lished factors which effect the intemity of the sound ecriving at the cbrerver con be cleuified
o follows:
Spromiing Lomer
. Uniform sphericel sproading linverse Square Luw) lomses
. Nen-uniform spreading
= reflaction by finite bounderi
= tofraction by non-uni ot

ing) by nan-thotionery etmetphere

= difimction {;

®  The meterial in this peper has beent prasented in part ot the Helicopter Noise Sympesium,
Ovurham, Nerth Cereline, Septobher 20-30, 1975 ond ot the 82nd meeting of the Acowsticel
Seciety of Americe, Denver, Colerede, Ocieber 1972,

Absorption Lomes

. Absorpiion by graimd end greund caver >
. Absorption by amephers E
= clonicel cheerption
OF thase seund propagation effects, different ones may be the controlling fecter for different
atmapheric metesrelegical conditions and far verying .ource-recaiver ph 3 b '
for any type of conditien or eny type of seund prepagation path, the ebsarption due to clewical
ond molociler effacts are fixed for ¢ b ous atmarphere end ere functions enly of the
propegetion path distence, the humidity content, gas impurities, end the temp .+ Before
) d, itis Y, therefors,

the mere varighie propagstion offects can be y
to astablish the praper values for these fined sheorption lomes,
Atnaspheric Absorption Loues

Awnspheric shsorption fesess have twe basic forme: (1) clasical lowss anocioted with

the change of acowstical snergy (or kinetic energy of moleculas) inte hoet by fundemente) ges
Saxetion lowes jated with the change

tranapert propottios, and (2) for poly ic geses,
of kinatic oc translations! anevgy of the melecules into intemal energy within the molecules

themealves,
The cleusical lowas con be further sub-divided into

- Viscous Losses 1

il Stoket-Kirchhoff Loss
o Hoet Conduction Lowses |
. Oitusion Lowes

. Redistion Loves
Only the Siekes-Kirchheff Losses are considered significant for air undec normal amaspheric

conditions, Diffusion fosses contribute only sheut 0,3% more and redietien loues ore significont

enly ot very low frequencies.

Relanotion abeerption losses in pelyotomic geses are krown te have the following forms,

N Therma! relonation b erwlatione] energy and vibratione! energy
stotes of the molecules

. Thermel reloxation b @ close vibrotionsl of two different
melecules-

. Therma! rel b the vibration of one molecule and the
of @ different melecuie

. Tharwa! rek » letions! energy end rotetionel energy
shetes of the molecules

. El gnetic relonetion b letional energy and alloweb!

slecirenic energy shates of the molecule,
As for @1 is hnown, slectromegnetic relenetion i significent for enfy one comman get, nitric

onide, NO, end then, only et very high ultrasonic frequencies
In the helence of this peper, @ besic th ical techaique for pradicting the ters!
it imentel date,

hetic abrerption fomes is p ted olong with supporting exp

P Ld

. THEORETICAL METHOD
Tavestigations of d obsorpti

90

henisms in air heve been corried out by meny

dilleront loboratories since the pioneering experimaniel work of Pislemeier ¥ in 1979 od hos

culminoted recently_in the work of Horris?, Hertis end Tempest®, Monk>, end Evens ond-
' 1 of the groblem het logged somewhat behind the enperi=

Cuthael .l. The ¥




F

AT T S

»

AT TR T AR T T e

ottihe e

T

Y

e

Lty

Lt

T T o g T T g L ey

ATMISHERIC ABSORPTION OF SOUND: THEORETICAL PREDICTIONS

weatel reslts. Knesers* 1933 theoretical troutment hes langely been ued to axplein the
onporimentel dow’ . W 1 1t has olways been recepnized thet this theory dess not
give on adequete description of the entire probiem, Sutheriend® end Pleicy? have shown

that ot frequencies well below the maximum ebsorption thet s is @ diskinct systemetic devio-
tion from single relexetion theery, 1t is this erea that His papor ettemphs fo clarify.

In this puper, aitis considerad a3 & four-gos mixture, i.0., nitregen, oxygen, carbon
dicide end water vapor, By applying the snergy transfer rates for the binery collisions
inherant in such @ system, absorption cf sound in the aimosphere is predicted, The celculated
curves ore besed upen Iwenty-feur energy trensfor mechenisms a3 shown in Tebles | end 11,
leulation of the
Towes due o clemicel effacts end meleculer relaxation. The clemical absorption cen be

?

The theeretical prediction of rotel sound sbeorphi

also requl

weitten es
20?82 [ 4 -y-1
. ,¢|.7'°_V; .!.qo-cp—:uycdbnp )
whaere ay = toto! clenical obsorption
P° " gas pressure
f = sound frequency
Y = affective specific heot retio of the gos

Yo = sound velocity at low frequencies
= viseasity of the yos
C = -offective spacific heat of the ges ot conslent preswre

oy = o moleculor diffusion constont

12« difhuion coefficient for 0, end Ny mixture
» = ges demvity
x = thermo! conductivity
ion con be

For fraquencies less then thet of which ionel rel oceurs this

L

~evaluated in terms of the viscosity bosed on meotured velues for the sbeve constonhy "

2?2 2
ac' - Wi["m]q @
0 0-
For frequencies grester thon thet et which rotetionel relexetion oceurs the WI exprassion
must be vied and the effective vaives of the frequency dependent terms vﬁ!ilod" . Equetion
12) was vtilized to calculete clomical lowez in this study with .y twken es its low frequancy

volve,

The obsorption due to thermel relaxation be? treruiotionel end | energy

states of the molecules wes celeuloted

ing thot the rotationel relaxation >f sach molec!
w03 1he s0me in @ir 08 in the pure qos. -This asumes thet during o collision with unlike mole-
cules, the probebility of mhnin! rotationa! eaergy for each melecule is independent of the
collision partner, This owumption, of coune, weuld be very poer for high frequencies,_ For
the frequencies of interest, however, a chenge by o fector of ? or 3 in the rotetions| relenetion

where | reprssenis the censtitvent molecules of air, 1.0., CO,, n,o, O2 ond N)’ ond

4 = concentvation of molecule _j

f‘ = number of degress of freedom of molecule
M = 2% times the saund frequency

T = roletional relexetion time of molecule |

n = number of types of melecules comvidered.

For purposes of this siudy, only CO,, Nz, O2 and HéOmu conmidered; howsver,
the method Js quite generel provided the sbove esumption regerding the effects of unlike
collisions en the roletienel relexstion times is valid,

The finel term 1o be considered includes the sound lom due to the thermal relexation

h il 2

| energy end vib ] snergy stetes (V-T), between vibration of one

melocule end the vibmtion of enother (V-V),-ond b the vibration of one molecul

and the retetien of the seme or different molecule (V-R), The differance between (V-T) end

(V-R) p it only imp when celculeting energy tranfer retes; 10, for these
levlations both pr will be

fdered os being (V-T). These vibrations! reloxation
procones ore the deminent couses of low et low acoutic frequencies,
The sound eb

ption dus o vibrationa! relaxetion wos calculated using the method first

advenced by Tenccs'2 which was expended 10 a two component system by Shields'? ond loter

oxpanded by Shislds and Bess' 19 allow for three-for-one (V-V) axchonge between colliding
lecules. The enly inf

quired to perform such calculations are the binory ~ate

ond the ion of eech ges pretent.

Shields' equations for expressing the ecourtic absorption and dispersion os o function of
the various energy ircsfer retes of imporience were used o1 @ serting point for these colcu-

letions, - The only modificotions required 1o expand the method 1o o four component system
wos @ chonge in Equetion (8) of Reference 13. The modified equations become

n
- » \ly
k, 0 zm x; MAM(1,0,4)

n
u;;u,.s) - § x MAPE(1,9,4)

where the terms have boen defined in Reference 13, These two expressions elfow the effective
vibrationel specific heet 1o be calculated which in tum con be ued to detemmine the absorption
and velocity of sound using Reference 13,

A totel of'24 energy tresfer procenes were comtidersd, The rotes for these processes
o0 given in Toble L. Rates ora lobolod o3 MAPD (1,J,A), The letter A-indicates the type
melecules involved in the cellision. An index to the aumbering system used is given in
Toble 11, MA s the number of collisions of type A occurring eoch second in air ot one
tmesphers of prowwte. P% (1,J,A) is the probobility thet, duting o collivion between the
melecules Involved intype A collisions, mode | of one molecule will lose “a™ quonta of
vibrationol energy while mede J:of the seme melecule or the collision pe-tner geine “b™
quenta of energy. The medes ere numbered os fellows:

Mode 0 = lations) mode of eny molecul

Mode | = symmetric shretching n‘oolCOz tv, =18 ')

e T Ty ik

Ll sawerl el
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A

1
time for eny comtitvant molecule would lead 1o very little chenge in the torel sbicrption, The Mede 2 = banding mode of CO, (v, = 867 em™" ) [dovhly degenerote) 3 e
-affects of rete*ienel relanation were included by writing the affective specific hoat o1 the suom Mode 3 = esymmetric stratching mede of CO, (v, = 2349 en-') g ;
of the centribstions frem the trantlotianal, (V/2R], vibrationol, ond rotationol medes, Mode & = vibretions] mede of N, (v, w2331 em™') 4 b
o (£ed) Mede 5w vibrations] mede of O, (v_ = 1500 em") ;
effective vibration oy ) i Mede 6 = bending mede .”.20 v, = 1995 em'y g :
12 ‘
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ATMOSPHERIC ABSORPTION OF SOUNO: THEGRETICAL PREDICTIONS

~For anemple M2P} (4,0,2) Is the rate fer the (V-T) procew
N; + cq, - N2 + CO2
ond mr: (4,5,4) is the rate for the (V-V) precess
o2 + Ni - 0; + N2

here * indi @ vibeatl n' -1“.7'.’

fcond o=~ ¢ streich-

ing medes of H,0 were net cosidered since their tritutions to the tolel specific heat
is very mell,

A rether large number of rutes have heon comsidersd since ot different humidity end
frequercy cambinetions different retes ere the centrolling mechenisms for the seund ebserption,
For anemple; ot high humiditios the effect of CO, is insignificent In concentrations Solow 1000
ports por million, However, in relatively dry air the (:02 content connels 1)\e relenstion
froquency of the mixture o8 shewn in Figure 1. The mest importent retet for the vy cre the
{V=T) and (V=V) retes for Oz/MzO collisions; the (V=T) rete for NzQ’Hzoeo!lh!m; rhe
(V-T) ond (V-V) retes for N,/NIO collisions; ond ot Jow humidit-as the (V-T) 2.4 <V-V)
retes for 02/COz intaractions. [t should be recognized thet any of iz aleve {/-7) retes

-covid very wall be the rewit of ¢ (V-R) pracen follewed by a ropid (R-T) procens.

