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Abstract

An experimental stugy of the acoustic field
associated with two, three, and four blade
propeller configurations with a blade root angle
of 50° was performed in the Texas A&M University
5§ ft. x 6 ft. acoustically insulated subsonic
wind tunnel. A Waveform Analysis Package
(WAVEPAK) was utilized to obtain experimental
acoustic time histories, frequency spectra, and
overall sound pressure level (OASPL) and served
as a basis for comparison to the theoretical
acoustic compact source theory of Succi. Valid
for subsonic tip speeds, the acoustic analysis
replaced each blade by an array of spiraling
point sources which exhibited a unigue force
vector and volume. The computer analysis of
Succi was modified to include a propeller
performance strip analysis which used a NACA 4-
digit series airfoil aata bank to calculate lift
and drag for each blade segment given the
geometry and motion of the propeller.
Theoretical O0ASPL preaictions were found to
moderately overpredict experimental values for
all operating conditions and propeller
configurations studied.

Nomenciature

a = Spaed of sound.

c = Chord.

f(x,t) = Equation of s0l1id surface of body in
motion.

Fy = hNet force of blade element on the
fluid.

FFT = fast Fourier Transform.

q = Equation of collasping sphere.

i = v-1.

£ = Eterodynamic Tforce per unit area on
the fluid at a body surface.

£, = Eerodynamic force per unit area
acting on the fluid in the radiation
direction.

M- = Rotational Mach number.

n = Harmonic rumber.
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p' = Acoustic pressure.

P = Instantaneous pressure at a point.

Pa = Pascel.

Prer = keference pressure (20 wPa).

PLk = Acoustic pressure due to loading.

Pk = Acoustic pressure due to thickness.

Q = Fropeller torgue.

r = Radial coorainate.

Fi = Unit vector in  the radiation
direction.

t = Ctserver time.

= Propeller thrust.

Vn = Velocity component normal to the
pody surface.

Ve = Velocity in the radiation direction.

X,y = Cartesian coordinates normal to the
body surface.

5 = Dirac delta function.

o = Free stream density.

1 =.  Source time.

Subscripts

ret = Retarded time.

Introduction

As rtuel prices continue to fluctuate, many
designers &re showing renewed interest in
propeller-driven aircraft. Conventional
propeller configurations, oue to their moderately
Tow propulsive efficiencies at high speeds, were
unapie to compete with propulsion systems
acesigned for low transonic flight regimes.
Fropellers &t subsonic cruise speeds however,
yield higner fuel efficizncies over other systems
such as turbofans and turpojets.  As 2 result,
the aircratt industry has devoted substantial
research tuwerd th: gevelopment “of advanced
propeller configurations capable of operating
over a wige range of operzting conditions.

The objective of this study is to present a
theoretical and experimental study of the
acoustic characteristicse of single rotation
propeltlers. In this stusy, two, three and four
blade single aisk propelier configurations have
been tested at a blade root pitch angle of 40,
45, and 50° at an RPM range cf 3500 to 7500 in
increments of 250. Tne resulting experimental
matrix serves as & Gwasis for comparison of
numerical noise predictions per Succi (1,2).




Experimentail Appdratus and Procedure

A counterrotating propeller test rig (3)
(CRPTR) was used to stuay the nearfield acoustics
of various single disc propeller
configurations. Powered by an air turbine, the
propeller disc was capable of producing a maximum
of 55 horsepower at 16,000 RPM. Limitations,
however, in the air supply allowed only 10 to 15
horsepower to be utilized. Although capable of
operating in a counterrotation mode, the back
disc of the (RPTR remained stationary with no
blades attached for the single propeller disk
testing.

With the use of tne CRPTR, two, three, and
four blade configurations were tested. Patterned
after a commercially available aircraft
propeller, the twenty inch diameter composite
blades were modified in the shank region to force
the thickness to chord ratio to be representative
of a MNACA 4-digit airfoil series shape with
maximum camber located at mid-chord.

