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NATIONAL ADVISORY COMMITTEE FOR AEROKAUTICS
TECENICAL NOTE NO. 679

NOISE FROM PROPELLERS WITH SYKMETRICAL SECTIONS
AT ZERO BLADE ANGLE, II

By A. F. Dening
SUMMARY

In a previous papsr (Technical Note ¥No. 605), a the-
ory was Geveloped that required an empirical relation %o
calculate gound pressures for the higher harmonics. Fur-
ther investigation indicated that the modified theory
agrees with experiment and that the empirical relation

was due to an interference phenomenon Peculiar to the test
arrangement used.

Comparison is made between the test results for a
two-blade arrangement and the thesory. The comparison is
made for sound pressures in the plane of the revolving
blades for varying values of tip velocity. Comparison is
also made at constant tip veloclsy for all values of azi-
muth angle B.

A furthoer check is made between the theory and the
experimental results for the fundamental of a four~blade
arrangement with blades of the same dlmensions as those
used in the two=blads arrangement.

INTRODUCTION

The effect of blade thickness in producing propeller
nolse has long been an open question. Only in compara-
tively recent years has a concerted effort been made %o
explain fully the general phenomens of propeller noise
although it is considered toc be the largest contributor to
aircraft noise. When the mechanism of propeller rotation
nolge is fully understood, the possibilities of reducing
this noise from i%s present objectionabls level may in
some degree be realiged., -
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As the problem of the noise from an actual propeller
includes the problem of the present paper, i.e., the thick~
nesgs effect, 1t may perhaps contribute to the general un-~
derstanding of the mechanism of propeller noise. In an
actual case of a propeller emitting sound, the paramount
effect of the thrust and the torque, in addition to the
thickness effect, must be considered. The effect of thrust
and torque was treated in a paper by Gutin (referemnce 1),
who limited hils paper to natural simplifying assumptions
regarding the force distribution on the blade sections.

It was concluded in reference 2 that the theory there-
in given would render results without undue error only for
long wave lengths compared with the propeller diameter.

In order to overcome thig apparent weakness, an empirical
rTolatlion was included to obtain correct results for the
higher harnmonics.

Later examination indicated that the empirical rela—
tion could hardly fit the physical picture of sound ena-
nating from the revolving blades. Although at the time of
the - tests reported in reference 2, the empirical relation
wvas believed to be due to a phenomenon inherent in the
source ltself, it turned out to be an attenpt to make the
theory take care of an interference phenomenon inherent
in the test set-up. During the present tests, care was
taken to avold interference in the test set-up although
measurements of the second harmonic indicated some dis~
crepancy, in that the exponeant of V/c d&1d not follow
theory; this discrepancy may possibly be due to' some inu
terference still persisting in the test set—up.

Besides the consideration of the interference present
in the previous tests, an unfortunate error in the cali-
bration of the microphone used introduced an error into
the results, which resulted in a statement regarding
Gutin's relation that requires correction. In reference
2 it was mentioned that the values of the sound pressures
calculated by Gutin's relation:were too large. Thig dis~
crepancy was found to have been overestimated.

The statement made resarding the time~phase relations
in reference 2 gtill remains since the author does not.
check the 180° phase difference given by Gutin's relation
between the azimuth angles of, say, 45° and -135°, Gutin,
however, limited his treatment so. that consideration of
such detalls as time—~phase relations may not dbe warranted.
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According to the literature on. propeller-noise investi-
gationsg, a comblnation of a mlcrophone, an anplifier, a
filtor, and a meter has gquite often been used. In measure-
ments of thils kind, adequate dato can be obtained to cal-
culate "loudness" as far os the human ear is concerned
but, if the propeller is to be studied 'as o souwnd genera=
tor, misleading results can thus be obtained. Such an ar-
rangement will, however, give adequate measurements for
study of the fundamental if the low-pass filter 1is prop-
erly selected even when the aspeed is varied. When a fil-~
tor is used for the study of harmonics, several harmonics
are usually included in the filter range and the measure-—
ment applies only to the conditions in hand,

The author has experienced nisleading results even
when dealing with only one harmonic at a time owing to
effects that were entirely foreign to both the meansuring
egquipnent, which included o freguency analyzer, and the
- propoller., Such a difficulty gave rise to the empirical
rolation given in referemce 2.

When only the fundamental from a normal-size propel-
ler is dealt with, no foreign effscts will usually be ex-
rerienced but, for harmonics with higher frequenciss,
serious errors may easily pc made, especially when model
propcecllers are considered.

Perhaps it is well to mention another difficulty,
which can be very annoying, experienced in making measure-
ments of propeller-rotation noise. This difficulty is
mentioned also in references 3 and 4. Gusts of wind may
cause the sound pressure to vary conslderably. About the
only way %o obtain a representative value for comparison
with theory 1s %o plot a curve through the experimental
roints and pick a value from the curve.

