
i 

AFAPL-TR-71-55 

iß 

3E, 

Detsflf (if flhretratlons in 
tyfe äooument may be better 
^cgudfed en microfiche 

PROPELLER NOISE AT LOW TIP SPEEDS 

Ä 
DAVID BROWN 

J. 3. OLLERHEAD 

WYLE LABORATORIES 

HAMPTON, VIRGINIA 

TECHNICAL REPORT AFAPL-TR-71-55 

SEPTEMBER 1971 

D D C 
nu£ß$f?<V\lXEI> III I 
Ä   OP"   IS   1973      j 

fEiHEnTJTslyJ 
s ^ 

"This document has been approved for public release 

and sale; its distribution is unlimited." 

Reproduced by 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

Springfield, Va.    22151 

AIR FORCE AERO PROPULSION LABORATORY 

AIR FORCE SYSTEMS COMMAND 
WRIGHT-PATTERSON AIR FORCE BASc, OHIO 

«2|0 



BLANK PAGES 
IN THIS 
DOCUMENT 
WERE NOT 
FILMED 



m**da**m&rmüemmmr+ 

UNCLASSIFIED 
Security CU«aitic«tion 

(•aoMM» claaalftcMlanaf Htla. 
DOCUMENT CONTROL DATA • RAD 

Mr »/ itditci and ln<a«4i< «HMlfM awaf ** anta*** a*an Ma •••••II nfM la elml.'HO 

I. ORIOJIRATIRC ACTIVI'Y rCaqMfM* muthct) 

VVYLE LABORATORIES 
7800 Governors Drive, West 
H»ntwf He. Alabama   35807 

>• ncooitT •ccuairr c LAt*l*t€AYteN 

UNCLASSIFIED 
1* anoup snouP 

N/A 
1  REPORT TITLE 

PROPELLER NOISE AT LOW TIP SPEEDS 

4   DESCRIPTIVE HOTES (Typ, of 

FINAL 
nfon ana1 Inch»!** O«*») 

I  AUTHONfSJ fL«» nan*, fin» naM. MIMaM 

Brown, David 
OHerhead, John 8. 

•■ REPORT DATE 

September 1971 
•a. CONTRACT on »«ANT NO. 

F33615-70-C-1135 
t, MMfrr NO 9356    Project 3066 

7a    TOTAL MO. O»   "«4«« 

212 
7»   MO. or ««»• 

38 
ERf*> 

Wyle Laboratories - Research Staff 
Report   WR71-9 

• »  OTw«aj«B»oHT NOfS) Mnratfiar« 

AFAPL-TR-71-55 

• a« Mt0tmt 

10  AVAILABILITY/LIMITATION NOTICCI 

"This document has been approved for public release and safe;   its distribution is unlimited." 

II   SUP NOTE« 

DIB W RtoifTonS in v 

ttH ftooument may be better 
^Studied on microfiche 

U   SPONSORING MILITARY ACTIVITY 

Air Force Aero Propulsion Laboratory 
Air Force Systems Command 
Wriaht-Patterson Air Force Base, Ohio 45433 

11  ABSTRACT , 

This study comprises an analytical and experimental investigation of the "vortex" noise 
generated by low-tip speed propellers.   Initially, the treatment of the subject is focussed on 
an examination of the origins of broadband noise and the methods by which these can be 
analytically represented.   Subsequent noise measurements on simple-design propellers indica- 
ted that the typical spectra in the Strouhal frequency range are significantly influenced by an 
extensive range of high order harmonics of the blade passage frequency, and a treatment of 
this harmonic content is included in this study report.   The broadband and harmonic compon- 
ents of noise data, obtained from propellers with blade number and blade angle variations, 
have been analyzed in detail and noise prediction methods have been derived for each.   The 
primary findings of the study are: (i)  that the harmonic content due to unsteady blade loads 
(augmenting the Gutin terms) is essentially constant in amplitude up to harmonic orders (m) 
given by mB = 30 to 40, and decays at rates between 6 and 12 dB per octave, depending on 
blade tip speed, at higher orders;  (ii)  the broadband noise characteristic spectrum has a 
maximum at frequencies given by a Strouhal number of 0,85 based on blade chord;  (iii)  the 
fluctuating blade airloads responsible for both harmonic and random radiation appear to be 
proportional to the steady forces divided by the square root of the number of blades.   It is 
postulated that the noise source mechanisms may be associated with unstable laminar flow 
separation (or transition) at the blade surfaces.   The report also includes a set of graphical 
procedures by which both harmonic and random spectral details of the radiated noise can be 
cnlrulnteH hx/ tip Mnrh nnmhftrs .n the rnnaft 0.2 to Q.6. 1 

DD FORM 
1  JAN »4 1473 Ur;CLASSIFIED 

Security Classification 

■■:,'-■ 



r 

NOTICE 

When Government drawings, specifications, or other data are used for any 
purpose other than In connection with a definitely related Government 
procurement operation, the United States Government thereby incurs no 
responsibility nor any obligation whatsoever; and the fact that the govern- 
ment may have formulated, furnished, or in any way supplied the said 
drawings, specifications, or other data, is not to be regarded by implication 
or otherwise as in any manner licensing the holder or any ether person or 
corporation, or conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related thereto. 

.•XUSHM m t 

Copies of this report should not be returned unless return is required 

by security considerations, contractual obligations, or notice on a 
specific document. 

i 



t- . __ ■  * «VOM. 

UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • MD 
cl—lltcmllmn •# Hit» aaa> tl aasftacf antf *M»jjWi amateili tecl 

i omemtTwc ACTIVITY fCaiywn ««M^ 

WYUE LABORATORIES 
7800 Governors Drive, West 
H.mHvMI»    Alnbanv»    35807 

la *C»O*T «ecuNiTv e uArtintATioN 

UNCLASSIFIED 
2» «neu» 

N/A 
)   RtPORT TITLC 

PROPELLER NOISE AT LOW TIP SPEEDS 

«   OtSCRiRTIVC NOT« (Typ, at Mavrt 

FINAL 
ana* InckiilTm 4mt—) 

>. html i %  AUTMORfSJ (L—t 

Brown, David 
Ollerhead, John B 

umiml) 

«. MRORT DATE 

September 1971 
• a.   CONTRACT ON («MT NU. 

F33615-70-C-1135 
* f>«oj<cr NO 9356    Project 3066 

7«    TOTAL NO. G*   »A«** 

212 
?a. NO. OP NIP« 

38 

Wyle Laboratories - Research Staff 
Report   WR71-9 

»a QTwaw »f »OUT NOT» (Ant «Mar 

AFAPL-TR-71-55 

*af Mr »a —10**! 

10- AVAILARILITV/LIMITATION NOTICIt 

"This document has been approved for public release and sale;  its distribution is unlimited." 

11   *U»»LKMtMTAWY MOT» 

5i« m" 
ttH tfooument may be better 
^Studied in microfiche 

II  t»OH»6RINO MILITARY ACTIVITY 

Air Force Aero Propulsion Laboratory 
Air Force Systems Command 
Wright-Patterson Air Force Base, Ohio 45433 

U  ABSTRACT 

This study comprises an analytical and experimental investigation of the "vortex" noise 
generated by low-tip speed propellers.   Initially, the treatment of the subject is focussed on 
an examination of the origins of broadband noise and the methods by which these can be 
analytically represented.   Subsequent noise measurements on simple-design propellers indica 
ted that the typical spectre in the Strouhal frequency range are significantly influenced by an 
extensive range of high order harmonics of the blade passage frequency, and a treatment of 
this harmonic content is included in this study report.   The broadband and harmonic compon- 
ents of noise data, obtained from propellers with blade number and blade angle variations, 
have been analyzed in detail and noise prediction methods have been derived for each.   The 
primary findings of the study are: (i)  that the harmonic content due to unsteady blade loads 
(augmenting the Gutin terms) h essentially constant in amplitude up to harmonic orders (m) 
given by mB = 30 to 40, and decays at rates between 6 and 12 dB per octave, depending on 
blade tip speed, at higher orders;   (ii)  the broadband noise characteristic spectrum has a 
maximum at frequencies given by a Strouhal number of 0.85 based on blade chord;  (iii)  the 
fluctuating blade airloads responsible for both harmonic and random radiation appear to be 
proportional to the steady forces divided by the square root of the number of blades.   It is 
postulated that the noise source mechanisms may be associated with unstable laminar flow 
separation (or transition) at the blade surfaces.   The report also includes a set of graphical 
procedures by which both harmonic and random spectral details of the radiated noise can be    I procedures by which both harmonic and random spectral d 
rnlmlnterj hv tip Mneh m.mhisrs in flj mncie 0.2 fn 0.6. 

DD FORM 
1  JAN A4 1473 UNCLASSIFIED 

Security Classification 



r 
i" 

PROPELLER  NOISE AT LOW TIP SPEEDS 

David Brown 

J. B. Ollerheod 

"This document has been approved for public release 
and sale; its distribution is unlimited." 

- :. ' 



FOREWORD 

The research effort reported herein was conducted by Wyle Laboratories Research 
Staff under Contract F33 615-70-C-1135 for the Air Force Aero Propulsion Laboratory, 
Wright-Patterson Air Force Base, Ohio, under Project 3066, Task 12.  The present study is 
part of a continuing program sponsored by the Air Force Aero Propulsion Laboratory which is 
aimed at reducing propulsion system noise with minimum performance and weight penalties. 
This study is concerned specifically with propeller noise radiation with emphasis on the rela- 
tively high frequency component known as vortex noise.   The experimental content of the 
program, and the test facility design and fabrication, was conducted at Wyle Laboratories 
Testing Division, Huntsville, Alabama. -Her the supervision of Mr- J. Robertson.   Other 
major contributors to the experimental program were Mr. J. A. Cockburn and Dr. Tu.   The 
data analysis and theoretical content of the program were conducted by the authors at Wyle 
Laboratories Hampton Division, Hampton, Virginia.   The principal investigator was J. B. 
Ollerhead. 

Dr. M. V. Lowson of the University of Loughborough, England, participated in this 
program in a consultative capacity. 

Mr. J. Robertson of Wyle Laboratories contributed Appendix I of the report. 

Captain Paul A. Shahady of the U.S.A.F. was the contract monitor and project 
engineer during the program, which was conducted during the period November 1969 to 
March 1971.   This report was submitted by the authors in June 1971. 

Publication of this report does not constitute Air Force approval of the report's findings 
or conclusions.   It is published only for the exchange and stimulation of ideas. 

&t*tu*&t' 
/fRNEST C. SIMPSON 

Director 
Turbine Engine Division 
Air Force Aero Propulsion Laboratory 



^ 

'■ 

ABSTRACT 

This study comprises an analytical and experimental investigation of the "vortex" 
noise generated by low-tip speed propellers.   Initially, the treatment of the subject 
is focussed on an examination of the origins of broadband noise and the methods by 
which thece can be analytically represented.   Subsequent noise measurements on simple- 
design propellers indicated that the typical spectra «n the Strouhal frequency range ere 
significantly influenced by an extensive range of high order harmonics of the blade passage 
frequency, and i treatment of this harmonic content is included in this study report. 

The broadband and harmonic components of noise data, obtained from propellers with 
blade number and blade angle variations, have been analyzed in detail and noise pre- 
diction methods have been derived for each.   The primary findings of the study are: 
(i) that the harmonic content due to unsteady blade loads (augmenting the Gutin terms) 
s essentially constant in amplitude up to harmonic orders (m) given by mB= 30 to 40, 
and decays at rates between 6 and 12 dB per octave, depending on blade tip speed, at 
higher orders; (ii) the broadband noise characteristic spectrum has a maximum at frequencies 
given by a Strouhal number of 0.85 based or blade chord; (iii) the fluctuating blade air- 
loads responsible for both harmonic and random radiation appear to be proportional to 
the steady forces divided by the square root of the number of blades.   It is postulated that 
the noise source mechanisms may be associated with unstable laminar flow separation (or 
transition) at the blade surfaces. 