Construction of the composite blades (3)
consisted of twenty five layers of unidirectional

~woven graphite cloth for thickness, one layer of

bidirectional graphite cloth with fibers oriented
at 45° to the propeller pitch change axis for
torsional rigidity, and cne layer of fiberglass
cloth for surface finish on both the pitch and
camber faces of the propeller. Experimental
static tests of the biades in pure bending and
axial loading indicated factors of safety in
excess of six for each mode with no permanent
deformation during loading and unioading cycies.

The open-return test section of the subsonic
wind tunnel was acoustically jnsulated to obtain
nearfield acoustic measurements. For easy
restoration of the tunnzl after testing, the
acoustic treatment was fastened to a 0.75 inch
plywood base in which cne-guarter inch diameter
wooden dowels were glued in streamwise rows. For
high frequency absorption, a two inch layer of
Dow Corning Type 701 fiberglass insulation was
pressed over the sharpened pins. Next, a one
inch sheet of four 1b/ft’ polystyrene material
was installed for low frequency absorption.
Using silicone caulking, styrofoam wedges of the
same polystyrene material cut at 60° angles were
fastened in a streamwise direction as shown in
Figure 1. four foot collection and diffusion
sections were similarily constructed using wedges
hot-wired 10 a 10° slope. Spanning & length of
24 feet, the acoustic insulation mounted to the
walls, ceiling, and flocr of the test section as
shown in Figure 1, allowed a minimization of the
reflective surroundings for fundamental acoustic
measurements.

Two microphones, chown in Figure 2, were
used to obtain the acoustic field for each blade
configuration. The X-microphone, located at the
reference plane midway between the fore and aft
prcpelier disks in the counterrotating mode at a
fixed distance of 1.625 inches from the propelier
tip, was a B&k type 4134 pressure response 1/2
inch microphone. Located on axis with the CRPTR
three inches from the spinner, the Y-microphone
was a B&K 4133 free field 1/2 inch type. Each
microphone was connected to a B&K type 2619

preamplifier with tne complete acoustic
instrumentation arrangemert shown in Figure 3.
To provide the necessary bias voltage to drive
the microphones, the preamplifier was connected
to a B&K type 2804 batrery-driven power supply.
Next, a B&K type 2203 OASPL meter was utilized to
obtain overall sound pressure levels for the
individual channals, From this, the acoustic
signals from the microphones were passed into a
filter box to remove tne bias current from the
B&K equipmant. Finally, the digital data
acquisition/reduction system, WAVEPAK (4), in
conjunction with an 1BM personal computer was
connected to acquire both frequency and time
domain acoustic informaticn.

The WAVEPAK data acguisition program was
used to acquire the acoustic time history and
hence the spectral data from each microphone.
The time history as well as a clear pattern of up
to six harmonics over the broadband noise level
shown in Figure 4, was observed for the X-
microphone. The Y-micropnone located forward of
the spinner provided only an indication of the
primary harmonic before being submerged in the
tunnel broadband noise level. Similar spectra
characteristics for tne Y-microphone were
measured for each blade configuration tested,
consequently these data have not been included in
this study.

Theoretical Procedure

Like other thecretical propeller acoustic
formulations developed after the 1970's, the
starting point for the acoustic compact source
theory by Succi was the Ffwocs-Williams and
_Hawkings (5} (F-WH) equation without the
quadrupole terms expressed as:

2o . R
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am 5t
- 3;: llilVfI 8(7)1] (1)

Succi subdivided propeller into smail
chordwise and spanwise sections. Summing the
pressure of each section labeled by the subscript
k, the acoustic pressure has been defined as:

P'(x,t) = Ek Pl + Pry (2)
where:
bo.n.
An Pl = - ::xi fsk lr1;-&r I ds, )
5 - p&Vnn: .
4n Py = °—t :Sk{m;‘f’dsk (4)

PL represants tne pressure Jue to loading noise
and P, denotes tne pressure due to thickness
noise. Assume that the pressure forces on the
interior surfaces of & segment are zero or cancel
witn their immediate n=2ighbors. For small
segments and thin blzc2:, the integrals in
Equations (3} and (4) ce&n be evaluated as if the
subsections weére @& ccmpect or point  source.
Assuming tngt the pressure and speed of an
element k are nearly constant as the sphere (g=0)
moves across the sections, and if the maximum
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dimension of tne element is small relative to the
distance Trom the cbsevver, the loading noise
component is written as:
r.oef, F.T F M,
1 i i iti
41 P, (x,t) = i——5 |— + TT___T (-— )l
{ r(l'Mr)z 5_ 31 ‘

