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COMPARISON NF SOUND EMISSION FROM TWO-BLADE, FCUR-BLADE ,
AND SEVEN-BIADE PRCPELLERS

By Chaester Y, Hicks and Harvey H. Hubbard
SUMMARY

Measurements of sound pressures for static conditions are pre—
sented for two-blade, fcur-blade, and seven—-blade propellers in the
tip Mach number range 0,3 to 0.9. The experimental results were
found to check satisfactorily with those calculated by means of
Gutin's formule for the whole Mach number range in the case of the
two-blade propeller, Goud agreement was obtained in the case of the
gseven~blade proreller for Mach numbers above 0,5, but large dis—
crepancies were Tcund to exjiet in the Mach number range below 0.5.
Vortex noise is a large part of the total noise at low tip Mach
numbers, especially for multitlade propellers, and therefore Gutin's
formule ie innccurate for these conditions, Despite the discrepancies
noted, an apprecisble sound-pressure reduction mey be realized by
changing frem e twe-blade rropellsr to a seven-blade propeller for
comparable coperating conditions,

Tests completed of 2 two-blade propellers having different
solidity indicete that solidity has very little if eny effect on
scund-pressure emisgion of two-blade propellers. At a fixed-ritch
getting the sound-intensity levels exrressed in decibels ars
approximately e linear function of tip speed for the test Mach number
range for all prcpellers tested, .

Gutin's forrmla for the calculetion of sound rressures from an
airrvlane nropeller has been simplified for use in engineering work
by conversion from metric to British Engineering units., A sample
rroblem illustrating the use ¢f Gutin's formula is included,
Measvred snd calculnted results for several propellers are compared.

For the seme tip sreed and power sbscrbed, a severn~blade pro—
reller is conly slightly less loud than & two-blade proryeller at
distances greeter than 400 feet even though the difference in
sound pressures is large, For the same t:ip speed end power absorbed,
2 small reduction in loudness may be realized by increesing the
diameter and, hence, decreasing the frequency of the emitted sound.
Two sample calculations illustrating the Fletcher--Munson method
of loudness evaluation are included.
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INTRODUCTION

Mich interest hes been shown recently in the nroblem of noise
reduction of light airylanes. Theodcresen end Kegisr (reference 1)
cencluded that propeller ncise for commonly vsed tir sreeds is the
dominant part ¢f all ncise created by & prcrzller-driven airplane
end have treated the procblem rccording to the thecry developed by
Gutin in reference 2, Deming (reference 3) checked the Gutin theory
for two-blade propellers. From these checks it was concluded that
the theory was satisfactory, at least for twe-blade propellers,
although it tended to underestimate the eneryy ir the higher
harmonice. With the applicetion of the theory tc fan-type propellers
further test work apreared desirable to extend the range of experi-
mental checks sgeinct theory. Tests have thercfore been made for
a geries of different propellers including two-blade, four-blade,
and seven—blede cunfigurations,

Noige from airmlane propellers is known to be complex and its
breakdown into individuel parts is difficult, The two parts that
are considered are (1) rotational noise and (2) vortex noise,
Rotationel noise is caused by rotstion of the steady pressure field
enveloping esch blade, whereas vcocrtex necige s caused by oscilletory
disturbanceeg in the flow around the propzller blede.

Although the Gutin thecry predicts sound =essures due to
rotational noise, it dces not provide means for predicting vortex
noise or evaluating the locudness .of complex sounds. Measurements
of the sound intensity by electrical instruments give & physical
value of its maegnitude,but the intensity evaluct=d by the ear is
vhysiclegicel and psychologicel and gives & lovdness value. Two
important fectcors that affect the loudness of proneiler noise are
the prescnce of vortex noise and the nonlinesr rss-cnse of the ear
to the frequency spectrum. The rurpose of the rresent analysis is
therefore to investigate the loudness of prepeller noiscs as hesrd
by the ear =8 well as tc check the Cutin thsory Tor sound pressure
emission. ‘

- SYMBCLS

P roct—mean—square sound pressure, dynos per sgquere
centimeter (bars)

n number of blades

q - harmonic cf scund
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o sveed of revolution, radians rer second

O

velocity of socund, feot per second

8 distance from propeller, feet
T thruat, pounds
@ torque, pound-feet
¢ angle from propeller axis of rotation (zero in front)
R rropeller mean radius, feet
v _ velocity of propeller section at radivs R, feet per
second
an(x) Bescel function cf order qn and arsument
v o
x = gn= sin n

v o,
Bqn = qnddn (qn < 8in B)

M tip Mach number of blade (rotaticn only)

M Mach nmvmber of sectlion at R

Rt radius of rroreller tc tir

A barea of disk with rodins Ry

P rower auprlied tc promeller, foct-pounds ver second
PH hofsepower supplied to propeller

I scund -presaure level, decibels

PT sumation of harmonic sound presgurs emiscions
b/D blade-width ratio

h/o blade-thickness ratio

2] blale angle, dsrrees

b blade chord, feet
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D rroveller diameter, fset

h blade—secticn meximum thicknega, feet

r redivs to a blade element, feet

¥ crder of the harmonic

¥ gound-preseure level of kth hammonic, decibels

by masking factor

Gy loudness function

Ln loudness of a steady complex tons heving n  componentis
£y frequancy of the kth comnonent, cycles ver second

fm frequency «f the masking ccmponent, ~vcles per second
I? loudness level of the kth component when sounding elone
Lm lowdness lesvel of the mashing tones