Altheugh enly the shiarption hes been di d, the velecity could olso be coleuleted

-by the seme methed. The velocity, hewever, is less sensitive to the presence of relenstion,
The power of the theoretical method used is its versetility, The seme thesreticel methed
ond computer progrem coui 1 be wed loruvyu-blu'ion.lgm. The effect of pelivients on
the frequency dependence ot seund ebserption end the ob of sound in alien otmecepheres
could readily be colculated prc rided the binery collision retes were known. 1 meny ceses,

these retes con be found in the linveture. These net aveilebls in the literature con be messured
in controlled leboretery conditions w'thout being d with oll the voriebles inh
in field y The dependence of the relexotion b

v na

con lso be

alcvieted if the denond

P L

¥ the individual tremition retes ore known,
Additions! leborutery memsurements of the tem; sreture dependence of the retes impertent in
sound ebsorption mus? be mede before more theoreticel predictions will be possibl

”

A groet dea! of progress hes been mede towards developing theoretical expressiui; for energy

trorsfor retes. Once such ions ore develeped, celculeti

P »

of sound ebeorption from

lecul will be pemsible. This oren clearly deserves cdditionel ettention,
N, RESULIS
The predicted curves ere shown in Figures 2 theough 5 along with avoileble experimental
dute. Of the thrae sets of dete, Herris end Tempest's is theught to be the most occurete. Agree-
ment betwoon theery and expariment is very geod. The curves end deta heve been presented in
the ferm, w/m e "I Wm where m is the intemsity ettenvetion cq-m:lm.qdmm
is ity value ot the relexetion fri £ . W

Y
v mox

lizing both axes, dote for the vorious

~different humidities con be plotted on the sume gruph. In sach cese the experimentel dete hos

been normelized by 'm predicted by Mork’s expremion end the velve ofm“- hes been com-
puted uiing the Plenck-Einstein relationship for the specific hoat of the oxygen content, -An
onecinf__ will meve v dete point elong @ 45° line; enerror in " "1 chonge the vertical
pesition of the dote point on the n/mm scele and hance both paremeters affect the egreoment
botwoon thowry ond suporiment,

Figure 6 depichs the predicted curves of u/vm versus {(/p where )i i3 the sbsorption per
wevelongth, It Is readily sbvieus fram these curves thet seund elserptivn in eir is @ moltiple

relenation procens, The curves have been nermalized by the mojor peok which is due 1o the
vibeationel apecific hoet of oxygen, hence, e & result of the nitrogen relaxetion M‘m doms
net necenerily equal ene, The miner pegk is net s smily expleined, It is primarily due to
the nitregen content of air; hewever, i pesition in frequency i1 primerily @ function of the
weter veper conont'? ,

Comparison between £ and theery as & function of humidity is shown in Figure 7
along with Menk's curve . It is net surprising thet Menk's reswlts and'Yhe present work ore
identicel ot high humidities since we have taken the retes which ere impertent ot high
humidition fram Monk's paper. Hewever, there is considersble difference et lower humidities
(Figwe 1}, This work oppreaches o veiue of epprei

fy 30 Hz for the relexetion frequency et
zerm humivity, This sgrees wry well with the velues reported by Pisrcy ' which were extrected
from very lo.s temparehwre air dete. There is seme uncerteinly in this 30 Hz prediction since the
rete for Oz/CO2 (v} (V-V) coupling is net well known, Asshown in Figwe | o difference of

one order of megnitude in shis particuler rete makes app

ly the same difference in lm“
ot z0r0 humidity, For this work, MOP! (5, 2, 0) wes chasen to be 3,0 x 10%sec™! oM™ 10
ogroe with Piercy's s reswlits, Teylor end Bittermen - supgest o volue of 3,0 x 10 sec™’ om™',
The third curve in Figure | emphesizes the imp

of including the trece s (300 ppem)

of CO,. Witheut CO, the 2ere humidity relomstion fr is opprouimetely & Mz,

The ecowsticion is often feced with meking corrections for heric ebsorption end

for these purpeses Figure 8 is included. These curves shew the tetel dhsorption (i.e., clomsical,
ibretional, end retetiens! ob

prion) in d8/1000 fr-versus ('p ot 20°C. 1t is felt thet the
accurecy of these pradicled curves will be weil within eny experimental ervor in field measure-
menis end con be used without hesitetion,

V. SUMMARY

The theereticel method develeped ollews the acoutic sbsorption to be colculated 10 on

occurecy comperchle 1o thet of present experiments. - If the need fer more eccurate predictions
of sound ebsarption erises, then the tremsitien rates required in the theory must be determined
mere accuretely, sspecially these involving weter vapor, Further, if the theoreticel method

i to be expended to elion whetes, the y binery vibretiono! energy tronsfet rates

must be determined unperi lly or colculated. The ahility of tha theoreticel technique
to predict the tempersiure dependence of the sound abierption depends upen the temp

dopendence of the veriows vibretienal rates, Agein these retes involving water voper need
edditione] shudy, In order te meke colculetions of the shearption of sound in air, or eny
.’hf feuleti 'ﬁith

i ition retes, without " rieri™ knowledge of the verious

rotes; theoretical exp for these retes st be develeped. To dete thers hos
Seon marginel succoms with (V-T) colculations end with (V-R) colculetions but none with
{V=V) theory, These colculetions sl dererve edditione! sthudy.

Seme error mey be introduced inte the prasent celculetions by exclusion of the trece
emeunts of H, ond Ar which ere present in the eimesphare. These comtitvents, perticulerly
Hy + may have some importance ot ly low humidition. The inty introduced by

4

inly ne grester then thet elreedy
prosent owing to the unceriainty in the frensition retes,

neglecting thete twe trace elo h ) 18

-These celculetions were expedited by mest of the needed tremiti

retes “:" ilobl
in Teyler ond Bittermen's 7 excellent review acticle on the emition retes imporient for

€O, lesers. Orhar reviews of this nature, where the vavicus dete sets ere not only recorded
but heir y d, ore

inly needed.
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3 ATHOSPHERLC ASSORPTION OF SOUKD: THEORETICAL PREOICTIONS
1
3
;
3 10 is falt by thess authors that the method ond curves presented cen be used e predict TALE |
3
i shetic seund prepagetion relicbly ot 26° C and probebly sefely sver o 5° sprend ereund
o )
2 20°C. Not until better information is availeble on the tempersiuia dependence of meny of L] - Yolve insec” e
3 .
E the tremsition rotes will lculotions es a function of remp be ponsib) Mﬂ’ (,2,0) 4.0x 10
- Mor! (2,0,0) 3.0x10
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‘Mr. Richard Ballard:

Addendum to Proceedings

Helicopter Noise Symposium
28-30 September 1971

SUMMARY SESSION

-

I think a summary session is very important for a couple of reasons.

One is that it gives us an opportunity to sum up the papers that we
have had during the last day and a half of -meetings. The other thing
is that it gives us a good opportunity to take a look and to assess
where we have been and where we might be going. I would suggest that
you give a little thought to where we are going in some of our programs
and if we are really effective in solvihg the problem of the helicopter
in the military environment. As I mentioned to you yesterday, operators
are- going to be reluctant to sacrifice performance to reduce noise.

They are going to be reluctant to pay more for quieter helicopters with
the exception of special purpose vehicles. These special purpose ve-
‘hicles have a grouping of their own, so I don't think we're going to
orient. our efforts in that direction. Als$6, if we're going to reduce
the noise of helicopters, we cannot -do it 2t the expense of performance.
I think we should keep these points in mind as we proceed.

We have five sessions, and I propose to let the chairman of each one

0. these sessions approach it ss he wishes. He may summarize the
session or meke his own remarks. The first session yesterday morning
was chaired by Mr. Meade Mitchell and addressed the Government programs,
so I will ask Mr. Mitchell to start off.