The report also includes a set of graphical procedures by which both harmonic and random 
spectral details of the radiated noise can be calculated for tip Mach Numbers in the range 
0.2 to 0.6. 
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SECTION I 

INTRODUCTION 

Many different descriptions and definitions of rotor or propeller noise have emerged with 
the consequence that some confusion exists as to what constitutes each particular form of 
noise.   For a propeller, only two forms of noise radiation are generally recognized, 
"rotational" noise and "vortex" noise.   "Rotational" noise is regarded as that component 
which would be generated by the propeller operating in an inviscid fluid (but including 
all (he harmonic airloads introduced by unsteady potential flow); whereas, "vortex" 
noise is considered to be »he additional noise which can be attributed, directly or in- 
directly, to fluid viscosity (boundary layer turbulence and separation, vortex shedding 
and airfoil encounters with the turbulent wake).   Thus, "rotational" noise tends to be 
harmonic in form, appearing in a spectral analysis as a series of discrete frequency spikes; 
whereas, "vortex" noise has been regarded as having random characteristics with wide 
band spectral content. 

These categorizations are somewhat complicated by the fact that several fundamental 
source mechanisms exist - the familiar monopoles, dipoles and quadrupoles of acoustic 
theory.   These result from fluid displacement, aerodynamic blade loads and shear 
forces exerted on the fluid.   Both steady and u..steady sources of each type 
exist and all can contribute to both the harmonic and random noise radiation.   At 
subsonic speeds and low frequencies the dipole sources generally predominate and these 
have been the subject of most propeller noise research. 

The predominance of the dipole sources has been understood, or at least known, since 
Hie pioneering work of Gutin in 1936 (Reference 1).   He showed that the harmonically 
ordered noise of propellers could be attributed to the actions of the steady thrust and 
torque airloads on the blades.   Representing the pressure distributions by point forces 
acting at the 70 percent radial stations, he developed an expression for the sound 
radiation patterns about the resulting dipole source and his results have been found to 
provide good agreement with experimental data for low order Sarmonics ai high tip 
speeds. 

At about the same time Stoweil and Deming (Reference 2) were performing experiments 
with rotating rods using what was fairly advonced analysis equipment at that time.   They 
argued, on the basis of the classical works of Strouhal and Rayleigh, that the modulated 
wideband noise generated by propellers was analogous to the "Aeolian rones" generated 
by wires in the wind.   Their experiments showed mat the Strouhal frequency corresponding 
to the conditions at rod tips (where the velocity was greatest) correlated very closely with 
the maximum frequency in the measured noise spectra.   The mechanism behind this kind of 
noise generation is that eddies shed from the rod induce fluctuating pressures on the rod 
surface which in turn radiate noise; whence the expression "vortex noise".   It was not 
until 1947 rhat Yudin (Reference 3) advanced the work of Stoweil and Deming by devel- 
oping an analytical expression for the "vortex" noise of rotating rods by integrating the 
acoustic power output along the rod length. 
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Yudin's wölk has formed the basis for most analytical/empirical analysis of the so-called 
vortex noise up to the present time.   Hubbard (Reference 4) adapted Yudin's result to 
accommodate empirical correction factors which were based on experimental propeller 
noise data.   Schlegel, et al. (Reference 5) further modified the Yudin/Hubbard formula 
for overall levels, proposed a normalized spectrum shape based on Strouhal numbers, and 
applied the resulting formulation to helicopter rotors.  The spectral distribution was simply 
presented as a set of octave band levels relative to that in the band centered on the 
Strouhal frequency.   Such a step is indeed consistent with Yudin's analysis with the excep- 
tion that in dealing with airfoils instead of round rods, Schlegel, et al., substituted 
projected frontal blade thickness for rod diameters.  Consequently, as blade angle of 
attack increased, so did the projected thickness so that frequency went down. 

The latter results were obtained on the basis of experimental data obtained for helicopter 
rotors, on the assumption that all the acoustic energy within a wide frequency band is 
random in nature.   As can be seen in figure 1, a detailed narrow band analysis of pro- 
peller noise over a correspondng frequency range reveals the presence of a significant 
amount of harmonically ordered noise.   There is thus a strong possibility that the empirical 
formulae offered by References 5 through 7 are influenced, if not controlled, by periodic 
components of the spectrum. 

The above discussions indicate some of the uncertainties which exist regarding the 
origins and nature of "vortex" noise.   Fortunately, the problem of "rotational" noi?e 
is understood to a considerably higher degree and much of the work addressed at that 
subject is beginning to throw light on the problem of "vortex" noise radiation. 

The classical theoretical result obtained by Gutin for the propeller noise radiated due 
to steady thrust and torque forces shows good correlation with experimental data, at 
least for the low order harmonics and has generally been adequate for prediction purposes. 
However, the theory grossly underestimates the higher order harmonic levels.   In recent 
studies of the helicopter noise problem, Lowson and Ollerhead (Reference 8) essentially 
extended Gutin's analysis to include the effects of harmonic airloads.   The solution con- 
tained a somewhat complex collection of Bessel functions and accounted /or harmonics of 
lift, drag and radial force components. 

The conclusions reached as a result of this study were numerous and will not be repeated 
here.   However, the following examples are of particular relevance to the present study: 

(1) The range of airload frequencies which make significant contributions 
to any acoustic frequency f is approximately (1 - M) f to (1 + M) f, 
where M is the rotational Mach number.   Since M, for propellers, typically 
lies between 0.5 and 1, it is clear that very detailed aerodynamic date 
is required in order to riake realistic calculations of audible noise radiation. 

(2) A narrow band analysis of helicopter noise showed a predominance of 
"rotational" noise harmonics to significantly higher frequencies than 
had previously been believed. 
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The second observation should be accompanied by a statement that here "rotational" 
noise is defined as "narrow band acoustic energy centered at harmonics of the blade 
passage frequency."  It again brings us to the question of whether or not it is necessary, 
or justifiable, to distinguish between "rotational" and "vortex" noise.   It has already 
been stated that both are the result of aerodynamic pressures ir. motion and that any 
differences are mainly a matter of spatial and temporal coherence.   The low frequency 
noise is controlled by airloads which are functions of the gross dynamic and aerodynamic 
behavior of the rotor or propeller.   In the case of the helicopter, the low airload har- 
monics are dominated by nonuniform inflow variations whose fluctuations are highly 
repetitive from revolution to revolution.   As t-equrncy increases,   emphasis is transferred 
to airload variations which result from more randomly occurring phenomena such as wake 
instabilities.   Such variations are not exactly repetitive during successive blade revolutions 
with the result that the airload spectrum, instead of containing discrete harmonic spikes, 
begins to exhibit "narrow band" peaks.   This is reflected in the acoustic spectrum and 
exaggerated by the frequency broadening effects described above.   Finally, at very high 
frequencies the pressure variations are very random, resulting from various turbulent flow 
phenomena.   Thus, the narrow band peaks increase in width and eventually become a 
spectral continuum. 

The background which led to the present investigation may be summarized as follows: 

(i) For high tip speeds and high power loadings, Gutin's formula provides 
reasonable estimates of the lower harmonics of rotational noise 
at least for radiation directions away from the axis of rotation; 

(ii)        Harmonic source theories such as that of Lowson and Ollerhead 
give a good understanding of harmonic noise radiation mechanisms 
and account for the deficiencies of the Gutin formulation at higher 
frequencies.   Unfortunately, lack of knowledge of the magnitude of 
the fluctuating source terms limits the usefulness of these methods 
for prediction purposes.   In fact their greatest value is that they 
allow estimates of the source terms to be derived from the observed 
noise; 

(iii) Empirical formulae for the "vortex" noise radiation are consistent with 
experimental data for limited ranges of application but the detailed 
dependence of its spectra! and directional characteristics upon pro- 
peller configuration and performance parameters are essentially 
unknown; 

(iv) Although the major design requirements for quiet propellers are known 
in principle (low disc loading, low tip speed, low blade loading), the 
theoretical benefits of these measures are not achieve! in practice 
and theory seems particularly poor under low noise conditions. 
Available experimental data indicate that in this region, "vortex" 
noise assumes greater importance relative to the harmonic noise« 



The objectives of this program were to perform a combined analytical and experimental 
study of propeller noise at low tip speeds in an attempt to fill some of the obvious gaps 
in present knowledge.   In particular it was desired to extend the Lowson/Oflerhead 
analysis to the case of noise radiation by random sources, to measure some of the required 
aerodynamic input terms on airfoils in both uniform translation and rotation and to develop 
noise prediction procedures which may be used to optimize the design of quiet propellers 
with greater confidence than had hitherto been possible. 

The work performed to meet these objectives is described in the following sections. 
Section II includes a review of propeller noise theory and presents the theoretical 
results for noise radiation by rotating, randomly fluctuating airloads.   Section III 
describes experiments performed in a wind runnel and a specialty developed pro- 
peller test stand, and includes examples of the measured data and a discussion of the 
results.   In Section IV the theoretical and experimental results are correlated to derive 
appropriate source terms for the acoustic equations.   Section V reviews the major findings 
of the study and presents a number of recommendations for further work.  Computations 
have been performed to prepare a set of charts and formulae which may be used to predict 
both the harmonic and broadband noise of low tip speed propellers.   These, together 
with full instructions for their use, may be found in Appendix III.  Appendices I and II 
are devoted to a description of the experimental facilities and tabulations of experimental 
data. 

f 
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SECTION !l 

PROPELLER NOISE THEORY 

1.        ANALYTICAL CONSIDERATIONS 

Although the primary objective of this study was to investigate the mechanisms under- 
lying the generation of propeller broidband noise, it is practically impossible to divorce 
this component ftoir. the periodic "rotational" noise since the distinction between them 
is not always clear.   Accordingly the arguments developed in this section cover the 
general problem of acoustic radiation by rotating blades.   The distinctions between the 
two components is that rotational noise is that component attributable to potential flow 
effects, whereas broadband noise is the component resulting (directly or indirectly) 
from fluid viscosity.   Note that the more commonly used expression "vortex" noise is 
generally avoided since although perfectly valid, it is really a legacy from early 
studies of Karman street effects.   It will be shown that there are in fact several 
possible sources of broadband noise in the propeller cose. 

One of the earliest analytical studies of propeller noise generation was performed by 
Gutin, who revealed that accurate calculations could be made by considering only 
the actions of the steady thrust and torque forces upon the atmosphere.   To derive 
this solution Gutin considered a simplified model consisting of a ring of discrete 
sources representing the propeller disc.   The air at each point experiences a force as 
a blade passes by, and not at any other time.   The resulting sound field was obtained 
by Fourier analysis of this force system and, as might be expected, turned out to have 
a periodic waveform with a fundamental frequency equal to the blade passage frequency. 
This theory provided a convenient solution, which for high tip speeds (typically 800- 
1000 ft. per second) proved satisfactory for practical use. 

However, Gutin's equation proved to underestimate the higher harmonic levels for lower 
speed oropellers and particularly helicopter rotors.   These discrepancies prompted Loewy 
and Sutton (Reference 9), Schlegel, et al. (Reference 5), and others to examine the 
effects of fluctuating components of the blade airloads.   They extended Gutin's analysis 
to cover models comprising surface distributions of sources which were energized at 
multiple harmonics of the blade passage frequency.   Through numerical solutions, they 
were able to show that periodically fluctuating airloads of relatively small amplitude 
could be responsible for the observed acoustic harmonics.   However, the calculations 
were still inaccurate at all but the lowest frequencies and in any case were of no value 
for estimating the apparently random highe- frequency energy which becomes increasingly 
important at lower tip speeds. 



The reasons for these inadeauacies are easily traceable tp oversimplification of the 
problem although these are equally easily excused.   Unsteady aerodynamic phenomena 
associated with propellers and rotors are exceedingly complex and themselves defy 
mathematical analysis.   Evon those which are reasonably well understood I sad to very 
complicated acoustic calculations and there is a very great temptation for the acousti- 
cian to simplify ai every stage. 

In order to assess the implications of some of these simplifications and assumptions it is 
necessary to return to the basic equation for the sound propagation in a perfect, stationary 
fluid.   In this medium the pressure perturbation, p, satisfies the homogeneous wave equation 
(in tensor notation with implied summation over three dimensions). 