7 function depending on the sound-presaure level $k and the

frequency f, of each component (riven in teble IV

&

as g function of X = y ¢ 30 log £ - 95)

o) nmasking ceefficient (ziven br the curve of fig. 12)

Subgcript:

1 quantities sxiressed in metric units (dymes, centimeters,
geconda)

SOUND THEORY

Iropeller sound can be concidered to congist of vortex noise
and rcteticnal noise., The vortex noise jg cauesad by oscillating
disturbances in the flow arcund the propeller blnads, Frequencies
of vertex noige form a continuous spectrum {rom near zero frequency
to frequencies of several thousand cycles Lor s2cond, the upper limit
depending on the rotaticnel speed and size of the propeller blade
(reference L), Thess scunde do not register ac pure tcnes tut
combine to yreduce a "toering scurd” to the obgarver,
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Rotationsal noise is caused by the rotetion of the steady pres—
sure field enveloping each blade. A theory was developed by Gutin
(reference 2) with reference to these steady aerodynemic forces on
the blade, Gutin assumes thet no forces act on the air until the
blade reaches the air and that energy is imparted suddenly at each
blede pacssage. Thus, the air receives energy from the blade in
impulses having the shape of a squere wave, which can be resolved
into ite Fourier coefficients, The frequencies of the sound pro-
duced are therefore integrasl multiples of the fundeamental frequency
of blade passage (rotational frequency multiplied by the number cf
blades).

The formula for the rotational sound preszure from an airplane
prepeller at low forward speeds as developed by Gutin (reference 2)
i ag followe:

gnw cq Q Vi
Py = —- --’I‘l cos 3 + 5 Jénqn gin B —= (1)
22 ncyey «Ry ‘1

where pressure iz given in dynes per sguare centimeter when all
units are in the mctric system, By substituting Bqn for anén(x),

where x = qn G sin P, equetion (1) becomes

w c,Q

Py = = -T cos B + --l--1
A2 s, 9 @R, © an

QY= mey8y 1

Changing the right side of this equetion to Rritish Fngineering
units (feet, pounds) gives

169.3w _ cQ
Py = Txes (—T cos f + Zﬁﬁ) Bqn

In reference 1 sound pressures were evalusted in terms of the
propeller thrust and airplane speed. In the present analysis the
formula for the sound pressure 1s expressed in terms of thrust
and horsepower, s form more convenient for determining sound pres—
gures from an alrplanc proveller operating st zero forward speed end
in the take—off condition,
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Multiplying the numerator and the dencminstcr of the preceding
equeticn by Rt? gives

- 2
169 . 3R
Py = —-————§— ~T cos B +,E§% Bin
[t Y -
cs«Rt Wi

or, in terms of tip Mach number M, and disk area A,

= 160.3 ol ~T cos B + 2§— B
1 T aA (L)Pg gn

MR
: t cP
= 160,3 - ~T cos B + ~—— | B
Py ) b < . :R9> on

Multiplying the power term by cfc gives

y MR, ceP
= 169,32 =T cos & + -wme—— | B
1 7 eA afpee/

o]
!

-

Hence, .
M
tt P
w = 169,3 = [ =T cos & + -—— | B 2
T 1 9 3 sh v+ MQC qn ( )

Equation (2) is convenient for enginecring use,

For the tests rerorted herein, B = 1050. This particular
anguler pesiticn was chosen becanse it is near the axis of mexisum
sound pressures for the range of rotational ncise frequencies
meesured. The value of ¢ was taken as 1126 fect per second, a
value corresponding apyrroximately tc test conditions, It is also
assumed for all calculations that M = O.8Mt, gince this value

gives better ccrrelation with experimental results than other
values used., Substituting these ccnetants intc ~quation (2) and
changing P to horserower gives

R, 0.76Py
p; = 169.3 —i 0,267 + ——3= ] ar Jgn{C. 77 quq> (3)

M7
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Equation (3) was used in evaluating test resnults, The sound
pressure for any propeller mey be calculsted if the thrust and the
power absorbed can be determined. £s calculrted by equations (2)
and (3), " is the sound pressure in free =pace, In general,

ground reflection ceuses e doubling of the acund intensities at
the ground level; hence, velues obtained by equetions (2) and (3)
were doubhled for comparison with exverimental results,

From the informaticn given in refersncg 5, the ruct-mean—square
pressure of 1 dyne rer square centimeter is showm in reference 1 to
corresrend to a sound level of 74 decibels and the sound level et
a pressure D, in dynes per squere centimeter ia : '

I=17%4+ 20 logyy py decibels

The total pressure of several harmonics may be obtained by
extrecting the square root of the sum of their squares (reference 1);
thus

pT =\\}//- »1

and the total sovnd-pressuvre level in decibsls is
I=74+201 f?“ E ' ()
= 0810\/ ;o

q

If atmospheric zttenuation is neglected, the sound pressure
varies inversely es the dietance (equation (1)). Fxpressed in
decibols this relationship becomse

8
2 -
I, = Ty = 20 logy, = decibels (5)

8h
where Ei is a ratic of the distances, Tor exemple, if I, ie
110 decibels at a distance oF 30 feet from a propeller, the sound

pressure‘ I2 at 300 feet s 110 - 20 loglo i%% or 90 decibels,
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En additional redvction cccurs a2s a result o7 atmostheric attenuation,
the smount of which is known tc¢ vary with the Trsquency of the sound,
For short distences, however, this effect is swall,