Hr., leade Mi;chelr:

We have given considerable thought to trying to summarize the session

we had yesterday. Generally it was a summary of the progrems being
sponsored by AMRDL (the Army Air Mobility Research and Development
Laboratories?) in conjunction with NASA. Out of that, a couple of re-
‘marks would be appropriate now from the AMRDL standpoint. It is

evident that we are going to continue to invest a considerable amount

of our limited resources, that is, funds, manpower aad, in the case

of NASA, facilities. We are going to depend pretty heavily on NASA

for support as far as the Government facilities are concerned, and: also
on industry and universities for support of our noise program. However,
it is evident that we must concentrate now on coming to an agreement
amongst ourselves about defining the causes and possible solutions,

and then acceptable ways of predicting noise and noise reducticn methods.
There -are questions oi hcw we put this in specifications from the
‘Governrent's standpoint in our new systems. work, how we specify what

we want, and then, after we've specified it all; how we measure it.
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I think there is some work to be dcne on coming up with an acceptable,

understandable, common system of measuring noise reduction techniques.
we have made some starts on this, such as under what conditions do we
measure, what type of instrumentation do we use, what are the atmos-
rheric conditions under which we are going to grade the contractor
for his efforts, what kind of terrain is to be considered and things
like that. It's about time we try to bring some of thése aspects

into focus. As we said yesterday, we are going ahead to develop
systems whether or nct we reduce the noise.

tuie Fa

o

I am excited about some of the work that has been reported here,
sponsored by ARO-D, some of thé independently sponsored work, and
scme of the work we're trying to sponsor through the Army labs. I
think we are on the verge of coming up with some techniques of pre-
dicting and eliminating noise. Now that we are beginning to under- i :
stand some -of the fundamental mechanisms that cause it, I think E 1
there are some design- techniques that we can use., That has been i J
evident in some of the papers presented today by Vertol. 8o, in 3
summary, I think we've got to bring into focus some of thesé things )
that we are -all discussing - the techniques, the measurements, and ]
more important, the way to specify what we want without compromising |
performance. After we have specified, how d0 we grade the contractor . !
and how do we nuake him stick to his -contract of producing what we say £ .
we want? ‘ :

I think that generally summarizes our session of yesterday. Again, . 3
I am encouraged by the things I've heard here today. It seems as .
though we are well on the road to a better understanding of the causes kS
of noise and how to use them to make design improvements to reduce §
noise.

e

akmsiaer

Aerodynaniic Theory ;

Dr. Robert W. Truitt:

Thank you, Dick. As most of you know, I have worked with ARO-D closely
over the past six or nore years. And in ra.ticular, I saw the planning
of Dr. Kumar in what we now see as the oeginning of fruitful work in
nelicopter noise.

PSP N VT SYINPIF LU “SIRTY G VNP

First of.all, I want to say that I am impressed with the quality of papers
that we had in this session. I think it's clear, and Meade Mitchell men-

tioned this, that there have been some important things reported here. I ' B
do tnink that the mission we set out to accomplish in this noise program
can be realized, and I emphasize "can be" because I think it's clear to

all of us that we stili are a long way from answering some of the real,

fundamental questions,
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First of all, I want to mention the papers that were presented during
this session. The first paper was a preliminary "Noise Analysis of
the External Aerodynamic Diffuser Applied to Shrouded Propellers",
presented by Dr. Ron Bailey and Mr. Richard Longhouse. It was brou;ht
out during the discussion of this paper that the instability of the
flow due primarily to any forward motion would be caused by flow sepa-
ration, that is, separation off of the shroud itself. This points to
the important fact that viscosity effects are of zreat importance not
only in the aerodynamic considerations but to noise problems as well.

The second paper was concerned with "Theoretical and Experimental
Studies of Helicopter Noise Due to Blade~-Vortex Interactions' and was
presented by Drs. Widnal)l, Chu and Lee, The first type of blade~
vortex interaction discussed was for the tandem rotor, where the un-
steady 1lift on a blade is calculated using an existing linear unsteady
aerodynanl e theory for bladesvortex interaction, PFor the tipsdominated
blade=vortex interaction, unsteady slender body theory is used to calcus
late the unsteady forces on the blade as it encounters the vortex. The
.theoretical model for radiated sound due to transient 1lift fluctuations
was presented along with the predictions of the directivity, frequency
srvectrum, and transient acoustic signals. Agreement was found to be
sood compared with the experiment for small angle blade-vortex inter-
actions. It occurred to me that perhaps one of the places where we
need to consider an improvement in the approach to a problem as -com-
plicated as this is to hope that sometime we can get into the non-
linear theory, particularly as you approach larger angles of attack.
Thne inviscid slender body theory is, of course, an old standby that

we always lean uron,but there are many new theories that are concerned
with the viscous-transonic slender body flow which I hope we can in-
corrorate soon.

As we move along, hopefully we can improve our theories and our ability
to predict by putting in more realistic inputs from the aerodynamics
noint of view. Risht now, transonic aerodynamics is a very popular
subject. ARO-D is supporting some very interesting work in viscous
transonic flow, and we are hopeful that important findings will develop
from these studies. I think it would behoove us as helicopter people
10 keep abreast of all of this new research activity.

Tne third paper, given by Drs. Lyon, Mark and Pyle, was entitled
"3ynthesis of Helicopter Rotor Tips for Less Noise". Dr. Lyon gave a
rresentation of studies of rotor tip sound radiation for purposes of
jesizning rotor tips that radiate less sound in specified frequency
bands. Consideration, as you may recall, was given to radiation due

to 1ift and thickness effacts. Dr. Lyon showed that 1lift radiation is
generally negligible in comparison with thickness radiation in specified
frequency bands. Factors that affect trade~offs between choices of
airfoil section and planform were discussed. Now, here again, I believe
+hat the non-linear viscous aerodynamics that we might have as an input
mizht be an improvement in the approach to this problem. In other words,
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both the second and third papers seemed to me to require a better

input than linear inviscid slender-body theory. I do not mean to

imply that we won't be needing to use the wind tunnel to get a lot

ol answers, because theory is not going to be completely sufficient.
But, some very important theoretical findings are available concerning
optinum or shockless transonic airfoils. The work of Nicuwland and
olhiers may lead to optimum airfoils, bodies and wing-body combinations
that will be efficient in the transonic range. They are not going to
be as efficient at lower speeds, but it looks like we can hope to have
come better and more efficient means to operate very near the speed

of sound or certainly in the super criticel range. It seems clear to
me that an optimum aerodynamic body shape (meaning optimum with respect
to, say, drag rise) is compatible with an optimum shape for less noise.
I don't think we are going to eliminaté noise but I would certainly be
surprised if when you get a good aerodynamic configuration in the
transonic range, you're going to have a good noise configuration too.

I would like to hear what someone else in the audience has to say about
that.

The fourth papér, as you recall, was given in two parts, one by Profes-
sor Sears and the other by Mr. Homiez. The first part of this presen-
“tation was reisted to engine noise and involved an investigation of
blade forces arising from rotor-stator interaction in subsonic flow.
One important conclusion was that the Kemp-Seaxs type of approximation
can be extended to include compressibility effects by méans of tech-
nigques suggested by Amiet and Sears. He also mentioned some apparent.
discrepancies in the results of Johnson on gust loads in subsonic two=
dimensional flow. But, in particular, the extension of the Kemp-Sears
theory in the compressible range involved a first-order theory for
unsteady flow that was analogous. to the Prandtl-Glauert correction,
but it had an additional effect, that is, a first order distortion of
any time-varying boundary condition, which was referred to as the gasp
-approximation. It is very clear that this work cannot be applied to
the transonic range or -even to the super critical range, because the
Prandtl-~Glauert theory simply breaks down. This, again, points to

the fact that a better viscous-transonic approach is needed. The noise
oroblem is most acute in this aerodynamic regime. Finally, you recall,
Greg Homicz gave the second part of the preséntation: "Acoustic Radia-
tion from a Plane Surface with Application to Rotors". He developed

a general approach for predicting acoustic radiation from a plane sur-
face that exerts a fluctuating load upon the surrounding fluid., But
again, if your recall, nis analysis called for a linearized aerodynamic
theory input. The same remarks that I made before pertain here, too.

it would now seenm appropriate to have questions or comments from the
zudience.
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Dr. Shéila Widnall:

I certainly agree with much of what you say. And when you and I talk
about transonic flow, we know what that extension requires. I think
many of the other people here may not realize how difficult transonic
flow has always been for the aserodynamicist. It's one of those

fields like turbulence, which everybody knows is very important. There
have been very few strides made in transonic flow and these have always
been won at great expense and great complexity. The reason that we use
tools like linéar aerodynamics analysis is that they allow us to pre-
dict an enouwnous number of phenomena with fairly good accuracy at a
_fairly low cost. The transonic flow is not that kind of a problen,
although I certainly agree it is a very important problem. I would
also make the remark that it is known that in the case of unsteady
transonic fiow, the linear theory is often much better than it has any
right to be. I'm sure you are familiar with the work of Martin Landahl,
who did a lot of work in unsteady transonic flow. In the unsteady flow
resime, you may be much better off using linear theory than you would
be in the corresponding stéady flow case. This has an application- to

1 . .
i i Tan ik BT niadtt et

wiat Dick Lyon is doing. He is looking at an unsteady transonic flow s
problem, using linear theory. Because it is unsteady, it is very likely é
that his results are more accurate than they would ever :hope to be in :
a steady flocw problem. So, what 1 am suggesting is that I do agree { b«

that transonic flow, if we could do it, is very important. One has to
realize how much that is going to cost. Ard I put quotations around
the word "cost", because I don't mean just money. I mean our ability

to understand our results and our ability to obtain results, including
the fact that we would have to do separate calculations for every single
set of parameters, every single case-would heve to be investigated -as

a separate topic, possibly numerically. So, that is a cost in our
ability to understand the results.
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Dr. Robert Truitt:

I would like you to comment also on the compatibility of the best aero- .
dynamics we can-do., How do you feel -about that as far as the noise is 3
concerned? 3

D', Sheila Widnall:

Certainly the work that Harry Sternfeld and Boeing. are doing shows that !
if you want to fly that tip at Mach numbers close to one, you might as
well design it from HMach numbers close to one. Now nobody would ever
design jet transport aircraft with straight wings to fly at Macn .92. ;
There is technology in that field. Certainly supersonic or swept wings
utilize planform shaping, and certainly the helicopters ought to take
advantage of it. That's going to be rather slow in coming because it
has to be done very carefully, but it's a direction in which to go.