9*p 92
p 

Tr2"   "   °°     fcT2 =    0 (1) 

Here a     is the speed of sound and the x.  are the three orthogonal displacement coordinates. 
0 i 

In general,   p = a2p   so that  p  and  p are interchangeable in the above equation.  Although 
0 

not specified in these terms, Gutin's analysis were essentially a solution of this equation, for 
the region surrounding the propeller, in terms of the blade pressure distributions. 

A more appropriate equation is the non-homogeneous (forced) equation: 

92p 92p 9Q        9F. 82T.. 
_   -   a

2 —   = L   + !L (2) 
9t2 °   9x.2 9t 9x.        9x.9x. 
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The three terms on the right hand side correspond to monopole, dipole and quadrupole 
sources which have been discussed at length in, for example, References 10 and 11. 
Very briefly,   dQ/dt  is the mass introduction term for a simple source,   9F./9x.   is 

the force distribution corresponding to surface dipole radiation, and  92T../9x. 9x.   is 
ijj      i    j 

the volume distribution of "acoustic stress" responsible for quadrupole noise.   Actually 
it represents all the effects due to fluid inhomogene!ties not accounted for in the homo- 
geneous wave equation, including temperature, refraction, diffraction and fluid motions. 
The latter has in fact the most practical significance and in general  T.. « pv. v. , the 

"Reynolds stress".   The importance of T..   is discussed in detail by Lighthill (Reference 11). 

In making use of the above equation for present purposes, the question arises of what is 
the relative magnitude of the three terms.   In many studies the first and third terms have 
been discussed as insignificant by comparison with the dipole term.   Whereas this is probably 
true within certain limited ranges of conditions, it is most important to evaluate the inter- 
relationships in each and every situation. 



For the case of sources which move i« a straight line with uniform velocity the sound 
pressures generate J jy each type of source are (Reference 37) observed to be: 

Simple Source (Monopole): 

Dipole: 

Quadrupole: 

HM ~ L47Tr(l-McosÖ)J 

cos 8 3F " 

PD 
47Ta r (1 -M cos 8)2 

L       o 
3t 

cos2 e 32T" 

PQ 47ra2r(l-Mcos9)3 
L        0 

3t2 

(3) 

where the square brackets denote evaluation at the retarded or source time   r = t - r/a 

(which is separated from the observer time,   t,   by the time of propagation  r/a   ),   8   is the 
0 

angle between the direction of motion and the observer c* T,   and  M is the source Mach 
number.   The simple source parameter q1 is  3Q/3t.   Since a typical source frequency may 
be assumed to vary with velocity  U , each time differentiation of the source term introduces 
a factor  U  into the result so that the velocity dependencies of the three terms follow the 
proportionality 

Ucos8 

1 - M cos 8 

'   U cos 8 _ 

'] - M cos 8 
(4) 

Thus we see that the multipole sources rapidly increase their radiation efficiencies as they 
move at greater speeds with quadrupoles increasing at a greater rate than the dipoles. 
This ratio of course reflects the well known velocity dependence of the three source types. 
Since q, F. and T.. all typically vary as the square of velocity U, the absolute sound 

' '*2   3   4 4   6    8., 
pressures vary as U :U :U   and the sound intensities as U :U :U  .   This fact is frequently 
relied upon to identify source types in experiments in which the variation of acoustic 
power with velocity is meawred. 

For sources which follow a circular path, as do the blades of a propeller, the results 
become rather more complex since both the velocities and accelerations of the sources 
contribute to the sound field.   Lowson derived expressions for the sound fields of rotating 
sources of constant strength and performed Fourier analyses to compute observed harmonic 
amplitudes.   Following Lowson's analysis, it can be shown that the absolute magnitudes of 
the n-th harmonic, (based on the rotational frequency Q), are in each case: 



Monopole: p.,    =   -*£r   J   (nMsinfl) 
n 

DiP°le: Pb    =   "fffoV   F VnM$in8) (5) 
n 0 

Quadrupole:    pQ    =       A      3    -    TJ   (nMsinB) 
n 0 

!n these equations, which have been simplified by restricting the sources to single components, 
the Mach number effect appears in the argument of the Bessel function  J    (of the first kind 
and of order  n).   The angle  6 is measured from the axis of rotation (positive in the thrust 
direction,   r  is the distance of the observer from the center of rotation, and M  is the 
rotational Mach number of the source at radius  R  from the axis. 

As recently demonstrated by Ffowcs-Williams and Hawkings (Reference 13), who compared 
the dipole and quadrupole sources for rotating machinery sources, the relative importance 
of the three terms con be assessed by making reasonable assumptions regarding the magnitude 
of the various parameter* <n the propeller case.   First of all, the ratio of the three harmonic 
levels pM    :   pD    :  pQ      is 

n n n 

nßcosOF            naß*cosa9T ,,x q'   :      :      -,  (6) 
0 0 

The terms  F and  T are the dipole and quadrupole strengths, which, in the propeller case, 
are the thrust and integrated Reynolds stress components, respectively.   The monopole term q' 
has been associated, in early studies of rotating blade noise, with the volume displacement of 
the fluid by the finite thickness of the blades.   However, as there is no net input of air mass 
due to the thickness effect, it can be argued that the monopole strength must be zero in an 
ideal fluid.   In the present work, the monopole term will be neglected. 

As pointed out by Lighthill (Reference 11) the thickness effect does induce a net dipole strength, 
equal to  p V„ u    whce  V„   is the blade volume and  u   is the local blade acceleration. 1 0  B B 

The blade force dipole strength   F  may be written 

F  = CFpo(£R)2Rc (?) 

where  Cp   is a force coefficient based on blade speed and planform area,   and c   is the 

blade chord.   Thus, the ratio of thickness to thrust dipole components is 
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F(thickness) pctR(UVR) 

F(thrust) p cRCpU2 

where  U = flR and  t is the blade thickness. 

This indicates that thickness noise will only be significant, relative to the thrust load term, 
for very thick blades at low loading conditions. 

The Reynolds stress  T  can be expressed in a similar fashion since, as noted by Ffowes-Williams 
and Hawkings, fluid velocity perturbations in the neighborhood of the blade may be assumed 
proportional to that of the blade itself.   Thus 

T = Ccpfi2R2Rct (9) 
3   0 

Substituting equations (7) and (9) into the ratio (6), we obtain the proportionality 

PD    :  pQ    = MCpCOsS  :nM2(V/R)Cscos2e (10) 
n n 

It may be assumed that 0_ and C.  are of order unity, and for a propeller with B blades 

r\ = mB , where m  is the harmonic number based on blade passage frequency.   Thus i!te 
above ratio becomes,   for  t/R = 0.01 r 

Mcos9     ;   0.01 mB(Mcose)* (11) 

This relationship is illustrated in Figure 2, where the relative sound pressure levels of the 
two source types are plotted as functions of harmonic number mB and the Mach number compo- 
nent  M cos 6 .   This figure clearly illustrates the equal importance of both parameters showing 
that although at low Mach numbers, dipole (force) noise dominates the low frequency noise 
radiation, at high frequencies ( mB > 100) and high Mach numbers the quadrupole (shear) 
component can exceed the dipole noise.   In assessing these results it is of course important to 
remember that:   (a) these results apply only to the specific case examined and that there is 
uncertainty regarding appropriate values for C_  and C^ ;   (b)  only one component each of 

force and shear have been considered, and other components modify the ratios;   (c)  the 
expressions used apply for steady flow conditions and both the quadrupole and dipole noise 
will be increased by unsteady flow effects.   Despite these limitations, it may be concluded 
that tor quiet propellers operating at tip speeds of less than about  M = 0.5, quadrupole noise 
should not be expected to make significant contributions to the harmonic noise from  mB < 200 
even on the propeller axis.   Furthermore, the relative contribution rapidly decreases with tip 
speed and as the observer moves away from the propeller axis  (M cos 6  decreasing). 



Although some of the previous discuss ons are appropriate for nc:se which is not harmoni- 
cally related to di>c frequency, it is most important to recognize that they have been based 
upon potential flow considerations.   Random noise results mainly from viscous flow effect 
and it is particularly relevant that, as pointed out by Ffowcs-Williams and Hawkings, 
the Reynolds stresses near the blade ore dominated by laminar flow perturbations.   Tur- 
bulent flow is constrained to small regions, mainly in the blade wakes, and the strength 
of random quadrupoles may be significantly lower.   It is thus necessary to examine the 
dipole-quadrupole relationships for turbulent flow as a separate matter. 

2.        SC'IND GENERATION BY TURBULENT FLOW 

There are two basic turbulence sources, external turbulence interacting with the blade 
and seif-generatinq turbulence.  Although in practice these are highly related, they 
are best treated by different theoretical methods.   External turbulence includes that 
existing in the atmosphere or that shed from other aircraft components and, more 
importantly, turbulence shed by other blades.   Se!f-generated turbulence is that in the 
blade boundary layer but this should be further subdivided into the well behaved attached 
bounJary layer and the separated flows near the blade tips and trailing edges.   The 
latter areas are normally associated with increased levels of turbulence. 

The generation of sound from a surface in the presence of turbulence was studied by Curie 
(Reference 18), who developed the following exact equation for the density perturbation 
at position x: 

4*ra/ p  = 

A 
*/l^]*-*/M«-^/[*l"« 

where V and A denote volume and surface integrations, p.. is the nine component stress 

tensor which includes the viscous and internal pressure forces in the fluid, n. is the 

component of the outward normal to the surface, v   is the normal velocity of the 
n 

2 surface and T.. =  pv. v. + p.. - a    p 6..        , an acoustic stress tensor incorporating 
•J i  J      'J      0        ij 

several effects, the most important of which is generally the turbulent stress. 

In fact, this equation is a solution to equation (2 ) and the three terms on the right 
hand side are monopole (mass), dipole (force) and quadrupole (stress) components. 

Although the appropriate form of the equations for the sound radiated by a surface is 
known, the exact physical mechanisms which generate the sound in the various cases 
are not clear.   For instance, the fluctuating forces on a stationary surface are supposed to 
radiate sound, but if the surface is indeed stationary then these forces can do no work.   In 
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the case of a stationary surface it appears that the observed force can be regarded 
as the consequence of some real source of sound.   They do not in themselves produce 
the sound but are convenient for its calculation. 

For an infinite plane surface this property of the surface can be shown explicitly 
using the reflection principle.   The rigorous derivation of equation (12) above applies 
when the observation point x is inside the volume of integration V.   If the observation 
point is outside the volume V then we derive 

0 = dV- 
3 

9x 
;/ 

t..n. 
dA ■if P. v 

0   n dA (13) 

These two relations (12) and (13),   may be used together for the case of turbulence 
above an infinite plane surface.   First note that the sound at the observation point 
is truly given by equation (12) so that if we know the strength of the acoustic stress 
and the pressure and mass sources on the boundary the sound can be calculated. 
Furthermore, by letting the volume V extend to infinity the source terms at infinity 
will become zero and all that is necessary is to integrate the surface terms over the 
plane boundary alone.    But the plane boundary can be simulated by a supposed image 
turbulence, which reflects the real turbulence in the plane.   Furthermore, the image 
turbulence together with the image fluctuating pressure makes precisely no contribution 
to the sound at the observation point by virtue of equation (13).   Thus equations (12) 
for V and (13) for an image volume V can be added together. 

Now the normal pressure terms for the real and image cases are equal and opposite. 
The tangential terms are due only to viscous forces and are negligible and    v    is 

zero for the rigid boundary.   Thus, adding (12) and (13) gives rise to a cancellation 
of the direct, static, pressure terms so that the sound field at x can be written as: 

Anaop (x) = scar / 
v+v - 

dV (14) 

providing the viscous terms can be ignored which is shown to be the case experimentally 
(see for example, Lighthill, Reference 11). 

Equation (14) shows that the total sound field is just the sum of the real and image turbulent 
radiation.   Thus the infinite plane can be tegarded simply as a passive reflector of the 
turbulent sound emission.   The fluctuating pressures on the plane are merely a result of 
the reflection process. 

In the case of the finite plane the required image turbulence will not be a simple 
reflection of the source turbulence.   Here it is possible to regard the turbulent field 
either as reflected and diffracted by the finite plane as the source, or to regard the 
actual pressure field on ihe plate as a source.   From the physical point of view probably 
the first explanation is more correct, but from the calculation point of view the second 
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way of looking at the process is more helpful.   The scattering process for a finite 
plate can result in magnification of the quadrupole field.   It is therefore often more 
convenient to study the sound field du« to the pressures, which are basically dipole, 
and hence of a higher efficiency.   This approach retains the largest terms in !<e acoustic 
field. 

