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TECHNICAL NOTE NO. 1354

e

COMPARISON OF SOUND EMISSION FROM TWO-BLADE, FCUR~BIADE ,
AND SEVEN-BIADE FPROPELLERS

By Chester ¥, Hicks and Harvey H. Hubbard'
SUMMARY

Meagurements of sound pressures for static conditions are pre—
sented for two-blade, four-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 formula for the whole Mach number range in the case of the
two—blade propeller, Good agreemsnt was obtained in the case of the
geven-blade propeller for Mach numbers above 0,5, but large dis—
crepencies were found to exiet 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 mltibvlade propellers, and therefore Gutin's
formule is inaccurate for these conditions, Despite the discrepancies
noted, an apprecisble sound--pressure reduction may be realized by
changing from a two-blade vropeller to a seven-blade propeller for

> comparable operating conditions,

Tests completed of 2 two-blade propellers having different
solidity indiceate that solidity has very little if sny effect on
sound—-pressure emission of two-blade propellers. At a fixed—pitch
setting the sound—-intensity levels expressed in decibels are
approximately & linear function of tip speed for the test Mach number
range for all prcpellers tested,

Gutints formula for the calculation of sound pressures from an
airvlane propeller has been simplified for use in engineering work
by conversion from metric to British Fngineering units. A sample
problem illustrating the use of Gutin's formula is included.
Measured snd calculated results for several propellers are compared.,

For the same tip speed and power sbsorbed, a severn~blade pro—
peller is only slightly leses loud than a two-blade propeller at
distences greeter than 400 feet even though the difference in
sound pressures is large. For the same tip speed and power absorbed,
a small reduction in loudness may be realized by increesing the
diameter and, hence, decreasing the frequency of the emitted sound.
Two sample calculstions illustrating the Fletcher--Munson method

v of loudness evaluation are included,
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INTRODUCTION

Much interest has been shown recently in the problem of noise
reduction of light airplenes. Theodcorsen and Regier (reference 1)
concluded that propeller noise for commonly used tip speeds is the
dominant part of all noise created by a propeller—driven airplane
and have treated the problem according to the theory 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 two-blade propellers,
although it tended to underestimate the energy in the higher
hermonics., With the application of the theory tc fan-type propellers
further test work appeared desirable tc extend the range of experi-
mental checks sgainst theory. Tests have therefore been made for
a series of different propellers including two-blade, four—blade,
and seven—blade configurations.

Noise from airplane propellers is known to be complex and its
breekdown into individuvel parts is difficult. The two parts that
are considered are (1) rotational noise and (2) vortex noise.
Rotational noise is.caused by rotstion of the steady pressure field
enveloping each blade, whereas vortex noige is caused by oscillatory
disturbanceg in the flow around the propeller blade.

Although the Gutin theory predicts sound pressures due to
rotational noise, it does not provide means for predicting vortex
noise or evaluating the loudness .of complex sounds. Measurements
of the sound intensity by electrical instruments give e physical
value of its magnitude;but the intensity evalueted by the ear is
physiological and paychologicel and gives a loudness value. Two
inmportant factors that affect the loudness of propeller noise are
the prescnce of vortex noise and the nonlinear resihonse of the ear
to the frequency spectrum. The purpose of the present analysis is
therefore to investigate the loudness of propeller noiscs as hesrd
by the ear as well as to check the Gutin theory for sound pressure
emission, :

- SYMBOLS

1N roct—mean-squere sound pressure, dynes per squere
centimeter (bars)

n number of blades

q - harmonic of sound
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(i) gpeed of revolution, radians yper second

Q

velocity of sound, feet per zecond

s distance from propeller, feet

T thrust, pounds

Q torque, pound-feet

g angle from propeller axis of rotation (zero in front)

R rropeller mean radius, feet

\'i & velocity of preopeller section at radivs R, feet per
second

Jén(x) Bessel function c¢f order q¢n and argument

| o

X = gn 5 8in A

Vol
Bqn = anqn (qn - 8in ﬁ)

b% tip Mach pumber of blade (rotation only)

M Mach number of section at R

Rt radius of propeller to tip

A 'area of diek with redivs R

P power guprlied tc proveller, foot—pounds per second
PH hofsepower supplied to propeller