I do agree with you that if you do have an efficient tip shape from
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the point of view of drag and performance, then I intuitively feel,
-as you do, that it will be more efficient from the noise point of
view. Boeing correlations with critical Mach number of the airfoil

section and the onset of very high impulsive loading and high impulsive
-noise certainly bear that out.

Dr. Fred Schmitz:

We, at Ames, have a group now doing tranconic aerodynamics quite
actively and the unsteady vroblem in particular. We are doing both
theoretical and theoretical-numerical computations; that is, doing
the full-blown problem, We hope to run some experiments within the
next year in the wind tunnel on various operating conditions. I'm
not an expert in the area, but I do know the uncteady problem is
being attacked right now. And it's not just the Army; it's the Army
-and NASA -- a group of about six people who are attacking it. All of
a sudden it's a very popular problem.

Mr. Meade Mitchell:

Bob, you triggered a thought that had been playing on my mind through
the whole session -- your best shape aerodynamics would probably give
you your best noise condition. There's an old adage, you know; "Where
there's smoke, there's fire". I've been thinking about this, where
there's noise, there's vibration. If we can reduce the noise, I think
it will have a great effect on reducing the over~all vibration of the
‘helicopter, and that's of serious concern to us right now from the
standpoint of the reliability and maintainability of the machine. 5o,
I think we can relate noise to that aspect. We have active -contracts
right now trying to isolate vibration or study vibration in relation-
ship to what has been done to the reliability -of parts and maintenance
on the machine. I know Sikorsky has realized -some improvements in

their maintenance of the machine using a damper on the rotor. Of course,

we can isolate vibrations, but if we can reduce them, the reduction in
noise, I think, will have a great payoff too. That is a point I wanted

but forgot to make.
Pr, Paul Pao:

T nhave & comment to make which is not related to transonic flow, but to
the question of how you get noise out from a sound source in a transonic

*low? In somé recent analysis that I have done, I found that in transonic

flow cornditions with: a sound source embedded in it, the local condition

due to the flow gives a very serious distortion to the acoustic properties

near the sound source. So the correspondence between- the sound source
and the far field noise are quite different from what we can see from

e simple wave equation as was used in the theory. I -don't know how much
this property will affect the intensity of the noise but certainly it
nus something to do with the directivity. Transonic flow is, of course,
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an extremely difficult thing, but transonic wave equations are easier
to handle. 8o as the first step, probably we can do something in
that direction.

Mr. Rona;q Schlegel:

Bob, just to reiterate something I have said earlier, but in support
of something you and Meade had mentioned. We find that the work we
are doing right now and which is in very active progress at Sikorsky
to develop quieter and more efficient rotor blades is in exactly the
direction in which you're talking. We are using transonic airfoils.
We do find that we can achieve very significant improvements in per-
formance with reducticns in noise level which are on the order of

five to ten pndb in the range in which we're looking. We find from
the vibraetion point of view that, in fact, as you would intuitively
guess, when you reduce this separation mechanism and improve your drag
characteristics on thé blade the vibration levels do improve. Also,
we find, in the high speed flight regimes, very significant reductions
in control loads. I thinkthat a lot of this work we are doing now is
really helping us finally if not to fully understand the problem, at
least to probe in some of the correct directions. I'm not sure we
really understand mahy of the mechanisms which -are going on, but I
think the indications from the research which we're doing are at least
heading us in the right direction.

Dr. Robert Truitt:

Would you comment a little more on the optimum type shape that you're
using or is that a trade secret.

Mr. Rona;d:Schlegel:

Well, I think the latter is probably true at this stage. I don't
want to talk in detail, and frankly, I'm not qualified to talk in
detail about some of the shapes which you're looking at.

Mr. William Nettles:

In the same vein in which Ron is speaking, I would like to point out
that there is one thing you must keep- in mind. Now, Dr. Whitcomb is
doing some airfoil work, and the tendency is to use his airfoil. The
helicopter blade section must operate over a very wide range of angles
of attack, over a very wide range of Reynolds numbers, and over a very
wide range of Mach numbers. Now, When you do that very frequently you
find that if you design a blade section that will do one thing for you,
make one point better, it makes the other point worse. Some recent
work which Boeing is doing produced an airfoil that gives them an in-
crease at low Mach numbers, but with the high Mach number range they
have a problem. I don't mean to make a negative statement about what

T, TR

o AR B

‘,
RV

add.

o N AT

-

PRI A

A“Mw‘uhm“y B

K akda

i 4 ek,



]

i 4 it 4 e T e T T T TERERETT PR R o e T e R RS T e

AL AT A il kel e e i it AL LIS A R L ki
A . ! "

LEAC i e ai

you're saying because I think this is perhaps the best point being
made in:- this conference. But in considering the comments that have
been made, I think it's necessary that you keep this practical problem
in mind.

Dr. Robert Truitt:

Do you speculate that you might, if you were smart enough, change the
airfoil shape under different operating conditions?

Mr., William Nettles:

You mean actually change the airfoil shape as you fly?

Dr. Robert Truitt:

Yes, perhaps changing the configuration with flaps. You-might be able
to do that.

wr. William Nettles:

I would not want to be negative and say ho. This is something we don't
want to- close our minds to. Command is working -on what they call a
controllable twist rotor, which I find fascinating because it does all
kinds of good things like this. And I know you people don't like to
hear about that. But we do, in particular with the heavy 1lift work --
and this work is fascinating because we are trying to do something new,
and we do run into this Mach number variation problem and Reynolds num-
ver problem. If you could, perhaps, come up with an airfoil change,
verhaps it's worth looking at. Let me make one more point. Maybe I
shouldn't say this. Dr. Truitt's comments to Sheila Widiall were very
good, but then if Sheila Widnall had not done the work she has done,

Dr. Truitt could not have asked the questions he asked. Now that's

the problem that existed two years ago. Some of these questions-
couldn't be asked then, because nobody had done -enough work at that
point to ask it.

HMr. Richard P. White:

We have come a long way over the lust three years in terms of vortex
noise. I don't know if we've gone so far that we are sophisticated
encugn in vortex noise and understand it well enough that we've had
the privilege of using it for systems studies. I thought that it was
pretty gzood that people are really considering vortex noise. They're
concerned with it in terms of flight paths, like Bob Simpson this
morning., It wasn't too -many years ago that if somebody said vortex
noise, they would lock at you and say you were out of your mind. It
did start receiving some recognition as a serious area that should be
understood. If you understand it, you may be able to do something
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worked pretty well. And Martin Lowson had one. I think the first

person I can remember that used it discretely in an analysis to de-

termine what effect it might have on the correlation between measured

and predicted was based primarily on how large the rotor loading was.

Dr. Loswy and Gene Sadler indicated that even with the simplified

analysis they could do at this time, it gives tremendously better

correlation at a high frequency in- a spectrum. Also, what they de-

termined for one helicopter seemed to apply very well to another

k nelicopter. This led to some things, and I think it was one of the

- & forces that led to the two programs that were sponsored by ARO-D.

: E We heard the preliminary results of those programs yesterday. All

the data have not been analyzed yet. I think the session that I

had the privilege of chairing was fortunate in that it covered a wide

spectrum, with some very basic research being reported in which con-~

ditions were painstakingly controlled. One controlled experiment

not truly representative of all aspects of a rotor in its natural .

enviromnent was work recorded by Jim- Scheiman. Then.we went thrcugh g

3 2 the full gamut of looking at the importance -of vortex noise as de- ; 2
3 termined: from the machine we call a lhclicopter, working in its own ; 1

-environment. I think that the spectrum we have covered ir this

session pointed out something very interesting and something that

shows a need for detailed analysis., I think the basic programs that

were conducted under ARO-D sponsorship had a primary objective of

-doirg controlled tests to demonstrate and show, hopefully conclusively.,

that from an airfoil tyve lifting section, discrete vortex shedding

of the Karman vortex street type did exist and also to determine soume

of its basic characteristics. I think generally that those programs,

within the analysis of the data that has been accomplished to date,

have indicated tnat it does.. At the same time these programs are

going on, there are other investigators who have been -doing some work ' -

Makinz some measurements that have also indicated a discrete shedding

on an airfoil does exist. There has been work at M.I.T. and by Dave ;