It should be mentioned that a basic theorem of potential theory shows that any field can 
be constructed from an appropriate assemblage of any order multipoles.  Thus the quadrupole 
field of turbulence can be constructed from the dipole field of the plate.   Only for the 
infinite plate case the integrated dipole strength would be just zero; finite dipole radiation 
must be expected from a finite plate. 

These remarks do have practical significance in noise control, for they suggest that 
8 

turbulence over extended surfaces will radiate as U   (quadrupole), while the same 

turbulence passing over a small surface will radiate as U   (dipole).  A reasonable estimate 
seems to be that sounci from turbulence within about a wavelength of the p'ate edge will 
be magnified while turbulence over the plate outside this region will simply be reflected. 

This has important consequences for the velocity dependence of the radiated sound. 
For a given frequency, the ratio between the wavelength of the source to that of the 
radiated sound is simply the ratio of the flow velocity to the speed of sound, i.e., the 
Mach number.   Thus at low speeds the sound wavelength is long, and the whole plate 
can be radiating as a dipole, while for high speeds the sound wavelength is small and 
the reflection principle comes into its own.  Thus it may be expected   that the high speed 

8 
radiation from a boundary layer on a plate will obey the U   law, but the radiation will 
diverge from this law at low speeds.   Similarly it is to be expected that the high frequencies 

8 
will obey a U   law while the low frequencies will correspond more closely to a dipole 
resu It. 

This also explains why the noise radiation of external turbulence, which has a scale of 
the order of the chord can be calculated in a dipole model.   It is to be expected that 
the true boundary layer noise, where scale is of the order of the boundary layer thickness, 
would radiate as a quadrupole down to quite low velocities. 

a. Radiation Due to External Turbulence 

The first example taken will be radiation from a plate in a turbulent airflow.   If the speed 
is subsonic the acoustic wavelength will be larger than the turbulence scale so that sound 
from plates of dimensions perhaps up to several times the turbulent scale should be calcu- 
lable simply from the fluctuating pressures. 
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The expression for the fluctuating density from a distribution of fluctuating sources 
can be written as: 

x.-y.      r r 9p. 1 
dA (15) 

The rota' acoustic power is the integral of a    pVp   over the field which is 
0 o 

-«fr//[*«][*«] dA dA1 (16) 

A   A' 
Thus we should evaluate the retarded (source) time correlation of the rate of change of 
pressure on the plate.   Now to use this expression we have already had to assume the 
plate dimension was of the order of the acoustic wavelength.   If we now assume it is 
small compared to the wavelength then the "compact" source assumption can be utilized 
and the retarded time assumption dropped.   Next, one of the integrations over the surface 
is simply a correlation integral and we can write 

/ $ H -£ «•) «■ ■ -fc   «, 1») 
A' 

where A   is the correlation area of the pressures.   This gives 

0   •    A 

If the blade is in a homogeneous patch of turbulence then the integral simply becomes a 
multiple by the blade area, A, .   The effects of variation of conditions over the blade span 
will be studied in Section II.4. 

To evaluate equation ( 18) for the case of impinging turbulence we may take advantage of 
the results of Kemp and Sears (Reference 14) as simplified by Lowson (Reference 15).   This 
shows that the mean lift per unit span on an airfoil in a sinusoidal gust of frequency u  and 
magnitude u is 

xrP   cUu 
L =  /  ° M/; (19) 

7TU( rue Y* 

U   / 
where c is the airfoil chord. 

To extend this to three dimensional conditions we note that the mean lift in terms of 
pressure fluctuations is: 

L =   p        Jl   c per unit span (20) 

where I   is the correlation length in the c direction. 
c 
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If we also put    (-?- 1    ■ u7 p2   where u is a typical frequency, then equation (18) 

becomes, using the results above 
2       jrp cU'u2 

W =   7^--r   A_ (2A)  A *-  (21) 
1 

127rpa3        c  v^'   cT 
ö o c 

The 2A arises- because both sides of tho plate radiate.   If we finally put u = Li/1,   where 
I   is a typical length and let A   = Ia,   I     =  I ,   the final result for the sound power 
radiated is §i  , 

.    p U u   A 
W = I J-_T_ (22) 

G 

This result is almost identical with that of Sharland (Reference 16) for the same case, except 
he has a factor  TT/20 instead of 1/6.  Somewhat less restrictive assumptions have been made 
in the present investigation. 

b. Boundary Layer Radiation 

The same formula can be applied to radiation from the boundary layer pressure fluctuations 
acting on the plate.   It will be recalled that theory indicates the direct quadrupole radiation 
from the turbulence to be stronger for this case, nevertheless it is of interest to attempt a 
boundary layer pressure fluctuation calculation. 

Equation (18) gives 

w= m^rf****** (23) 
0 

Experiments indicate that p2 is of the order that p2 = 36 y \Q~6 q2, where  q  is the dynamic 

head   (p  U2/2 \.   However, there is a rather less agreement over the correlation data 

magnitude. 

Values of correlation areas assumed by various authors or a given in Table I.   There now seems 
little ou.'bt that the correlation area assumed by Doak was far too large, while that of 
Lighthill is somewhat too small.   These assumptions were based on limited available data 
sources.   Most recent studies of boundary layer pressure fluctuations have broadly agreed 
with Bull's data (Reference 20).   Thus the correlation area can be expressed as  u2 S   = KU2 

where the constant   K  is the range 0.1 < K < 1.0 .   Substituting into equation (23) gives the 
approximate result 

10"7 p    U6 A 
W  » S  

a3 (24) 
o 

in agreement with Sharland (Reference 16). 
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Comparing equation ( 22) with equation (24) shows that an input turbulence level of 
as little as 0.001 is sufficient to outweigh the direct radiation of tha boundary layer 
pressure fluctuations.   Two assumptions were made in the derivation of equation (16), 
that the blade was small and the sources compact.   The compact source assumption is 
probably reasonable because the eddy scale is small, but the small blade assumption is 
not necessarily correct, and it could be more appropriate in this case to calculate the 
sound as a turbulence reflection.   If we crudely assume that the turbulence is similar to 
that in a jet we can use an empirical model for the radiated jet noise (Reference 11): 

W. 
J 

= 3xl0"5 M (25) 

relating the mechanical and ccoustic powers of the jet.   The mechanical power of the plate 
isrojghly  0.05 PQ 

Thus it appears that 

is rojghly  0.05 p    U3 A   and the acoustic output must be quadrupled to allow for reflection. 

6x10~<p   U8A 
W = (26) 

could be an order of magnitude estimate for the turbulence noise output.   Equation (26) shows 
that the sound due to turbulent radiation wil! be higher than that due to pressure fluctuations 
for speeds greater than  M = 0.1 .   This offers some confirmation of the small power output of 
the pressure terms on a large plate.   The estimate (26) does not include the effect of plate 
edges on the sound.   The trailing edge turbulence radiation should be enhanced by this effect. 
On the other hand, the turbulence in the boundary layer has an increased decay time scale 
compared with a jet, arid this would result in a noise radiation somewhat less than the above 
estimate. 

c Vertex Shedding Noise 

Little data are available on the magnitude of lift fluctuations induced by the bound 
circulation changes which accompany trailing edge vortex shedding.   Shariand quotes 
from unpublished data that fluctuating lift coefficients should be of the numerical order 
of the -1/5 power of the Reynolds number and gives the result for the tota  radiated 

p    U«(Rer°-4A 
W -   -2  (27) 

120 7Ta3 

3. COMPARISON WITH PREVIOUS EXPERIMENTAL DATA 

The classic theories advanced above suggest that broadband noise radiation from propellers 
will obey a U    law when under the action of external turbulence of scale comparable with 
blade chord, but may show a U dependence (as for jet noise) when under the action of 
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boundary layer turbulence — at least at moderate and high speeds.   Self interaction with 
separated flows probably comes into an intermediate category. 

Sharlond performed a key experiment which demonstrated the relative importance of 
self excited and external turbulence to the radiated noise.   He measured the broadband 
noise radiated by a sma!! plate inserted into the flow of an air jet at positions located in 
both the laminar flow region close to the nozzle and the fully developed turbulent flow 
eight diameters downstream.   His results, which compare the experimental data with 
estimates based on equations (22), (24), and (27) (or very similar ones) are presented in 
Figure 4.   The highest levels were obtained in the turbulent flow region and the external 
turbulence equation (22) is seen to predict the observed levels very accurately. 

The laminar flow levels were around 15 dB less and the vortex shedding equation (27) gives 
a better estimate of the level than does the external turbulence equation (based on the 
turbulent shear levels surrounding the laminar core), apparently confirming the predomin- 
ance of vortex shedding in this case.   However, the validity of the assumptions used in 
equation (27) is unclear and it is also important to note that, as shown by Tu (Reference 
38) even for a carefully designed nozzle, turbulence levels can reach 1 -2% in the 
"laminar cores" of jets.   These would be quite sufficient to explain Sharland's laminar 
flow data and the vortex shedding effect remains open to question.   The boundary layer 
level predicted by equation (24) is practically 20 dB too low but again an appropriate 
magnitude for  (p/q)  is not clear. 

A further source of data is that of Yudin (Reference 3) who performed experiments with 
rotating cylindrical loads.   This experiment necessarily involves passing each rod through 
the wake of its predecessor und Yudin's U*  results therefore verify the dipole model for 
external turbulence.   Yudin claimed that the sound radiated was due to the Karman 
Vortex Street leaving the rods and used the term "vortex noise" for the phenomenon. 
However it is impossible to ascertain whether the self excited force fluctuations or the 
turbulent inflow was in faet responsible for the noise. 

4. NOISE RADIATION BY ROTATING RANDOM FORCES 

a.   Theory 

The previous sections have described the background to the present study and in 
particular demonstrated the analytical techniques for estimating the broad features of 
noise attributable to turbulent flow processes.   It has been shown that provided the scale 
of turbulent fluctuations is not significantly smaller than the blade chord dimensions it 
is adequate to calculate the noise radiated by the surface pressures by a dipole model. 
The next step is to derive a more complete solution for the noise radiated by rotating 
sources as a basis for a detailed correlation with experimental data to be presented in 
Section III.   The theory outlined below is essentially an extension of that developed by 
Lowson and Ollerhead for harmonic rotor noise and is in fact a more rigorous development 
of the analysis performed in Appendix I! of Reference 8.     The theory has recently been 
presented in detail by Lowson (Reference 22) and an equivalent approach was also pursued 
by Ffowcs-Williams and Hawkings (Reference 13). 
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The original anal/sis (Reference  8 ) assumed that the blade airloads could be expand* J vt a 
Fourier series, which in turn limited the noise to a periodic signal containing harmonics of 
the disc rotational frequency f .   Cancellations due to symmetry of all blades in the rotor 

further eliminates ail frequencies which are not harmonics of the blade passage frequency 
Bf .   Random noise on the other hand is radiated by blade loads which can occur at any 

frequency and it is thus necessary to derive the spectrum function of the observed sound. 
That is, we have to evaluate 

oo 

P(f) 
•/ 

p(t)exp -27T?ft dt 

-09 

where  p (f) is the Generalized Spectrum Function at the observer's position.   From 
Reference ( 10 } the sound due to a fluctuating point force in arbitrary motion may be 
written 

F. 