X sound -pressure level, decibels

PT summation of harmonic sound pressurs emissions
b/D blade-width ratio

h/b blade~thickness ratio

o blade angle, dserees

b blade chord, feet
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D yropeller diameter, feet

h blade-section maximum thickness, feet

i redius to a blade element, feet

k order of the harmonic

¥y sound-pressure level of kth harmonic, decibels

by masking factor

Gk loudness function

Ln loudness of a steady complex tone heving n components
fk frequency of the kth component, cycles per second

fm frequency of the masking component, cycles per second
Lk loudness level of the kth component when sounding zlone
Lm loudness level of the masking tone

Z Tunction depending on the sound-pressure level wk and the

frequency fk of each component (given in table IV

as a function of X = W + 30 log fie — 95)

U masking coefficient (given by the curve of fig, 12)

Subscript:

3 quantities expressed in metric units (dynes, centimeters,
seconds)

SOUND THEORY

Propsller sound can be considered to consist of vortex noise
and rotational noise. The vortex noise is caused by oscillating
disturbances in the flow arcund the propeller blade. Frequencies
of vortex noise form a continuous spectrum from near zero frequency
to frequencies of several thousand cycles per second, the upper limit
depending on the rotationzl speed and size of the propeller blade
(reference 4). These sounds do not register as pure tomes tut
combine to yproduce a "tearing sound" to the observer.
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Rotational noige is caused by the rotation of the steady pres—
sure field enveloping each blade. A theory was developed by Gutin
(reference 2) with reference to these steady aerodynamic forces on
the blade., Gutin assumes that no forces act on the air until the
blade reaches the air and that energy is imparted suddenly at each
blede passage. 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 integral multiples of the fundamental freguency
of blade passage (rotationsl frequency multiplied by the number of
blades).,

The formula for the rotational sound pressure from an airplane
propeller at low forward speeds as developed by Gutin (reference 2)
ig ag follows:

qnw C1Q1 v
By =~ ~T, cos 8 + J pan sin B 2 (1)

- q
2\/2 nCy 8y (an Cl

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

where x = qn E% sin P, equation (1) becomes

w c,Q

Ty = g ~T cog B + —-];% Bq'ﬂ
A2 neys, R, 2/ ¢

Chenging the right side of thie equation to British Engineering
units (feet, pounds) gives

69 . 3w cq
. Rt (—T cos B + B 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 is expressed in terms of thrust
and horsepower, & form more convenient for determining sound pres—
sures from an airplanc propeller operating at zero forward speed. end
in the take—off condition,
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Multiplying the numerator and the denominator of the preceding
equation by RtQ gives

169. 3u£
-_-~—-7;~<:'P cos B + 29_ B

io) =
21,
csrrRt wR?

an

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

(dde M Ry QQ
B = a0 05 ~T cos B + ~—5 ) B
1 SA m‘gg qn

; MR :
: L cP
‘pl = 169 3 o <-—T cos B + @) Bqn

Multiplying the power term by cfc gives

R c2p
-~T cos £ + = | B
QRQC gqn
Hence,
M R
t t
Py = 169,3 —— (~T cos B + w-—i) gn (2)

Equetion (2) is convenient for engineering use.

For the tests reported herein, B = 1050. This particular
angular position was chosen because ‘it is near the axis of maximm
sound pressures for the range of rotational noise frequencies
meesured. The value of ¢ was teken as 1126 feet per second, &
value corresponding approximately tc test conditions, It is also
assumed for ‘all calculations that M = 0.8, since this value

gives better correlation with experimental resulte than other
values used, Substituting these constapts into equatlon (2) and
changing P to horsepower gives

R

by 0,76Fg
By = 1998~

N%Q

0.26T +

34n (077 Myan) (3)
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Equation (3) was used in evaluating test results. The sound
pressure for any propeller mey be calculated if the thrust and the
power absorbed can be determined. £As calculeted by equations (2)
and (3), P is the sound pressure in free space. In general,

ground reflection ceuses a doubling of the sound intensities at
the ground level; hence, values obtained by equations (2) and (3)
were doubled for comparison with experimental results.

From the information given in refereéncé 5, the roct-mean—square
pressure of 1 dyne per sguare centimeter is ghowm in reference 1 to

corresrond to a sound level of 74 decibels and the sound level at
a pressure D, in dynes per squere centimeter is :

I=1744+ 20 logyg 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

Prp =x[j;—p12

A

a

and the total sovnd-—pressure level in decibels is

7h + 20 loglo\/ ) e, ©

If atmospheric attenuation is neglected, the sound pressure
varies inversely as the distance (equation (1)). Expressed in
decibele this relationship becomes

‘g
2 - A
I, = I; ~ 20 logp, rice decibels e
85
where gz is & ratic of the distances. TFor example, if Il is

110 decibels at a distance of 20 feet from a propeller, the sound

~

pressure I, at 300 feet is 110 — 20 logyq 2%% or 90 decibels.
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/in additional reduvction cccurs as a result of atmosvheric attenuation,

the amount of which is known to vary with the frequency of the sound.