Smith from the Air Force on the sail plane work. ’
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1t was very impressive to near those tapes. Vhen youréome to that i
discrete tone, they can pick up a sail plane a quarter of a nile away. :
Robin Gray's very recent report with Allen Pierce indicated thne extent

of the noise that might be obtained by an airfoil shedding vorticity. ' i
The results of the two programs svonsored by ARO-D are somewhat 3 3
preliminary because the investigators have not had the opportunity to : E

aznalyze all the data they obtained. As for UARL, they are still ob- ’
taining some data. 3But I think scme of the conclusions that were ’
drawn or indicated yesterday are interesting to note -again. There ;
is an indication that there is a pure tone. There is indication ; 3
that thers may be more than one pure tone. But the frequencies as- N j
sociated with these tones zre not what we expected. They are much : i
higher, and they seem to be associated with the weight thickness N i
rather than airfoil thnickness. Dr. Sadler reported that in the work % 1
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he had been looking at there is some indication that the pressure X

fluctuation at these pure tone frequencies were correlated across the
! ; entire span of both the two-dimensional and the three-dimensional
2 modéls, but they were not in the wake. That's puzzling., He also
indicated in the figures he showed us that the models seemed to be
3 vibrating at the same frequency as the pure tone, but the force output
b from the model through that vibration was not nearly sufficient to
be the noise that was measured. Just possibly, then, that small
oscillatory pressure might have correlated all the somewhat random
effects we might have gotten from the shedding. It also indicated
that the primary dipole ‘associated with this is in the 1lift direc-
tion, not in the drag direction. We have had an indication that
the laminar boundary layer associated with the pressure side of the
: airfoil might be one of the controlling aspects of the vortex shedding.
E, As I've said, thése are scmewhat preliminary results the two investi-
’ sators reported, and I think that when they look at the data in more
detail and more extensively, we'll probably find other and more in-
teresting things. I think the comparison of some of the data in
results that were obtained from the basic controlled experiment to
the controlled experiments of the rotor system to the somewhat un-
controlled experiments associated with a real life vehiclé might 3
shed an interesting light, and may be where we don't understand things. 3
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I'd like to refer to the slides presented by Jim Scheiman. I thought
what he showed here was very interesting. The indication from both 2%
the circular rotor and the lifting rotor with a microphone on the ,
axis of rotation was that a peak output of the acoustic pressure oc- ]
curred at roughly the same frequency. The db level from both of these
is approximately the same. This is interesting because most Karman
vortex-street shedding investigations have been associated with rods. 3
I commend Jim for ziving us this base point to work from. The charac- '
teristic—dimensiqn of the rod in its shedding is its diameter. If that
be the case, and it seems to correlate very well, then I get the same
frequency with the lifting surface. You can get strong indication

that the frequency that was measured here was associated with the thick-
ness of the airfoil and not the weight. That is different Irom what we
got from the basic experiment with the fixed wing or models in the wind
tunnel.

Another slide that Jim presented showed a lifting r*rfoil. The measure-
ments made on the axis of rotation and measurements made in the rotor
point showed tremendous correlation in the lifting point in the axis .
of rotation, This is associated with measurements of vortex shedding ¥
in the lift dipole. He didn't quite show that in the rotor point.

But it did show one thing: there is about 20 db difference in the
reak levels, which indicates that the -drag dipvole is much weaker than
the 1ift dipole. This apparently compares with the observations and
conclusions reached for the isolated airfoil in the non-rotating flow
field. Then Jim threw us a hooker. It was pointed out yesterday that
this mizght be affected by the -doppler effect.
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The coscillatory signal Seems to peak in magnitude at the frequency
that has been associated with vortex shedding, I think there are

a couple of reasons for this. Zven a circular rod can generate

1lift if it is in a sheared flow. If you have an oscillatory sheared
flow created by the vortex shedding and quite possibly the lifting
surface, that is why the lifting surface could develop an oscil-
latory lift. The circular rod -could not, possibly because of the
characteristic dimension of the airfoil versus the rod in the sheared
flow. The wavelengths are about right to be magnified by the air-
foil section. Also, in the picture or the experiment that he showed,
the flow was over the motor, over the strut and into the rotor. The
induced flow that T might have had with the turbulences that Sevin
Wright showed yesterday could cause a pressure to be developed. This
might be coming from the oscillatory pressures that -are devéloped by
working the shear flow or possibly slight interactive turbulence over
the strut that excites one of the natural modes of the model. Due
to the doppler shift as it goes around in the rotor plane, we see

a spectrum like this. There might be a reason for it. I suggest
that he ought to take a look at his data to get some information on
this. I don't think it is a problem of concern in terms of vortex
shedding and 1ift. He also noted in his paper that tip shapes did
not seem to have much effect. Does this indicate to you the possi-
bility that maybe the maximum output of the noise is not associated
with the high Q area? This is something that you intuitively don't
expect.

There is indication in the measured data when-you get all the other
tyves of noise souwrces out, that the basis of vortex shedding as

an important noise source is there. The papers that were presented
in this session and the data that was given to us to review and
analyze raise a very serious question. Generally you first do a
basic, well-controlled experiment. You are given thé results and
analyze and understand everything that's going on. I think from

the differences that we have seen between static-type rotor tests
and free rotor tests, compared to real basic experiments, there seems
to be too maeny areas of disagreement to get the meaning that we need
to support ourselves in analyzing vortex noise associated with real
lite systems. I thought this was a very good session. We have
learned a lot. ¥From what Kevin- Johnson presented, there is a strong
indication that a semi-empirical method can be devised which. en~
compasses all different types of noise- and which can be used for
rrediction of helicopter noise of a given configuration, given the
basic parameters. That's not the first time that a semi-empirical
analysis that's related to basics has been able to do a very good
Job. But I think we have a long way to go yet before really under-
standing vortex noise, and I'd appreciate getting your comments 2long
these lines.
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Mr. Harry Sternfeld:

The comment I wanted to make, hoping meybe it will trigger somebody
else's thinking, is that one of the things that's vexed me involves
blade-slap. I'm using the very general term, but I'll say specifi-
cally tandem, -although the frequencies aren't very different when
we get it on our single rotor tower. We get harmonic spikes. They
have an envelope and they peak right up at around the same frequency
that we usually associate with vortex noise. There was no 1ift so
there shouldn't have been a vortex. In addition, that frequeéency
doesn't seen to move around véry much if we make an airfoil change
or something like that. So, my comment is that the characteristic
that was shown by Schieman is very similar to the characteristic

we see when we get through harmonic analysis.

Mr. Richard Wbite:

As most of you know, I'm a proponent of vortéx noise. I'm glad
Harry made the initial input here, and I think the work of Robin
Cray is pertinent to what he is saying. What is wrong with ssying,
or assuming, that a Landau shock on the blade causes separation?
Can I not possivly feed in that characteristic? If I get near
stall, can I not get the same thing? Robin Gray indicates that

maybe you can. I'll explain any noise in terms of vortex shedding,
so let's keep an open mind.

Mr., Ropald Sc@legel:

What I'm going to say is an open question relative to- shock forma-
tion. We conéluded that the formation of a local shqck on the blade
itself, in relating the phenomena of the acoustic dissipation to the
impulsive noise in the far field, was not an important factor. How-
ever, our impulsive noise study did conclude that blade drag and

drag divergence formation was very important. The work we are doing
on the full scale model tends to show that for a transonic airfoil as
you move the shock formation -on the suction side of the blade back,
you stabilize the shock. Then, in fact, the noise does go down. I
wonder- if anyone here -has given much thought to the acoustics: of the
oscillating shock. In other words, what are the acoustic characteristics
of the oscillating shock? What does this do to the subsequent turbu-
lence and loading on- the rest -of the blade, and is the stability of
the shock formation important acoustically?

¥r, Chris Bobo:

That is exactly the mechanism we are using to define impulsive noise.
he vortex interaction is the trigger for moving that shock wave,
and if you think of it as an impulsive change in Mach- number or angle
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you get, therefore, a pulse in that shock wave position. And that
pulse radiates to the acoustic signal,

) ] Mr. William Nettles:i

' I'm not speaking on this particular topic, but on an earlier topic
that Harry made. Perhaps what I'm going to say isn't too terribly
pertinent but in preparation for some of the testing we did to get
you the data for your vortex noise work, we went. over to West Point,
] Virginia, which is a very quiet area. It is a deserted eir field.

% We -did some preliminary noise measurement and when weé -evaluated

2 - what we got, we found that there was an unusual spike in the spec-

: tral analysis data. After further evaluation we found that it was

3 a dog barking in the distance. Now, if I find enything in the future
", . that comes at that particular frequency, I think I'll say maybe it's
dogs barking in the distance. I have some reservation in drawing

S conclusions too quickly based upon that one experience. I disagree
1 with some of what Jim said. I disagreed also with some of what

4 Harry showed yesterday. He showed some work relative to blade-

: vortex intersection which was particularly interesting and was left
r . unanswered. I recommend that we try to leave these questions un-

: answered until such time that we have a thorough review of what we
have and a rigorous explanation.
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Mr.rPeter‘Arci&iacano:

It seems to me that it's possible that one path -of speculation
might indicate that there is no. vortex noise: that a well stream- .
lined body operating in turbulent free air may not, indeed, generate k
any vortex noise, particularly if one includes such things as surface
- roughness on the airfoil to perhaps eliminate the pure tone that

we did observe under very specialized conditions. Certainly in the
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high Reynolds number ranges and:-even up into stall, the pure tone E
f did disappear in this turbulent free énvironment. I wonder, and I'd 3
’ like to suggest that perhaps a lot of what people heve been calling

vortex noise may in fact be turbulence generated noise. A

s

}r. Richard White:

I refer to the -data that Dr. Sadler was analyzing which we obtained
in your tunnel. We talked about this.-high frequency, and I had them
: try to generate some turbulence. They put a tripper on it. It didn't
i do anything. I think I have to take exception to some of what you -
\ say. However, we hope that the data that we are getting and that we, £
as well as you people, are analyzing will give us information to
better understand what I am calling vortex noise in a rotor blade.
We gét very strong indications on controlled rotor tests that this is
in fact there. But it does not correlate with what we are getting
with- our fixed wing tests. - ’
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Mr. William Nettles:

I refer to Jim Scheiman's work. With air flow, it appeared that the
speartral character of the rotor was definitely changed. Instead of
having that hump associated with vortex noise, we had almost a concave
signature except for that one little peak, which Jim says he doesn't
believe. So, I can view that as saying that turning the air on re-
moves the wakes from the other blades, reduces the turbulence en-
countered by the blades and there is mo vortex noise.