LPYARATUS AND METHODS

Static teste for meesurement and anslysie ~{ noise emission
wvere conducted for five propellers, The rrorellers tested were
the two-blade wocrden 3Bensenich mcdel No, 7OTAS proueller, the
two-blade NACP L—=(3)(06.3)--06 propeller, and the N.CA 4—(3)(08)-03
propeller in two--blade, four-blade, end ssvanr-blade configuretions.,
The NIACA designations used give & descrintion .7 the proveller blade.
Num'ers in the first grcup give the propellcy diszmeter in feet,
The first number of the second group gives the dezlgn 1ift coeffi-
cient, in tenths, at the (0.7 radius. ILlade thiclnesg to chord
retio at the Q.7 radius is expressed by the last two digits of the
second grovrp. The third fronp gives blade zclidity, which is defined
as the ratic of a single blade width at the 0,7 radius to the cir—
cumference of a circle with the same predius, The Scnsenich pro—
peller is a wacden, [ixed-rvitch proveller, with a clameter of
5.8 feot, All other types were b-foot—diecmeter metal propellers
mounted in ad Juztavls hubs which ellewed the hiade angle to be
changed menually. Tt chould be noted that the HACA 4—(3)(06,3)~06
blade and the NACA L4--(3)(08)--03 blade have the aame type of mirfoil
gection excert for & zmell Aifference in thickires and thst ths
golidity of the NACA LI—(3)(20,2)--06 blade is zrv.riximately twice
that of the NACA L-(3)(0%)~03 blade, Vse of these propellers mekes
it pessible to get comqar-ble data for twe 47TTzront sclidity values,
The inclusion of the Senssrich vpropeller mrovides deta for a typiceal
light—sirnlanc mropeller,

Blede—form curves for the three different blades tested are
given in figure 1, Thrse given for the Sencenich propeller are
only aprroximete since no denign date were aveilebhlile and mezsure—
ments near the tip rre difficult to make becanse of the nrotective
metal leadinm—sdge gusrd.

A 200-horsepower water-cooled varisble-snesd clectric motor
was used to drive the test prcrellers, Towsr in uts to the drive
nctor in all tests were measured directly by mz=zns of a wattmeter
and these readings were courrected by the usge ¢f motcr—efficiency
data tn determine the actusl powcr input to the tropeller. The
motor was rigidly mounted cn san outdocr test stand., (See
figs. 2(a) and 2(%).)
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The nearest otbstructions were located at a distance of about
A5 feet from the test stend. Any discrepancies due to reflections
are helieved to be within the ordinary range of error in measure~
ments for these tests.

A micrcphone was vtleced st ground level ¢ insure maximum
rick-up of all frequencles and was located at a point 30 feet from
the propeller hub and at a 15° angle behind the plane of rotation
(8 = 105O . This particular nngular positicn was chosen becauss
it i9 neer the value of B for maximum sound pressures for the
range orf sound harmonics measured (fig. 1, reference 3).

A survey rake to meesure total presgsure was clamped to the
mctor housing at approximately 4 inches behind the propellers.
The measured total pressure was integrated over the disk area
to obtain an estimate of total thrust., These measurements are
believed to be sufficiently accurate (25 percent) for sound cal—
culations, Thie error in thrust represenfr approximately 1 decibel
error in sound intensity,

Sound pressures and frequencisn were measured with a Western
Electric moving—coil pressure-type microphone, associated ampli-—
fiers, and a Hewlitt Packard Wave Analyzerr. An electronic volt~
meter measured tctel microphone voltege, Propeller sounds at each
test condition were permanently recorded on disgks by mesns of
record—~cutting apparatus.

Sound. pressures in dynes per square centimgter were measured
for the first five harmcnics of the fundamental rotational fre—
quency for each test condition. The band width of the wave
anclyzer used was 25 cycles. Thus e chance for error existed in
meagsurements taken when extraneous frequencies were within this
range, Wave-snalyzer and microphone—voltmeter read¢ngs were
corrected for microphone frequency response,

Data were cbtained at tip Mach numbers of 0,3, 0.5, 0.7,
and 0.9 for all test conditions exceprt as prevented by propeller
structural limitations and drive-motor—current and powver limita—
tions, Some dets wers elso taken for the Sensenich wooden pro—
reller at propeller rotational sneeds of 2100 vpm and 2350 rpm
to simulate take—off and cruising-—speed conditions. Comparative
data for some of the other types of propellers were taken at the
pame rotational speeds and tip speeds as those of the wooden
propeller.

Gusts of wind ceuse a viclent fluctuation in sound pressures
for all frequencies of the emitted noise, Measurements on the
seven-blade propeller at & 20° blade angle, teken on a day when
gusts were approximately 20 miles per hour, showed sound-pressure
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variations of approximetely 15 decibels at sll speeds of the pro-
peller. In order to obtain consistent data, tests were run only
on days when wind velccities wers low,

RESULTS AND DISCUSSION

Sound Pressures

Tests were run on all models (except the two-blade wooden
Sensenich propeller) at different pitch settings to vary power
absorption at the same tip Mach numbers, Sound rressures were
measured at variocus tip Mach numbers for purpcoses of ccmperison.
Tables I and I1 contain all experimental data znd calculeated
values. The tebles are useful in comparing thecretical calcule—
ticns and test data for various operating conditions of the pro-
pellers tested. Valuves shown for weve~analyzer results were
obtained by a summation of the sound pressures of the first five
hermonice of the fundamental rotational noise frequency as measured
by the wave analyzer., Vslues were also obtained by converting the
measured totel micropheone voltage directly to decibels after the
proper microphcne calibration was applied. Calculated values
obtained from equations (3) and (4) for the firat five harmonics are
included for ccomparison with the measured pressurss, A semple
calculaticn illustreting the use of equaticns (3) and (4) 1is
included in the section "SAMPLE CALCULATIONS,"