In reference 2 it was assumed that the "rotation
noise” emanated from a narrow ring of mean radius near
the Dblade-tip radius. The present derivation of theory
will consider the rotation noise to be generated over the
entire disk swept out by the revolving hlades and the in-
tegretion will be so carried out.
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DERIVATION OF THECRY

Figure 1 represents the geometry of the problem of
rotation noise generated by revolving symmetrical-~section
blades with zero blade angle. In figure 1, O 1is the cen-
ter of the disk described by the revolving blades, In
plan view, the axis of the blades is denoted by the line
AB, +the disk by COD, and the observer's position by P.
In elevation view the axis is through O perpendicular
to the paper; the disk is denoted by ACBD. An elementary
source at 458 1is shown at a distance R "from the center
of the disk.  As the angle . & is changed continuously,
the distance from the observer at P changes periodically
by an amount *x, It is assumed that 1 is large com-

rared with BR.

The blades are of symmestrical section about the chord,
have zero blade angle, and operate in qulescent air; a
gynmetry therefore exists about the plane of the disk. It
canr be aggumed that only one—half the blade, or one side
of the chord, is operating and working next to & wall of
infinite extent. This fact allows the use of Rayleighls
relation (reference 5) for the potential at a point due to
a source in a wall of infinite extent. (If a thrust is
exerted, a more general relation would be used giving the
potential due to a double source as well.) Rayleigh's
relation is

1 aCP —ik.l‘
= - — =X & 353 1
@1 2w dn r 4 (1)
where

®, is the velocity potential at any point in gques-

tion due to source dS.

am . . . — .
3n° vs}ocity normal to plane.

r, distance from the elementary source to the
point in question.

- oo

f, frequency.
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A, wave length,
¢y velocity of esound.
dS, area of elementary source.

For the purpose of the problem in hand,

ag £ = £, [an sin(nwbtey) + 2y, sin(2nwb+ ey, )

+agn sln(Bnwbte )+ ... agn sin(gawstegy)
+ oaieas] (2)
where

Eo is a parameter proportional to V and depend-
ent on section shape.

n, number of blades.

g, number of harmonics.

Sqn s Fourilier coefficient.

w = V/R.
V, veloclty of gection at radius R.
d8 = R 4R 46
€, arbitrary phaseo anéle.
The parameter X can then be written quw/c.

Putting the time and space phases for 9p/dn in
equation (1),

£ as ., el
_ gn el(qnwt+eqn qul-~kxr) (3)

®iqn = = T277

where r 1is the distance from the elementary source %o

point P and Eqn = Taking into account all the

§° agn-e
elementary sources 48,
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p ei(qnwt+€qn—qn8—kr)

. E a
Pqn = “;[?p — o as ()

where
r =1+ x

¥ + XR sin B sin 6

il

Inasmuch as x 1is considered small compared with T, it
can be neglected in the denominater with small error dbut
such a procedure cannot be followed in the exponent be-
cause there x 1is a phasse factor guite comparable with
the wave length A. Equation (4) is then written

Ro 27T .
5 e
/ / a t ol (anwt+egy xl)
© - - an "o o -
gn . . 27 1
o 0

% e—i(qn8+kB sin B gin 8) 4R a6 (5)
Let . _
_ ogn tE, B ol (qnuwt+ €5p-Xk1)
2m 1
and.

m = kR sin B

Expanding the exponential in the integral, ‘equation (5)
becomes

fﬁo 21T
Cqn = = / 4/ M (cos gn 6 - 1 sin gn 8)
o o

: ®
X {Jo(m) + 2 hEl Jah(m) cog 2h 6

o0
-2i hél Tan-,(m) sin (2h-1) G}IdR a6 (6}
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This equation integrated from O to 2w Dbecomes

Ro

Oyn = (=1)948F1 o /P M an(m) dR (7)
[»}

Sincs agn and éo in M are functions of R, they

must be evaluated in order that the integration with re-—
spect to R can be performed. Figure 2 indicates the
form of the wvelocity i as a blade passes a glven point
in the path of the blades. As a symmetrical section is
considered in this paper, only one side of the section is
gshown. The actual velocity distribution can be very near-
ly replaced (at least for the lower—order harmonics) by
the triangular distribution shown in figure 2; the posi-
tive and the negative areas of this distribution are, re-
spectively, equal %o the positive and the negative areas
of the actual distribution. In either case, the positive
and the negative areas are equal to each other.