Dr. Sevin Wrizht:

One shouldn't say they believe or don't bel’sve in vortex noise. I
think first of all we should discuss what we mean by vortex noise.

The sound that radiates in the uppe:* frequencies is usually referred
to as vortex noise. I think we should remove that word vortex and
talk about the noisc in the high frequencies. Both mechanisms exist.
What you call vortex noise, I would prefer to call blade self noise -
noise generated by the blade operating in clean flow conditions -~
that minimum noise you would get from- an airfoil. The purpose of

‘the demonstration yesterday was to show how you can increase that
minimum self noise. We run the rotor in free air, no -obstructions
upstream, no erosswind, no blowing, and the rotor noise was minimal.
As soon as we made any external disturbance on the blade, the rotor
noise went up. If you look in a propeller spectrum, or a helicopter
spectrum, in the high frequencies, you will find a proportion of
broadband noise which I think most people credit to the shedding
‘mecnanism. It would: tend to be random and would give a random output,
and@ therefore the spectrum would be continuous. But any kind of
-asymmetry in the loading will produce rotational noise and a discrete
spectrum. If it is periodic, then it will be discrete, or as the last
speaker indicated, if the inflow in wrong, if it's incoming turbulence,
then thet will give rise to an increase in the broadband noise., So,
it's not an -argument about whether it exists or not - both forms of
radiation exist. The argument really is how much of which dominates.
In tne absence of obvious external influences, then I think your self
noise is the dominant feature. -

ir. James Scheiman:

I agree with the comments of Dr. Wright, and I think the problem is
nors of terminology. For example, von Karman described airfoil drag
with vortex streets. If you associate vortices with airfoil drag,
then fine. Also, in case of lifting on the aisfoil, if you take the
starting and stopping shed vortices and say that they rodiate noise,
and then put fluctuating lift on the airfoil, and then put fluctuating
starting and stopping vortices, and if you believe Prandtl's theory,
then I think it’'s hard to separate. You are describing the same -phe~
nomens by two different mathematical techniques: What you mean by
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vortex noise is what it amounts to, I think. The other comment I
have is that in addition to the testing that we did, we put some
transition strips on the airfoil and we definitely had separation. ,
These transition strips were directed towards changing the airfoil 3
characteristics. I think it was published in a NASA-TN, which '
cam2 out just a few weeks ago. But the strips caused an increase
in the airfoil noise and there still is & peak in the radiation
pattern. One of the problems that is bothering me right now is in
the 2-dimensional testing. Why is it this has the discrete radia-
tion whereas in 3-dimensional testing where the Strouhal shedding
frequency is different along the full span, we always get one pre-
dominant frequency sheddinz? Why isn't it more broad? What radius
dominates the other radii in determining the frequency center? Why
is it that with a transition strip in it, definitely creating tur-
bulent flow, we had a center band frequency, whereas from the 2-
dimensional tests that were performed, evidently with transition or
turbulence on the airfoil, there is no discrete frequency. I think
these are all questions that will require further investigation.

Mr. Richard White:

s i L b TN i s e e st e

I would like to take this opportunity to thank all the authors in
my session for their work in prepar.ng these papers, and in presenting
them.
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Professor Rene Miller: .

E Well, we'll try to sum up. I think maybe I'd like to go back to our
meeting of 1968 and remind you of a curve that I showed at that time, =
which I think emphasizes the importance of test in the evaluation of
‘helicopter rotor noise. This slide shows the penalty that is paid
for producing noise based purely on test results. It's based on
Sheila Widnall's data. It tells you that as you reduce the tip Mach
number you're going to get a penalty in performance and that the main
reduction in noise is going to come from reducing rotor tip speed.

I think we have to bear in mind this basic problem which we have is

- just to cut down rotor noise. I think Colonel Buchan made the point
- very clear last night that we can't wait for very refined theories: B
;] we have to do something about rotor noise. There is a limit to how R
far you can go in reducing rotor noise by reducing rpm. This limit A 4
is actually & limit due to the geometry of the rotor. Only a certain
‘number of blades can be put into the rotor before the weights go up
asymptotically. So fer we really have nothing in the past two days
which indicates that we have a real means of reducing rotor noise
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1
other than reducing tip speed and increasing the number of blades,
and, of course, playing around with the separation of the rotor to
reduce the impulsive noise. We should not be concerned with trying
to differentiate between vortex noise and periodic noise, but should
try to concentrate specifically on the problem of how tc cut down
the noise. So far, the only tools we have are from test results.
Consequently, I think that the papers that were presented in this
session on the aerodynamic test are of particular significance. I
would like to draw your attention to one item which you can also see
by looking at the data. The test data for rotational noise presented
by Boeing and Sikorsky both show about a 10- @b error between the cal-
culated and the experimental data. The problem that we are up against
is that we really have no techniques at the present time for predicting
rotational noise. This is primarily because of our lack of knowledge
of the high frequency content of the rotor. The paper by Sevin Wright
contained the interesting statement that, as I interpret it, given the
periodic forces, you can predict the noise. However, we all realize
that these forces are not yet given. The paper by Harry Sternfeld:
showed a fascinating problem which is associated with the lack of bang
at vortex interaction. A follow-on paper by Bobo on the effect of
drag rise on triggering this slap was an interesting and original con-
tribution. It would be interesting if Harry would expand his paper
and play us a tape showing how, by these straightforward things that
I mentioned, he has succeeded in achieving an appreciable noise re-
duction. R '

HMr. Harry Sternfeld:

I am sure you wiil all recognize that this is extremely spontaneous.
Professor Miller and I had discussed this and we thought the two
things which this tape illustrates are: (1) we've got to produce
now, and (2) we know that better can be done, but we can't wait.
You've heard a lot of reference to the 347, a-Chinook derivative,
throughout the meeting by other speakers. There will be three steps
in each of these sound tape sequences. The-ifirst is the original
Chinook, the A model, which had absolutely no -concession for noise
reduction in i‘s design. The performance and prgduction costs were
the driving parameters. Then we came to the C model and found out
that if we adjust the rotor tilt we can make improvements, particu-
larly at high forward speed. So, the C model has different blade
vortex separation., The 347 was made from the Chinook, but reduced:
rotor noise and elimination of rotcr bang were primary program ob-
Jectives. We made the aft pylon 30 inches longé; and we made the
fuselage 110 inches longer. That got us blade vortex separation.
We put a i-bladed rotor on it and slowed the tip speed down from
gbout 720 to 650 feet per second. The first set of tapes is in

the sequence of first the A, then the C, and then the 347. We will
hover, fly at 50 knots, 120 knots and 167 knots!on the 347. One

of the places where the problem is not solved is in hover, The
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microphone on the fly-bys is 200 feet on the right side of each air-
craft. The microphone in the hover is at a 200 feet radius at the
azmuth of the worst impulse noise. This azimuth changes and we ran
relate it to the position of the blades in the vortices. (The tapes
were played and noise reductions were evident.)

Professor Rene:Miller:

I think these tapes are very interesting. The need for these test
data is extremely evident - we need tests badly. However, this
doesn't downgrade in any way thé need for theory, for unless we have
the theory and -analyses we really don't know what we are testing.

I had to cut the discussion off yesterday at several places. In

the papér by Sevin Wright we were in the midst of discussing the
classical topic of "Can the rotor noise be entirely described by
periodic forces?" 1In the second paper, I think there was sufficient
discussion unléss you want to comment on the tapes we heard this
morning. The third paper was an interesting survey by Barney McCormick
on his work. He showed a comparison between the simplified theory and
the test. These simplified theories are always attractive as a means
of understanding the phenomena with which we are dealing. The dis-
cussion ended on a question as to how important the angle of a
dissection was. The fourth paper that came up was by Mr. Schlegel.
flow, let's continue yesterday's discussion.

Mr. Wil;iam Nettles:

With regard to the data that Harry just showed us, and I'd like to
address this to Sevin Wright in particular, there are two ways that
tlach number can get to us. They are perhaps dependent, but they
could be called quasi-independent, whatever that means. One is in
the compressive effect on the aerodynamic noise source. The other
is the compressibility effect or the propagation -of tne noise. I
‘believe these two are essentially independent. If my contention is
correct, does Dr. VWright think the increased tendency toward popping
as lMach number was increased was the result of thé propagation ef-~
fect or compressibility effect over the airfoil itself?

Dr. Sevin Wright:

I think there were three Mach numober effects there. One is the source

strength or the -effect of aerodynamics. %Then, the effective Mach-
number affects the radiation cancellation mechanism. Thirdly, the
effective Hach number affects the directivity and also the sound

pover radiated through the doppler effect: So, there are tiree points
there,
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Mr. William ‘Nettles:

Mr. Sternfeld's tape seems to show an increasing popping characteristic
when you increase the Mach number. My question concerns the cause for
this.

Dr. Sevin Wright:

I think it's basically the source, the fact that it increases the in-
tensity of the magnitude of the fluctuating lift on the blade. This
increases the radiation, therefore, increasing the popping sound.

