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ON THE SOUNDF~33 OF A ROTATING2ROPEILEW

The SCUM fieldof a”ro~ati~ propelleris treatedtheoretically
cm the basis of aerodynamic.Princi$les● F’orthe lowerhemonics, .
the directionalcharacteristicssn~ the radiatedso@ energyare
determbed and are in conformitywith existingexperimentalresults.

.“
# 1. ‘Imo3yJoTIoN

A rotatingproyel.lerpwduces periciko-disturbancesof the
mediumwhich causea soundof low frequenoy. The ~ntd. tone of
this soundequqlsthe ~oduct of the nu@er of bladesand the number
of revolutionsper unit time,sinceeachspatial-co@i@ration of .
the propellerU repeatedwith exactlythe same frequency..me ‘

●

presentwork aims at a theaceticalinvestigationof the soundfield
~cduoed by the propeller.First-ashortreporton earlierinvestiga-
tionsin this fieldwill be given.

●

The directionalpropertiesof pro l.lersoundwere first investi-
gatedtheoreticallyby Qnam and Webb,Y- Xhey suggestedtwo hypotheses
on the acousticactionof the propeller. 3oth hypotheseswere based on
actually wbitrary assuqhtow and led to directionalcharacteristics

[
cf”.figs’.1 and 2)‘whichare not in a~eement with the observedmee
cf. figs.3 and 4).

Hsrt2attemptedto ilevelopa theorywhichwas supposedto be free
of arbitraryassumptions;however,he tacitlymade the _ =smPtion
as Qnsm amd Webb in theirsecondhypothesis: namely,that each

,-

*“ber das SchallfeldeinerrotierendenLuftschraube.” “Rvsikalisohe
Zeitschrittder sow~etunicn,M 9, %ft I, 1936,PP. 5?-?16

--- --

%mWR$E,”J. and Webb, E. A.: The Euttssionof Soundby Jkb3CW3W33
R. & M. No. 624, 1919. (Thetheoriesof Qnam and Webb are knownto us. only throughthe treatmentof Parisend Kemp sincethe origikl report
was Unfortunatelynot accessible.) ,.

,-, -- -- -.
●

%art, k D.: The Aeropleneas a Sourceof Sound. R. & M. No. 131Q,
1929●
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dlsturtiedelementin thd &o~eUer planeacts’&.’a’simplenonilirectional.
sowce; accordingly,he obtainmlY@ ‘kku.w.Yesuit.

,, :.: ?;:: ,,,, * .,* .:.;- J .,,.

Experimental’inve@i~at3& “;iie’&&e&ta’ken‘~yParisa and Kemp4. .
Both experimentedwith a -two-M.E@ propeller;its diameterwas
4,5 meters, tihe numberof revolutions13.9per second, It is true
thata notioeahledt.sc~pancyexists%etwsentheirref3ultsin quantitative
reapec$j~eEwent$pllg,,..howeve.r~:.3@y.,agree● ,Bothdhectional character-
isticsshow+ ,aqmmetry @.th.res~qt,.til@e rotationalplane,a
prlnci

P
maxhmunat ~about.d G ll~”j,a@ a seconds.p~gaximxmat

= 40 .. CCMspebpklar aeyme@y:.:oontxradictabath hygothoseaby
&uzm and Webb.. “

Pats obtained,by a conibinationof’t& two hypotheses,a
directionalcharactertsttc(cf,fi~- 6) whichreproducesthe main
outlinesof the experimentalcurves;however,his rsthodlacks
physicalfo~a~ion, a@ ,.l&enum@r of’arbitraryass~tlons is too
large. . , ,,.,:.,, ., J .,

. . .,,
The ~othb@s menti&e@”abo~ ,U.d’noljytel~any lnfozmationon

the soundou$yut’of the -propeller+~is problemWs experimen-tal.ly
exsmdnedby Kemp, ~ ob$a$ned‘theval~s 17.8wattsfor we first
harmonicand 7J!wat+qj?orthe scxofi, ,. . .

