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SUMMARY

Sound measurements at static conditions have been made for a two-
blade, U7-inch-dismeter propeller in the tip Mach number range 0.75
to 1.30. For comparison, spectrums have been obtained at both subsonic
and supersonic tip speeds. In additlon, the measured data are compsred
with calculations by the theory of Gutin which has previously been
found adequate for predicting the sound st subsonic tip speeds.

At supersonic tip speeds, the sound pressures are lower than an
extrapolation of the subsonic datas would indicate. For a constant
power, the over-all measured sound pressures are essentially independent
of tip speed for the supersonic tip-speed range of the tests. The
spectrums have a high hesrmonic content with some of the higher hsrmonics
being more intense than the fundamental freguency. TFor the supersonic
tip-speed range of the tests, the measured intensities were a maxi-

mm in the plane of rotation. The theory of Gutin is found to be
adequgte for predicting intensities of the lower harmonics Tor the tip
Mach number rsnge of the tests but overestimates the intensities of
the higher ones at supersonic tip speeds.

Curves are presented. from which the maximum over-all noise levels
in free space may be estimated if the power, tip Mach number, and dis-
tance are known.

INTRODUCTION

3

Propeller noise has been a problem even at subsonic tip speeds,
hence the proposed use of propellers operating at supersonic tip speeds
has caused some concern as to the severity of the associated noise
problem. Very little informetion has been published which would allow
the prediction of nolse levels assocliated with the operation of these
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propellers. Since airplane design and airplaﬁe operation may be
affected by noise considerations, there 1s considersgble interest in
data of this type.

There exists considergble informstion on the subsonic nolse prob-
lem and the work of Gutin has gllowed its unificgtion. Gutin, in refer-
ence 1, glves a theoretical expression for the sound produced by a pro-
peller in static operation, as a function of tip speed, number of
bledes, thrust and torgque, and the dimensions of the propeller. Because
of simplifying assumptions, these relations are valid only at distances
large compared to the propeller diameter. These theoretical results
were checked experimentally by Deming (reference 2) for two-blade pro-
pellers, and in reference 3 the checks hgve been extended to multiblade
configuretions., These two experimental investigations indicated good
agreement with theory, for the lower harmonics, in the tip Mach number
range 0.50 to 0.90. ’ ’ o ’ - ’

The oscillsting pressures produced by a propeller are recognized
as sound when observed at large distances and references 1, 2, and 3,
a8 well as the present paper, are primarily concerned with propeller
sound. There is also interest in the oscillating pressure field at
positions near the propeller both from the standpoint of sound and
structural vibrastions. Reference 4 presents an analysis whereby the
oscillating pressures mgy be calculated at any point 1n space for static
conditions. This analysls is based on the work of Gutin without sim-
plifying assumptions of distance. Good experimentsl agreement was
obtained for the lower harmonics up 10 a tip Mach number of 1.00 which
was the highest resched in the test. Because of its complexity, the
analysis of reference } 1s most useful near the propeller where the
assumptions of reference 1 regarding distance are not valid.

The present paper is concerned primarily with sound measurements
at distances large enough so that the theory of reference 1 would be
applicable. Comparisons with the theory of reference 1 are extended
to a tip Mach number of 1.30. Frequency spectrums and the corresponding
wave forms for a two-blade propeller at both subsonic and supersonic tip
Mach numbers (0.75 to 1.30) were recorded and are presented for com-
parison. Data are also presented which make possible the estimation of
the maximum over~all sound intensitles at given conditions of power
and distance for the supersonic tip Mach number range of the tests.

SYMBOLS

b blade chord, feet

D propeller diameter, feet
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h blade-section maximum thickness, feet

h/b blade-thickness ratio

b/D . blade-width ratio

r blade-section radius, feet

R propeller-tip radius, feet

B blade angle, degrees

50.75 - - Dblade angle at r = 0.75R, degrees

My tip Mach number

e angle from axis of propeller rotation (0° in front)

S . distance from propeller, feet

m order of the harmonic

B number of blades

P, disk power loading, horsepower per square foot of disk
ares

P _ root-mean-square sound pressure of & given_harmonic

P ’ over-gll root-megn-square sound pressure

ofer-all.peak sound pressure

A .propeller disk area, square feet
Py _ horsepower to prope;;er

T thrust of propeller, poundsk
ng(x) Bessel function of order mB and

argument x = 0.80MymB sin @
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APPARATUS AND METHODS

Tests at static conditions were conducted for the purpose of
mea.surement and anglysis of the sound from a propeller operating at tip
Mgch numbers greater than unity. The propeller used for these tests
was a two-blade configuration, 47 inches in diameter, incorporating
(5)(08)-03 blade sections. The blade-form curves for this propeller
are given in figure 1.