Tebles I and IT shcw good agreement between the measured and
calculated values at the high Mach numbers for nesrly all test
conditicns., Discrepancies exist at the low Mach numbers. for most
‘test conditions and ere esrecially large for the miltiblade
configuretions,

A comparison of the measured data obtained by the two methods
for the same test ccnditions also shews good agreement in most
ceses at the high Mach numbers but fairly large discrepancies at
the low Mach numbers. An analysis of the discrepancies is of
interest because of the two different methods of sound measurement.
The microphone veoltegs, when converted tc sound rressure, givee the
summation of the entire band of frequencies emitied., Wave—anelyzer
meagurements, however, were made only at the rotational noise—
frequency peseks. Therefore, if the vortex noise is strong compared
with the rotational noise, as is usually the case at low Mach numbers,
values determined by microphone voltage w:1ll he larger then values
determined from wave—analyzer measurements,
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Ogcillograph records for microphone positions at B.= 00 and
B = 00" were mede for sound emission from a two-blede and a seven—
blade propeller. These records appearing in figure 3 sghow the dif-
ference inthe quality of sound emitted in these two different-
directions. Amplifier gains are not the ssme for all these
records end consequently the amplitudes have no meaning. Some
egtimate of the relative importance of the rotationel noise and
vortex nolse can be made from a study of the-reccrds shown. The
high-frequency vortex noise is shown to be much stronger in front
of each propeller than in the plane of rotation, The rcverse is
true of the rotational-noise component, The magnitude of the high—
frequency component which exists in the plane of rotation is com—
paratively greater for the seven<blade proveller than for the two—
blade propeller. Observaticne indicate that at M, = C.50 for
the seven—blade propeller the rotational noise has Just begun to
dominete the vortex noise, At M, = 0.57 for the two-blade pro—
peller, rotational noise is cleerly dominent, .. '

Several test runs were madc with the NACA 4-(3)(08)-03 pro-
peller in two-blade, four~blede, and seven-blade configurations
and the results, from tables I and II, are shown in figures k4, 5,
and 6, Figures 4 and 5 are plotted with sound-nressure levels
against tip speed and figure 6 chows sound--pressure” levels plotted
against power ebsorbed for all three configurations. Results indi-
cate that sound—-pressure levels in decibels increase approximately
a8 a linear function of tip Mach number; the sound-pressure level
increeses as more power is abeorbed by the propeller. The following
table, in which power values that cannot be determined from figure 4
are included for convenience, illustrstes measvred sound-pressure—
level differences for three different blade angles of the two-blade
configuration for different tip Mach numbers and nowers atsorbed:

A= 5° 6 = 10° 6 = 16.5°
M
I Py I Fg T Py
(av) (hp) (av) (np) (dv) (hp)
0.3 79,8 1.0 83.b 1.4 8s5.8 3.5
05 81"-9 L"‘S ' 93.0 Boh 95-9 2000
.7 10¢,6 15,1 105.3 27,8 110,k 65.8
9 111,11 33.4 117.0 68,2 121,6 118,2

Figure 5 shows that, at the same tip Mach number and blade
angle, sound-pressure levels for a seven—blade configuration are
considerably lower than for a similar two-blede configuration,
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Curves for the two-blade and four—blade configurations are nearly
coincident for most of the Mach number rangs, even though more
power is being abscrbed by the four—blade configuration, The
crogg-cover in the curves ias probably due to the difference in power
absorption, A comparison of the results for the two—, four—, and
seven-blade configurations for e constant blade sngle of 16,5° is
given in the following table:

Two-blade Four-blade Seven—-blade

Me I Py I g I Py
(av) (hp) (av) (hp) (av) (hp)

0.3 5.8 3.5 1.9 6.0 78.3 10.7
) 95.9 20.0 96.9 3k,2 £9.9 53.0
7 110.4 £65.8 111.5 11¢.0 —— ———

For equal power consumption at the same blade angle, an increase
in the number of blades was found to cause a merked decrease in the
gound-pressure levela., (See fig. 6.) A part of this difference is
due to a decrease in tip speed.

Figure 7(a) shows comparative data from teble I for the
NACA L—(3)(08)-03 two-blade propeller end the NACA 4—(3)(06.3)~06 two-
blade propeller. Data for the NACA L-(3)(05.3) -0 propeller were
ad justed to the same tip sreed and power abscrrticn es the
NACA L—(3)(06.3)~06 propeller by cross—plotting the date ageinst
blade angle. Results indicate that, for operating conditions
in which equéal amounts of power are absorbed at the same tip speeds,
the sound pressures are very nearly equel for the twc propellers,
This result indicates thet blade solidity has very little if any
effect on sound emission,

Sovnd~pressure levels measured by the micrcuhone voltmeter
gedle I) are plotted aganinst horsepower jnput tc the Sensenich pro—
peller in figure 7(b). Comparative data for two other propellers
with entirely different shapes are obtained from cross plota at the
game tip speeds and power abscrption., Although wocd agreement was
found, no conclusion concerning blade shape cen be drawn from this
figure because of the differences in dismeters and thrust values,

Some test results from the microphone—~voltmeter measurements
of tables I and II for the two-blade and seven-blade propellera
are plotted in figure 8 with the corresponding theoretical curves
of total sound—pressure emission as calculated by squations (3)
and (4). At the lower Mach numbers the agreement between theory
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and experiment is better for the two—-blade propeller than for the
seven—blade propeller, although, for both, the disagreement between
theory end experiment increases as the tip Mach number is reduced.
This lack of agreement is caused by the presence of vortex noise
vhich is not accounted for by equation (3).