.f

M the following,a theory based on aero=c principlesshall
be developed,whichd&terminesquantitatively&
propeller, ..!.

,,
,.. . .

,, 2 ● SOMEAEI?ODYNAWCkl?mns

souiidfie~dof a ~

.,

A few factsconcemtng the.actionof the propelbr,.whi~h&
Jmwn from..qerdynamtcs,,E@ll-be %rief~ quoted.,,?,:

,, ,.. ,

The c~ss section of a propdlm bladelooksvery @milar to !
,.

~t Of a’Wt~ (of’;fig. 7);.the LWtton“of,thb~~l+er i6 b+Sedon < ‘
thisfac’t● Mo%ionof’tiW@ e’leX@itrelplj~~~.to themedium c,a~wti,
mmtly as for a wing;a ji%ssvreiixmmsd dn the.cotickwesideand

‘In the report by Kemp v&ties .kl.fas I.exgeas ,tlymqm=. .@vm
7PYinistaki.’Cm#aXIS.Wris; E. 22;’,”HiifiW&FF6i..16;no; 60, 1933.

.

.

‘Comparewith thisparagraphMises,R. V.: The Theoryof Flight,
pp. 1.3.6-12L



A;f&T-&o@nt q~tit@i%’ & @uLts.,which”will,hejtied stisequently ‘
,..

are deri~d frcm the so-oalld momentumtheo~” of the”pro~”ll&..~.T@‘“
propelleris’ assunedto be at rest and the air‘tiiingtowa~ it from
~, frontjopposed.~ ~, fl~t directiopl..y%@the mloci$j V, The
effect of the -pr.~fier’ @en c&ss’is&s“in”ai~.”:accelei%tioti.,’bf the,,’,
appmachk~ “ma&s~f.& “&$c”h-ilna~ assu&E.,,.a’~.a ce,rt.dndipixince~‘
%ehiHdtjse‘;pro-pbll,er.-tlje-@ldC$tTp”Y.+’w. tit p %e .,*8&hf3i_kyb?.
the ‘mett+am,”-2., %he’ma~ltude’of,~. tihrust‘Zotibe~L’,S ,:tie”~e~ ,’1..s
dOscri%ed‘bythe’propeller>‘W..the pmer ~ujpl\@ %0 the propeller,..Yq
the part of the powerconvertedintotransla%iotienergy.‘‘Then the’
followingrelationshold: ., ,., ,.

. .

,(P+’* v,..
,..

Wq (=psv

“): ‘:+’,

)~2+- v2

By eliminating w ,fx%m%oth equations’“&e obtains= expression
for the dependenceOf“thetlqwston the~powert.,l’or staticconditions
(V = 0) thereresults: .-’:

..
.......

, .

‘.
. . ..- ,..,’ ‘“’=3- ‘ ‘“ “:’”-’“’“’”““””[i).,’,,. .,. .,. ,.,... ;., ..: . .,.. ,,. ..)>. . .. . .

,-. . .. .
..:- ~ ,,. ,.. , .,. .

The Oivioilere+,tiozz,
.“. , . . ..,;., ,.-,,‘, ..,...’. ...

.... . .,., ,.,1 ;. ...,...... -, ....-,... ...,. .
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31 D~ FCEKXSIN TEE P3KEEUEREIANE ‘“’
.,. . . . . ..,
. . .

!&o fo-s” agt.on eaoh element.of the propeller: a thust and
‘a~ .forees- ~e w&U.-knowntheoremof meohanicsjit follows
thatqaqhdpment ,axerts$ortisof eq- magnitudeand in the
oppos,itidirectionupon themediume‘~ potnta d? a@ication of these
forcesmay he imaginedconcentratedin one planeshoe the axial
diuens$o~ 0$ the,propdleram very smallin comperisunwith the
wavp leng$hp of &. firsthahmonics;this plane1s subsequentlydenoted
as the plmm of Totationa. .. . .
-, . .....,. “ ..