The drive unit consisted of two 200-horsepower, water-cooled,
variable-speed electric motors operating 1n tandem as shown in fig-
ure 2. The total power lnoput to the motors was recorded by means of
a wattmeter. Power delivered to the propeller was determined from
mesasured values by taking account of motor efficiency.

The propellér snd motor were located in an open field, approxi-
mately 6 feet from the ground surface and about 70 feet from the nearest
obstruction which might give other appreciable reflections. A heavy-
goge safety fence placed around the installstion did not appreciably
affect the sound measurements,

Thrust data for use in the calculations were obtained from a total-
pressure survey at one position in the wake at a distance of 4 inches
behind the propeller plane. The approximate values obtained, as shown
in tgble I, are not intended as performance data but are considered -
adequate for the sound calculstions.

Sound pressures were measured by means of a Massa Laboratories ~
model GA-1002 sound measurement system and a Panoramic Sonic Analyzer.
This equipment 1s calibrated to indicate sound pressures either in
decibel unlts or dynes per square centimeter, at the convenience of
the operator, and provides essentislly a flat freguency response
between 20 and 20,000 cycles per second. The viewing screen of the
Panoramic Sonic Analyzer was photographed, thus s permanent record of
the frequency analysis at each test condition was obtained. Siml-
taneously, a photographic record was made of the wave shape of the -
over-all signsl as it appeared on the viewing screen of a cathode-ray
oscillograph. These latter records were useful in computling the pesk
pressure values. The sound detecting and measuring equipment is shown
in figure 3.

The microphone was placed at ground level to insure the maximum
pickup of all frequencies. The ground is assumed to be g perfect
reflecting surface and the measured sound pressures are divlded by 2
to convert them to free-space values, The dats presented in thils paper
are for free space since ground-reflection corrections have been appliled
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in all cases. All data are in root-mesn-square {(rms) values unless
otherwise noted and decibels are referred gslways to a reference level
of 0.0002 dyne per square centimeter.

RESUILTS AND DISCUSSION

Experimentgl Results

This paper gives results of noise tests of a propeller operating
at both subsonic and supersonic tip Mach numbers. The terms “"noise,
sound, and sound pressure” are used synonymously throughout the text.
Data were taken for the tip Mach number range 0.75 to 1.30 and at
various azimuth angles from 0° to 165°. Most of the testing was at
B0‘75 = 150 which corresponds to a maximum power absorption at a tip

Mach number of 1.20, A limited number of tests were run, however, at
Bo. 75 = = 13° 1n order to extend the tip Mach nurber range to 1.30.

Frequency spectrums.- Figure 4 shows typical spectrums of the
propeller noise for tip Mach numbers from 0,75 to 1.30 at three
azimuth angles, 6, of 60°, 90°, and 120°, representing, respectively,
poeitions ahead of the plane of rotation, in the plane, and behind it.
These spectrums were recorded with the ald of s Penoramic Sonic
Analyzer. Frequency is indicated on the horizontal scale and Ffree-space
intensity in decibels is indicated on the vertical scale. It should
be noted that the cordinate scales are not the same in every case snd
therefore direct comparisons of gmplitudes may not be valid. The
intensities and frequencies of the various components of the complex
noise signal are indicated by the height and position of the corresponding
pips. The pip on the left in each case represents the fundamental fre-
guency of rotational noise (the blade passage frequency) and the others
are integral multiples of the fundemental.

The rotational noise 1is that component due to the steady asero~
dynamic forces on the blades and the frequencies are multiples of. the
rotational speed. There may also be a vortex component of noise for
some conditlions of the tests. The vortex nolse is due to the oscil-
lgtory forces on the blades assoclsted with vortices In the wake.

It consists of a random spectrum distributed over a wide band of
frequencies.