For short distances, however, this effect is small,
APPARATUS AND METHODS

Static tests for meesurement and snalysis of noise emission
weres conducted for five propellers, The rropellers tested were
the two-blade wocden Sensenich mcdel No. TO0I45 propeller, the
two-blade NACP 4~(3)(06.3)-06 propeller, snd the NoCA L—(3)(08)-03
propeller in two-blade, four-blade, end seven—-blade configuretions,
The NACA designations used give a description of the propeller blade.
Numhers in the first group give the propeller diemeter in feet.
The first number of the second group gives the design 1lift coeffi-
cient, in tenths, at the 0.7 radius. Flade thickness to chord
ratio at the 0.7 radius is expressed by the last two digits of the
second grovp. The third group gives blade solidity, which is defined
as the ratioc of a single blade width at the 0,7 radius to the cir—
cumference of a circle with the same radius, The Sensenich pro-
peller is a woocden, fixed~ritch propeller, with a diameter of
5.8 feet. All other types were L-foot—dicmeter metal propellers
mounted in adjustable hubs which asllowed the blade angle to be
changed menually. It chould be noted that the NACA L4—(3)(06,3)-~06
blade and the NACA 4--(3)(08)-03 blade have the same type of airfoil
section except for a smsll difference in thickness and that the
solidity of the NACA 4-(3)(06.3)--06 blade is eporoximately twice
that of the NACA L-(3)(08)~03 blade, Use of these propellers mekes
it pessible to get comparable data for two different sclidity values.,
The inclusion of the Sensenich propeller provides data for a typical
light~airnlane vropeller.

Blade—form curves for the three diffcrent blades tested are
given in figure 1, Those given for the Sensenich propeller are
only approximete since no design data were available and measure—
ments near the tip are difficult to make because of the vprotective
metal leading—edge guard. :

A 200-horsepower water-cooled variable-speed electric motor
was usged to drive the test propellers., Power inputs to the drive
mctor in all tests were measured directly by means of a wattmeter

and these readings were corrected by the use of motor—efficiency

data tc determine the actual power input to the propeller., The
motor was rigidly mounted on an outdocr test stand. (See
figs. 2(a) and 2(b).)
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The nearest obstructions were located at a distance of about
€5 feet from the test stand, Any discrepancies due to reflections
are believed to be within the ordinary range of error in measure—
ments for these tests,

A microphone was placed at ground level to insure maximum

pick-up of all frequencies and was located at a point 30 feet from j

the propeller hudb and at a 159 angle behind the plane of rotation
(B = 105°), This particular angular poeition was chosen because
it is near the value of . B for maximum sound pressures for the
range of sound harmonics measured (fig. 1, reference 3).

A survey rake to meassure total presgsure wags clamped to the
motor housing at approximately 4 inches behind the propellers.
The measured total pressure wasg integreted over the disk area
to cbtain an estimate of total thrust., These measurements are
believed to be sufficiently accurate (£25 percent) for sound cal—
culations, This error in thrust represents approximately 1 decibel

. error in sound intensity. i

Sound pressures and frequenciss were measured with a Western
Electric moving-coil pressure-type microphone, associated ampli—
fiers, and a Hewlitt Packard VWave Analyzer. An electronic volt~
meter measured total microphone voltage. Propeller sounds at each

“test condition were permanently recorded on disks by mesns of

record—cutting apparatus,

Sound pressures in dynes per square centimeter were measured
for the first five harmonics of the fundamental rotational fre—
quency for each test condition, The band width of the wave
anelyzer used was 25 cycles. Thus a chance for error existed in
measurements taken when extraneous frequencies were within this
range, Wave-analyzer and microphone-voltmeter readings were
corrected for microphone frequency response.

