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THE PROBLEM OF NOISE FEDUCTION WITH
REFERENCE T0 LIGET AIRPLANES
By Theodore Theodorsen and Arthur A. Regler

SUMMARY R

Experiwents by Deming at the Langley Memorial
Asronautical Laboratory conflrm completely the formula
of Gutin, which psrmlts the convenient calculation of
the sound level of any airplane propeller at low forward
speeds. A simplification of the Gutin formula has been
achieved by the use of a set of functions glving the
sound level in the directlon of maximur intensity. The
sound level can be read from graphs of the functions
for varlous numbers of blades and tip speeds.

Two numerical examples and one experimental example
are included; also, a radical fan-tyre propeller is
tentatively trested.

Results of this study show that propeller noiss
dominates engine exhaust nolse even though the exhausi
noise has a relatively high intensity. It 13 concluded,
therefore, that in order to reduce the cutside sound
level of an alrplane materially, it will be necessary
to modify the propeller to operate at low tip speeds
and to have a large number of blades The practical use
of this conclusion is a matter of considerable technical
complexity involving many compromises. An effectlve
engine exhaust muffler will also be required.

INTRODUCTION o

The problem of designing airplanes deals chlefly
with cost, performance, stability, safety, ard simllar
factors; however, questions have occasionally been
rajsed concerning the elimination of airplane noise.
This problem must be considered from the standpoint of
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both the alrplane passengers and the people living in

the vicinlty of alrports. The sirports located near
reslidential sections are usually small and can accommodate
only light airplanes. The present paper emphasizes the
ctudy of noise from light alrplanes.

In 1936 a paper by Gutin was published (reference 1)
which glves the theoretical expression for the sound
emission of an airvlane propeller as a functlon of speed,
number of blades, thrust and torque, end linesar dimensions
of the propeller, The formula 13, strictly speaking,
applicable only to the case of a stationary propeller; in
other words, Gutin 4dld not include the effect of the
forward or flight speed. .It can be shown, however, that’
the formula is sufflclently accurate for low forward
speeds to make 1t adequate for application to low-powered
alrplanes. The theoretical results of Gutin were con-
firmmed by extensive measurements by Demlng at the
Langley Memorlal Aeronsasutical Laboratory, part of which
have been reported in reference 2,

The present paper appllss the Gutin formula to
several cases of light alrplanss. The formula has been
rewritten in a form convenient for englneering use.

The representative sound level is obtalned by the use
of a single graph.

The human ear 1s sgensitlve to sound energles
renging from about 10-16 watts per square centimeter

to 1074 watts ver square centimeter, st which level

the sound becomes palnful to the listener. Since the
power ratio at the two limlts corresponds to a milllon
times a million, acoustical worlrers have adopted a
logarithmic scale as &a msasure cf sound energy. The
unit of one "deelbsl" 1s equivalent to a power ratio

cf 1.259, which 1is the antilogarithma of 0.1. The base
level adonted by the Acoustical Soclety of America

(reference 3) is 10~16 watts per square centimeter. The
gsound intensity level hence is glven by the formula

I = 10 log10 —_ETZ' decibels (1)
107 - :

where P 1s power in watts psr square centlimeter.,
Conversely, the rate of energy ver sguare cenltlmeter 1s
glven as

2



.

NACA TN Fo. 1145

(L-16)

P =10" - watts per square centimeter

and, 1if I 1s considered as a mesn value, the total
energy radlasted per cecond 1s

42-16) '
= wild x 10(10 watts (2)

whers L 1is the distance from the sourcs.

L == =

The sound intensity level ma&y also be expressed in
terms of tre root-mesn-square pressure of the sound by

us3s of the follovwing formulaid _ [

2
P = ?E x 10=T watts ner square cecntimeter

where the root~mean~square prsssure p 1s in dynes per
square centimeter, the dsnsity p 1is in graems per cuble
cantimeter, and the velocity of sound ¢ 1is in centimeters
per second. TUncer standard condlitions the ensrgy level
of 1010 watts ner squarse centiwetsr corresponds to a
pressure of 0.0002 dyne per square centimster. Thus the
sound intensity level may bs exXpressed as '

p -
T = 20 108 TLIT
10 9,0002
=74 + 20 loglO P decibels (3) —_—

A pressure of one dyne per sgquare centimeter correspords
to 7L decibels, . -

The following table conveys a concept of the steps
in the sound scale by introducing the effect of distance
from & given source and by a corparison with commonly
recognized sound levels: T
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SOUND LEVEL FROM SOURCE OF Lm WATTS AT VARIQUS
DISTANCES AND GOMPARISON WITH KNOWN NOISES