The data of figure 4 1llustrate marked differences in the
high-speed and low-speed spectrums. At low tip speeds, the spectrums
are noted to consist primarily of a limited number of rotational noise
harmonics of which the lower ones are the most intense. In contrast,
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the high-tlp-speed spectrum appears to contain significant harmonics
up to approximgtely the fiftieth order, and some of them are more
intense than the fundamental frequency. This result confirms the
findings of reference 2 wherein the higher harmonics were found to
incresse in intensity at s faster rate as s function of tip speed than
do the lower ones. The entire rsnge of fregquencles recorded on the
records of figure L4 are believed to comsist primerily of rotational
rather than vortex components because of the excellent repeatabllity—
obtained for successive analyzer records. Past experience has shown
that, because of the random nature of vortex noise, successive records
of vortex noise would differ considerably. The above result agrees
with observations of reference 3 wherein it is noted that the vortex
component is an appreciable part of the total only at low-subsonic tip
Mgch numbers, Previous tests have also indicated that vortex noise is
8 maximum slong the axis of rotation end is a minimm at 6 = 90° where
some of the date of figure 4 were obtained, There is apparently a
trend for a lgrger amount of energy to appear in the higher-order
harmonics as the tip speed incresses and for these higher-order fre-
quencies to be strongest in and ahead of the plane of rotation. It is
significant that at supersonic tip speeds the highest over-all inten-
sities were recorded in the plane of rotstion.

Wave forms.- Simultaneously with the recording of the spectrums of
figure E, records were made of the corresponding wave forms of the
over-all noise signsl. These wave forms, shown in figure 5 by the solid
line, were obtained by photographing the screen of a cathode-ray oscil-
lograph. These are essentielly time histories of the socund-pressure
pulses for one or two blade passsges with time incressing from left to
right. Positive pressure 1s indicated downward and negatlve pressure,
upward. Various attenuation factors were necessary to keep the deflec-

.tions within practical 1limits, and, for this reason, the multiplying
factors (MF) appliceble to each wave form sre given in order to make
amplitude comparisons possible. A reference 1s alsc indicated in each
case by the dashed line. It is seen from figures 4 and 5 that the
sharply peaked wave forms are generslly assoclated with spectrums which
have a large high-frequency contents A brief discussion of the messure-
ment of nonsinusoldel wave forms is given in the appendix.

Polar distribution.- Figures 6(a) and 6(b) illustrate the varistion
of root-mean-square and peak sound pressures as a function of szimuth
angles for two different tip Mach numbers. At subsonic tip speeds the
root-mean-square and peak pressures are generally noted to be a maxlimum
slightly behind the plane of rotation as shown by the curves of fig-
ure 6(a). At supersonic tip speeds the maximum root-mesn-square and
peak sound pressures occur in the plsgne of rotgtion as indicated by the
curves of figure 6(b). Gutin, in reference 1, shows the sound distri-
bution 1n spece to be a function of the torque and thrust. The torgque
noige is a maximum in the plene of rotation, hence the maximm intensities
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will occur in that direction when the torque is large compsred to the
thrust. This latter condition is not necessarily associated with
supersonic tip Mach numbers but may also occur at subsonic tip Mach
numbers for the stall condition.

Effect of tip Mach number.- The variletion of sound pressure as a
function of tip Mach number, st a constant power, 1s shown in figure 7.
Over-all sound pressures were messured by meang of a voltmeter and, in
addition, were computed by summing up the compornent hsrmonics as in
reference 3. Both sets of dats were adjusted to equallty at My = 0.75
and all values have been adjusted to a power gbsorption by the propeller
of 30 horsepower per square foot of disk area. The same trends are
indicated by both sets of dasts. At subsonlc tip speeds, the sound pres-
sures increase gt a rapid rate as the tip Mach number increases. For
the supersonic tip-speed range and the conditions of these tests the
sound pressures at a constant power loading are essentislly independent
of tip Mach number.