Data were cbtained at tip Mach numbers of 0.3, 0.5, 0.7,
and Q0.9 for all test conditions except as prevented by propeller
structural limitations and drive-motor--current and power limita—
tions, Some date were elsc teken for the Sensenich wooden pro-
peller at propeller rotational sreeds of 2100 rpm 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
game rotational sypeeds and tip speeds as those of the wooden
propeller,

Gusts of wind cause a viclent fluctuation in sound pressures
for all frequencies of the emitted noise, Measurements on the
seven—~blade propeller at & 20° blade angle, taken on a dey when
gusts were approximetely 20 miles per hour, showed sound-pressure
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variations of approximately 15 decibels at 211 speeds of the pro-

peller. In order to obtain consistent data, tests were run only
on days when wind velocities 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 very power
absorption at the same tip Mach numbers, Sound pressures were
measured at various tip Mach numbers for purposes of comperison.
Tables I and II contain all experimental data and calculated
values, The tables are useful in comparing theoretical calcule—
tions and test data for various operating conditions of the pro-—
pellers tested. Values shown for wave—analyzer results were
obtained by a summation of the sound pressures of the first five
harmonice of the fundamental rotational noise frequency as measured
by the wave analyzer. Values were also obtained by converting the
measured total microphone voltage directly to decibels after the
proper microphone calibration was applied. Calculated values
obtained from equations (3) and (4) for the first five harmonics are
included for comparison with the measured pressurses., A sample
calculation illustrating the use of equations (3) and (%) ie
included in the section "SAMPLE CALCULATIONS,"

Tables I and ITI show good agreement between the measured and
calculated values at the high Mach numbers for nesrly all test
conditions. Discrepancies exist at the low Mach numbers. for most
. "test conditions and ere especially large Tor the multiblade
configurations, : '

A comparison of the measured data obtained by the two methods
for thé seme test conditions also shows good agreement in most
cages at the high Mach numbers but fairly large discrepancies at
the low Mach numbers., An anslysis of the discrepancies is of
interest because of the two different methods of sound méasurement.
The microphcne voltege, when converted to sound pressure, gives the
summation of the entire band of frequencies emitted., Wave—-analyzer
measurements, however, were made only at the rotational noise—
frequency peeks. Therefore, if the vortex noigse is strong compared
with the rotational noise, as is usually the case at low Mach numbers,
values determined by microphone voltage will be larger than values
determined from wave-analyzer measurements,
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Ogcillograph records for microphone positions"at Bli= 09 amd
B = 00 were made for sound emission from a two-blade and a seven—
blade propeller. These records appearing in figure 3 show the dif-
ference inthe quality of sound emitted in these two different:
directions. Amplifier gains are not the seme for all these
records end consequently the amplitudes have no meaning. Some
estimete of the relative importance of the rotationel noise and
vortex noise can be made from a study of the-records shown, The
high-frequency vortex noise is shown to be much stronger in front
of each propeller than in the plane of rotation. The roverse is
true of the rotaticnal-noise component. The magnitude of the high—
frequency component which exists in the plane of rotation is com—
paratively greater for the seven~blade propeller then for the two—
blade propeller., Observaticne indicate that at Mg = C,50 for
the seven—blede propeller the rotational noise has Jjust begun to
dominete the vortex noise. At M. = 0,57 for the two-blade pro—
peller, rotational noise is clearly dominant. .. -~

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 P
and 6, Figures 4 and 5 are plotted with sound-pressure levels
ageinst tip speed and figure 6 shows sound--pressure”levels plotted
ageinst power absorbed for all three configurations, Results indi-
cate that sound—pressure levels in decibels increase approximetely
as & linesr function of tip Mach number; the sound-pressure level
increases as more power is absorbed by the propeller., The following
table, in which power values that cannot be determined from figure 4
are included for convenience, illustrates measuvred gound-pressure—
level differences for three different blade angles of the two-blade
configuration for different tip Mach numbers and powers. absorbed:

6 = 5° 9w 10" 6 = 16,5°
M, ;
I Py T Py y Py .
(dv) (np) (av) (hp) (av) (hp)
0.3 79 .8 1.0 83,4 1.k 85.8 355
e 84,9 4,3 - 93,0 8.4 95.9 20,0
" | 10¢ .6 15.1 1053 27.8 110.4 €65.8
.9 . s 17 g | 33,4 1170 68.2 121.6 148,.2

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

Two-blede Four-blade Seven-blade

M g E I s R Py
(ab) (hp) (av) (hp) (dv) (hp)
0.3 85.8 35 81.9 6.0 78.3 10.7
5 95.9 20,0 96.9 34,2 £9.9 53.0
by 110,k 65.8 1385 110.0 —— -

_For equal power -consumption at the same blade angle, an increase
in the number of blades was found to cause a marked decrease in the
sound-pressure levels, (See fig. 6.) A pert of this difference is
due to a decrease in tip speed. i

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

Sovnd—pressure levels measured by the microphone voltmeter
teble I) are plotted against horsepower input to the Sensenich pro-
peller in figure T7(b). Comparative data for two other propellers
with entirely different shapes are obtained from cross plots at the
same tip speeds and power absorption, Although good agreement was
found, no conclusion concerning blade shape can be drawn from this
figure because of the differences in diameters and thrust values.