!}bsorption, refraction, and reflection are neélecte@]

Distance ‘ : Sound level
‘Kilometers Miles - Feet. Declbels|Reference standards
1/100 32,811 100 Flevated trains
1/10 328,08 80 Printing press |

1 0.6213 [3280.8 60 Conversation
10 6.21% 1,0 Dwelling

100 62.1% 20

1000 621.3 0 Threshold

SOUND THEORY

The formula for the sound emission from an sglrplane
propeller 1s gilven in an Important paper by Gutin,which
was published in the Physikalische Zeitschrift der Sowjet-
union in 19%36 {reference 1), as follows: '

— __9nw Q 3%
p = 25 wol <—T cos B +-:§§) Jgn (qn sin B E> (L)

In this formula the symbols have the following definitions:

ho! root-mean~-square sound pressure, dynes per sguare
centimeter (bars)

n number of blades

o] harmonic of sound

) speed of revolution, radians per second

Iy
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c velocity of sound, centimeters per second o

L distance from propeller, centimeters

T thrust, dynes

Q moment, dyne-contimeters

B angle from propeller axls (zero in front)

R propeller radius (mean value), centimeters

an(x) Bessel fun%tion of order gn and argument N
x =qgn 7 8in B I

v velocity of element of propeller at 0.8 radius

(mean wvalue), centimeters per second o

Figure 1 shows a typical distribution of the pressure
for the lowest harmonic of the sound, WNote that the pesak
pressure is near [ =120°, =Xxperiments by Deming (refer-
ence 2) show virtually perfect agreement, particularly
when the »nroper reference conditions are used.

By use of the 0,3 radius -as the mean radius and by
substitution of the thrust for the torque, the Gutin
formula may pe rewrltten in the simpler form -

P Ry M )
= —— — M, {1.7 =— - cos B} B (5)
22 L t< i, 2 an
where
Bgn aqnd qn (qn .y sin 52)
P, = fP2 (full value of radius used)
Tth
Ry radius of propeller (full value)
Mt tip Mach number of blade (rotation only)



NACA TN do. 11L5

M Mach number of advance or of flow velocity through
propeller disk (V,/c)
Vo flow wveloclty through propeller dlsk

The conversion factor for p oexpressed 1n pounds
poer asquare foot and 1n dynes per square centimeter 1s

1 pound per square foot = [78.8 dynes per square centl-
meter (bars)

The formula for p may thersfore be wrltten

Rt / .
p = 169.5po ET'Mt(z.T_ﬁEZ -~ cos é) Byn (6)
t

where Ps is gilven 1n pounds per square foot.

In regard to the quantlty Bqn’ 1t may be noted

that the subscript gn and the argument gn g gin B

are related, If filxed values of 1, 0.75, and 0.5 are
chosen for V/¢ and fixed valuss of 900 and 120° are
chosen for the angle (3, ths entlre quantity

= v \
Bqn = anqn<qn S 8in p>

may be plotted against the argument or frequency qn.
By use of the foregolng wvalues, six curves are obtained,
each given by a double index V/c and @, where V/c
is the mean Mach number of the blade and B 1s the angle
measured from the direction of advance as zero. The

8lx curves, each labeled accordingly, are shown in
figure 2, Since the maximum sound pressure 1ls obtalned
at a value of § of approximatsly 1200, the curve
relating to thils angle genorally gives sufflcient
Information on the intenslty, since the pattern on the
whole repsats 1tself around the origin wlth zero
intensity at 0° and 180° and in the direction for which

cos B = 1,7 —Mg. |

My
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By convention, the root-mean-square pressure of
1 dyne per square centimeter corresponds to a sound
level of 7l decibels and the sound level at a pressure P
in dynes per square centimeter is then -

=l + 20 log P decibels (3)

In order to obtain the total pressure of several
harmonics, 1t 1s noted that the energy is proportional
to p<. Since the cross products contribute nothing,
the p2 values of the several harmonics may simply be
added and the square root extracted. The total effective
pressure 1s thus e

Y B2
-
a

and the sound lewvel 1is

. 2

= 74 + 10 log, D . (7

5
L

q
Only the factor Bqn changes with the harmonic (see

formula (5)); -therefore,

Ry M
= 7L + 20 1ogy 4 169.3p, N M (1.7 —5 - cos B
My

"+ 10 logy g E Bqn2 : . (8)
3 _ .