P(0 = 

x.-y. 
i     i 

/1 - M \a  r    "ST   ) 47rr(l-M )   i 

With this substitution, equation ( 28 ) may be integrated by parts at the source time 
(ignoring the near field) to yield 

/;f x -y ) 
fc  r  "    F. exp-27rif(T + r/ao)dr 

-oo 0 

The thrust and drag force components, T and D, are used (see figure   3 ) together with 
the far field retarded time approximations of References 10, 12 and 37 which is 

(28) 

(29) 

(30) 

r =  r   - -*—   cos Q t (31) 

i'he random thrust or drag forces are in turn represented by their spectrum functions 

T(g) and D(g) where 
oo 

and 

T(g) 

T(t) 

■/ 
T (t) exp - 2?rg t d t 

-oo 
00 

=/ 
T (g)exp 27rigt dg 

-oo 

(32) 

Substitution of these relationships into equation (30) yields (putting xA  = cos 8 , y/r^ = sin 9) 

oo  oo 

p(f) = I I      ^~-   | T(g)cose + D(g)sin9sinßr| 

exp - 2n\ < (f-g)T + — sin 8 cos ßT > dg dT 

0 ' 

(33) 
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which is integrated to give a series solution summed over a summation parameter  u : 

ao 

W- ÄTZ  ?\I«-^«*-ÜZS«-^W— 
1 p=-oo I 

sin 
•) 

(34) 

where J      is a Bessel Function of the first kind and order p.     Before proceeding to 

a discussion of this equation it is of considerable interest to compare it with the equivalent 
result for harmonic forces from Reference   8 .   This can be written 

pn       Ana  r     Z~* 
0  '   .-~ u=-oo 

T      cos 8 
n-p •—2- D      ! J  /- 

nßR     n-p j    ul   o sin 8 (35) 

where p   is the pressure amplitude of the n-th harmonic, and "L , D»   are the 

(complex) amplitudes of the   X-th harmonic of thrust and drag, using the equivalences 

f =  *— and p =  n - X.   It may be seen that the equations have in fact identical 

forms, with the harmonic amplitudes and spectrum functions of the blade loads being 
interchanged.   However, a significant difference is that whereas the harmonic component 
p    has direct practical value, the spectrum function p has no direct physical meaning 

n 
and the power spectral density w (f) of the observed sound must be calculated. 

To do so it is convenient to rewrite equation (34) in the form 

co 
?(f) = ?fr E ^VV*'0 (36) 

u^-oo 

where it is assumed that the thrust and drag terms are simply components of the same normal 
force term F, where 

/s        /v 
T =  F cos a' D  =  Fsina' (37) 

a1 being a physical blade pitch angle. The normal force F is in turn defined in terms of a 
load per unit blade length L such that F - f l(r\) dn, where the limits of integration are 
for the moment omitted.   The "acoustic transfer function"   G  (R, f)  is defined as 

M 

G  (R, f) =  < cos a' cos 8 
pa   sin a 

0  

2n-f R 
27rfRsin8 

(38) 

The equation for the observed PSD is 
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w(f) =    Lim      Y   /"A   P(n'f) P*  W'*>*»*»' 
T—"CD tf  < 

(39) 

n n' 
where  rj and T]' are independent spanwise coordinates and p*   is a complex conjugate 
of p.   Upon making the appropriate substitutions and putting   q' = H + £ • equation (39) 
can be rewritten 

w(f) =     Lim     1  ff   7TT VV   L(q,f-pf  )L*(n',f-vf ) 
w       q    n' ° M    v 

G   (q,f) G   (n',f)dndn/ (40) 
L| V 

If it is now assumed that the cross terms in the summation cancel, which implies that 
frequency components separated by the increment f   are statistically independent , 

and that G   and G     vary little over a typical dimension   £ , then equation (40) 
LI v 

becomes 

2 /*   /•     OP 

^-OT//"S w' (n, U-wf) 
L 0 

■•n 'I    <f   J     ~~ 
q    f    H = -a> 

G (n,f) 2d£dn (4i) 

where w.'   is the cross power spectral density of the spanwise blade loading at positions 

q and  q + £ .   Finally, the   £ integration is performed to give 

w(f) = _JL_ /" y*  w (qff-Hf ) i   (f-pf) I GU (q, f) I 2 dq 
4a2r2 J    £-*       L °      n 0     I    M I 

(42) 

o   1 q   H = -a> 

where w, is the power spectral density of the spanwise blade loading at position q and 

frequency f-|jf and I is a spanwise correlation length in the vicinity of q within 

which the fluctuation at frequency   f-pf     may be regarded as phase coherent. 

* This is true for stationary signals. 
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The modulus squared of the "acoustic transfer function" is 

lGHM,--(~'-«-Ä*«),v(is?Ä!) 
A further step may be taken by defining the blade loading function w (f) in terms of the 
surface pressure spectrum w   (f) so that *" 

P 

w, (f) - w (f)  !    c 
L P        c 

where c is the blade chord and    I        is a chord wise correlation length.   As noted 

previously, if   I    < <   c the problem is more properly treated by a quadrupole analysis 

so that the above approximation is only true for fairly large    I     .   However, it does 
c 

allow some account to be taken of the chordwise decorrelation at moderately high fre- 
quencies by writing equation (42) as follows 

* 7TT   fY w   (n,f-uf >A  (n,f-Hf) 
4a*r.2   J   Z-r     P °      c 0 

w(f) 

(43) 

GM(n,f) 2cdn       (44) 

n M=-OO 

b. D i scuss ion of Resu I ts 

The dipole radiation by the random airloads acting on a propeller blade is completely 
defined by equation (44), and solutions may be obtained if the spanwise distributions of 
the power spectral density of the pressure fluctuations w  (q, f)    and their spatial corre- 

P 
lation   A   (l, 0       are known.   Before proceeding to a discussion of computational 

C 

problems, however, it is as well to examine the result in some detail in order to understand 
the basic features of the noise radiation. 

Ignoring for the moment the summation over the parameter  u we see that the acoustic 
transfer function    G   bears a close resemblance to an equivalent component in the 
Gutin equation for the radiation by steady thrust and drag forces which may be written 

nf F    / a  sin a \ /2nf   q sin 8  \ 

0    I      \ 0 / \ 0 / 

where    p      is the pressure amplitude of the n-rh harmonic of rotational noise.   F is again 

a "normal" force whose components F cos a      and F sin a      are total thrust and drag forces 
respectively,   in this steady load case, the basic features of the directivity pattern are 
controlled by the term 

a   sin a 
cos 8 cos a -   -X—*  27rf   n 

o 
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which exhibits two lobes with a null occurring at some angle ahead of the prrpeiler plane 
(unless the second term 's greater than cos a    ).   The Bt.sei function J   is zero for 

n 
zero argument so that theoretically no harmonic noise is radiated along the propeller axis. 

Also, in the Gutin equation for a subsonic propeller, the argument is always less than the 
order and so the function never reaches its first peak which occurs when the argument is 
slightly greater than the order 

On the other hand, in equation (43),    u   can be any positive or negative integer so that 
the argument of the Bessel function can exceed the order by any maro/n.   In this situation, 
as   6     increases from 0 to   n   , the Bessel function can follow many os -.iliations about 
zero so that the radiation pattern for any u   can exhibit many lobes.   This is shown in 
figure 5   taken from Reference 8 , for various argument to order ra:ios.   When many of 
these   p    "modes" are added together the superposi ion of the various patterns smooths 
out the directivity profile to a fairly smooth function. 

Two other important properties of the Bessel functions which allow considerable computational 
simplification are:   (i) that for any given (non-zero) order, their va'ues are insignificant at 
small arguments before a fairly sharp rise to their first peck, and (ii)  that for any argument, 
the envelope of their peak values remain relatively constant with change in order up to a 
"cut-off" order.   These features are shown in Figure 5 in which   10 log J2. (mB M sin 0 ) is 

plotted against order (mB), for various arguments.   Thus the significant range of the sum- 
mation parameter u  in equation (44) is confined to limits approximately equal to the Bessel 

t     *t ,     • ^ 27Tfrjsine function argument,   i.e.,   p = ±    . 
a 

0 

From a physical point of view, these facts indicate that the noise spectrum at frequency f 
is generated by blade pressure energy spread over a range of frequencies between 
f ± f   M sin 8    where M is the rotational Mach number of the blade coordinate q ; 

0 
i.e. M=27rq/a    .   This :s entirely due to the Doppler effect which causes a modulation 

0 
of the frequencies observed from a rotating source.   Thus, as the observer moves away from 
the propeller axis, the observed frequency spectrum is broadened due to rotation.   Conversely, 
on 'he propeller axis, there is no Doppler effect and the   p     summation disappears.   This 
fact is most important from an experimental standpoint since it shows that acoustic spectrum 
measured on the axis is generated entirely by the fluctuating loads on the blade and is 
simply related to their integrated spectrum. 

c. Computation 

At the outset of this program it was hoped to make experimental measurements of some 
of the properties of w   and A   to provide a basis for the numerical evaluation of equation (44). 

Attempts to do this will be described in Section III, but their success was somewhat limited 
and it has been necessary to further simplify the theoretical result.   To do this, the concept 
adopted by Gutin and other investigators, that acoustically effective blade loods can be 
concentrated at a single point on the blade, is used to eliminate the spanwise integration. 
It was shown in Reference 8 , that this procedure gives satisfactory results for harmonic 
blade loadings and the same arguments apply to the present case.   Also, an optimum 
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looding station appears to be at 0.8 of the radius.  After this radial integration, 
equation (44) becomes 

a> 
w(f) =   --— V  w    (R,f-uf ) AU.f-Hf) |Gu(R.0|aA. 

4a * r,     **»*     P 0      c OH b (46) 

where A,  is the blade surface area.  On the assumption that the pressure fluctuations on 

different blades are totally uncorrelated with each other, this is simply the total area of 
all blades.* Although not specifically identified as such, w  and A   are "effective values" 

p c 
appropriate to the concentrated source assumption. 

The main problem associated with the practical use of equation (46), is now that of 
calculating the Bessel Junctions, particularly those of high order and high argument.  Even 
using a high speed recursion method, machine computation is lengthy and difficult and to 
make the analysis tractable for limited computer facilities, a Bessel function approximation 
has been employed in many of the calculations performed in this stuay.   Et is found that the 

value of  J*(p) ■ 0.195U"0"6* and the assumption adopted is that 

J^z) *   J^(u) far u<z 

(47) 

-   0 otherwise 

This approximation is felt to be very useful for this particular application and should result 
in very small errors for a large saving in computer time.   For u = 0, either the exact value 

„,,2 
or the approximation  J (z) = e    • has been used for small  z. 

but see Section IV. 1. 
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SECTION III 

EXPERIMENTAL PROGRAM 

OBJECTIVES 

Previous!/ reported measurements of propeller noise (References 23 to 26, for example) 
have either been directed towards o general description of the noise field in terms 
of overall sound level or have been restiicted in analysis detail by the use of relatively 
broad filter bandwidths (compared to the harmonic separation).   This has precluded a 
separation of the harmonic and broadband noise components of propeller noise spectra 
except in the region of the first few harmonics of the blade passage frequency and has 
resulted in a general subdivision of propeller noise characteristics into "rotational" and 
"vortex" components, the latter being generally assumed to compr'se all the energy in 
the region of the Strouhcl frequency.   It is obvious that such lack of detail can lead to 
misinterpretations of the origins of sound generation, which, as previously discussed, can 
be associated with the particular nature of fluid medium disturbance.   In the case of 
propellers, these disturbances arise from the movement of the blades through the medium 
which creates direct and viscous shear force conditions in the region of each blade and 
in the wake. 

The analytical representation of these effects in propeller noise theories has been somewhat 
limited by a lack of knowledge of the unsteady aerodynamics, except in low harmonic 
cases where cyclic loads can be predicted with reasonable accuracy such as the heli- 
copter rotor cose.   In considering the basic areas of ignorance in the preceding theories, 
it is apparent for example that the effects of wake turbulence and blade impingement rely 
completely on some knowledge of the turbulence intensities and profile geometries in 
relation to blade parameters.   Further, the use of such information is based on a simplified 
Sears function which is more appropriate to sinusoidal gusts of scale length approximating 
to a blade chord.   Consequently, to justify the usage of such expressions, and indeed, to 
provide a basic input to the subsequent noise theories based on them, it is apparent that 
some preliminary experimental studies should be conducted along the lines of a verification 
analysis.  While the form of such an experimental study may take various complexities 
into consideration, the basic technique derived for the present program was based on an 
emphasis of interest in broadband noise phenomena and therefore concentrated on the 
effects of turbulence and wake geometry.   A wind tunnel test program was devised which 
would allow a detailed examination of the wake geometry and in particular, the turbulence 
intensities within the wake field of a simple airfoil section blade with different blade tip 
shapes.   Wake geometries have previously been studied in some detail, as for example by 
Silverstein et al (Reference 27;, but defined in terms of the dynamic pressure loss and 
downwash characteristics.   In the present study the objectives were to briefly check the 
Silverstein relationships and to derive a similar relationship for the turbulence magnitudes 
in terms of streamwise direction, which is of course, pertinent to the propeller blade 
separation and wake impingement problem. 
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As an obvious follow-up to this study, an additional blade was mounted in the wind tunnel, 
in a tandem arrangement with the previous blade such that it was immersed in that blade's 
wake.   The downstream blade was instrumented with four pressure transducers which were 
flush mounted on one surface, at the quarter- and mid-chord positions.   Pressure measure- 
ments were obtained under this impinging wake condition and then with the upstream blade 
removed such that the instrumented blade was influenced only by the free stream turbu- 
lence and its self-generated turbulence. 