A prope~e~ &emmt will be considereclytie dtstanoeof whichfrom
the axis equals R; let dB ,beits radiallen@h2 a ‘Its width,,
mamwed in the projection”on the rotationalplans● Let the force~
exerted~on.,themediumby the.elembntbe A(R} dR (in the Urection
of.the E@.q,o~osed’to the flightdtiction) and B(R) U (in the
directionof the rota%icm). ‘

It is cleea?that

.,

xi xepresentiw the mdber of blades, R~ the lerqythof the blade,

Let it ftisthe assumedthat the forcesam unMormlJ distributed
over the widthof the element,

Xn the element R

A(R) dRR~ and B(R)

&rtervalin which thie
propellerelement-~E

dR M of the rotationalplane,fomxm
RdO

dR— act on the mediumdurhg the time

elegnt i~ coveredby the projeotionof the ,
the overlapp~ startsat the time t = 0$- it

~fibeendedatthet - t=~=~, toreturn aftew’t=T=~a

Theseperiodicalforcos w be developedin Foiwier series

1
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L . .,. .-, .’

One obtains ,.

., ...

In a secondaea element R dl?M. shiftedwith resmectto
the firs% by the amle t3 in the rotational directton._&ere act .
periodicalforces
The correqonding

.

(‘2 t

(3)

For the firstha.rmonicg‘& = ~ iss
lyingcloseto the centerwhere I? 3.8
theymake almostno contributionto the aj.rforces)# and om may equate

●

umally small (the blade yarts

smll are eltmlmted shoe

.
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Ons then obtains .
. . .

““’l’
.“

%II=~A(R)M~e

(4}
.~=~B(R)dRW

,,

It shallbe shownnow that thesee~ressions are validalsowhen
the air forcesare not uniformlydtstrilxrbodover the bladetidth.
Usingfor instanoefor the distributionof’thrustthe relation

tf

a

A(R) dR = A(R] dR f{~) $ ‘
o

with

II
a
f(s) as = a

o

(s is countedfrom the leadin$edge of the blade),~ o’btainsfor-
the Fourierooeffioientsthe o~ression

pJo

For the firstharmonic

‘.’.-. .:.,
.,. ., .,,.,.

.,

I

.

*

,.
.,

,.

I
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Erom f(s).a~it f0n0w5 that
o

. .

and hence

For em one obtains
. .

/ o
T

at
f~ sin 2mn$dt

o

,.

<arctan— =%
00s ad

T

,

I

7A more aocurateestimationgives
(
for ~

)
--<.

:

/

T

+ sin222mtT5
(0

with tl and t2, representtW certainmean valws O one can nam
distributionsfor which tl ~ O and t2 ~ T, but for the dista?ibuticns
occurringin practicethe U.i’ferencebetween t~ and t2 is much
smaller.

I
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4, TBE S@UKOFIEID

The pointof orlglnof coordinatesis assumedat the propeller
oenter, the y-axis and z-axis in the rotationalplane (cf.fig. 8).
The x-axisis assumedW coincidewith the fli@t direotion, In the
rotationalplainpolsrooord$natesam introduced,with tho polar
anglebeingcountedfrm the y-axis,in the directionof the rotation.
Let it firstbe assuredthat the rdation, observed
direction,is oounterclookwise.The foroosaoting
an element R dR W are (forthe firstharmonics)

from the flight
on the mediumin

(5)

.

If one assures,for reasonsof simplification,thatat the tim
t = O the centerline of one of the bladescoincides%?3h the positive
y-axisj cm and ~ will be at any rate smallerthan L~, therefore

small,at leastfor the lowerharmonics.

The velocitypotential#roduoodby a concentratedforcewith
the componentsXj Y, Z is

(6)

.

.

8 Conq&reLmib,E.:Textbookof Eydrodynemics,Teu%ner1931,p. 567.
A concentra~dforco Feikct is therefore,equivalentto an aaoustio
doublesourceof the stiength ~$a

,

m
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If one insertsthe expressionsfor the foroecomponentsand
notes that ~ . .. .