Some test results from the microphone~voltmeter measurements
of tables I and II for the two-blade and severr-blade propellers
are plotted in figure 8 with the corresponding theoretical curves
of total sound-pressure emission ag calculated by equations (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
which is not accounted for by equation (3).

Weve-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 peaks exist.

Additional comparisons between theoretical calculations and
experimental results are given in figures 9(a) and9(b). For the
two-blade end seven-blade configurations of the NACA 4-(3)(08)-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, . There is good
agreement 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.

Experimental results in general show that for all propellers
tested the Gutin theory is adequate for predicticn of sound pres—
gires in the Mach number range where rotational noise is strong
compared with vortex noise.

Loudnegs

Sound pressures measured. by instrument in many cases do not
give a true 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 noise reduction, a brief description of
the loudness aspect of sound is presented herein,

Loudness is defined as the magnltude of an eudi itory sensatlon.
Because of the nonlinear response and the physical characteristics
of the vibrating part of the hearing mechanism, sounds at certain
amplitudes and frequencies have a masking effect on other sounds.
The lower frequencies tend to mask the higher omes.

An emplrical formula for cealculating the loudness of complei
gounds as they would be evaluated by the average ear is given in
reference 6 as follows:

B o bt -
6In) = % by 6(1) N AR
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where

250 + f (;— :) '
bk = lO Z(ﬁk » 30 loglofk e 9%) (7)

1000

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 individual 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 appeared 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 approximetely 90 to 120 decibels and at the fre—
quency range of approximately 100 to 1000 cycles per second, the
gar evaluates scunds fairly accurately. - As the intensity levels
decrease, more distortion is evident with a corresponding change
in louvdness 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 for the range from
30 to L4000 cycles per second in figure 11 for convenience in meking
calculations, Figures 10, 11, and 12, and tables III and IV are
reproduced from reference 6 so that two sample problems may be
presented. (See section "SAMPLE CALCULATIONS,")

Of great current interest is the comparison of the loudness effects
obtained with multiblade propellers with those obtained with con—
ventional two-blade propellers, Figure 13 illustrates the londness
change with distance for three different propellers and for g
helicopter rotor. The helicopter data were included to provide a
comparison of the loudness effects of such configurations with
those of conventional propellers, Sound pressures were first
ad Justed for distance according to the relationship given in .
equation (5) and then were converted to a loudness level. No
correction for atmospheric attenuastion was made,

Figure 13 shows that the edvantage to be gained by adding
more blades for the same tip speed and power absorption is small
at distances greater than 400 feet. For the case of 2 two-blade
propellers operating at the same tip speed and power absorption,
the one having the larger diameter tends to be less loud because
of the lower frequency. The helicopter rotor has a very low
loudness level at a distance of 30 feet and at a slightly greater
distance becomes inaudible, In general the lower frequencies of
sound tend to have greater attenuation in loudness with distance
than do the higher ones,
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The' following calculation, made by use of equetions (3) and (4),
is presented to illustrate the method used in cobtaining the calcu—
lated velues in tables I and II. Conditions for a typical problem

are as follows:

SAMPLE CALCUIATIONS

Propelier radius, feet ... 4

Tip Mach number,

Thrugt, T,

pcunds

Power to propeller,
Number of blades,

Harmonic of rotational frequency, q
Distance from propeller,

Evaluating equation (3) gives

The function Jén(x) is evaluated from faired curves plotted

from Bessel function tables given in reference 7. The steps followed

in obtaining pp are illustrated in the following table:

-

Py,

n .

g, @ .

Ly

ks

hersepower .