Wave—analyzer measurements at low Mach numbers confirm the
presence of a wide band of frequencies of such strength, in some
instances, that no definite rotational-noise pesks exist,

Additional comparisons between theoretical calculations end
experimental results are given in figures 9(a) and9(b). For the
two-blade snd seven-blade configurations of the WACA 4-(3)(0%)-03 pro—
peller at a blade angle of 10° and at tip Mach numbers of 0.3 and 0.9,
the plots show the variation of the harmonics of the fundamental
rotational frequency (qn)with sound-pressure level. Th-re is good
egreement over a wide range of frequency at = tip Mach number
of 0,9, but lerge discrepancies exist at a tip Mach number of 0.3
for the same range of frequency. ‘

Fxperimental results in general show that for all propellers
tested the Gutin theory is adequate for vredicticn of sound pres—

g res in the Mach number range where rotational noise is strong
compared with vortex noise.

Loudness

Sound pressures measured. by instrument in many cases do not
give a truec representation of the loudness of sound as evaluated
by the ear, Since the effect of sound on the ear is of prime
importance in the study of nolse reduction, a brief description of
the loudness aspect of sound is presented herein.

Loudness is defined as the magnitude of an euditory sensation,
Because of the nonlinear response and the physical characteristics
of the vibreting part of the hearing mechanism, sounds at certain
amplitudes and frequencies have a masking effect cn other sounds,
The lower frequencies tend to mask the higher cnes,

An empirical formula for calculating the loudness of com@lei
sounds as they would be evaluated by the average ear is given in
reference 6 as follows: :

& L -
G(Ln) =) b G(LK) (6)
1 .
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where

-1,
250 + £, — f ( n)
50 + f, - —_—
b, = ( K ”)10 U z(\yk + 30 log. f, -

5) (1)

Figure 10, which is reproduced from reference {, shows a chart
of loudness—level contours which has been accepted as a stendard
for the response of the average ear to individval frequencies,
Points on the loudness—level contours were determined from the
observations of a large group of people, Notes cf various fre—
quencies were increased in intensity until they apveesred to the
observers to be as loud as a 1000-cycle note of known intensity.
Figure 10 shows that, for cases where the intensity levels remain
of the order of aprroximetely 90 to 120 decibels end at the fre—
guency range of approximately 100 to 1000 cycles yper second, the
eer evaluates scunds falrly accurately.  As the intensity levels
decrease, more distortion is evident with a coriresponding change
in loudness evaluation. For a 1000-cycle note the intensity level
is zero decibels at the threshold of hearing and 120 decibels at
the threshold of feeling, Figure 10 is replotted fer the range from
30 to b000 cycles per second in figure 11 for convenience in meking
celculations, Figures 10, 11, and 12, and tables IIT and IV are
reproduced from reference 6 so that two sample vrchblems mey be
presented. (See section "SAMPLE CALCULATICNS.")

Nel

1000 1Ck

0f great current interest is the comparison of the loudness effects
obtained with multiblade prcpellers with thosre obfained with con—
ventional two—blade propellers, -Figure 13 illuscrates the loudness
change with distance for three different propellers and for a
helicopter rotor, The helicopter deta were included to provide a
comparison of the loudness effects of such configurations with
those of conventional nropellers, Sound pressurses were first
ad Justed for distance according to the relationship given-in
equation (5) and then were converted to a loudness level., No
correcticn for atmospheric attenuetion was mads,

Figure 13 shows that the advantage to be gained by adding
more blades for the same tip speed and power sahboorition is small
at distances greatcr than 4CO feet, Tor the cazse of 2 two—blade
propellers operating at the same tip speed and nower absorption,
the one having the larger diemeter tends tc be less loud because
of the lower frequency. The helicopter rotor has 2 very low
loudness level at a distance of 30 feet and at 2 slightly greater
diestance becomes inaudible. 1In general the lcwer frequencies of
sound tend to have greater attenuation in loudness with distance
than do the higher ones,
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SAMPLE CALCULATICNS

The following calculetion, made by use of equetions (3) and (4),
18 presented tc illustrate the methcd used in cbtaining the calcu—
lated velues in tables I and II. Conditions for a typical problem
are as follows:

Propeller radius, feet . o , . ¢ v v ¢ ¢ v e 4 4 0 0 4 4 e e . 2
Tip Mach number, My . . . o . 0 v 4 v 4 v 4 o v o 0 o 0 o a0 o 0.9
Thrust, T, PCUNAS & 4 4 & & 4 ¢ o o o o o « o o o o s « o« o 7.6
Power to propeller, Py, horsepower . « « « « v « o o o « o . 106,k
Number of Dlades, N v v v 4 4 ¢ ¢« o o ¢ « o o o o o o°0 « o o« « b
Harmonic of rotationsl frequency, ¢ . . . « . .1, 2, 3, . . . etc,

Distance from propeller, L, feet ., . , . . . . ¢ s v ¢ v o« . 30

Evalueting equation (3) gives

P, = 145 gn an(x)
The function an(x) is evaluated from faired curves plotted

from Bessel function tables given in reference 7. The steps followed
in obtaining bpp are illustrated in the following table:

=
a | an x Ign(®) | an 3,0 | By e =[N my
‘ q=1
1 L 2,78 0.121 O LRl 70,1
2 & 5.56 .03¢ .318 45,1
3 12 8.3k .016 1ok 28,2
N 16 11.12 006 .105 15.3
5 20 12,90 L0026 L0953 7.8 90,1

From equation (4), the value of I 1s obtained as

T =74 + 20 log

"

113.1 decidels

f

Arplying a ground-reflection correction of 6 decibels éives

I

113.1 + 5.0

119.1 decibels



16 TACA TN No. 1354

Sample calculations are mede to illustrate the use of equa—
tien (6). The following tabulation gives the total loudness of a
twe~-blade proweller et o distance of A0 feet:

Harmenic,| v t . G L, |ccntrivuticn
¥ LS k g % k K (ab?} (percent)
1 1271 6k 6. 52 25101 1.0 2510 32,0
2 23k | 62,7 881 3720 .762| 2010 38.1
3 301 S0, ] 57 ashG| | L 3kE | 1232 16,1
L 508 ;a.Gl 551 30201 .323 | 99F 13,0

76T - 50,4

The first cclumm k conteins the cider ¢f <he component, The
number cf blade tins passing & given peint per seccond is the first
harmonic, and the other harmonics are integvrel rmltiples of i1t,

If the values f} end Vy ere measured dircctly, the corresponding
valuss of Lk can be found from figure 11; then the loudness

values G are found in table III, Th~ maskin factor by is
determined by the use of equatiin (7), with the a‘d of figure 12

and table IV, This factor by can never be greater then unity

and unity is used whenever calculaticns zive a hicher value, The
camponent Tor which the valuee of T fr, end U intrcduced in
equation (7) give the smallsest value of by ic the mesking com-
ponent. In general, the lower ccmponents tend - mask those
directly higher. The product of b, and G ives the relative
loudness of the individual comronenta. The summetion of all the
individual valuee of kak is the loudness «f the complex tone.
The corresponding lecudness level Ly iy feond from table IIT,

In the fcllowing table, calculaticns arc resented for a
three-blade helicopter rotor at a distance of 30 feet to illustrate
two extremes in the uge of the lcudness—-lovel-crntovr chart
(fig, 11):

Barmonic, | = W L G | b o, ! Tr {Contribution

: - T . K
X X k k k Kk (1) (percent)
1 13.7190.60 0 0 (0 | © 0
2 ATk TS| 201 97,51 1.0 7.5 100
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The frequency of the fundamental is noted to be 13.7 cycles
yer second, which is inaudible. Hence, even though a large amcunt
of sound energy is emitted, the corresponding loudness value is
zero. The intensity level of the third harmonic is so low that at
its particular frequency of sound it is below the threshold of
hearing and also has a corresponding loudness value of zero., In
thig particular illustration all of the loudness is contributed
by the second harmonic of the rotational frequency.

CONCLUSIONS

Sound-pressure measurements at static conditions of two-blade,
four-blade, and seven—blade propellers in the tip Mach number range
from 0,3 tc 0,9 indicate the following conclusions:

1, At a constant pitch setting, the sound pressure in decibels
for & given propeller varies in an aprroximately linesr manner with
the tip speed of the propeller for the renge of test Mach number.

2, At the same tip speed, diameter, snd power sbscrbed,; the
sound—pressurse outputs of two-blade propellers are approximately
equal and are not influenced by solidity.

3., For the propellers tested, the Gutin thecry 1s adequate
for the prediction of total sound pressures for the Mach number
range where rotational ncise is strong compared with vortex noise,
as is the case for twc-blade propellers,

4, An appreciable sound--pressure reducticn can be attained for
given operating conditions by increasing the number of propeller
blades, but the reduction will be lees then that predicted bty
Gutin's theory when vortex noise is a large mert of the total
noige, Vortex nolse is a large part of the total noise at low tiv
Mach numbers, especielly for multiblade propellers and, therefore,
Gutin's formule will be inaccurate for these conditions.

. 5. In general, the lower frequencies of sound tend to have
greater attenustion in loudness with distance than do the higher
ones. As a result, for the same tip speed and power absorbed, the
saven—blade propeller tested le only slizhtly less lcud then a two—
blado provcllor at a distance greeter than LOO feet, even though the
difference in sound pressures is large. For the same tip speed
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and power absorbed & small reduction in loudness may be realized
by increasing the diameter.

Langley Memorial Aeronautical Laboratory

National Advisory Committee for Aeronauvtics
langley Field, Va., May 7, 1947
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TABLE I
SUMMARY OF DATA FOR TWO-BLADE PROPELLERS