This formula may be written

R . ) ——
I = 118.6 + 20 log,, b, Et- Mt<l.7 2 - cos 9

+ 10 loglO é Bqng

4 7

(9) -
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where’ Pgs which 1s. 1in pounds per square foot, 1is the

only dimensional term. Note that formula (9) is very
convenlient to use since the Bessel functlons appear only
in the last term in the form of the sum of the squares,
The last term can be glven dlrectly for a glven number

of blades as a function of V/¢c and the angle  only.
As mentliconed, the peak pressure corresponds to a value

of B of about 120°., Because only this peak pressure

1s referred to in the present paper, 120°€ is the value

of B used. This functlon has been plotted for two-,
four-, six-, and eight-blade propellers 1in figure 3, whilch

—
2
glves directly the quantlty 10 loglodg_Bqn .

Because the Gutin formula was developed for an alr-
plane resting on the ground, strictly speaklng it should
not be used for the flight or-even the take-off condition,
Actuslly the error is very small so long as the forward
speed 1s small compared with the veloclity of sound.

EXAMPLES OF CALCULATIONS AVD MEASUREMENTS

Calculatlions are made for the cruising condition of
a small airplane A having the followlng speclfications:

Alrplane speed, mliles per hour . e+ e s e . 75
HOrSEPOWET o o o o o o o o o o . . e e e e L6
Propeller speed, TDM + « o+ o o . s e e e s 2100
Fropeller efficiency, percent . .« + e s e 80
Propeller diameter, feet . + o+ o c e e e e 5.83
Number of propeller blades . . ‘ ¢ s e s e e 2

Propeller disk loading, Pos P

square foot . . .+ + o o
Alrplene Mach numbsr, M .
Propellier-tip Mach number, Mt

..-.(é‘.....
; Q..' .
e o o (O o ¢ o » o

L] ] L] L] L] Ld 6.

L L] ] L ] 00098

L] L L L ] 0057

The wvalues of Pos M, and My werc obtalned as follows:
Power

e o o 3 4 o o @ e o
O]
e o » H e v o o o o

p =
© Alrplane veloclty X Disk srea

_ 16 x 550 x 0.8
75><-Ei8-><L—L><(585)2

6.9 pounds per square foot
8
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Airplane valocity
Specd of sound
- 5. , 88 SR
1120 60 '
= 0.098
Propeller tip speed .
Mb - Svaed of sownd o LT

2100 x 5.83%
1120 x 60
= 0.57
From formula (9), for § = 120°,

0.
T = 118.6 + 20 logq 6.9 X 0.57‘1.7 ———ffﬁi- + o.é]

| (0.57)2 |
L N 2
- 20 log,~ — + 10 log v B
10 10 qn
. R_t 4q

= 118.6 + 12 - 20 login ==+ 10 1 B 2 (10)
= . - o
10 g, 810 qn

The value of the next to last term in formula (10) is

L
20 logig E; =0 (for L = Rg)

= 20 x 2.01 = ;0 (for I = 300 f%)
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This term glves the dlstance effect. From figure 3 the

X 2 = a
valus of the last term is 10 logy, Bn® = 16 for .
a two-blads propeller at Y= C. Oh,5 The appropriate
Mach number is obtained by®using the 0.8 radius as a
reference statlon and disregerding the forward speed,

v _ ' _
Tl'lus, "o" = OuBMt = oousso

The sound intensity due to the propeller can now
be obtained sirply by adding the four terms on the right
hand side of equation (10). TIn the order glven, the
Lirat of these terme is a constant, the second 1s due to
the disk loeding and Mach number of the airplane and
the propeller, the third takss into account the distance
from the propeller, and the fourth 13 a function ohtalned
from figure 3 for various values of V/c and various
numbers of blades. In the foregolng examplie, therefore,
the sound intensity at a distance cf 1 radius from the .
propeller is _

T =118.6 + 12 - 0 = 16 = 1146  decibels .

At a distance of 300 fset the sound intensity of the same
propeller 1is

I = 118.6 + 12 = L0 - 16 = 7.6 decibels

The propeller sound lIlntensitles have also been cal-
sulated for a somewhat larger ailrplane, which will be
" called airplane B, having the following speecifications:

A rplane speed, miles per NOUT « « + « o « « . « o 165
HOrSODOWET « + ¢ + o o « o o o o o o o o o o o o o 153
Propeller speed, I'PM « + + « o« o o s o« « o+ « » s « 2900
Propeller dlameter, feet « « ¢ o « ¢ ¢ ¢« ¢« ¢« « o . 5¢5

The deteiled calculations for alrplane R are omltted,

For comparison, the calculated propeller sound
intensities for alrplsnes A and B at a distance of 3 feet
and 300 fest, respsctively, are given as