(PP O NS S N

Byraid 4w, o bW A LT g

. . RS IR T

. ¢ ¥, € .

i 15 (RO S

= 145 gn J,pn(x)

o ) PR SRR TR 2
& BT ellene R el TG
o e R o S MR
o bt s i il
RN A v
o sily 2L 33 Ge B

15

Lo |
q [ an x FOMESTE BT OB TR e T

A |

9=1 |

1 N 2,78 0,121 0,48k 70.1 |
2 8 5,56 .039 .318 L5,1
3 12 8,34 .016 194 20
L 16 1,12 .006 365 15,3

5 20 13,90 L0026 .053 T 90,1 |

|

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

Arplying a groundfreflection correction of 6 decibels éives

2

1

1l

1

it

7% + 20 log

10 Fp

113.1 decibels

113.1 + 6,0

119.,1 decibels
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Sample calculations are mede to illustrate the use of equa—
tion (6)., The following tabulation gives the total loudness of a
two—-blade propeller et a distence of 30 feet:

Harmonic,| f W b b, G L, |Contribution
¥ i Pl e k LS (av) (percent)
1 127| 64.6.] 521 2510/ 1.0 251.0 32,0
2 254 | 62.7.| 58] 3%20| .762| 2910 8051
3 381 59,1 | 57| 3560] . .346 | 1232 16
L 5081 55.6 | 55 3080 .323| 995 13.0
L TELT = 69,4

The first cclumm k contains the order of the component, The
number of blade tips passing a given point per second is the first
harmonic, and the other harmonics are integrsl multiples of it,

If the values fy end Vy ere measured directly, the corresponding
values of Lk can be found from figure 11; then the loudness
values G are found in table IIT. The maskinz factor by is

determined by the use of equation (7), with the aid of figure 12
and table IV, This factor bk can never be greater than unity

and unity is used whenever calculations give a higher value. The
component for which the valuee of I, £, and U introduced in
equation (7) give the smallest value of - bk is the masking com—
ponent. In general, the lower components tend to mask those
directly higher, The product of b, and G gives the relative
loudness of the individual components., The summation of all the
individual wvalueg of kak is the loudness of the complex tone.
The corresponding loudness level L, is found from table IIT.

In the following tablé, calculations are presented for a
three~blade helicopter rotor at & distance of 30 feet to illustrate
two extremes in the usge of the loudness—level-contour chart
(Plge . d1)e

Harmonic, { £, ¥ : G b B In {Contribution
k % k| X k kK (ab) | (percent)

4 13.71 90,61 OfF 'O 0 0 0

2 274 174,51 20 87.5) 1,01 97.5 100

3 43,14 %6,31 OF-0 0 0 0
9T.3 = 80
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The frequency of the fundamental is noted to be 13.7 cycles
per second, which is inaudible., Hence, even though a large amount
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
this 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 constent pitch setting, the sound pressure in decibels
for a given propeller varies in an aprroximately linesr manner with
the tip speed of the propeller for the range of test Mach number.

'2. At the same tip speed, diameter, and power absorbed; the
sound—pressure ovtputs of two-blade propellers sre approximately
equal and are not influenced by solidity.

3. For the propellers tested, the Gutin theory is 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 two-blade propellers,