Total Total Total
Blade Power| sound- sound- sound -
angle |Propeller Tip | Esti- input |pressure| Pressure pressure
at |rotational | Mach |mated to level level level
0.75R speed number, | thrust| pro- |measured measured calculated
(éeg)t (rpm) M, (1b) |peller by wave by by
(hp) |analyzer |microphone | rormylas (3)
(db) voltmeter and (%)
L (ab)
NACA 4-(3)(08)-03
1600 | 0.3 27.9 | 3.5 79.6 85.8 88.8
p 2680 .5 65.1 | 20.0 95.2 95.3 98.0
16.5 3770 7 11774 | 65.8 | 111. 110. 111.1
4850 .9 316.4 j148,2 | 123.4 121.6 123.0
1600 _iéAU7 9.1 1.4 78.7 83.4 | %1.& o
2680 .5 32.9 8.4 92.6 93.0 89.3
10.0 E 70 .7 61.6 | 27.8 | 107.4 105.3 103.1
50 .9 184,0 | 68.2 | 119.3 117.0 117.8
1600 .3 9,3 1.0 73.8 59.8 69.3
2680 .5 2h 1 4.3 89.1 9.9 84,3
5.0 3770 .7 53.0 | 15.1 | 101.5 100.6 08.9
i850 .9 95.0 | 33.4 | 114.3 111.1 111.8
1600 .3 18.6 3.0 77.6 80.8 T4.1
o 2680 .5 53.6 | 12.6 95.1 92.6
12.0 770 .7 |i1ok.6 | 38.0 | 108.5 106.3 106.5
850 .9 184.3 90.6_J 120.9 119.6 119.5
NACA 4-(3)(06.3)-06
1600 0.3 41.0 b6 ] 82.8 | 83.4 -~ 78.3
16.5 2680 .5 128.0 33.7 98.9 99.0 100.1
. 770 .g 230.0 22.8 113.7 112.3 110.3
300 . 20,0 |145.8 | 119.5 118.1 120.9
1600 .3 25.8 | 1.0 | 80.9 79.8 75.2
10 2680 .5 65.7 | 12.3 93.1 93.0 93.2
0 3770 7 1156.0 | 54.6 | 108.2 106.6 107 .4
4300 .8 195.0 59.8 | 114.4 111.0 113.9
o 1600 .3 7.4 | 1.0 | 76.4 79.8 68.4
5.0 2680 .5 38.0 6.0 90.3 92.1 87.3
. 3770 7 86.0 | 19.3 | 106.5 1044 101.8 |
300 .8 ) 118.0 | 31.2 | 111.0 108.9 108.8
e L 1 I i [
Sensenich
1 100 lo.3 | 529 3.5 8.8 | 835 77.5 |
12.8 1840 .5 1143 23.5 96. 96.6 95.8 i
. 2100 .57 186.6 | 40.2 } 101. 98,3 101.6 ;
2300 = .625225.8 | 57.0 | 105.5 103.1 105.5

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE II

SUMMARY OF DATA FOR FOUR-

NACA TN No. 1354

AND SEVEN-BLADE

NACA 4-(3)(08)-03 PROPELLERS

I
Total Total Total
| Power | sound- sound - sound—
Blade Propeller | Tip \ Esti- input |pressure| Pressure pressure
angle |, tational| Mach | mated to level level level
at speed numben thrust| pro- |measured| measured calculated
0.75R {rpm) | (1b) | peller |by wave by by
(deg) (hp) |enalyzer|microphone | pqrpylas (3)
(db) voltmeter and (u)
1 ] (dp)
Seven-blade propeller
1600 O.E 36.9 22,7 | 82.8 86.8 b4 .5
25,0 2140 . 146.3 | 61.2 | 87.3 92.8 69.7
2300 43 | 1582 | 79.0 90.6 95,9 75.6
1600 .E 85.0 19.3 76.2 91.5 k3.5
2140 . 155.4% | 48,0 | 80.4 92,8 67.8
21.5 2300 .43 [ 180,01 61.2 | B3.6 olt,0 73.8
2680 .5 2430 99.0 92.3 99.5 85.5
2780 .52 | 250.0 |110.0 | 92.5 102.0 86.3
1600 .g 72.4 | 15.6 | 77.1 86.8 51,1
2140 . 164.1 | 37.0 | 82.4 92.8 65.8
20.0 2680 .5 227.0 | 77.4 | 93.8 102.0 83.5
3080 ,5751 296.9 |121.0 97.9 105.5 93.6
1600 .3 79.4 | 10.7 | 68.8 78.3 gs.n
16.5 2680 .5 238.3 53.0 85,0 89, 9 0.9
3450 .64 1 13,5 (124, 99.2 100, 93.6
1600 .g 51.7 6.3 69.7 80.0 35.4
12.0 2140 . 92.2 | 16. 79.6 85.5 53.2
. 2680 .5 146.0 | 33,0 | 84,2 8a, 9 75.2
3770 .7 314.,0 | 97.6 [101.7 101. 101.2
1600 .3 51.5 y.2 | 63.1 75.9 31.2
2680 .5 146.8 1 25.0 | 80.1 88,0 75.0
10,0 770 .7 289.6 | 76.0 |101.1 101.0 100.3
850 .9 509.7 |169.0 }{120.2 119.5 119.1
Four-blade propeller
1600 0.3 46 .5 6.0 E .8 81.9 65.76
16.5 2680 .5 1%0.5 ] 34,2 | 9 95.9 90.9
. 770 .7 283.0 |{110.0 |110. 111.5 110.5
300 .8 | 420.6 |167.8 |116. 8 116,k
1600 .3 20.4 2.3 | 74.2 75.9 56.0
2680 .5 63.6 { 14.4% | 88.2 39.0 83.7
10.0 3770 7 1165.6 | k1.4 |105.0 105.1 103.1
4850 .9 307.6 |106.4 [120.4 I 120.2 119.1
1600 .3 12.3 1.0 2.8 78.8 kg .5
5.0 2680 .5 ko,7 7.4 k.0 8a.0 78.5
J 3770 T 81.4 1 23,3 99.1 99,5 97.7