The further requirements of the experimental program on low speed propeller noise were 
simply defined by the need for a detailed description of the actual operating blade loading 
conditions on a propeller, and for a detailed analysis of the radiated noise field.   A whirl 
test program was therefore defined by which blade pressure and noise field measurements 
would be obtained for a number of propeller configurations and (static) operating rotational 
speeds.   For the blade pressure measurements, five 1/8-inch diameter pressure transducers 
were installed near the tip of one propeller blade of a four-blade configuration.   Data 
were obtained from these transducers during a preliminary test at zero blade tip angle and at 
three rotational speeds.  These data were not recorded on magnetic tape, but analyzed in 
one-third octave bands by an on-line analyzer to determine transducer capabilities and 
extraneous noise levels.   Further tests to obtain and record the blade pressure data at higher 
blade angles were abandoned due to transducer failures.   The date acquired during the 
preliminary tests are presented in this report. 

The propeller noise tests consisted of a radiated noise measurement program on propeller 
configurations comprising 2, 3, 4, and 6 blades, at various blade angle settings and at 
three rotational speeds.   The effect of tip shape was investigated on a 2-blade and 4-blade 
propeller.   As is showt. in Figure 7, the standard tips were formed by rotating the airfoil 
section about its chord line, the swept tip consisted of a 60° sweep of the leading edge 
with thickness tapered to retain an approximate 12% t/c ratio over the section.   The 
"trapezoidal" tip was formed by a \SP taper of the leading edge and 25° taper of the 
trailing edge, with corresponding thickness change as in the case of the swept tip.   These 
profiles were chosen to allow an investigation of the influence of tip vortex geometry on 
noise generation.   Such applications of swept tip to helicopter rotors has reportedly resu Ited 
in noise reductions of the order of 5 dB on overall sound pressure and has been attributed 
to the more rapid diffusion of the tip vortices with resultant lowering of the peak velocities 
of the vortex.  Whether these effects are more significant to the self-induced blade loading 
or to vortex impingement on succeeding blades has not been clarified in previous studies 
and the present test program was directed towards such a clarification.   The following sub- 
sections describe the primary results obtained from each cf the experimental tasks and 
include typical examples of the acquired data.   A more complete compilation of the 
experimental data is presented in Appendix II.   A detailed description of the test faci- 
lities and measurement techniques is presented in Appendix I. 
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2,        TEST BLADE GEOMETRIES AND PROPELLER DESIGN 

The choice of a propeller design suitable for the present study was based on the need 
for a relatively simple blade geometry which would allow examination of particular 
design parameters in the noise analysis.   The basic configuration employed in the test 
program therefore consisted of a multi-blade hub with a set uf six blades, each blade 
having low twist and a symmetrical airfoil section with constant thickness and chord over 
its span.   A NACA 0012 section was selected for the study blades because of the con- 
siderable amount of basic aerodynamic and noise data already available on this type of 
airfoil as employed in helicopter rotors.  While not truly representative of propeller 
blades, the relative simplicity of the design was considered to be beneficial to a study 
of noise generation basics.   A diameter of 4 feet was chosen to allow tip velocities in 
the range of 0.2  < M   < 0.5 to be examined within an acceptable r.p.m. range, and 

a suitable blade twist rate was chosen which would allow a reasonable range of blade 
angles to be operated without stall or reverse flow conditions occurring over the blade 
span.   These conditions were examined by a Goldstein-Lock blade element analysis, 
using section lift and drag coefficients derived from hover performance measurements of 
a NACA 0012 blade rotor (Reference 28). 

The effect of blade tip geometry on the noise generation process was examined by the 
application of interchangeable tips to the propeller blades.   The tip geometries are 
shown in figure 7.   These blade tips were made of cast epoxy resin with an internal sheet 
metal reinforcement, and fitted to the propeller blades to form a spanwise section of one 
chord length.   A sufficient quantity of identical blade tips were made to each profile for 
use on six propeller blades and two wind tunnel blades. 

The following propeller configurations were employed in the experimental program: 

Propeller diameter 

Hub diameter 

Blade numbers 

Blade section 

Blade chord 

Blade twist (linear from 0.2R to 1 .OR) 

Blade Tips 

4 ft. 

8 ins. 

2, 3, 4 and 6 

NACA 0012 

3 ins. (ccnstant) 

7.5° 

Standard 
Swept 
Trapezoidal 

Each of these configurations is designated as     W(B) (tip shape) ( a   )      where B is the 

number of blades.   The tip shape is abbreviated to STD (standard), SW (swept), and 
TR (trapezoidal).   The blade tip angle ( a    ) is employed in the designation as it was 

considered ihat this value might be more meaningful in noise data comparisons than the 
usual performance parameter   3 ~ 7,..   In the present geometries,    ß _ 7C. is 2.67° 

greater than a     in all cases.   Thus, a W2STD8 is the 2-bladed configuration with 

standard blade tips and a tip angle setting of 8°. 
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While rhe above simple propeller geometries were designed to provide a basic model 
for the study of aerodynamic and acoustic interdependent parameters, and subsequently 
to provide an analytical foundation for noise prediction methods, the additional use of 
a more realistic propeMer in the whirl test program was considered necessary to provide 
a basic test on such derivations.   For this purpose, noise measurements were conducted 
for a 2-blade Sensenich W60LK18 propeller (telescoped to 4 ft. diameter).  The geometry 
of this propeller is illustrated in figure 8, and was designed for operation at "zero" advance 
ratio conditions at tip speed of M = 0.7. 

The thrust and power estimates for each of the propeller configurations tested are summarized 
in Table I!. Blade loading distribution curves for the model propeller are shown in figure 9. 

3.        WIND TUNNEL TESTS 

The test facilities employed in this program are described in detail in Appendix I. 
Briefly, the facility was a low-speed wind tunnel with a 10" x 30" cross section and 
48" working section length«  The inlet to the tunnel was modified by a honeycomb section 
to reduce the free stream turbulence level to an order of less than 1%.   The test program 
indicated a level of 0.4% at a stream velocity of 150 fps. 

The wake turbulence studies were conducted by installing a 6-inch span, non-twisted 
blade on a cantilever mount at the tunnel wall.  The turbulence and mean flow measure- 
ments were obtained by traversing a hot wire anemometer probe across the blade wake at 
various streamwise distances behind the blade.  These traverses provided on-line plots 
of the distribution of overall turbulence intensify and mean flow velocity along specified 
coordinates in the runnel arrangement.   The test arrangement and coordinate convention 
used in these studies are described by figure 10.  Typical data obtained are shown in 
figure 11, and a complete summary of all significant data levels is compiled in Appendix II. 
A one-third octave band spectrum of the wake turbulence is shown in figure  12.   This 
procedure was repeated for each of the blade tip shapes. 

a. Wake Turbulence Definitions 

An overall description of the turbulence field over various cross sections of the blade wake 
was derived from the basic data by the formation of contour plots, as shown in figure 13. 
Of immediate note is the significant difference between the three tip shape results.   It 
is apparent that the trapezoidal tip vortex diffuses more rapidly than that of the other 
blades, which has been suggssted in studies of helicopter rotor noise reduction (for 
example Reference 29) as an explanation of reduced noise of blades with modified tips. 
If tip vortex impingement occurs in the propeller case, then a noise reduction effect would 
also be expected by the use of tapered tips.   This is further investigated in the whirl test 
program. 

An extensive analysis of the turbulence intensity measurements was carried out to determine 
whether an analytical description of the turbulence field could be established in terms of 
the blade geometry and wake coordinates.   While it would be expected that such a de- 
scription would depend on the mean flow velocity gradients through the shed wake and tip 
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vortex regions, an adequate description of this could not be obtained from the cvailable 
data.   It was in fact found that the maximum streamwise component of turbulence intensity 
can be simply related to the maximum mean flow defect, as demonstrated by the collcpsf 
of data shown in figure 14.   An adequate definition of this relationship has been found 
to be given by 

*) ■"("*)' V "co / 
max 

Reference to the tabulated data in Appendix II shows that the maxima of the v component 
of turbulence, that is, in the direction normal to the free stream and blade i-chord line, 
are of equal intensity to the streamwise component u  .   Further comparison of the data 
obtained in the tip vortex region with that of the shed wake field indicates that the 
maximum turbulence intensities are of the same order of magnitude at streamwise distances 
greater than one chord from the blade \-chord line. 

The above findings therefore allow an estimate to be made of the maximum turbulence inten- 
sity at any streamwise section of the blade wake, provided the local maximum mean flow 
defect is known.   For this, the work of Silverstein et a I (Reference 27) is invaluable and is 
compared with the present experimental data.   In the Silverstein studies the dynamic pressure 
loss and downwash angles were examined for a number of airfoils, including a NACA 0012, 
and the derived definition of the dynamic pressure loss was gi -en as 

2.42Cd * 

xo        s 

where q is the local maximum dynamic pressure and q     is the free stream value.   C     is 
co d 

o 
the profile drag coefficient at each blade section and   £ is the distance behind the trailing 
edge, in chord lengths.   In terms of the mean flow velocity, the dynamic pressure loss is 
obviously 

-■-it)' 
A comparison of this Silverstein expression with the present data is shown in figuie 15 and 
a close agreement is apparent for a profile drag coefficient o* C,   = .013 which corresponds 

o 
to the two dimensional coefficient of a NACA 0012 section at a blade ang'e of 8 
(C ,   = .014, Reference 28'»   It can therefore be assumed thnt the wake defect of the 

o 
test blades is accurately represented by the Silverstein relationship, and consequent!)' 
the maximum turbulence level in the wake can be defined by combination of this expression 
and the turbulence intensity relationship of equation (48). 
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The definition of wake and t"o vortex dimensions,, and the distribution of turbulence 
over these dimensions, is of course important, and again recorse is made to Silverstein's 
results.   First, the thickness of the shed wake has been defined as 

7=   ^Sewidth   m 0>68       i    T+ * 
s 2 x chord d 

o 

which is shown in figure 16 to give close agreement to the present experimental data 
where the shed wake thickness has been taken as ths dimension between the points of 
deviation of the turbulence intensity from the free «tream level.   The distribution of 
turbulence intensity across this dimension has been found to differ from that obtained by 
use of Silverstein's dynamic pressure profile.   As the experimental profiles are of greater 
level than the estimated profiles, the difference can be attributed to the additional 
effect-; of mean flow velocity gradient. A separation of effects has not been achieved in 
the present analysis, and the following description of the wake turbulence distribution 
has been found to provide a reasonably good agreement over the data range: 

£vY (5„ 
'£' *   ~ 'max       v        v      '    / 

where £' is the non-dimensional thickness at the wake coordinate considered. 

Thus, for the shed wake, a detailed description of the turbulence intensity can be 
derived from the above expressions. 