4, An appreciable sound--pressure reduction can be attained for
given operating conditions by increasing the number of propeller
blades, but the reduction will be legs than that predicted by
Gutin's theory when vortex noise ig a large vart of the total
noise, Vortex noise is a large part of the total noise at low tip
Mech numbers, especially for multiblade propellers and, therefore,
Gutin's formula 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
seven—blade propeller tested is only slightly less loud then a two—
blade propeller at a distance greeter than 40O feet, even though the
difference in sound pressures is large. For the same tip speed
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and power abscrbed a small reduction in loudness may be realized
by increasing the diameter.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronavtics
Langley Field, Va., May T, 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
St rotational | Mach | mated to level level level
0.75R speed number, | thrust| pro- |measured measured calculated
(&eg)t (rpm) My (1b) |[peller|by wave by by
(hp) |analyzer microphone | rormulas (3)
voltmeter 4 (4
| (ab) (ab) an )
NACA 4-(3)(08)-03
1600 | 0.3 2.0 Logenk 79,6 85.8 83.8
6 2680 ) 65.1 20.0 215 95.2 93.0
16.5 3770 ‘2 |177.% | 65.8 | 111. 110, 1112
4850 .9 316.4 |148.,2 | 123.4 12116 123.0
1600 = o7t 1.4 TenT 83.4 _71.4
2680 .5 32.9 8.4 92.6 93.0 89.3
10.0 3770 7 61.6 | 27.8 | 107.4 105.3 108.1
L850 .9 184.0 | 68.2 | 119.3 117.0 117.8
1600 .3 9.3 1.0 73.8 9.8 69.3
2680 .5 2 4.3 89.1 9.9 84.3
5.0 3770 7 53.0 | 15.1 | 101.5 100.6 98.9
4850 .9 95.0 33.4 114.3 il L e | 111.8
1600 .3 18.6 3.0 77.6 80.8 4.1
2680 .5 53.6 | 12.6 95.1 92.6
12.0 770 T 104.6 | 38.0 | 108.5 106.3 106.5
850 .9 184,3 | 90.6 | 120.9 119.6 119.5
NACA 4-(3)(06.3)-06
1600 0.3 41.0 4.6 82.8 | 83.4 78.3
16.5 2680 5 1280 331 98.9 99.0 100.1
. 770 .g 230.0 32.8 113.7 1323 110.3
300 . 290.0 [1%5.8 | 119.5 118.1 120.9
1600 .3 25.8 1.9 80.9 79.8 52
2680 .5 65.7 | 12.3 93.1 93.0 93.2
10.0 3770 7 1156.0 | 54.6 | 108.2 106.6 107.
1300 .8 195.0 | 59.8 | 114.4 111.0 113.9
1600 3 7.4 1.0 76.4 79.8 68.4
5.0 2680 .5 38.0 6.0 90.3 92 4 B3 '
g 3770 o1 86.0 | 19.3 | 206.5 104 .4 101..8 l
4300 .8 118.0 T2 2329 20 108.9 108.8 i
Sensenich i
B 100 [ 0.3 [ 52.9 | 3.5 | -80.8 [ 83.5 77.5 ‘
12.8 1840 .5 143.4 | 23.5 96.3 96 .6 95.8
: 2100 .57 1386.6 4 8p .2 | 1018 3. 088 101.6 ‘
2300 .625 [ 225.8 | 57.0 | 105.5 | 103.1 105.5 |
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TABLE II
j
| SUMMARY OF DATA FOR FOUR- AND SEVEN-BLADE
| NACA 4-(3)(08)-03 PROPELLERS
|
‘ Total Total Total
| Blad Power | sound- sound - sound—
| b 12 Propeller | Tip Esti- | input |pressure| Pressure pressure
| gt rotational| Mach | mated to level level level
0.75R speed number,| thrust| pro- |measured measured calculated
| (de )t (rpm) My (1b) | peller |by wave by by
| g (hp) |analyzer|microphone | rormylas (3)
(ab) voltmeter and (%)
| (ab)
| Seven-blade propeller
‘ 1600 O.E 56.9 2T 82.8 86.8 Lh 5
| 25.0 2140 : 186.3 |.61.2 | 87.3 92.8 69.7
| 2300 43 | 154.2 | 79.0 | 90.8 95.9 75.6
| 1600 'E gs.0 |''19,3 | 76.2 91.5 43,5
| 2140 ; 155.4 | 48.0 | 80.4 92.8 67.8
21.5 2300 WSS 860 (6l 20 1 N8306 ok.0 73.8
2680 .5 243.0 | 99.0 | 92.3 99.5 85.5
2780 .52 | 250.0 |110.0 | 92.5 102.0 86.3
1600 'E SIS Aot 86.8 51.1
2140 . ai(sy S oAl | Sy el Sl 0 L G 65.8
20.0 2680 .5 227.0 | Tr.2 | 93.8 102.0 83.5
3080 .575| 296.9 |121.0 | 97.9 105.5 93.6
1600 53 79.4 10.7 | 68.8 183 8.4
16.5 2680 .5 238.3 | 53.0 | 85.0 89, 9 0.9
3450 .64 | 413.5 |124,0 | 99.2 100.0 93.6
1600 . Gl (5 69.7 80.0 35.4
12.0 2140 .2 92,2 16.3 79.6 8555 bIke
: 2680 .5 1k6.,0 | 33.0 | 8%.2 89.9 75.2
3770 oAl 314.0 o7 eRIOTNT 101.0 16352
1600 ) 51.5 pioNleR 75.9 31,2
2680 .5 136.8 | 25.0 | 80.1 88.0 75.0
10.0 3770 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 72.8 81.9 65.76
16.5 2680 .5 1%0.5 | 34.2 | 9%.3 9.9 90.9
- 770 17 283.0 |[110.0 [110.6 111.5 110.5
300 .8 420.6 |167.8 [116.8 116.4
1600 .3 20.4 2.3 | T4.2 75.9 56.0
2680 .5 63.6 14,4 88.2 89.0 83.7
10.0 3770 o 1 166.6 1 41,4 l1o5.0 3051 103.1
1850 .9 307.6 | 106.4 [120.4 12012 i)l
1600 3 1283 1.0 2.8 78.8 k9.5
5.0 2680 .5 40.7 7.4 4,0 89.0 7815
3770 i J, Bl A Ry Gl i 99.5 OfiiT