Dr. Richard Lyon:

I have to take issue with that, at least in terms of our calculations.
Our studies of the efrective radiation of the tip due to thickness

the effect of the changing speed on the source strength and the effect
of the changing spreed on the radiation efficiency, which is what Sevin
meant when he said the cancellation effect., Now, it's very clear in
our -calculations for acceleration of the blade near Mach 1 that the
radiation efficiency effect far outweighs the effect of fluctuating
1lift or the fluctuating sources due to volume displacement on the
blade. These come out as explicit terms in our analysis. We can com-
pare one against the other .and there is nc question that for accelera-
tions near Mach 1, the radiation effect is far stronger than the source
strensth effect. You have to evaluate the source strength at the point
of maximum radiation, it has that éffect, but the fact that it fluc-
tuates in strength near that point -of maximum speed does not have an
effect. It's merely the acceleration and deceleration of the blade.

Dr. Sevin Wright:

I agree with you if it's a point source and you're talking about steady
forces. Near Mach 1 these things tend to dominate. But I think blade
slap is a particular case where it's a very local region in the disc
that radiates. You can almost treat it as a stationary problem, be=-
cause the blade slap impulse is not to be regarded as in motion. The
point at which it occurs is a particular point in the flight path and
it's not as.though you're treating the problem as a constant source

in motion. It only occurs a few milliseconds for each blade revolution
and so the stationary approach would give you this effect without any

cancellation.

Dr. Richard Lyon:

The directivity, itself, denies that assumption, because you cannot
nave directivity from a point source that is strongly leaning forward.
it takes, in fact, a convection effect which means that the wavelength
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and 1lift effects simultaneously have in them, explicitly in the analyses,
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rust préserve itself over several of its own lengths in order to get
sufficient coherence along the fllght of the source in order to

- radiate directively. So, the fact that you get for the thickness
“‘ effect a solid cone of only 10 degrees and for the lift effect this
&} double cone, but still within a beam width of about 15 degrees,

itself means that the source must be important over about 3 or L s
wavelengths at the frequencies you are considering. You cannot have
directivity unless you have a source that is extended in phase. Wow,
it looks like a point source when you take a picture of it but it

must preserve itself over some distance in order to have that di-
rective effect.
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Pr. Sevin Wright:

e

Have you measured these directivities for impulsive noise, such as
blade slap? Have you shown that the dipole is in fact pushed forward?
We are familiar with this idea that in forward flight, the--directiv-
3 ities move forward. I'd like to ask Harry Sternfeld about the direc-
tivity of the recordings we heard this morning. I have not heard
many tandem rotors banging but on -single rotors the directivity is
always pointed forward. In other words, you hear the banging on ap-
proach and it ceaées overhead. And- that was the point where Jim
Scheiman cried "vortex noise". We heard the banging and as soon as 3
the helicopter passed overhead the: banging ceased -and, in Dick White's ;
terminology, the vortex noise was -audible. The way I see that is, if :
you think of a simplified mcdel of a dipolé produced by this very
localized loading in the disk, this dipole will be tilted, depend1n6 E
upon the angle of attack, -and so cn. You-can explain this very nicely 1
if you assume that the dlpole, particularly on a single rotor, is
tilted forward as a function of thé blade angle of attack. The lower
lobe of the dipole will be pointing forward and the-upper lobe will

be pointlng up in the air, so, you will only hear sound in the forward B
direction.
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Dr. Richgrd Lyon:

A dipole that is tilted forward has a directivity index of 6:-db .o
and I think the directivity is stronger than that.
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Dr. Sevin Wright:
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Along a line normal to the dipole, the radiation is -0, so you—héve an

infinite number of db's from right angles to along the axis- of ‘the
dipole.
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vr. Harry Sternfeld:

T - .

I have two ‘pieces of information to impart. First of all kiih respect
to directivity, if you listen carefully or iIf you look at 2 stripout,
of the tape as the aircraft approaches in the distance you would see:
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that with a tandem rotor the number of pulses is twice the blade
passage period of -oné rotor. As the aircraft gets close to overhead
but is still on the approach, you will hear that period halved. Then
you can hear the squish which may be vortex noise or modulated engine
noise. The length of time that the single rotor noise exists cor-
relates quite closely with the time it takes the aircraft to travel
the distance between its two rotors. So the noise is very strongly
radiated forward and in the distance we're seeing it coming from the
two rotors, then we have a period when we see it coming only from

the one rotor and then it goes away. The other point of information

I wanted to supply was that if we plot the sound pressure level against
Mach number, look for -a knee in the curve, and then we plot those, the
shape just about follows the drag divergence curve for the airfoil and
seems to be in the vicinity of Mach 0.5 to 0.6 or higher. The shape
appears to be very strongly associated with the divergence curve.

Mr. James Scheiman:

I'm not sure the distinction between vortex noise and rotational noise
is really clear. For example, I think Loewy and Sadler, in their
theory in which they try to describe a vortex noise, show there is
fluctuating 1lift force -at the rate .at which von:Karman vortex streets
are shed, and there is a fluctuating drag force-which is twice the
frequency of the fluctuating lift force. Prandtl -described the whole
1ift on the airfoil with his lifting line theory. HNow, if we say
we're going to use lifting line theory to describe the 1ift forces on
a tlade or the fluctuating lift forces on a blade, then the problem

is one of using the vortices to describe the fluctuating pressures on
the blade or is one of using the fluctuating pressures on the: olade

to calculate its noise. I think we're both trying to solve the same
problem, looking from different directions. I think it's wrong to say
it's all vortex noisé or it's all rotational noise. I don't think we
understand enough about it and I think vortex noise terminology is a
roor choice.

. B.;W. McCormick:

You mentioned that in order to predict the impulsive noise we wculd
need to know the shape of the pulse which is producing this. I think
nere is- an area where we need some further testing. Nobody really
xnows the shape of a vortex coming off a rotating blade at high Mach
numbers. There haven't been any measurements. Somebody should give
some thouzht a5 to how to obtain a velocity field through a vortex
coning off a rotating blade at rairly high Mach numbers. Also, let
me mention the effect of the intersection angle where Dr. Widnall
and 1 seem to have -a disagreement. She sald at the lower values of
intersection angle she obtained a higher noise level. I said that

t the lower angle the pressure differences across the section tended
to decrease. In the lower angle intersection case, the entire blade
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is being influenced at once by the vortex and even though you may
have smaller differential pressures, the noise level could certainly
be hisher in that case. S0 I'm not sure there is really a disagree-
aent.

Mr. Ronald Schlegel:

I think in our rush yesterday we missed a few points in the study
which we had conducted. I'd like to take a few minutes to hit some
of its highlights., This study has just been released by AVLABS as
Tachnical Report T70-72 of June 19T1. It's a rather comprehensive
study and I think it has some good data in it. -As a matter of fact,
it asks a lot of questions and doesn't necessarily answer as many

as it asks. We were looking at rotor impulsive noise (RIN) as an
impulsive noise. I want to point out the purpose and intent of the
prosram. We had a program which was being conducted on the CH-53A
to measure rotor loads. -A blade that was very well instrumented
with surface pressure transducers both chord-wise and radially was
used. Since this is one .of the few aircraft that we built that we
have been able to experience rotor impulsive noise on, it offered

3 to us- an opportunity to study this phenomena. We contracted with

2 AVLASS under the direction of John Yeates to conduct this study

1 along with the loads study. It was really a 3-phase study. It in-
2luded measuring noise concurrently with measuring the loads on the
helicopter and also at the same time conducting some inside measure-
ments of the noise generatéd. The second phase was a data analysis
phase in which we looked at the data with zrezater detail than we
had before. All of the data was reduced using real time analyses.
7We saw some things which we had never seen before, such as the fact
that has been brought out today by many people that rotor impulsive
noisé is a manifestation of rotational noise.. In-other words, it is
periodic noise. By doing real time analysis we are -able to see that
it was very ordered noise, extending well out into-the 400 - 500 Hz
regions. Ve were also able to determine that the types of impulsive
noise which we got, at least on the CH-53A type of helicopter, were
different for hover and cruise conditions. Tne hover rotor impulsive
noise is more associated with blade loading vortex interaction and
the cruise noise was extremely directional in the forward plane of
the rotor, indicating the probability of blade Mach effects as well
as zrofile drag., e did some modifications to -our acoustic analyses
vhich included blade motion terms. One of the things which we also
tried to show was whether with this acoustic analysis we could even
approach the prediction of rotor impulsive noise. We got some
suaiitative agreement. We found that without the inclusion of the
draz and the source translational terms for the forward flight case,
wnere we started getting into rotor impulsive noise, that we were
not capable of predicting the highly directional characteristic of
the sound aor were we able -to-predict the level. to any extent. 1In
other words, the analysis failed for high speed- rotor impulsive noise.
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We were not able to predict above the Uth or 5th harmonic for even
normal inflow conditions such as hover very well either. As Dr.

3 Truitt mentioned earlier, thexe is an awful lot of work to be done

3 to gain a better understanding -of the higher harmonics of load.
Another conclusion was that when we modified the analysis to include
blade slapping and coning as steady and first harmonic effects, we
did not significantly improve the correlation of measured and pre-
dicted noise level.
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I would like to recommend as one final thought that we meke a con-
certed effort, possibly through some central committee which may be
- the AHS or another organization like ASSP, to standardize some of

1 the terminology which we use.