+ ! [F.F (l 7 ; - B (5
- (1 M) 2 IR MR illret 3)
where:
AT
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M. = Finl

F; is the net force exerted on the medium due to
the pressure cn the surface §. Equation (5) is
jdentical to the Lowson (6) result for sound

- radiation from a moving point source. The

thickness noise component is developed from the
volume associated with each segment. Define F as
the intersection of tne sphere with the body
surface. If the source 1is compact, then the
relative velocity with recpect to the cbserver is
the same for all segments. The effective
volume, , s tnerefore related to the actual
volume, vy Dy the relerion:

!

P RLICO I TT%E:T jA(L)aL = Titﬁ;T

where dl = |i-M_|dr &na i an increment of length
in a c0urd1nu‘= system fisied to the body. The
effective volume is encicsed by F which changes
with time aue t0 the motion of the body. The
thickness noise componznt is written as:
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Both the loading and thickness noise as
expressed in tguations {5) and (€) were placed
into the numerical &analysis of Succi. The
aerodynami¢ performance chnaracteristics of the
blades however, were reey from an input data file
obtained by the separate propeller performance
code.

The propeller strip enalysis method used to
estimate the aerodynamic fcrces along the blade
span was developed by Jlosper (7). Performance
calculations are ve.id for subsonic tip
velocities &nd advance ratios of approximately
eight-tenths or greater for single rotation
propeliers using this anelysis. Lift &and drag

coefficients as functions of radial location were
calculatea rrom a NACA 4d-digit series airfoil
data bank (8) to obtain tnrust and torque forces
along the blade. The aerodynamic forces, as well
as the chord, thickneis/chord ratio, and blade
angle distribution were transformed into ninth
order polynomials (%) to allow the user
flexibility in "the accustic calculations with
regard to grid variations. The polynomials were
written in tne form:

(dT/8EN/T = ag = bg(2)
N (7)

(dQF/d(%))/QF = 59 + bg(i)

s (8)

XyZ %
+ CQ(E) +oeee. 4 h3 E)

where (dT/d(%))/T reprasenys the radial thrust
distribution- and (dQ Ja(= ))/Q is the torque
radial distripution corrgspondlng to a radial
value of x/c. The numerical analysis developed
in this study incorporated the strip analysis to
calculate propeller performance values and was
utilized directly in tne Succi compact acoustic
source method predictiouns.

kesuils

A source may be coinsidered compact if the
differences in path lengtn from all points along
the blade to an observer are small compared to &
typical wavelength of tne sound genergtec. To
ensure that this a&assumption had not been
violated, several mesh sizes were examined (10)
for the twenty inch dJdiameter propeller under
study. Chordwise and spanwise variations aiong
the blade ranged from & course grid consisting of
5 points from hub to tip to a fine mesh size of
100 points. The frequencies associated with each
blade configuration ranuved from 200 to 7024 Hz.
Although the blages were modeled differently,
each grid examined satisfied the compact source
assumption.

Performance calcuistions for an RPM range
between 400 and 7500 yielded acceptable
performance vaiues for the experimental composite
propeller design. For example, the two blade 50°
blade set configuration resulted in propeller
efficiencies rfrom 0.72 tc 0.84. For a range of
advance ratios between 0.71 and 1.01, total
propeller thrust valuss of 9 to 25 1bs with
corresponding torque veiges of 4 to 8 fr.-lbs.
were computed {10).