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS



TABLE IITI

VALUES OF G(Lk)

[Table taken from reference 6_]

(Ln 0 1 2 3 Y 5 6 J 8 9
20| 0,015 0.025| 0.04 | 0,06 | 0.09 | 0,14 | 0.22 | 0,32 0.45 0.70
ol 2,00 | 1.%0 | 2.90 | 2.51 | 3.40 43:83:1 B.IO. | 708 .00 [11.2
1o [T2.e (17 |21k 8656 (32,6 - 139,53  |HTeE 0[BT 69.5 82.5
20 |97.5 113 120 151 173 197 222 252 287 324 |
30 360 405 455 505 555 615 675 740 810 | 890
40 975 1060 1155 1250 1360 1500 | 1640 1780 1920 | 2070
50| 2200 2350 | 2510 2680 | 2880| 3080| 3310 3560 3820 4070
60| 14350 4640 4950 5250 | 5560| 5870| 6240 6620 7020 7440
70| 7950 | 8510| 9130| 9850| 10600 | 11%00| 12400 | 13500 14600 | 15800
80| 17100 | 18%00| 19800| 21400 | 23100 | 25000| 27200 20600| 32200| 35000
90 | 38000 | 41500 | 45000| 49000 | 53000 | 57000| 62000 67500 740001 81000
100 | 88000 | 97000 |106000 | 116000 |126000 [138000 | 150000 164000| 180000, 197000
110 |215000 |235000 |260000 | 288000 | 316000 316000 | 380000, 418000| 460000| 506000
120 556ooqj6ogooo 668000 | 732000 |B00000 |875000 956000\1047oooi115oooo 1266000

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE IV
VALUES OF Z(X)

[Table taken from reference 6]
X
(2) 0 1 2 3 b 5 6 7 8 9
0 5.00 4.88 | .76 b.68-| h.53 | 4.B1 | B.29 ) 4.17 | 4.05 3.94
10 3.82 | 3.70 3.58 2 167 3.38 .1 3,833, 2331 - 2.995 | .28 200
290 |- 2.64 | 2.52 [ 2.80 2,28 | 2,36 | 2.65 | 1.95 |.1.86 | '1.76 | 1.60
0T 160 1 T,58 | TN r - LGHO 2535 k3D 120 o 1520 B A W
o 1:00 | 106 | 1.03 | 1.00 .99 .97 .95 .94 .92 o
50 .90 .90 .89 .89 .88 .88 .88 .38 .88 .88
60 .88 .88 .88 .88 .88 .88 .88 .89 .89 .90
70 .90 .91 .92 .93 ey .96 g L9G" 1 1:00 | 1.082
o B T O S < B T S T SRR AR R e
QO DT | 1280 (- Lush | Lsof | LS TLisg il Tl LB, | T 88
100 - 151 |+ 1531 1.85 | 1.58 | 1.60 162 L 164 1.6 111.69 | 1.7%

a
X =¥ + 30 log £, - 95.
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Number I at
Propeller of Diameter| Fy My (30 fv
blades deci-
(ft) (hp) bels)
NACA L-(3)(08)-03 2 L.0 | 23.5 | 0,500 97.1
I _| Sensenich 2 5.8 2355 «500 96,3
_____ NaCA L-(3)(08)-03 7 L0 | 23.5 o500 | 77.1
— | Helicopter rotor 3 36,0 |[130.0 57 9047
100
N N
&0 ‘\‘ NS
S \\\b\x
= L \\\
L i
2 60 S —l
- s ::::'T:::::T\“
8 e —— ——
5 bo
o
(]
®
o
Le)
3
20
\
Ll
NATIONAL ADVISORY
-2C COMMITTEE FOR AERONAUTICS
-4o
0 200 400 600 800 1000 1200

Distance from source, 8 , feet

Figure 13.- Comparison of distance effects on propeller

loudness.
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NACA TN No. 1354 Fig. 1
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NACA TN No. 1354 Fig. 2a

(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. M;=0.57, 8=90°

f\/\/\/\/\/\%@

l‘— | REVOLUTlON————’]

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

300 CYCLE TIMER

r'I REVOLUTION ‘—’\

(c) SEVEN-BLADE NAGA 4-(3)(08)-03 PROPELLER. M4=0.5, §=165°, B=90°

N\/\/\/\%

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

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3.- Oscillograph records of sound emission of two- and
seven-blade propellers.
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Figs. 10-12 NACA TN No. 1354
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Fig. 2b

NACA TN No. 1354

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

Concluded.

Figure 2.-