Professor Rene Miller: 3

3 I don't think we want to lose sight of the fact that right now the 4
only way to reduce rotor noise is by slowing down the rotor and in- 3
creasing the number of blades. From the -chart I showed, we see 3
that 10 db reduction is going to cost 20% - 30% increase in gross ;
weight. You can tolérate that on a commercial vehicle because

direct operating cost -doesn't change much;with gross weight for many
reasons. We obviously can't tolerate it for military aircraft. The -
important thought I would like to0 leave on this session is that what —}
we need right now more than anything else is not so much a better g

definition of the terms, but more tests which give-us other tools
than cutting down the rotor speed, such as blade tips and revised
loading distribution on the blade, to reduce noise. Much of the
work that is going on now on non-rigid weights will give some in-
dication on how to do this. We need more tests and more theory on
how to intervret thesé tests, but we have to find fome other way of
reducing noise than just reducing tip speed. I think it is important B
to recognize, too, that we have other vehicles than the helicopter 4
coming along, which have entirely different noise characteristics.
I'm thinking of the tilt rotor and the tilt wing. We do have Lo get -3
test data to try and get a better handle on how to reduce the noise.

* Environmental and System Studies

Dr. Franklin Hart:

Lot

R

Let's briefly look at the section on environment and systems. studies.
One item early in the program was identified as detectability and
annoyance. There were three main sections under that heading. One
was sround and environmental attenuation in masking, utilizing exist-
inz theories. The types of recommended tests involved were field
tests to be made under different environmental conditions involving
troops and aircraft. Another area was strictly subjective response
and a third was criteria. Under the heading of systems analysis, the
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topics were vulnerability vs. noise reduction, management of ef-
fectiveness of noise reduction and development of Army criteria
and the penalties involved. I think you can see, based on what we
had in this combined session, that this urea is perhaps lagging

in terms of total effort being given to all of the areas that have
been identified as being prominent. Particularly, we are talking
about annoyancé and detection, and these things are not the same.
Which should you give priority to? I am not sure we have gotten
to the point here where we can really ask all the right questions.

The first of the three papers presented was given by Bob Simpson.
Here ‘he was- talking about direct operating costs vs. noise and
procedures for -achieving operational reductions. He utilized the
tern vortex noise. He did have an analytical term there that he
could put into his program, and I think we should keep in mind that
that was the essential point. Also, I believe he indicated that
on the data he used the annoyance, the PNL, was something like 10
plus- the sound- pressure léevel. This is a very restricted look at
the total noise of the aircraft. This is certainly no criticism
because all of these things can be built into the -model when he
has the right analytical predictions techniques.

In the second raper, Pao covered sound attenuation over simulated
ground cover, ‘He showed that there were selective frequency bands
whéere you get more attenuation. The discussion following the paper
started on the fact that he used a simple source -and how these pre-
dictions change if you usé a more realistic sound -source, as for
example a helicopter.

Tne last paper,. by Dr. Evans, was on atmospheric--absorption of sound.
Nitrogen was identified as a more important part of the absorption
than previously reported. It was also pointed out that some of the
pecdle working in the field would like to have the data cover -at
least one additional octave band beyond what he-had in the paper.
Also, ne discussed how he is going to bring temperature into- the
atmospheric absorption picture. The problem of human factors, which
we like to think about in systems has received little attention here.
This area of environmental considerations and systems analysis is

not receiving the effort that some of the other areas are. Now, I
think it would be well to ask for points of discussion on Bob- Simp-
son's papetr.

Dr. Richard Lyon:

fou pointed out that there cre loudnsss criteria and there are de-
tection criteria. If we do achieve V/STOL aircraft at perceived
noise levels of 95 db at 500 feet, that means that at a guarter of
2 mile away they are in an urban backzround noise. Perhaps- the
rroper gquestion then is one for criteria. That is, maybe you can
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détect it but can you classify it. I bring that up because there

is a very interesting set of tapes by Hamilton Standard on the DHC-T
flying past at a distance of, I think, & quarter of a mile in the
presence of urban background. There is a freeway nearby, and when
the DHC-T goes by, it is clearly audible but it sounds like a truck.
That is, if you don't know it's there you cannot tell that it's an
airplane. When we begin to get these aircraft quieter, from a com-
mercial point of view the criteria may include classification.

Mr. William Nettles:

Thé fact of the matter is that detectidon is a problem. But as far
as the Army is concerned, I think they are béginning to realize that
the man working around a helicopter, the man flying in a helicopter,
whether he is crew or passenger, must be thought of as well. I
believe the Army is beginning to recognize this as more of a problem,
varticularly when they are working on something like the heavy-lift-
helicopter where men will be working. on the ground below the heli-
copter. One of the interesting points is that anything that you do
to quiet in the detection end will probably help you in the other
end as ws¢ll., So I think the Army is giving considération to this
other problem,

ir. Richgrd White:

I'm going to usé this last session and Simpson's paper as an excuse
to say something else. What we have been working on is getting rid
of the problem area of the tip vortex. We have been notably success-
ful is small model experiments and have obtained almost negligible
degradation of performance. We are going to test a large tip section
of the HU-1-D blade. If we are successful with the full scale blade
section, we hope this can be followed by a whirl tower test, running
under conditions of rotor blade slap to demonstrate that we did get
id of the high induced effect because we have gotten rid of the
vorticity.

{fr. Harry Sternfeld:

T just want to read into the record that Langley is doing quite a

bit of work in the Human Factors area. They are sponsoring Sikorsky's
program on vibration and noise on pilots. We have been involved: in
programs on subjective response to V/STOL noise and so have other
people. So there is an agency which is working on this in conjunc~
tion with the Army and independently. This should be at least recog-
nized.

Ar., Richard Lewis:

We, at the Aviation Systems Test Activity, are conducting a very com-
prechensive series of tests in conjunction with the people at AVLABS,

P o

T
o
A
AR
-
3
L
P
ol -
>
S
H E
; b3
§
2
&

"y
o
o — i

2

2o v
T G
o T O e S P

3 ‘
b 5
o e e

..‘
AL b

b s
iy

oo
- i il

B N e e b e,

Y e i st ettt e o

s )

A
ik




ey

+

Ty TV T AP AT

JEp— e e e T OF uhaiiain) I TR R T ey
TR T A e N e e B T T ST Wy T N N RIS .

VI%yn a3

i

L Linel

* =

in which we are goiné to be measuring in-flight vibrations on all
of the fleet aircraft. We have also done some work of great im-
portance to the Army on the effect on crew environment during
weapons firing. I think you know that most of the aircraft are
flown with doors off. We have measured sound levels on the OH6
during firing of very small weapons (the 5.56 and 7.62) in excess
of 150 db in the cockpit. This is anothér area that may be of
great interest in the future.

(Call for discussion on Ground Attenuation and Atmospheric Absorption)

Dr. L. B. Evans:

I would like to comment that when you try to correct your data and

‘use our curves, be aware that these absorption coefficients are

plotted as a function -of frequency over pressure. For an extreme
case, a half atmosphére pressure of 1000 Hz signal gets absorbed
like it's 2000 Hz. If it's low humidity, this can make as much as
5 or 6 db per 1000 feet. If I em going to put out this interim
report and set of tables, I wouli like to-be sure that I have the
coefficients and type of units engineers woéuld like to use. So,
let me know if anybody wants anything different from db per thousand
feet. Another gquesticn. We've heard a lot about helicopteér nvise,
but nothing about thée infrasonic spectrum. Is it important? Does
a helicopter put out I :Hz signals? The reason 1 ask this is:that
darry mentioned you could hear this one helicopter five mileées away.
I it puts out an infirasonic signal, you-might be able to hear it
20 miles away. Does anybody have any information on this? Is the
Army even interested in this type of detection? Does anybody know
what the spectrum might look like?

Mr. Harry Sternfeld:

ie certainly have the blade passage period, which is, if you like,
infrasonic, depending on the aircraft it could be 10 Hz. So there's
certainly that fundamental which falls off -on the audio range. I
can't sveak below that - I don't know if anyone can. But -certainly
fundamental blade passage periods of the order of 10 - 15 are very
comion, so it's not unimporteat.

Dr. T.. B. Evans:

Very recently I have seen data from White Sands Missile Range de-
tecting a cannon shot:hj,miles upwind, and to me this is rather
reinarkable. They are looking at 1 Hz signals., Also, at Ft. Mon-
mouth they detect the Saturn V first stage when it reenters the
atmosshere about 1500 miles away. Again, it's 1 Hz type signals.
S0, perhaps there is a long range detectability factor here that
we could look at.
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‘Mr. Richard Ballard:

I would liKe to thank the session chairmen and othiers for their
participation.

Mr. James Murray:

I want to thank you all for participating. -There has been some sug-
gestion that there-be a follow up meeting of this nature. Any sug-

.gestion of this within the next year or two-year's time is entirely

dependent upon the productivity of you people, and the efficiency
with which you do the work in question - whether you think it would
‘be satisfactory to-have a meeting two years from now or three years

from now, ten years from now or six months from now. Any suggestions

as to where it should be, how it should be or when it should be?

Dr. Sheila Widnall:

VWhat is the relationship between this meeting and the Theme reviews
that you have?

Mr., James Murray:

This is more specialized. We have over 30 projects in the helicopter
‘area, of which this is a component part representing about 8 or 9.
We'd rather break it up because it gets a little too specialized.
After all, you've had four sessions here. I'm afraid the otner two-
tnirds of the investizators in the program might not find it attrac-
tive. We would be running double sessions and I don't think we are
in a position to do that -at this time. My suggestion is that the
next meeting should be hosted by the Ames people if they are so
inclined. In that way, their people out there could participate a
little bit more directly.
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