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SOUND FROM A TWO-BLADE PROPELLER AT SUPERSONIC

By HARVEY H. HUB~AEDand LESLIEW. LASSITER

SUMMARY

Suund measurement at statk conditicm hare be.m made jor
(t tuwblude ~7-inch4iameter propeller in the tip Mach number
range 0.76 to 1.90. For compaction, 8pectrums hare been
ddained at both subtiunic and supersonic tip speed$. In addi-
tion, the measured data are compared with Calculation by th~
theoy of Gutin which hag preriou81y been found adequate jor
predicting the sound at 8ub80nic tip $pem!a.

.-h wpwwnie tip 8peed~, the sound pressures are lower than
11n extrapo[atiun of the wbwnic data would indicate. For a
Consturit pv~er, the ocer-a{[ meawred sound pressures are e8-
xfKdkdly independent of tip ~peed for the wpmonic tip-speed
range qf the tes!s. The spe&um8 hare a high harmonic content
with 8ome of the higher harm onic8 being more inten8e than the

.fundamenta) jrequenqr. For the super8gnic tip+peed range of
~hPtp.~t,~,the meawred inten&tie8 were a m~imtim in the plane
~~ rotatwn. The theory of Win ig found ta be adequate for
prdicting intensities of the louzr harmonic~jor the tip Mach
number range of the te8t8 but werestimate8. the intw$ities of the
highcr ones at 8upersonic tip 8peed8.

(’urres are prewnted from w-hich the maximum orer-all notie
ltirels in free 8pace may be estimakd if the power, tip J[ach
)1umber, and di8tance are known.

IXTRODUCTIOX

Propeller noise has been n problem ewn at subsonic tip
spwds, hence tk proposed use of propellers operating at
suptmonic tip speeds has caused some concern as to the
severity of the associated noise problem. Very Iittle infor-
mation has been puMished which -would alIow the prediction
of noise Ievels associated with the operation of these propel-
[ers. Site airp[ane design and airphww operation may be
ttffcctwl by noise considerations, there is much interest in
data of this type.

Xluch information exists on the subsonic noise problem
and the work of Gutin has allowed its unification. Gutin,
in reference 1, gives a t heretical e.spresion for the sound
produced by u propdkr in static operation as a function of
tip speed, number of blacks, thrust and torque, and the
[Dimensions of the propeller. Because of simplifying as-
sumptions, these reIat.ions are did only at distances large
compared with the propeHer diameter. These theoretical
results were checked e.sperimentrdly by Deming (reference 2)

for tw-o-bIade propellers, and

TIP SPEEDS ‘

in reference 3 the checks have
lweu extended to mult ihl~de configurations. ThesP two
experiment al investigations indicated good agreement with
theory for the lower hurmonim in the tip Xhtch number range
0.50 to 0.90.

The oscillating pressures produced by a propeIler are
reeog-nked as sound when observed at Iarge distances, and
references 1, 2, and 3, as weII as the present report, are
primarily concerned with propeller sound. Tk-re is also
interest in the oscillating pressure field at positions near the
propeIler from the standpoint of both structural vibrations
and sound. Reference 4 presents an anaI@ whereby the
oscillating pressures may be calculated at. any point in space
for static conditions. This ana&s is based on the -work
of Gutin without simplifying aswrnptions of distance. Good
esperimentd aggeem ent was obtained for the lower harm-
onics up to a tip Slach number of 1.00 which was the
highest reached in the test. Because of its complexit~-, the
anaksis of reference 4 is most usefuI near the propeller
where the assumptions of reference 1 regarding distance are
not valicI.

The present report is concerned primarily with sound
measurements at distances large enough w that the theorj-
of reference 1 ivouId be applicable. Comparisons with the
theory of reference 1 are extended to a tip 31ach number of
1.3o. Frequency spectrums and the corresponding ware
forms for a two-Made propeller at both subsonic and super-
sonic tip ] lath numbe~ (0.75 to 1.30} were recorded and are
presented for comparison. Data we also presented which
make possible the estimation of the maximum o-rer-all
sound intensities at gi-ren conditions of power and distance
for the supersonic tip Mach number range of the tests.