It can be readily shown from the Fourier coefficient
relation

27 ) _
bg = 1 J/n f(a) sin g a do (8)

[l

that the wvelocity for the g harmonic is

= ¥V 28 q I:La b
Agy 2 P (9)
where the angle qnb/R ig small, It 1is p?rhaps conven-—
ient to separate &y, into two factors, to and eagn;
which were given in equation {(2):
8v a.) (_g_na 'b2>
A = |\ == = 10
an 3 b 41 RE (z0)
= £, agn OF v £{a,b) &qn (11)

The factor ¢, is the velocity normal to the direction of
motlion of the section from the head of the blade sectlon
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to the maximum ordinate of a dlamond-~shaped section with
the maximum ordinste at the 50~percent-chord position
times a factor that takes into account the difference in
shape between such a section and the section under consid-~
eration. In the present case, the factor is 4/3 since

ﬁo for the diamond shape described would be V(2a/v).

The factor agn 1is the Fourier coefficient for a unit
rectangular excitation alsc shown, though not to scale, in
fig'u.re 2-

Substituting wR. for V,

8 a gn®b® Y wr? 1(qnwt+e n-k) o
3 a8 (lc_)
At R / 2t

The thickness ratio a/b is constant over the outer %wo-
thirds of the radius so that, except for the factor 1b°,
M may be considered independent of 'R. The derivation
can be simpliflsd by using a repregentatlive value of h;
M can then be taken out of the integrand. Of course, b
could be congidered as a function of 2R, which 1t actu~
ally 1s, and the integration performed accordingly. Such
complication ig hardly warranted unless one is concerned
with the higher harmonics; in that case, no simplifying
aggumptions should be made for the Fourier coefficients.

Since M is thus independent of R, any convenlent
radius such as the tip radius R, may be used 1n the two
factors of M, which have R® in the numerator and the
denominator. For convenience and so that the final recla-
tion will be gemeral in character, equation (12) can be
written,

M = £(a,b) aqn_§§Q; oL (anwtt cgn=k1) (13)
Egquation (7) can now be writton
)RO

Pyn = (~1)qﬂ"; EﬁM./[ anjm) aR (14)

d

Since the Bessel function an(m) may be oxpanded as
the seriss ' Son R
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md? - ma ms ceea 15)
Jq.n(m)szqn(qn)f {1 2(qn+2)+2.4(2qn+2)(2‘1n+4) } (

sequation (14) can be integrated to become

my 42 1 me?2

g% (gn)! “an+l 2(qu+2)(qn+3)

Pgn = (1) 20y m, {

m, 4 . )
¥ 2 4(2qn+2) (4qn+4) (qn+5) 'f"'>} (16)

vo
where my = qu. sin B

The potential mqn having been obbtalned at the point
P, the sound pressure is readily determiné& becauss

aqu
Pgn = =~ Po 5%

(17)

Bquation (16) will, wupon diffarentlation of ¥ with re-
spect to time, become
ot (qnwt+ €gpn—ikl )

R
o3 . a2
Pqn = (-1)9 P qn w2 R, fg Bqn £(a,b)

{ i 1 m,2
3% (qn)! !:‘111"'1 B 2(2qn+2) (qn+3)

~

myt . ]
* 2.4(2qn+2) (2qn+a) (qn+5) Ut } (18)

Regrouping the factors in equation (18), noting that Vo =
WR,, omitting all phase factors, div1ding by 2 to.

obtain the root mean square, and multiplying dDy 2 for
ground effect,

2
- By Po Vo
Pyn = 2 /2 ® ag, £(a,b) T T
JReeT] Fresirereer s e i
ES \qn)' gn+1 2(2qn+2)(qn+3) 2,4(2qn+2)(2qn+4)(qn+5) i |

(19)
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The sound pressure of the fundamental and of the
lower harmonics is thus obtalned in terms of the aerocdy-
namic head, the geometry of the arrangement, and tho
acoustic propertlies of the medium.

In the calculation of the sound pressures, the follow-
ing values were useod:

Air density p, 1.22 x 1073 grams/cm3.

Ratio of half blade thicknoess to chord a/b, 0.1.
Blade chord b at 0.80 Ry, 3.90 X 2.54 cm.
Blade length to tip R,, 4.0 x 12 x 2.54 cm,
Blade tip speed Vo, cm/sec.

Distance of microphone to center of rotation of blades
¥, 80 X 12 X 2.54 cn.

Argument of Bessel function, my = qu sin B VO/C»
(Sin B = 1‘0)0

Velocity of sound ¢, 1,100 x 12 x 2.54 cm/socc.