W9=w!)c”s’
X9=X9’*SX

. .,.,,

(4, X, V are the angles that the radiuevector r makes with the exis), .
Q2W Qwaim fOr tlh’etotal velocitypotential

,.

IK!h” ‘7) “+B(R]ei(kct--~)(cos X sin i3- cos V COS e)

The pointat whichthe forceacts is assuredto lie in the
xy-planewhich oan always be attained.by a suitablechoioeof the
systemof coordinatesy,z in the rotationalplane;let it f’urther
be assumedthat r is large. Then it followsthat:

,.

cos X=sind; cosv=O
.,

.,.

*
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After substitut~
with respeotto @ one

intoequation(7)ma carryingout the inte~ation
obtains

. .
,.

(/at
~i.Z COS Q-i@&p = &%(tmJm(Z);

o

Jm =Bessel funat~a”of the firstkind of the mm
)

order,

(8)

One can easilysatisfyonesolfthat the expressionfor q
remainsunahengedin the case of oppositedirectionof rotation,
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For ‘themagnitudeof the soundyresmre amyld.tudethereresults—

“,

If one inserts

“(q =circular frequencyof the fundamentaltone), ‘P is

(9)

Ths soundpowermsy be calculatedaccordi~~to the formula

f

31

W.
p2
—2* sin $ d$

10
2pc

(10)

1

In orderto executein“equations(8) end ‘(9),reqectively,the.
integrationwith respectto R, one wouldhaye to”know ‘thedistribution
of the IJwwt eafi.L-ac:forcesalongthe blade;it c&n be determinedfcr

. instanc9:rm earo~~wmicwvlel * ~ts. However,it is E#iillpossible
to approxiruabelyevalw.tetineintegralsif the aerodynamicdata are
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Iem deta&d. since Gm

NACA TM No. 1195

and ~ are smalland the Besselfunotions
occurringin the integrand LUW be regarded for the firstlmrmonicsas
monotoni~allyincreas~n~with-R it-followson the basisof the mean
valuetheoremthat: -

.

RI and R2 are cer%ainmean values.

If the nuniberof bladeeis small,one can,for the first
harmonics,put RI and ?32 aboutequalto the radius R. of the

circumferenceon whichruns the pointof applicationof the resultant
thrustforoeof a singleblade. Inmost casesit equalsabout
0.7 - 0,75RO.

p=m%
[

noM‘1-Pcost3’+—
2?K%

Jm(ldlsins) (RSRC)
cqR2

This contentionshallbe discussedfor the ease of a two-blade
propeller,

In the integral

one may equate

.

.

(12)

J2(kR Sill ~)=$s%2StZ12~
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. . . . . .

X PJ2(l~lsin $)

.,.

A comparisonof the relations

shows that

\

. .

13

.
The upper limit is, reached when the forcesere distrib~~d with

the maximumof nonunifobmit~,nawly, conceri%ratedat the ends of
the blade. For the distributionsoccurringin practice,thereis only.
littledifferencebetween R1 and I/c,
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In theintewal

the f’acltor

NACA ~No. 1195

, .;,
., ..

Is in firstapproximationfullytndependsntof R and one can,
therefore,substituteR = R1; then

Thus one
propellerthe

obtainsfor the fundamentaltoneof a two-blade
followingexpressionfor the sound-pressuresmpl.itude

(with R being slightlylargerthhn R=].

For the secorid

one may assumealso

(13)

krmonio generally R~ ~ R2; however,ap~oximately

in this caoe

(lk this case,the differencebetween R and R. i~ Urger.)

(14)
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5a COMPARISONWITliTHE EXPERIMENTALRESULTS

15

The theoreticalresultsare now to be compareawiti the eqerimeutal
data of Paris end Ke~, For thispurpose,the vE&ues P -a M for
the propellerusedby theseinvestigatorsmust be lamwn;tior%~ti~,
they are not givendirectlyj hoyever,theymay be calculate approxi-
matelyon the basis of other given data. Both investigatorse~rlmented
with a two-bladepropellerof diamter of 4,5 metersand a nw.rlmrof
revolutionsof 13.9per second. The propeller opsrated under static
conditions~ If one assures-t the motordevelopedunder static,
conditionsits full power.(600hp], one obtainsaccording to the
fOZZWI.L3(i)

(mder the assumptionof q = 0.75, a quiteprobablevalue}.