SYMBOLS

b blade chord, feet
D propeIler diameter, feet
h blade+ ection maximum thickness, fee~
h/b blade-thickness ratio
b/D blade-width rat io
r bIade-section radius, feet
R propeller tip radius, feet
b bIade angle, degrees
SO.= blade angIe at r= O.75R, degrees

1?upmwk NAC.4RMLwC2i. “Sound FmmaTwo-Blsde Prc@ler at Supemmic TIP SWIMS”by EarreY H. Hubbard and L+?#leR-. La?sker, 1951.
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tip hhach number
angle from axis of propeller rota t ion (0° in front)
distance from propeller, feet
order of the Imrmonic
number of blades
disk power Ioading, horsepower per square foot

of disk area
root-mean-square sound pressure of a given

htuvnonic
over-all root-mean-square sound pressure
over-all pea k sound pressure
propeller disk area, square feet
power absorbed by propeIIer, horsepower
thrust of propeller, pounds
Bessel function of order mB and nrgurnent

z= O.80M’mB sin 6’
torque, pound-feeh
multipl~ing factor

APPARATUS AND

Tests at static. conditions were

METHODS

conducted for tho purpose
of measurement and amdysis of the souncl from a propeller
operating at tip hhmh numbers greater than unity. The
propeller used for these tests was a two-blade 47-inc.h-
diameter configuration, incorporating NACA (5) (08)-03
Made sect.ions. ‘1’heMade-form curves for this propeller aro
given in figure 1.

The drive unit consisted of two 200-horsepower, water-
coolcd, variabk-speed electric motors operating in tandem
tis shown in figure 2. The total power input to the motors
was recorded b.v means of a wattrneter. Power clelivered to
the propeller was determined from measured vaIues by tuking
twcount of motor efficiency.

The propeIIer and motor were located in an open field
u.pproximately 6 feet from the ground surface and about
70 feeL from tb e nearest obstruction which might give other
appreciable reflections. A heavy-gage safety fence placed
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Elauw+ l.—Blode-form curves for teat propdkr.

around the instdlat.ion did not uppreciab~y affect the sound
measurements.

Thrust data for use in the caIculat.ions were obLaincd from
a total-pressure survey at one position in the wake at a
distance of 4 inches behind the propellor plane. The approx-
imate vaIues obtained, as shown in table 1, me not intcmlwl
as performance data Lmt aro considered t-td.equate for the
sound calculations.

Sound pressures were measured by means of a Jfnsm
Laboratories modcI GA-loo2 sound pressure measurcmcn t.
systorn and a Panoramic Sonic Analyzer. This equipment is
calibrated to indicate sound pressures either in dccibeI units
or dynes pcr square centimeter, at the convenience of t.hc
operator, and provides essentially a flat freqmmcy response
between 20 and 20,000 cycks per sceond. The viewing
screen of the Panoramic Sonic Analyzer was photogrrbphcd;
thus a permanent record of the frequency analysis at wwl~
test condition was obtained. Simultaneously, a photographic
record was made of the wave slmpe of Lhe over-all signal as it
appeared on the viewing scrccn of a cathode-ray oscilIograph.
These latter records were useful in computing the prtak

FIG(IRE2.–Propeller tmt stand.
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pressure values. The sound detecting and measuring equip-
ment 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 a perfect reflecting surface and the measured sound
preesures are divided by 2 to convert them to free+pace
values. The data presen&d in this report are for free space
since ground-reflection corrections have been applied in all
ewes. All data are in root-mean-square (rmsj values unless
otherwise noted and decibels are referred always to a reference
IeveI of 0.0002 djme per square centimeter.

RESULTS AND DISCUSSION

EXPERIMENTAL RESULTS

This report gives results of noise tests of a propeller oper-
ating at both subsonic and supersonic tip llach numbers.
The terms “noise, “ “sound,” and “sound pressure” me used
synonymously throughout the text. Data were taken for
the tip Mach number range 0.75 to 1.30 and at various azi-
muth angIes from 0° to 165°. Most of the testing was at
f?,).;s=15° which corresponds to a maximum power absorption
at a tip JIach number of 1.2o. A limited number of teats
were run, hoviever, at D0.76=13° in order to extend the tip
I[ach number range to 1.30.

Frequency spectrums.-Figure 4 shows typical spect rums
of the propeller noise for tip 31ach numbers from 0.75 to 1.30
at three azimuth angles 6 of 60°, 90°, and 120°, representing,
respectively, positions ahead of the pIane of rotation, in the
plane, and behind it. These spectrums were recorded with
the aid of a Panoramic Sonic Analyzer. Frequency is in-
(licated on the hori~ontal scale and free-space intensity in
deribels is indicrd cd on the vertical scale. It should be
noted that the ordinate scales are not the same in e-rery case
and therefore direct comparisons of amplitudes may not be
valid. The intensiti~ and frequencies of the various com-
ponents of the complex noise signal are indicated by the
height and position of the corresponding pips. The pip on
the Ieft in each case represents the fundamental frequency of
rotat ionaI noise (the blade passage fquency) and the others
tire integral mult ipIes of the fundamental.