Compariscn between theoretical and
experimental velues of 0OASPL for the two blade
configuration shown in figure 5, validated the
compact source assumption. The prediction values
by Succi appears to be limear, however a similar
trend was eltc inoicatea by the experimental
gate. Better compliance telween experimental and
thecretical vaiues wourd bpe indicated using &
cornservative gata error band of x2.5%. Acoustic
comparisons in the frzguency domain were
evaivated Tor the Tfirst rifteen harmonics as
shown in figures € eand 7. Experimantal SPL



values were caiculated from tne root-inean-square
voltages obtained from the WAVEPAK FFT spectral
analysis program using tne expression:

SPL = 20 ?oglo lP/Pref; ()

The measured pressure of the sound wave, P, was
obtained by dividing the spectral analysis
voltage values by the microphone sensitivity
value taken as 0.116 v/Pa for the X-microphone,
An error of 13 Hz from the blade passing
frequency was accepted for each harmonic. The
OASPL was calculated o, summing each harmonic
until no noticeabie difrerence occurred in the
OASPL value, i.e., to tne fourth decimal place.
Only the first four harmonics were found to
effect the magnitude of tre OASPL value. Similar
to the experimentsl method, theoretical SPL
values were calculated rrom & Fourier analysis of
the pressure time histories as predicted by
Succi.

Comparisons in the frequency domain for a
low and high advance ratio, shown in Figures 6
and 7, indicate a larger disagreement between
experimental and theoretical values at the lower
RPM. Also presented irn these Figures are the
theoretical acoustic time histories as predicted
by the Succi analysis in terms of Jloading,
thickness, and total ncise components for each
test condition. The accustic analysis indicates
that the ©lads is loading noise dominant in
comparison to the megnitude of the thickness
noise contrirution. Therefore, the total
accustic time iiistory i: driven by the loading
acoustic time history.

To investigate tne wvariation of each of the
components of tThe acou:itics associated with the
Succi anmalysis, a range of advance ratios was
used to preaict the acoustic time histories for
thickness, loading, and total noise components.
The loading acoustic comgonent shown in Figure 8,
increased gramatically by a ractor of
approximately four as Lhe advance ratic went from
1.30 to 0.91, i.e., &s RPM increased. The
acoustic time histories for all advance ratio
values, however, were of tne same form. The
magnitude of tne thickness noise variation shown
in Figure 9, in comparison to the loading noise
reaffirmed that the propeller configuration was
loading noise dominant. Since the acoustic
analysis in Figures 8 and & had indicated that
this propeller configuration was loading noise
dominant, the total acoustic waveform shown in
Figure 10 wes similar to the individual loading
noise acoustic time history.

Theoretical and experimental comparisons of
OASPL  values for a tnree blace propeller
configuration shown 1in fFigure 11, resulted in
overprediction of lhe compact source theory.
However when vconsidering the *2.5% data error
band for experimental velues, better agreement
between theoretical ang experimental OASPL values
would exist. Similar 10 the two blade
configuration, the tnesrztical prediction values
appear to pe linzar.

Differences in 1nc OASPL velues for the
theoretical and experimenial methods can be

attributed tc discrepancies found 1in the
frequency domain as shown in Figqures 12 and 13.

" Recall that the magnitude of the DASPL depends on

at least the first four harmonics where large SPL
differences exist. Simiiar to the two blade
case, the three blade configuration indicated
loading noise gominance. An investigation of the
loading, thickness, and total acoustic components
as shown in Figures 14 through 16 indicated that
again the total noise ccmponent of the acoustic
time histories was dri.en by the loading acoustic
time histories.

The same trends for OASPL as those seen for
the two and tmree blage configurations are shown
in Figure 17 for the Tour blade configuration.
Comparisons between 2, 3, and 4 blade
configurations has shown that as the number of
blages 1increased, 1itne UASPL aqecreased. The
frequency spectra for o. and high advance ratios
for the four biade propelter configuration shown
in Figures 18 and 19, indicated discrepancies
between theoretical pregictions and experimental
values at the first four narmonics. The acoustic
time histories associated with each test
conaition similar 1 the other blade
arrangements, indicated that this configuration
was loading dcominant. Comparison of the
magnitudes of the acoustic time histories for
thickness, loaeding, ang totral noise components
shown in Figures 20 througn 22 reaffirmed the
magnitude ang influence Of the loading noise
contribution.