I at I et
Alrolane 3 fest 3200 feet
(db) (db)
A 114. 6 gu.7 '
B 127 T

10
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The sound snergy radiated from the airplane pro=-
peller may be obtained by use of formula (2). For
simplicity, the intensities in &1l directions asre assumed
to be constant and equal to the intensity obtained a2t
B = 1209, and therefore the total energy radiated
through the surface of a sphers of 300«foot radius is

E =P x I

I
-16)
10(%6 X hw{300 x 30.5)2

(%6-15) .
= 10 X 1.05 x 109 watts

For the vropeller of airplane A the energy radiated 1is

consequently
(2“;1,15)
10\ 10 X 1,05 x 107

= 2 watts

E

and for airplane B the energy is
37

=+-1

10\10 x 1,05 x 109

1

E

52 watts

n

Strictly speaking, thsse figures are too high, =ince the
maximw intensity at 120° was inserted in the formulas
instead of the mean intensity. On the other hand, the
reflection from the ground genersally ocaused a doubling of
the sound intensities, particularly in the horizontal
plane. The figures given are therefore reasonably
representative for the sound energy.

Measurements were meds on a certain small airplane,

which will be called sirplare (¢, having the following
gspecifications:

11
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Airplane speed, mlles per hour
HOTBOPOWOY & v+ « o o o « o

ﬁO

Propeller speed, IPM « « « o o s s o s « v . 2150
Propeller diametsr, feebt « ¢« o ¢ ¢ o« + « « s
Number of propeller blades ¢« « o« o o 2 + o & o o o 2

Molse intensitles were measured in the cabln of this
alrplane with a commercial portable meter; the absolute
readin;;s are therefore not too accurats. The measure-~
ments were mede to glive an idea of the noise level for
different flight coaditions and are in falr agreement
with celculations made for sirplane A, which this alrplane
resembles, The data obtained for alrplane ¢ are &as follows:

povnd %gé?nqity Ai;gggne Pr:ggiﬁer Remarks
(moh) (rpm)
90 to 92 5 .lOOO Texilng
ol 0 1500 Magneto check
106 Lo 2300 Take-off
38 to 101 60 2300 Climb
9% to 95 85 2150 Cruislng
8l 65 300 Normal glide
92 Lanaing approach

Finally, a radlcal modification of alrplane A is

considered. This alrplane, which will be called alr.
plane D, 1s supnosed to employ a fan-type propeller,
The value of the propeller advance ratio ls. increased from
0,5y for airplene A to 1.62 for airplane D by reducing the
t*p spasd of the propeller In the ratio of 3 to 1. 4&n
elght-blade fan=typz vropeller s chosen for airplans D
to reduce tke nolss level, Tn order to keen the induced
lusses of the propeller at a constant value, 1t is
necessary to increase the disk area in the ratio of the
mass coefficients (roference lL). The mass coefficient

for airplane A at crulsing speed is 0,68. For the
progecued elght-blade propeller the mass coefficient
is 0.8, The disk area must be thus increased in the
ratio of 0.65/0.L8 or 1.Li1 and the vpropeller disameter

12
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0,68
for airplane D becomes 5.83 5 = 6.95 feet. The

18 0.448
disk loading p, for airplane Dis 6.9 x___68 i.9 pounds
per square foot, and the tlp Mach number Mg 1is
% x 0.57 = 0.19.

The proveller sound pressure for the case of air-
vlane D 18 calculated to be aboubt 25 decibels at 1 radius
and about =13 decibels at 500 feet. The value of
-13 decibels means that the sound from the fan-type pro-
peller would be below the threshold of huwan hearing,
since the threshold under idesl conditions is by definl=-
tion at O declbel., The sound of the propeller for alr-
plane D would be inaudible at sbout 50 feet. Such a
propeller would be véry heavy, would have to be geared,
and, since 1t operates at a high advance ratio, would
require a variable-pitch mechanism., Vhether such changes
can be incorporated will be left unanswered, as the
problem involves several flelds of engineering other
than that of sound and must be arrived at by extensive
compromises or regulatlons imposed by law.

Recently &a series of tests has been made on two=-,
four-, and seven-blade propellers driven by an electric
motor. The results of these tests show good agreement
.with the Gutin formula, particularly at tip Mach numbers
from 0.5 to 0.9. The agreement between theory and
experiment 1s good over a sound energy range of as much _
a8 10,000 to 1. For conventional propellers, therefore,
the Gutin formula gives the sound output correctly. For
a fan-type propeller as suggested for alirplane D, the
possibllity exists, however, that the sound as8.calculated
by the Gutin formula at a sufficlently low level may -
become masked by vortex nolsss.