Attempts to derive a similar description of the tip vortex turbulence scales in terms of the 
mean How defect and srreamwise position have not been successful.   Here, the approach 
taken was to assume that the mean flow can be described in terms of the bound circulation 
and hence the blade lift coefficient,, by 

C.   c 
v     _       L  

U "5*.- 
co 

By then relating   v to the mean flow defect, and describing  r   ,   the vortex core radius 

at which maximi'.n defect tccurs, in terms of C.   and a streamwise coordinate, the 

essence! '.-.formation for order of .Tiagnitode estimates of turbulence intensity could be 
derived from equation (48), which is shown in figure 14 to be valid for the Kp vortex data. 
This problem obviously requires a more detailed investigation than that afforded by the 
present program.   A general review of the tip vortex experimental data/ as tabulated in 
Appendix II, indicates that for the standard-tip blade the maximum turbulence intensity 
is of the same order as that in the shed wake.   The maximum measured width of this turbu- 
lence region is about twice the shed wake thickness, and the maximum intensity occurs 
on a radius of about 0.3 times the shed wake thickness. 
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b. Blade Surface Pressure Measurements 

The test arrangement for the blade pressure measurements is illustrated in figure 17. 
As shown, three pressure transducers were installed in the blade surface, along the quarter 
chord line, and one mounted at the half chord point.   The upstream blade was mounted 
to a tunnel wall fixture which allowed its vertical position, in a plane two chords distant 
from the instrumented blade, to be adjusted such that it would present an impinging wake 
to the instrumented blade or be removed to the tunnel ceiling and present negligible 
influence on the tunnel free stream turbulence.   These settings are referred to as "tandem" 
and "single" blades, respectively.   In each of the fandem blade tests, the upstream 
blade position »«as adjusted until maximum pressure response was obtained at the instru- 
mented blade transducers.   Due to excessive instrumentation noise at frequencies below 
400 Hz, the pressure transducer signals were 1/3 octave band analyzed in the range 
400-20,000 Hz, and the overall level calculated from these band levels.   Figure 18 
presents these overall levels (referred to .0002 microbars) for each of the transducers 
at each blade angle setting.   The measurements shown for negative blade argles represent 
the fluctuating pressures on the "suction" side of the blade, while those shown for positive 
angles represent the fluctuating pressures on the "pressure" side.   The one-third octave 
spectra of the signals «t zero and negative blade angles are presented in figure 19. 

Prior to employing these data in an analysis of the originating fields, it is extremely 
important to consider the effect of transducer size (diameter) on the measured spectra. 
While the microphone pressure response may be regarded as linear up to frequencies of 
the order of 40 kHz, its response to a boundary layer field for example, is restricted to 
a much lower frequency due to phase cancellation for small eddy dimensions.   Many 
studies of this effect have been reported, and from these the response shown in figure 20 
is considered appropriate for the 1/8 inch diameter units employed in the present program. 
The spectra shown in figure 19 will be in error by such an amount, which indicates that 
the measured band levels above 4000 Hz are much lower than the actual levels. 

The influence of a turbulent boundary layer and impinging turbulence on the surface 
pressures of an airfoil have been expressed in an analytical form in the preceding discussion 
of noise generation theory.   For the boundary layer case, the commonly employed empiricism 

p        st    .006 q 
rms ^co 

has been used to provide an order of magnitude estimate of the blade pressures.   For the 
case of impinging turbulence, a simplified form of the Sears solution to harmonic gust 
loading has been adopted for the root mean square oscillatory lift per unit span.   As 
presented, this is a function of the steady lift and a reduced frequency parameter.   If 
pressures are considered, and the turbulence scale is approximated by lx  = l/f    , 
where f is the characteristic frequency, the Sears expression reduces to the simple form, 

p =    _L_    q -J-) (52) 
rms ' '-~  "   ''      ' 

for each side of the blade. 
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First, considering the single blade data in terms of expected boundary layer and free 
stream turbulence effects, an order of the frequency ranc-» at which boundary layer 
pressures would be expected to be maximum is given by 

0.3U 

where the displacement thickness    6* can be taken approximately as 1/8 of the boundary 
layer thickness     6,   .   Substitution of the appropriate tunnel flow velocity (U = 150 fps), 
and taking the 1/2-chord point on the blade, Bies' expression (Reference 21) of the boundary 
layer thickness 

=   0.37 Re ~°'a 

x 
1 + I Re* V 

\6.9x107/ 

o.i 

gives a frequency of 20 kHz for c turbulent boundary layer on an infinite length flat plate. 
Comparing this with the measured blade pressure spectra would suggest that the high 
frequency content (at f    4000 Hz) might be, in fact, due to the blade boundary layer. 
The question as to whether transition to turbulent conditions has occurred on the blade 
at such low Reynolds Numbers (Pex * 10   )  is not easily answered due to the effects 
of incident stream turbulence on the transition mechanism.   Schlichting (Reference 30) 
gives a critical Reynolds number of 3.5 x 10^ as being a lower bound limit for a stream 
turbulence level of 0.5% incident on a flat plate edge, but on airfoils at Reynolds 
numbers c; 10   to 10 , the laminar boundary layer has been known to separate and 
reattach as a turbulent boundary layer. 

Now, examining ihe pressure levels obtained by measurement with those expected from 
the simplified equations, the predicted ordas are 112 dB for boundary layer and 105 dB for 
a 0.4% turbulence (reference pressure is .0002 microbar) which are certainly in the 
range of the measured overall levels on the blades.   However, due to the emphasis of 
the spectra at the higher frequencies and the inherent microphone response errors, it is 
more instructive to study band levels in the lower frequency regime.   Taking the 630 Hz 
one-third octave band because of i*s distinct differences in level for the single and 
tandem blade cases, a comparison can be made of the possible causes of these differ- 
ences.   In this band, the tunnel free stream turbulence was measured to be 24 dB less 
than the overall level of .004.   This would give an estimated blade pressure band level 
of 81 dB SPL, which is lower than any of the measurements in that band.   For the im- 
pinging wake case, the overall le\ ~l o? impinging turbulence is given as .030 by the 
earlier measurements and reference vo the spectra measured in the shed wake gives the 
630 Hz band level as 19 dB down from the overall.   Thus the expected pressure band 
level for the tandem blade case would be about 102 dB, which agrees closely with the 
measured data obtained under impinging wake conditions.   Examination of the turbu- 
lence scale at which this agreement is given shows a typical length of Ij/f    equal to a 
chord length.   It may therefore be postulated that the applicability of the simplified 
Sears function to the impinging turbulence case is verified for scales of this order.   It 
is interesting to note that if the Strouhal number of 0.1 is used, the typical dimension 
would become 0.1 chord, which for the present blades is also close to the blade thick- 
ness.   Further discussion of this is contained in Section IV of the report, where the 
measured propeller noise spectra are reviewed for analytical representation. 
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In summary, the simplified Sears function has been applied to the impinging wake 
experimental data and found to provide a close estimate of the blade surface pressures 
in the frequency region 

f a U   /c 
oo 

where c is the blade chord.   The boundary layer expression cannot be verified from 
the available data due to adverse microphone response characteristics at high frequencies. 

4. PROPELLER NOISE MEASUREMENT PROGRAM 

a. Procedures 

The whirl test facility used in this program was designed specifically for the purpose of 
testing low speed propellers with minimum extraneous aerodynamic and noise effects. 
The test stand design is illustrated in figure 21 and comprised a 12-foot high cylinder 
and strut arrangement which supported a 60 hp hydraulic motor and a horizontal canti- 
levered drive shaft to the propel er hub.   A detailed description of this facility is pre- 
sented in Appendix I.   The design speed range of the system was 1000 to 3150 rpm, 
which would allow tip speeds of a 4 ft. diameter propeller in the range 0.2  < M   < 0.6. 

Unfortunately, severe vibration problems imposed an upper limit of M = 0.4. 

As shown in Table III, noise measurements were obtained for model propeller configurations 
with 2, 3, 4 and 6 blades at a blade tip angle setting of 8°, and for the two-blade set 
with tip angle variations from -2° to 16°.   In addition, the two- and four-blade config- 
urations were tested with modified tip shapes.   A further set of noise data was obtained 
for a 2-blade, 4 ft. diameter Sensenich W60LK18 propeller.   Typical hub-blade assem- 
blies ate shown in figure 22. 

The main objective of this measurement program was to obtain a detailed definition of 
the "vortex" noise generated by propellers at low tip speeds and various blade loading 
conditions.   The noise measurements were therefore obtained on a radius of 12 ft, 
(r/D = 3) from the propeller center, and in the forward quadrant only, on a horizontal 
plane through the propeller axis.   For each of the configurations, noise measurements 
were recorded on magnetic tape for microphone azimuth locations of 0°, 30°, 60° and 
90° relative to the forward axis.   Additional measurements were made at 10° increments 
for two of the propeller geometries.   Each propeller was tested at rotational speeds of 1070, 
1605 and 2140 rpm.   During each noise data recording test, an on-line 1/3 octave band 
analysis was conducted on each microphone signal to provide immediate information on 
the general characteristics of the noise field.   Examples of these spectra, as obtained on 
the propeller axis for 2-, 4- and 6-blade cases at M = 0.4, are shown in figure 23. 

The spectrum obtained at the same conditions for the Sensenich propeller is shown in 
figure 24. 
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An atteir.pt was made to obtain detailed spectral and cross-spectral blade pressure 
data by installing five 1/8-inch diameter pressure transducers on the surface of one 
blade of a four-blade test propeller.   Details of the transducer signal transmission 
arrangements are described in Appendix I,   The arrangement of the transducers on the 
blade surface is shown in figure 25.   As a preliminary test of the acquisition system, 
the propeller blades were set at 0° tip angle and operated at each of the three rotational 
speeds.   The transducer signals were not recorded, but on-line analyzed by a 1/3 octave 
band spectrometer.   The acquired spectra are presented in figure 25 for each of the 
transducer signals at each test rotational speed.   Attempts to obtain further recorded 
data at different blade loading conditions were unsuccessful due to the failure of the 
transducer units.   The remainder of the test program was concentrated in obtaining radiated 
noise data for the various propeller cases. 

An immediately apparent anomaly in the 1/3 octave spectra, as illustrated in figure 23, 
is the existence of predominantly high levels at frequencies in the rar.ge of 10 kHz and 
25 kHz.   In some cases this high frequency content dictated the overall measured level 
and an extensive effort was devoted to detecting the source of these components.   At 
first these high frequencies were suspected to be due to extraneous effects such as an 
overemphasis in tht microphone response characteristics or an excessive noise component 
of the hydraulic drive system at loaded conditions.   A microphone response problem was 
in fact discovered, and accounted for the 25 kHz component and an overemphasis of the 
10 kHz component.   However it did not explain the predominantly high amplitude of 
the 10 kHz component at 2140 rpm.   Tests at the lower rotational speed showed that 
the frequency varied directly with speed, giving a predominant spectral component at 
5 kHz in the low speed case.   A narrow band analysis of this component (for the high 
speed case) is shown in figure 27 and indicates discrete frequency characteristics which 
do not follow a consistent harmonic relationship over the data range and could not be 
associated with any test rig mechanisms.   Hydraulic feed lines were insulated to prevent 
noise radiation and the motor assembly was checked for improper alignments.   These had 
no influence on the high frequency components.   Attention was then focussed on the blade 
assemblies to determine whether the source was due to a blade defect.   Various changes 
were made with no resultant effect.   At this stage in the program it was decided to proceed 
wiih the propeller noise measurements and defer a further analysis of the high frequency 
components to a later phase when additional reduced data would be available. 

b. Noise Data Analysis 

A typical set of the acquired noise recordings was selected for preliminary detailed 
spectrum analysis.   These data were reduced by narrow (constant) bandwidth analysis and 
are shown in figure 28 for the 2-blade propeller cases, at M = 0.4, with six different 

blade angle settings.   The bandwidth used in these cases was 25 Hz, which is approximately 
one-third of the blade passage frequency.   A corresponding spectrum obtained for the 
Sensenich propeller at the M = 0.4 condition is shown in figure 29. 
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It is obvious from these spectra that the characteristic spectral distribution? given 
by the broader 1/3 octave band analysis may be entirely due to harmonic content, rather 
than the usually assumed random "vortex" noise.   To separate the harmonic and broadband 
components in each test record, a narrow band analysis is obviously necessary.   However, 
the magnitude of such a task in terms of analysis time precluded the further use of 
constant bandwidth method for the entire data quantity.   Recourse was therefore made to 
a 1% bandwidth analysis for the remainder of the data records.   The capability of 1% 
bandwidth reduction to resolve up to fifty harmonics of a periodic signal was considered 
adequate for present purposes.   However, the capability of resolving the random noise 
content of rite data is restricted and an examination of the inherent limitations was 
conducted.   First, the theoretical limitation was determined by deriving the ratio of 
peak (rms) level to filter crossover level   (+3 dB) using the known filter shape character- 
istics.   Second, a record with known harmonic and signal-to-noise content was analyzed 
by the 1% bandwidth method.   (The signal was first formed digitally, digital-to-analog 
converted, and evaluated by a very narrow bandwidth analysis).   It was found that these 
methods provided essentially the same results, and a criterion for broadband noise evaluation 
in a harmonic record was developed and applied to each of the 1% analyzed data obtained 
from the propeller noise records.   Briefly, this criterion consists of a definition of the min- 
imum signal-to-base level ratio of the analyzer, as a function of harmonic number.   Only 
data levels which were within this ratio (relative to the measured harmonic level) were 
considered to be valid measurements of the random noise content of theoropeller noise 
record.   This procedure was applied to every 1% bandwidth spectrum ootained in the 
present program. 