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




21

NACA TN No. 1354

SOILNVNOYIY ¥Od HALLLIWWOD
AHOSIAQY TVNOLLVN

| 000992T | 0000STT |000L40T| 000956 | 0006Lg | 00000g] 000254 | 000895] 000609] 000955 0cT |

000905 | 00009% Mooowﬂj 1 0000g8E | 0009HE | 0009TE | 00088Z | 000092 | 000SEZ| 000STE| OTT |
000L6T ' 00008T '000%9T | 0000ST|000GET| 00092T| 000GTT|00090T| 000LE | 0008g | 00T

100018 000%L 100GLG | 00029 |000LS [000LS | 00064 [000SH | 00GTH | 000gE | 06

000Gt . 0022€ 100962 | 002LZ |000G2 |0OTES |OORTZ2 |0086T | 0OKQT | OOTLT |08

| 00gGT | 009%T 100GET | 00%e8T |OORTT | 0090T |0Gg6 |O0ET6 | 0TS8 | 0G6L | OL

| ol 020L 0299 0429 | 0LgS 094G | 0GeS& 0G6f | ow9n | 0SEH | 09

L 0Lof 02ge 09G¢E 0TEL |0g0t |ogge [0g9e |0TISe |oSte | 0022 | 0S

LoLoz o026l 08.LT Oh9T | 00GT |09eT |0%eT |GGTT | 090T | GLE on

| 068 01g Ofd GL9 ST9 1o G04 GGy o 09t ot

et Lge 'ese eee L6T €LT TGT et €1t Gt L6| oz

H G°cg G'69) GTLG| GtLlyl €t6t] 9°gE|l 9°ge| w'T2| e'LT 6°ELTl 0T

. 2°TIT, 006 QO"L | OL°G | €q'n | o€ | TGe | 06°T | Of'T | 00°T |O

| olL'o S0 20 | 22°0 | fI'0 | 60°0 | 90°0 | #0°0 |S20°0 GT0°0 |OT-

6 8 L9 | - f ¢ 2 T 0 s

! |

[9 eousdejea wod] uevw} mﬁp,m@

Cl1)p  J0 sdATYA

IIT dIdvd



NACA TN No. 1354

22

SOILAVNOYIYV HOd HHELILIWWOO
AMOSIAQY TVNOILVN

g6 = 3 gor 0t + W= X_
TL°T | 69°T 0 L9°T | #9°T | ¢9'T 09°T | g&'T (85°T  €5°T 16T 00T
T | 9%"T | #%°T | To'T | 68°T | 9L°T | :m.ﬁ TE'T | 62T L&' T 06
fe°T | 22"t | 6T°T | LT°T | GT°T | €T°T « OT'T {QO"T | 90°T | #O'T 08
20° T 00°'T | 66° L6° 96° #6° €6° c6* 6 06° OL
06° 68’ 68" 88° 88’ 8g° 8g" 88" 88" 88" 09
88’ 88 88" 88" 88 88" 68’ 68" 06° 06° 0%
6° 26’ 16" G6° 16° 66° TO'T | €0°T | 90°T | 60°T | Of
€I°T | 9T°T | 02°T | 42'T 0T | G6&°1 OR'T | Lyg'T | €G°T 09°'1 0t
@9°T | 9L°T | Gg"T | G6°T | G0'¢ | 9T°e2 | ge'¢ of'e | e¢°e | 79°¢ o2
gl°z | Lgte | 662 | TI°E€ | €£°€ | GE°E€ | 9% | 85°¢ oL | ¢g 't @ Ot
26'€ | GO | LT | 62 | Th'h | €S | 79°w | 9Lk | 88°H | 00°G | O
6 G L 9 g 4 € 2 T 0 va

ﬁm 9oUsdaJad WOodJ UaXB) mﬁpd@

(X)z 40 sdATVA

AT HTIdVL



NACA TN No. 1354 Fig. 13

Loudness, L, , decibels

Number I at
Propeller of Diameter| Py L (30 47
blades ecl-
(£t) (hp) bels)
NACA L-(3)(08)-03 2 L.O | 23,5 | 0,500 97.1
— ______lSensenich 2 5.8 23,5 +500 9643
_____ NACA L-(3)(08)-03 7 4e0 ) 23.5 | .500 | 77.1
——— — | Helicopter rotor 3 36,0 1130,0 457 90.7
100
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NATIONAL ADVISORY
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Distance from source, s , feetl

Figure 13.- Comparison of dlstance effects on propeller
loudness.
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(a) Seven-blade NACA 4-(3)(08)-03 propeller mounted on
test stand.

Figure 2.- Setup at Langley sound laboratory for sound-
emission tests.
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300 CYCLE

(a) TWO-BLADE SENSENICH PROPELLER. My =057, 8=90°

300 CYCLE TIMER

(b) TWO-BLADE SENSENICH PROPELLER.M;=0.57 8=0°.

300 CYCLE TIMER

,‘———| REVOLUTION -'-\

(c) SEVEN-BLADE NAGCA 4-(3)(08)-03 PROPELLER. My4=0.5, 8=16.5° B=90°.

300 CYCLE TIMER
[-——I REVOLUTION—“

(d) SEVEN-BLADE NACA 4-(3)(08)-03 PROPELLER. M;=0.5,6=16.5° 8 =0C".

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3.- Oscillograph records of sound emission of two- and
seven-blade propellers.
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Fig. 6 NACA TN No. 1354
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Fig. 8
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Fig. 2b

(b) Two-blade propeller mounted on test stand.

Figure 2.- Concluded.
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