For the torqueone obtains

.

Using thesenumaricalvalues,two directionalcharacteristics
were calculatedfor the fundemntal acoordingto the formula(13),
correspondingto the % values R = O.% and R = 0.75R0
(cf.figs.9 and lo).

For the secondharmonica directionalcharacteristicwas
Odm.d8a accordin~to the formula(14)for ths valua R = O.7%

(Cf. figs u) ●

A comparisonwith the experimental directionalcharacteristics
(Cr. figs.3 and4) shows that the main characteristicsof the
cnsperimentalcurtisfor the fundementaltoneare well borne out by
the theory. T@ agreemmt with Paris1 resultsis particular@ good.
For the secondharmonictie agreementwith Kemp1s curve (fig.5) is
less satisfactory.

.

For the soundpowerresults,accordingto the formula(10)by
means of graphicaland numericalintegration,the values34 W and 30 W

. for the fundamental.correspondingto the values R = ().% and R = 0t75R0,
and 6.5 W(R = Oo@)) and 4a7 W(R = O.75R0) for the secondhamonlc.
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The agreementwithKemp’sexperimentalvalues(17.8w ~d 7c4W)
may be regardedas satisfactoryif.one takesinto consideration,on
the one hand,the approximatecharacterof the presentcalculation
of 2t.and M, on the otherj the possible experimental errors, (In
this connection the noticeable quantitative discrepancy between
Kemp’s and Paris’ curves for the fundamental shouldbe pointed out.)

,.,
Let it be notedthat the formula(6)whichformsthe basisfor

the calculationof the soundfield.was derivedfrom the equationsof
motionfor smallmotions. This circumstancemay lead to an under-
estimationof the higherharmonics. Perhapsthis is the reasonfor
the increasingdiscrepancybetweenthe theoryandKemptsexperimental
valuesfor the higherharmonics. However,a finaldecisionof this
problemrequiresfurtherandmore accurateexperimentaldata.

TranslatedbyMaryL. Mahler
NationalAdvisoryCcmmittee
for Aeronautics
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Y Flightdirection

Figure 1.- Calculateddirectionalcharacteristicfor thefu.ndarnental.
tone ofa two-bladepropelleraccordingto Lynam and Webb
(hypothesis1).

l?=90°

Figure 2.- Calculated
toneofa two-blade
(hypothesis2).

Flightdirection

directionalcharacteristicfor thefundamental
propelleraccordingtoLynam and Webb

a=90°

z?=180” z?=o”
+ Flightdirection

Figure 3.- Experimental directionalcharacteristic
tone accordingtoParis.

#

for thefundamental
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. 0°
.

.

~ Flightdirection

Figure 4.- Experimentaldirectionalcharacteristicforthefundamental
tone accordingtoKemp.

3=

12”0

lsOO

180°

!7°

@o

~ Flightdirection

Figure 5.- Experirmentalciirectionalchara.cteristic for the second
harmonic according tc) Kemp.

.

.

,
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2?=90°

NACA TM No. SL95

- Flight direction

Figure 6.- Calculated directional characteristic for the fundamental
tone according to Paris (combination of the two hypotheses by
Lynam and Webb).

Direction of rotation
++_

Iz

!% Jv

I

1

Figure 7’. Figure 8.
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~ Flight direction

Figure 9.- Calculated directional characteristic for the fundamental
tone (R = 0.7RO).

~ Flight direction

Figure 10. - Calculated directional characteristic for the fundamental
tone (R = 0.75RO).

m
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k60°

3P

9=0°

- Flight direction

directional characteristic for the
harmonic.

second}
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