Summary/Loncliusion

A study OF the s&cuustic fielg associated
with single gisc prcpeilers has been presented.
Two, three, and fcour r::de configurations at a
blade root pitch angle of Z0° were examined for a
RPM range between 350G ana 7000 in increments of
250 and compared with theoreticel predictions of
the Succi numerical acoustic analysis. An
acoustically insuiated supscnic wind tunnel was
used toc obtzin experimental acoustic data for &
microphone iocated in tne propeller disc plane.
Time and trequency domain information was then
found through the wuse of & digital data
acquisition system known as WAVEPAK. Used in
conjunction with an IBM PC, the WAVEPAK system
provided a two channel oscilloscope and FFT
analyzer.

Theoretical acoustic fields were modeled as
an array of spiraling point sources. Each point
was developea by subdiviging the blades in both
the chordwise and spanwise directions.  Thrust
and torque forces associated with each segment
were theoretically calcuiated from & propeller
performance strip analysis incorporated into the
numerical acoustic prediction tecnnigue. A NACA
4-digit series airfoil data bank was used 10
obtain the 1ift ane orag radial distriputions
along the plade.

The thecretical metnod of acoustic compact
sources, as Jescribed ir tnis study, provided
reazscnable results. Tnecretical OASPL values
overpredicted axperimenial values for all blade
configuraticns tested. (17ferences, howaver, in
the frequency spsctra for approximately the first
five narmonice did e»ist. Similar conclusions




were found by Bumann (10} zt blade root angles of

40 and 45°.

The lower theoretical values of SPL

at the higner frequencies were associated with
the intrusion of tunnel packground or propeller

test
noise.

than
the

noise rather
Examination of

true propeller
acoustic time

rig

- histories revealed that each blade configuration
was loading noise dominant.

by Succi

The numerical acoustic prediction analysis
is general and can be applied to any

propeller geometry and subsonic helical tip Mach

number operating condition.

Consequently, the

acoustic radiation field associated with single
disc propellers can be easily predicted given
only the shape and motion of the propelier.
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a) Frequency Spectra Comparisons
b) Theoreticel Acoustic Time llistories
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Figure 14. Loading Acoustic Time History Component for
a Three Blade 50° Propeller Configuration.
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Figure 15. Thickness Acoustic Time History Component for
a Three Blade 50° Propeller Configuration.
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Figure 16. Total Acoustic Time History Component for
a2 Three Blade 50° Propeller Configuration.
N
& 150.00 o
= 3
& 145.00
o .
it -
~ 140.00 -
[ea] -
© 3
__j135.00 .
E 4
=3 130.00 -
98] z
o 2
2 125.00
% :‘ [n}
- T
= 120.00 -: -(‘Tx
o : : 5
= 115.00 1
o
@ 110.00 3
- 4 O EXPERIMENTAL
S 4 — THEORETICAL
o1 105.00 4
> ]
o) :
100.00- TI!‘IT]IIYTTYIII!Y!I'II1I!!IIfI!IIIlj_T_‘X}
1.00 1.1¢ 1.20 1.30 1.40
ADVANCE RATIO
Figure 1i7. OASPL as a Funclion of Advance Ratio for a

Four Blade 50° Propeller Configuration.




140.00 = 100.00 1
- ] ]
= b O DXPOUMENTAL 75.00 -]
2 120.00 I TiconEneaL -
(o} 4 o
™~ - o}
¢ ] I 50.00 -
= 100.00 - ) E
© ] o ul p \
> p ©  23.00 -
o -] a 4
g 50.00 Q ?
. o 0.00 -3 yeus: "
¢ s0m0 ] e <
a ] :r’-‘) ~25.00 -]
9 4 o - p
& 4000 ] < 7 \
. . -50.00 - _t‘
o h . N'e
5 ] el
Q 20.00 - —75.00 - © TINCKNESS HOISE
4 - o UMDNIC NOISE
3 2 a TOIAL HOISE
0.50 {—t—Ii— —100.00 ~} 1T T T T
2 3 7 ¢ 10 11 12 13 14 33 0.0000 0.0010 0.0020 0.0030 0.0040
HARMONIC TIME, sec
(2) (b)
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a) Frequency Spectra Comparisons
b) Theoretical Acoustic Time ilistories
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a) Frequency Spectra Comparisons
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Figure 20. Thickness Acoustic Time History Component
for a Four Blade 50° Propeller Configuration,
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