The foregoing formulas give physlical nolse levels
as measured by. instruments. The sensitlvity of the humen
ear is dependent on the frequency, particularly at low
noise levels. A correction factor must therefore be )
aosplied in order to obtain the audlbility of a particular
sound. Thus, an indicated physical reduction is not
necessarily accompanied by a cdorresponding reduction In
audibility. It should be remembered that the greatest
sensitivity of the ear is in the range of approximately -
1000 to'lj000 cycles per second, The fundamental of the_;;
propeller nolse ls therefore rarely audible. .

13
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The effect of exhaust noise was studied in connec-
tion with the light airplanes A and B. It is contended
that an index of the relative importance of the exhaust
nolse may be obtained by the use of the "masking" effect
of the propeller noise, By masking is meant the property
of a certain loud noise to render the esar unable to
perceive a simultansous weaker noiss. If the average
observer is uncertain as to whether he can hear the
weaker nolse, thls nolse is sald to be masked by the
louder one, which in the present ease is the propoller
noise, In such a cease the elimination of the weaker
noise is technically without merit.

By means of sural listening tests it was determlned
that the exhaust nolse on alrplane A was drowned out by
the propeller at a speed of about 2100 rpm. Since this
speed 1s about the crulsing speed, the effect of an
exhaust muffler might just be discernibls but the
exhaust muffler would ncot reduce the sound output
appreciably except when the airplane was 1dling on the
ground. On a larger airplane, elirplane B for zxample,
the exhaust nolse was masked at about 1500 rpm, This
speed is very far from the crulsing speed of the air-
plane, which is at about 2900 rpm. - Airnlane B would
therefore definltely not gain from an improvement in
the mufflienr,

In order to check these conclusions further, exhaust-
noise megasurements were made at a dlstance of % feet from
an unmuffled gasoline engine having about the same exhaust
frequency and power as a light-airplanc engine. The
measured values were 02 decibels for idling and 92 decibels
for full power. Since the alrplane englines usually have
shorter exhaust stacks than the engine tested, i1t may
be assumed that the sxhaust nolse of a light-airplanc
engine is 95 to 100 decibels at a distance of 3 feet
from the exhaust opening. By use of these values for
the exhaust intensity, the combined exhaust and pro-
vellor noise 1s computed by means of formulas (3)
end (7). Thus, the following table is obtalined:

Assumed Caleculatsed ng?iggdaggo-
fa1 rplene exhzgﬂg ?giss pro§21%e§tnoise exhaust noise
' ' at £t
(db) (ab)y (ad)
A 95 11l.6 11lL.68
B 100 127.0 127.01

L
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The foregoing tablé shows that the combined englne
and exhaust nolse 1s absolutely indistinguishable from
the propeller noise alone even when the relatively high
sound Intensity level of 95 to 100 declibels is used for
the exhaust nolse. Conversely, it is to be noted that
1f or when the propeller 1s silenced & ''perfect" muffler
will be required on the exhaust, since the exhaust nolse
must be brought down to approximately the same level.

CONCLUSIONS

1, Extensive measurements on many propellers at
the Langley Memorial Aeronautical Laboratory show that
the Gutin formula gives the sound level for propellers
at low forward speeds with adequate accuracy; therefors
the necessity for measurements of the propeller nolse no
longer exlsts,

2. A type of measurement of the relative level of
the exhaust nolse is indlcated. A masking of the. exhaust
nolse by the propeller nolse at a certain low speed and
fractional power 1s a condition necessary to Insure
adequate muffling. The exhaust noise should not be
audible through the propeller nolse at some glven low
propeller speed. The sound is dominated by the propeller
to such an extent that excessive muffling is useless in
the average case.

3. A general large reduction in the sound level
of an sirplane can be achieved only by extensive and
radical changes in the design of the propeller. The
noise from a fan-type propeller is shown to Dbe
practically inaudible. In such a case perfect muffling
18 necessary and permlissible. The imaginary alrplane
considersd, with a low-tip-speed fan-tyoe propeller and
presumably & perfect muffler, is virtually inaudible at
less than 300 feet (except for possible vortex nolses).

L. Tt is evident from the theoretical formulas
presented that the main and esssntial factor in propeller
noise reduction is the propeller tip speed and the second
factor is the number of propeller blades. VWhether any
practical application can be made by lncorporating
features of the fan~type propeller will depend on

15
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conditions beyond the scone of this paper. No other
solution 1s avallable for a propeller-driven alrplane.

Langley Memoriai Aefonautical Laboratory
National Advisory Comnittee for Aeronautics
Langley Field, Va., June 3%, 1946
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