A drawing of the blades used in the tests is ghown in
figure 3. - -

COMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS

Figure 4 is shown ag a typical plot of the logarithm
of the gound proessure pqn againgt the logarithm of

Vo/c;_ all harmonics to the fifth were gimilarly plotted

and the curves drawn. These curves from experimental data
were then all combined on one graph together with the
curves calculated from equation (19) and are shown in fig-
ure 5, ' ' '

The mean slope of the curves of figure 5 1is plotted
againgt qn in filgure 6. If the sound were assumed to
come from a narrow ring, as stated in reference 2, the so-—~
lution would contailn an(m). In such a case, the slopes

or exponent would be somewhat greater, as also ghown in
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figure 6. In reference 2 the factor X was 0.80, but a
factor of 0.85 would have checked the results of figuore 6
more clogely,

POLAR DISTRIBUTION OF SQUND PRESSURE

The sound pressures in percentage of the value at
B = 90° of the first four harmonics for the two-blade ar-—
rangement are plotted in polar coordinates, which show the
distribution about the disk traversed by the blades, The
axis of rotation is taken as the reference axis with the
front of the driving motor as the zero direction. The
polars are plotted in figure 7 with the continuous lines
representing the experimental values and the dashed lines
the calculated distribution. All data on these polar
graphs are for a constant speed of 1,780 r.p.m. The val-
ues of gound pressure at B = 90° may be taken from filgure
5,

COMPARISON BETWEEN MEASURED AND CALCULATED SOUND

PRESSURE FOR A POUR-BLADE ARRANGEMENT

£s a further check, comparison was made between ex-—
Perimental and calculated results for a four-blade ar-—
rangement. The four blades used were equally spaced and
were all of the same size and shape as the blades oFf the
two-blade arrangement except up to 1/3 R,.

Owing to flutter, the top speed obtained with the
four-blade arrangement was less than that obtained with
the two~blade arrangement because the four-blade arrange-—
ment is less stiff in transverse and torsional flexure.

A reasonable speed range was used, however, in which the-
ory and experiment agreed to about 1 db for the funda-
mental (fig. 8)s In general, with rotation noises, the
higher harmoniecs appear at higher values of Vo/c; in
this case of the four-blade arrangement, the second har-
monic was of too low a level %0 get adequate data owing

to the low values of Vo/c used. It may be added, howev-
er, that the only experimental point taken of the second
harmonic .did chegk fairly well with the theorye.
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DISCUSSION

It will be seen that the slopes in figure 5 or the
exponents in figure 6 as experimentally obtained for the
second harmonic are greater than the theory indicates.
This difference may be due to an interference phenomenon
Pecullar to the wave-length range of the second harmonilc
still perslsting in the set—up. In this case the experi-
mental value of the slope is greater than the theory indi-
cates; whereas, in the results reported in the preceding
paper (reference 2), it was less.

It has perhaps been noted that the discrepancy between
theory and experiment, as shown on figure 5, indicates a
trend from the fundamental to "the fifth harmonic, i.s.,
the discrepancy tecomes less as higher harmonics are con-
slidered and the discrepancy may even change sign if harmon-
ice higher than the fifth are considered. Apparently the
factor q does not have quite the effect the thecry indi-
categ. It must be remembered that q is contained in
8qn- which ag calculated becomes of gquestionable value as

the harmonice of the order of 2mR/ab are approached.

It will be noticed in figure 7 that the sound pres-
sure on the axls is not zero as glven by the theory. This
digcrepancy is very probably due to the fact that the
blades do not opeérate in free space and are not free of
obstruetions, as assumed in the theory. The psak Jjust
ahead of the 900 position shown by the experimental curves
for the fundamental and the second harmonic may be due to
& slight twist of the blades. For propsllers exerting
thrust, the polar curves for the fundamental and the sec—
ond harmonic give a maximum usually about 30° behind the
Plane of rotation in the direction of the velocity of air
through the blade disk.

CONCLUSIONS

1. The theory gives the sound pressure with fair ac-—
curacy for the purposé for the firsgt five harmonics of a
two-hlade arrangement with symmetrical sections exerting
zero thrust for values of Vy/c wup to 0.80. It may even

be sald that the theory appears general enough to give
fair results for harmonics of the order of %(2mR/nb) (one-
half the r : : : : ’ '
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half the reciprocal of the solidity at 0.80 Ry } for wvalues
of Vo/c up to 0.80,

2. The effect of blade thickness of propellers alone
in producing noise is small except for low angles of at-
tack; that is, the rotation nolse of a propeller producing
normal thrust gives sound pressures larger than measured
in these tests where only thickness effect was involved
and where the thickness was larger (0.20) than the thick-
ness for the outer sectione of a normal propeller.

3« & relationship has been derived that gives the
shape of the polar distribubtlion of rotation noise for the
first four harmonics fairly well within the speed range
used., .

Langley Momorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., September 12, 1938.
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Figure 6: The reference in this figure should read
"reference 2" instead of "reference 1",
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The function "an(an7§ = O) sheuld read
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VA \u
T on (an_g) .
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