FmI’KEl+%mmi-w-ssure mensmlng ewlpnwnt.

The rotational noise is that. component due to the steady
aerodynamic forces on the blades and the frequencies ime
mult.iplea of the rotational speed. There may ako be a vor-
tex component of noise for some conditions of the tests.
The vortex noise is due to the oscillatory forces on the blades
associated with vortices in the wake. It consists of a random
spectrum distributed over u wide band of frequencies.

The data of figure 4 illustrate marked differences in the
high-speed and low-speed spectrums. At low tip speeds,
the spectrums are noted to consist primariIy of a limited
number of rotational noise harmonics of which the lower ones
are the most. intense. In cent rest-, the high-tip+peed spec-
trum appears to contain significant harmonics up to approx-
imateely the fiftieth order, and some of them me more intense
than the fundamental frequency. This result confirms the
fidings of reference 2 wherein the higher harmonics were
found to increase in intensity at a faster rate as a function
of tip speed than did the lower ones. The entire range of
frequencies indicated on the records of figure 4 is believed to
consist primariIy of rotational rather than ~orta~ components
because of the excellent repeatability obtained for successive
analyzer records Past experience has shown that., be-
cause of the random nature of vortex noise, successive rec-
ords of vortex noise would dfier considerably. The above
result agrees with observations of reference 3 wherein it is
noted that the vortex component is an appreciable part. of
the totaI only at low-subsonic tip Mach numbers. Previ-
ous tests have &w indicated that vortex noise is a maximum
aIong the axis of rotation and is a minimum at O= 90° where

mme of the data of figure 4 mere obtained. There is appar-
ently a trend for a Iarger amount of energy to appear in the
higher-order harmonics as the tip speed increases am-l for
these higher-order frequencies to be strongest in and ahead
of the pIane of rotation. It is significant that at supersonic
tip speeds the highest over-alI intensit iea were recorded in
the pIane of rotation.

Wave forms, +iultanecmdy with the recording of the
spectrums of figure 4, records were made of the correspond-
ing wave forma of the over-all noise signaI. These wave
forms, shown in figge 5 by the solid line, were obtaintxl by
photographing the screen of a cathod~ray oscillograph.
These are essentially time histories of the sound-pressure
pulses for one or two blade passages with time increasing
from left to right. Positive pressure is indicated downward
and negative pressure, upward. Various attenuation fac-
tors were necessary to keep the deflections within practical
limits, and, for this reason, the multiplying factors Ml?
applicable to each wave form are given in order to make
amplitude comparisons ~ssible. A reference is also indi-
cated in each case by the dashed line. It is seen from fig-
ures 4 and 5 that the sharp[y peaked wave forms are generalIy
asociat ed with spectrums which have a Iarge high-frequency
content. A brief discussion of the measurement of non-
sinusoidal wa-re forms is given in the appendix.
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Polar distribution, -Figures 6 (a) and 6 (b) illustrate the
variation of root-mcan+quare and peak sound pressures as
a function of azimuth angles for two diflerent tip Mach
numbers. At subsonic tip speeds the root-mean-square and
peak pressures are generally noted to be a maximum slightly
behind the pIane of rotation m shown by the curves of figure
6 (a). At supmonic tip speeds the maximum root.-mean-
squme and peak sound prwsurw occur in the plane of rotat-
ion as indicated by the curves of figure O (b). Gutin, in
refercncc 1, shows the sound distribution in space to be a
function of the torque and thrust. The torque noise is a
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maximum in tho plane of rotation; hence the maximum
intensities will occur in that direction when the torque is
large compmwd with the thrust. This latter conditio]~ is
not necessarily associated with supersonic tip Mach num-
bers but may also occur at subsonic tip hfach mmdws for
the staII condition.

Effect of tip Mach number,—The wmiation of sound prm-
sure tis a function of tip hlach nurrhr, at D constanL power,
is shown in figure 7. Over-all sound pressures were meas-
ured by means of a voltmeter am?, in addition, were comput cd
by summing up tho component htirrnonics as in reference 3.
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Both sets of data were adjusted to equality at .M,=O.75
and all values have been adjusted to a power absorption by
the prope~er of 30 horsepower per square foot of dMk area.
Thti same trends are indicated by both sets of data. At
subsonic tip sptwds, the sound pressures increase at a rapid
rate as the tip l[ach number increases. For the supersonic
tip-speed range and the conditions of thc%e tests, the sound
pressures at a constant power loading are wwntidly inde-
pendent of tip l[ach number.