Effect of distance.- The effect of distaence on the over-all sound
pressures is shown in figure 8 for a two-blade propeller at a tip Mach
number of 1.20. Distance is defined in terms of the propeller Jdiameter
and is megsured from the center of rotation. Measurements were made
at the two distances shown by the data points and the curve has been
estimated on the basis of dats presented in reference k4. At distances
of several dlsmeters the socund pressure varies inversely as the dls-
tance., This corresponds to a reduction of 6 decibels when the distance
1s incressed by a factor of 2. At points close tc the propeller, how-
ever, the sound is known to decrease at a faster rate, as indicated by
the curve. o T ' '

Even though figure 8 was prepared from data for s tip Mach number
of 1.20 it is believed to gpply for the whole supersonic tip Mach
number range of the tests. On the basis of date presented in figure T,
the curve of figure 8 1s representative of two-blade propellers operating
at supersonic tip speeds for a power loeding of 30 horsepower per square
foot of disk area. Since the sound pressures in the plane of rotation
are directly proportional to the power loading, 6 decibels would be .
added to the sound-pressure values of figure 8 if the power loading
were doubled. Thus figure 8 allows the rapid estimation of free-space
sound pressures in or near the plane of rotgtion where they are & '
maximm, provided the power gnd distance are known.

Effect of number of blades.- Sound reduction by increasing the
number of blades has been found effective at subsonic tip Mach numbers,
as reported in reference 3, This sound reduction results from a can-
cellgtion of certain frequencies in the propeller disk thus preventing
them from radiasting intoc space. - For instance, in the spectrums of
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figure 4 the odd harmonics would disappeasr for a four-blade propeller.
Thus, for given opersting conditlons, a larger number of blades would
generslly produce lower over-gll sound intensities. The reductions

thus obtained would tend to be much grester at subsonic tip Mach numbers,
where the fundamentsl frequency is predominant, than et supersonic tip
Mach numbers, where some of the higher-order harmonice are more intense
than the fundamental. It is believed that the curve of figure 8 would
then glso apply epproximgtely to multiblasde propellers in the given
supersonic tip-speed range.

Comparison with Theory

It is of interest to make s comparison of the meassured results
with the theory of reference 1 which has been found satisfactory for
the subsonic tip Mach number range as reported 1n references 2 and 3.
The baslc equation of Gutin, in a form convenient for engineering use,
from reference 3 is '

RmB 0. 76
p = 169.3 MZA (? Mt:H - T cos é)JﬁB(x)

where free-space pressure is glvern in dynes per square centimeter when
all quantitles are in English units. It is seen that the quantities m -
and B glways occur as g product. Thus the equation predicts the same

sound pressure for the fundamental of a four-blade propeller as for the

second harmonic of a two-blade propeller. This concept, which has been -
confirmed experimentally in reference 5, may be applied in interpreting

dats presented in figures 9 and 10. )

The variation of the sound pressure as s function of the product mB
is given in figures 9(a) and 9(b) for a station in the plane of rotation
for g subsonic and a supersonic tip Mach number. At a tip Mach number
of 0.75 the agreement 1s shown to be good for the range of harmonics
recorded., ,It should be noted that the theory predicts decreasing
Intensity as the order of the harmonic incresses. ALt a tip Mach number
of 1.20 the theory predicts incressing intensitles as the order of the
harmonic Increases. The experimentsl results exhibit the ssme trend
but fall off repidly in intensity after the third harmonic. Thus, it
can be seen that, at supersonic tip speeds, the theory overestimates
the intensity of the higher harmonics (mB > 8).

Figures 10(a), 10(b), and 10(c) show the variation of intensity
as g function of tip Mach number for the second, fourth, and sixth
hermonics of a two-blade propeller, Good agreement between experiment
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and theory is found for the range of subsonic tip Mach numbers shown.
Likewise, as indicgted in figure 9, there is good agreement at all tip
Mach numbers for the lower-order harmonics (mB < 8). It can be seen
from the curves presented that there 1s g tendency for the measured
values of the higher-order harmonics (mB > 8) at high tip Mach numbers
to be less than the theory predicts.,

The data of figures 9 and 10 were recorded at 6 = 90° where the
maximum sound pressures were megsured. Calculgtions were also made at
other azimith angles to determine the order of agreement of the theory
gnd experiment, At subsonic tip speeds, as indicgted in reference 2,
good agreement was obtained for the azimuth angles in the vicinity of
90°, but, in general, poor agreement was obtained gt points near the
axis of rotation. This also applies at supersonic tip speeds except
that the region of good agreement 1s further limited to nB < 8. At
azimuth angles other than 90° the calculated values are generally
lower than the measured values.

CONCLUSIONS

Sound measurements were made at static conditione for a two-blade,
L7-inch-diameter propeller at supersonic tip Mach numbers up to 1,30
and the results are compared with theory. The followlng conclusions
mgy be drawn: ’

1. The over-gll sound pressures at supersonic tip speeds sre lower
than an extrapolation of the subsonic data would indicate. For a con-
stant power the over-all sound pressures increase with Incressing tip
Mach number in the subsonic range but are essentislly independent of
tip Mach pnumber in the supersonic range of the teats.