Effect of distance.-The effect of distance on the o-ier-ti
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 diameter and is measured from the center of
rotation. Measurements were made at the two distances
shown by the data points and the curve has been estimated
t)Il the basis of datm presented in reference 4. At diitances
of several diameters the sound pressure varies in-rersely as
the distance. This corresponds to a reduction of 6 decibels
when the distance is increaad by a factor of 2. At points
close to the propeller, however, the sound is known to decrease
at a faster rate, as indicated by the curre.

E-ren though figure 8 was prepared from data for a tip
\[ach number of 1.20, it is believed to apply for the whole
supersonic tip I[ach number range of the tests. On the
t~tisis of data presented in fi=we 7, the curve of figure 5 is
r~presentativc of t wo-bIade propellers operating at super-
sonic tip speeds for a power lortd~~ of 30 horsepower per
square foot of disk mea. Since the sound pressures in the
plane of rotation are directIy proportional to the power
loading, 6 decibels would be added to the sound-pressure
values of tlgure 8 if the power loading were doubled. Thus
tlgure s allows the rapid estimation of free-space sound

u Msmeumd wr”fhvoltme fewi , I f I 1 t 1

,*fo
. m .80 .90 1.00 IJO [20 L30

Mt
Fu; nu 7.–EEwt d tip Mbcb munbw at comxant rower on the over-aft mud PVSSUII In

&ICI Ms. @= W”: B-2 Po-W, disarm fromthe centw of I-OUX1OIIk eqnnl to 7.5 dfamecers.

pressures in or near the pIane of rotation where they are n
maximum, provided the power and dist ante me known.

Effect of number of blades.-Sound reduction by increas-
ing the number of blades has been found effective at subsonic
tip 31ach numbers, as reported in reference 3. This sound
reduction results from a cancellation of certaiD frequencies
in the propeller disk; they are prevented thus from radiating
into space. For instance, in the spectrums of 6gure 4 the
odd harmonics would disappear for a four-blade propeller.
Thus, for given operating conditions, a Imger number of
bladea would generally produce Iower over-all sound intensi-
ties. The reductions thus obtained -would tend to be much
greater at subsonic tip Mach numbers, where the fundamental
frequency is predominant., thtm at supersonic tip Mach
numbers, where some of the higher-order harmonics are more
intense than the fundamentd. It is belienxl that the curve
of figure 8 would then also appIy approsirnate~y to multi-
bIade propellers in the given supersonic tip-speed range.

C031PAIiISOh- WITHTHEOIZY

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

p=169.3
(

M~RnaB “0.76PE
)

–T COS 9 JmB(x)
8J.4 M,’

where free+pace pressure is given in dynes per square cent i-
meter when all quantities are in English units. It is seen
that the quantities m and B always occur as a product.
Thus the equation predicts the swne sound pressure for the
fundamental of a four-bIade propeIIer as that for the second
harmonic of a t-ivo-bIade propeller. This concept, which has
been confirmed experimentally in reference 5, may be applied
in interpreting data presented in figures 9 and 10.

FKWU S.-Sound pressnre 8S 8 frmCt[OriM dht9uw fOr a two-blnde pm@W. &. ;s- [5%

8=W; .ut-Lm; P,-so.

.
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Tllu variation of the sound pressure as n function of the
prmluct m,B is given in figures 9 (a) and 9 (b) for a station in
the plane of rotation for a subsonic and a supersonic tip
Mach number. At a tip Mach number of 0.75 the agree-
ment is shown to be good for the range of harmonics recorded.
lt should bc noted that the theory predicts decreasing inten-
sity as the order of the harmonic increases. At a tip h[ach
number of 1,20 the theory predicts increasing intensities as
the ordm of the harmonic increases. T!he experimental
results exhibit the same trend but falI off rapidly in intensity
after the third harmonic. Thus, i~ can be seen thut, at,
supersonic tip speeds, the theory overestimates the intensity
of the higher harmonics (mB>8).

Figures 10 (a), 10 (b), and IO (c) show the variation of
intensity as a function of tip X1ach number for the second,

fourth, and sixth harmonics of a two-blado propcllor. Good
agrectnent l.wtween experiment and theory is found for thu
range’ of subsonic tip Jfach numbers shown. Likewise, gs
inditite~ in figure 9, there is good agreement at all tip .Mach
numb~~. for the lower-order h.nrrnonics (mB<8). J.t Wn
bc seep from the curves presented that thrre is a tcndmcy for
the measured values of the Mgherardcr harmonics (?nlY>8)
at M@ tip lfach numbcm to h less thn those predicted by
theorj..