2. Sound spectrums at supersonic tip speeds have a high harmonic
content. The higher-order hesrmonics increase in intensity st a more
rgplid rate as a function of tip Mach number than the lower ones with
the result that several of the harmonics may be more Intense than the
fundamental frequency. This phenomenon suggests that a much smaller
amount of sound reduction is obtainable at supersonic tip speeds than
at subsonic tip speeds by an increase in the numbter of blades.

3. Measured intensities at supersonic tlp speeds were a maximum
in or near the plane of rotation.
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4, For the range ofthese tests st supersonic tip speeds the-
theory of Gutin is adequate for predicting the intensities of the
jower-order harmonics but overestimates the intensities of the higher
harmonics.

Langley Aeronsutical Iaboratory
Natlonal Advisory Committee for Aeronsutics .
Langley Field, Va. -
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APPENDIX
DETERMINATION OF AMPLITUDES OF NONSINUSOIDAL WAVE FORMS

Most commercisl sound meters are asveraging meters, calibrated to
read the true root-mean-square value of a slne wave. For most appli-
cations, instrumente of this type closely aspproximste the true root-
mean-square values; however, in the case of sharply peaked waves, as.
encountered in the present tests, they may differ consldersbly from the
true root-mean-square values. Since the ratio of the root-mean-square
value to the aversge value of these pesked waves 1s larger than the
corresponding value of 1.1 for a sine wave, the coiventicnal meters will
tend to read less than the true root-mean-square vaglue., Over-all root-
mean-square values presented in the figures of the present peper were.
obteined by a summation of the individual harmonics which were recorded
as indicated in figure k.

The crest factor, o parsmeter which is defined as the ratio of the
pesk vglue to the root-mean-square value of a wave, is descriptive of
the type of wave to which it refers. It is a messure of the sharpness
of the wave form and is indicative of the strength and phasing of the
harmonic content of the wave. The crest factor of g sine wave is VZS
and, for complex waves that are more sharply peaked, the crest factors
are larger. In general, the larger crest factors are associsted with
waves having s large harmonic content., The dgts of figure 6 are plotted
in & manner which mskes possible the ragpid estimstion of the crest
factors. At a tip Mach number of 0.75 the crest factors are gpproxi-
metely egqual to 3 while at & tip Mach number of 1.20 they are approxli-
mately equal to T.

It is beyond the scope of this paper to attempt an evalustion of
the significance of such hlghly pesked wave forms in determining ear
response; however, it should be noted that a considerable difference’
between root-mean-square and pesk values does exist. This difference
may be of importance in establishing loudness criteria for the ear.
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THRUST AND TORQUE DATA FOR TEST PROFELLER

TABLE I

13

My T Q i Fo
(1v) (1b-£t) (hp) (bp/sq ft)
Bo, 75 = 15°
0.75 225 11k 65 5.4
.90 302 1ho 128 10.6
1.00 384 198 188 15.6
1.10 496 260 272 22.5
1.20 5k5 310 362 30
1.30 _—— -_— _— —
Bo.75 = 13°
0.75 —_— 106 60. 5
.90 —_— 130 121 10
1.00 —— 184 181 15
1.10 —— 237 248 20.5
1.20 —— 277 335 27
1.30 _— 313 Lo3 35
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Figure 2.- Propeller test stand.
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R, =205

M =120
R =27

M; =130
R =35

o T — 10
Kilocycles . Kilocycles
per second .per second

(a) & = 60°. (b) 6 =90°. - (c) &= 1200.

Figure 4.~ Panoramic Frequency Anslyzer sound spectrums at verious
azimith angles and propeller tip Mach numbers. 50.75 = l3°;

S = 30 feet; B = 2. (PO is defined as horsepower per sq fi of
disk area.)
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Figure 5.- Cathode-ray oscillograph pictures of sound-pressure wave
forms at various azimuth angles and propeller tip Mach numbers.
8075—13,8—30feet B =2,
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Figure 7.- Effect of tip Mach number ag constant power on the over-all
sound pressure in decibels. 6 = G07; B = 25 P, = 30; distance from

the center of rotation is equal to 7.5 diameters.
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