The data of figures 9 and 10 wcri rccordcd UL 8=90°
where the maximum sound pressures were measured. Calcu-
latior$ were also made at other azimuth angles to clotermino
the o~der of agreement of the theory ancl expcrirncfit.. At
subsonic tip speeds, as indicated in reference 2, good agrm-
ment was obtained for the azimuth angles in tho vicinity of
90°, but, in general, poor agreement was obltiined at points
near the asis of rotation. This also npplim at supmsonic
tip speed: except that thu region of good LLgrccment is further.
Iimited to mB<8. At azimuth angles ot.hcr t.h~ln 90° the
calculated vahs w-e gencrfiIIy Iower than the mmsurcd
w-dues.

I :Z .—
CONCLUS1ONS

;,

.So@” me~ure’nlcnts M-cre mfide at stutic comli[ions for
a two-bIadc, 47-inch-d inmet m propdIm nt supersonic tip
klach numbers up to 1.30 anfl the rcsu] ts are compnrcd with
theorj. ..The following conclusions nmy be dram:

1. The over-all sound pressures at supersonic tip speeds
are lower than au cxt,rapolat ion of the subsonic data would
indicate. For a constant power the over-aII sound ,prc+wures
increa5e” with incrcas~~ tip h tach number in the subsonic
range but arc essentially indepemlcnt of tip 31ach number in
the stipgrsonic range of tho twts.

2. sound spectrums at supcrsonir tip speeds havo a ltigll
harmonic content. The higher-order harmonim incrcasc in
intensity at a more rapid rnte m n function of tip Mach
number than do the lower ones with the rcsul~ thut smwml
of the”harmonirs may bc more intense than the fundnmcn{.al
frequency. This phenomenon emggcsts thnt w much sumlIcr
amount of sound reduction is obtainable at supersonic tip
speeds thtin at subsonic tip speeds by an increase in bhe
number of blades.

3. Measured int cnsities at supmsonic tip speeds were u
maximum in or near the plane of rottition.

4. For the range of these tests at supersonic tip .qxwds the
theory of Gutin is adequate for predicting the intomsitiea of
the lower-order harmonics but overcst imates the intcmit ics
of the higher harmonics.

LANG~EY- AERONAUTICAL LABORATORY,

NAiIONAL ADVISORYCOMMITTEEFOR AERONAUTICS,
LANGLEY FIELD, I’A., March 29, 1951.



DETERMINATION OF RMS VALUES OF NONSINUSOIDAL

WAVE FORMS

Jtost commercial sound meters are awma.gg met ere,
ru[ibrated to rerid the true root-mean-square value of a sine
wuve. For most applications, instruments of this tj-pe closely
approximate the true root-mean-square vaIues; however, in
the case of shurp~y peaked waves, as encountered in the
present t~ts, they may diiTer considerably from the true
mot-mea n++quare values. Since the ratio of the root-mean-
squme value to the average value of these peaked waves is
larger than the corresponding ~alue of 1.1 for a sine wave, the
mnvcntional meters will tend to read 1S than the true root-
umm+quare value. Over-aII root-mean+ quare values pre-
sented in the tlgures of the present paper were obtained by a
summation of the individual harmonics which were recorded
as indicated in figure 4.

The crest factor, a parameter which is defined as the ratio
of the peakvalue to the root-meun+quare -ralue of a wave,
i< descriptive of the t~-pe.of wave to which it refers. It is a
measure of the sharpness of the w-awe form and is indicative
of the strength and phasing of the harmonic content of the
u-a-rem The crest fuctor of a sine viave is @ and, for complex
w-rims that are more sharply peaked, the crest factom are

larger. h general, the larger crest factors are associated with
w-a-w having a large harmonic content. The data of figure 6
are plot ted in a manner which makes possible the rapid esti-
mation of the crest factors. .~t a tip ]Iach number of 0.75
the crest- factors are approximately equal to 3 while at a tip
Jlach number of 1.20 they are approximately equal to 7.

It is beyond the scope of this report to attempt an evalua-
tion of the significance of such highly peaked rave forms in
determi~v ear response; however, it should be noted that a
considerable clillerence between root-mean+quare and peak
values does exist. This d~erence may be of important-e in
=tablishing loudness criteria for the ear.
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