Typical examples of 1% bandwidth spectra are shown in figure 30 for the on-axis noise 
of the   3-, 4- and 6™bladed test propellers at M = 0.4.   To aid in the task of interpretive 
study of the data, the noise spectral characteristics were categorized as harmonic and 
broadband noise content, and tabulations of the data levels of each component were 
compiled, as presented in Appendix II.   The harmonic content was obtained directly from 
the 1% bandwidth spectra.   The broadband content was also obtained from the 1% analysis, 
within the limitations described above, and converted to 1/3 octave band levels by a band- 
width correction factor of 

/ Af    \ 
A (dB) =  10 log  ( -jJ-   )=  12.5 dB 

\ 2    ' 

where    A f   is the bandwidth of a 1/3 octave (23.1% f)  and   A f     is the effective 
1 2 

bandwidth of the analyzer (1.3% f). 

c. Discussion of Test Results 

This discussion covers the main features of the data acquired during the propeller noise 
measurement program and of the characteristics apparent in the narrow band analyzed 
data.   A brief discussion is given of some characteristics of the spectra which are, at 
the present time, essentially unexplained.   In these, the significance was considered 
to be outside the scope of the present study and are included here as points of interest 
to further investigations of propeller noise generation. 

33 



I 

(1) High Frequency Ncise Content (5 kHz to 20 kHz) 

i 
The following characteristics of the high frequency noise have been determined by 
examination of all test data: 

(a) The effect is apparent in most records obtained for 
the test propeller, but is not apparent in the Sensenich 
propeller data. 

(b) The center frequency varies linearly with rotational speed, 
from 5 kHz at M = 0.2 to 10 kHz at M = 0.4. 

(c) The effect consists of a number of discrete frequency components, 
as shown by the 1% bandwidth spectrum in figure 27, which 
do not appear to follow a consistent harmonic relationship over 
the entire data range.   These frequencies could not be associated 
with any test rig mechanisms. 

(d) The amplitude of these noise components varies with blade 
number, blade tip angle, rotational speed and blade tip 
shape, as shown in figures 31, (a) to (c).   In particular, 
the variance with blade tip angle is of significance and suggests 
the origin might be related to a localized blade tip effect 
which is strongest at low blade tip angles and diminishes 
with increased angle.   At zero tip angle the noise component 
is not distinguishable in the 1% bandwidth spectra.   The 16 
tip angle case can be regarded as a tip stall condition. 

(e) The directivity of the noise is of the form shown in figure 31 (a), 
with a maximum on the propeller axis and minimum in the plane 
of the propeller. 

While the above observations suggest that the high frequency noise components were 
generated by the test propeller rather than by extraneous sources, the fact that the 
effect was not observed in the Sensenich propeller cases, and cannot be found in any 
other reported propeller or helicopter noise data, leads to the conclusion that the mechanism 
's related only to the particular test propeller design used in the present program.   A more 
detailed examination of the possible origins of the effect has therefore been omitted from the 
scope of the current studies. 

(2) Wind Gust Effects: 

Another problem encountered in the data analyses and interpretive studies was due to a 
variance of the noise level over the period of the noise record.   In some cases this variance 
could be attributed to wine1 gust effects al'hough precaution had been taken to avoid such 
conditions«   A measure of this gust effect on the 2-blade and 6-blade propellers was obtained 
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by taking a time history of the sound level in each 1/3 octave band and noting the 
increase in level which occurred between the steady and gust parts of the history.   As 
shown in figure 32, the increase occurs over a selective frequency band in the region of 
relatively high order harmonics.   A visual display of the noise signals on an oscilloscope 
indicated that the change was distinctly related to the harmonic content.   In fact, the 
noise sounded very much like helicopter blade "slap" when the gusts occurred.   Again, 
the immediate problem was to eliminate such effects from the data employed in the inter- 
pretive study and the above observations are only presented here as points of interest. 
Under zero wind conditions, the lower order harmonics were rbserved to fluctuate rapidly 
and while the overall effect was not distinctly noticeable in the auditory signature, the 
effect on the narrow band analysis was a major point of concern.   By repecied analysis 
of a number of data cases it was established that the broadband content of the signal 
was relatively steady under the zero wind conditions, but was influenced by gusts to about 
the same degree as the harmonic content.   All analysis date employed :.» the interpretive 
program was free from such effects. 

d. Propeller Noise Characteristics 

The most significant feature of the narrow band spectra obtained from the static test 
program is the extent of the harmonic components present.   Although the relative ampli- 
tudes of harmonics have been known to decay at a slower rate than that predicted by 
Gutin theory, and have been explained in principle by Lowson and OMerhead (Reference 8) 
and others for the case of harmonically loaded rotors of helicopters, the extension of the 
propeller noise harmonics at almost constant amplitudes to an order of thirty or forty 
has not been previously debated in any detail.   The well known categorization of propeller 
noise into "rotational" and "vortex" components may therefore be questioned at this time. 
In most of the original studies of propeller noise, conducted many years ago when sophisti- 
cated analysis equipment was not available, the usual approach to this categorization 
was based en a resolution of the first four harmonics only and regarding the remainder of 
the spectrum (in 1/3 octave or octave bands) as the vortex noise component.   Comparison 

of the 1/3 octave spectra of figures 23 and 24 with the narrow band spectra clearly illus- 
trates the misinterpretation which may result from such categorization.   A further division 
of the harmonic content into 'rotational' and 'unsteady' components can be made, based 
on the theoretical analyses of the problem.   The "rotational" noise is defined as that 
harmonic noise content which results from the steady loads on the rotating blades as 
defined by Gutin theory, while the "unsteady" noise originates from theharmonic content 
of the unsteady blade load conditions.   As is pointed out later, the mechanisms by which 
these harmonic loads originate on propeller blades are not clearly understood, and consequently 
recourse is made to the acoustic data to provide some knowledge of the loading amplitudes 
and harmonic range.   Similarly, the origins of the broadband noise can be regarded as the 
random content of the unsteady blade loading, and may be best understood by examination 
of the acoustic data with the aid of the theoretical expressions given in Section II.   As is 
explained in the derivation of the propeller noise theory, the sound measured at any point 
in tne radiation field is a complex summation of contributions from the various steady and 
unsteady blade loading terms.   The sound measured in a narrow frequency band, centered 
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on a harmonic of the blade passage frequency, contains contributions from a wide range 
of frequencies in the blade loading spectrum, except when the sound is measured on the 
propeller axis.   This exception provides a relatively simple solution to the whole complex 
problem of understanding the unsteady loading terms.   On the axis, the "steady load" 
noise terms are zero, and the noise measured in a narrow frequency band is the result 
of the unsteady biade loadings in that narrow band only.   This applies equally to the 
harmonic and broadband noise content,   It is therefore clear that an interpretation of 
the propeller noise data is best made by reference to the "on-axis" spectra.   To further 
aid the interpretation, the broadband and harmonic content of the narrow band spectra 
have oeen extracted from the analysis data and are now discussed separately. 

(1)        Broadband Noise 

The random noise content, which is the main topic of study in the present program is 
presented in spectrum form, in figures 33 to 36, for each of the propeller configurations 
examined.   (These are presented from the tabulated data in Appendix II.) Taking first 
a general review of the data by comparison of the "overall" levels calculated from the 
band levels, it is shown in figure   37   that the directivity of the noise is such that the 
highest levels occur near the propeller axis, which agrees with the findings of all other 
studies of "vortex" noise.   The dependency of the noise levels on blade velocity, 

however, suggests a V^ relationship rather than the expected sixth power law for dipole 
sources.   While this would suggest a monopole type source no physical justification for 
such an assumption can be made at this time.   A derailed and thorough reexamination 
of the basic noise records and the analyzed spectra was therefore conducted and a possible 
source of error in the data has been attributed to extraneous test rig noise at the lowest 
speed condition only.   This comment is made with some reservation as the test rig was 
carefully designed to preclude such effects and a detailed study of the rig noise was carried 
out prior to commencement of the propeller test program.   In certain data cases obtained at 
M   =  0.2, the basic noise records were recognized as being significantly defective and 

were immediately omitted from the interpretive analysis.   Reference to the blade pressure 
measurements obtained in the propeller test program provides a further clue to the actual 
velocity dependence.   As shown in figure 38, the overall mean square pressure calculated 
from the data over the frequency band 400 Hz to 20 kHz for each of the propeller speeds 

clearly indicated a U    trend which, according to theory, provides a U° law for the 
radiated noise.   On these basic findings, it has been concluded that t'.t broadband data 
obtained at the lowest propeller speed is erroneous and thai the general interpretation 
of the data should be referred to the higher speed cases which contain a clear definition 
of the propeller-generated broadband noise.   The dependency of the noise level on blade 
loading conditions is illustrated in figures 37(b) and (d).   In figure 37(b) the effect of 
blade number is shown for the cases in which the test propeller was changed only by the 
addition of blades.   It is seen that, with the exception of the 6-blade case, this depen- 
dency is of the form, 

p*  ~    B-2 
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which can, of course, be o combination of thrust and blade area effects.   The data 
shown in figure 37(d) illustrates the thrust loading effect as obtained by operating (he 

2-biaded test propeller at various tip angle settings from     a   = 0   to 16  .   Here, 

the dependency is not immediately obvious.   As discussed in the next section, this can 
probably be attributed to the increasing significance of wake impingement at low thrust 
coefficients.   From the available data the dependency can be approximated as 

|     ' P2~CT2 

i 

with the understanding that a divergence occurs at very low thrust coefficients. 
I 

In combining these results, the dependency of C_  on blade number (i.e., C_ ~ \/B) is 
used.   Thus 

P2 - c« £ 

becomes - CT* B3 

and ~B3 + 1 

~B"2 

(from ti.e fixed  B  result) 

(by substitution of CT — •JB ) 

(from variable  B  (and C_) result) 

Thus the combined result for the broadband noise dependency is given by a = 2,   j3 = -3, 
i   P i.e., 

p2 ~ CT
2 B"3 (53) 

for the test propellers with constant area per blade.   A closer examination of the depen- 
dency of the blade area effects is conducted in Section IV, where a complete empirical 
analysis is presetted. 

The spectral features of the broadband noise are distinctly similar in all cases, with 
the spectral maxima occurring at frequencies directly proportional to fhe blade tip 
velocity.   It would therefore appear appropriate to define a "universal" shape factor 
for the spectral distribution of the broadband noise and to relate the center frequency 
to some scale length by the well established Strouhal number dependency.   This is also 
further discussed in the next section. 

The effect of blade tip shape on the broadband noise spectra can be examined by comparison 
of the data tabulated in Appendix II.   In the 2-blade configurations, the tip shape had no 
apparent influence on the spectral levels.   Some differences of noise data are noticeable 
in the 4-blade propeller test results.   These differences are summarized as follow 
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The swept-tip data shows an increase of the order of 3 dB for the 
on-axis noise, and 4 to 5 dB for azimuths of 30° and 60° (relative 
to the standard-tip noise data). 

The trapezoidal-tip data shows no change in the on-axis noise levels, 
but a 2 to 3 dB reduction is apparent at other azimuthal stations 
(again relative to the standard-tip noise data). 

* 

(2) Harmonic Noise 

As already noted, the significance of the harmonic noise content in the measured spectra 
extends to much higher orders than would be previously expected, and again a discussion 
of the general characteristics of the data is best made by reference to the on-axis data 

which should, in theory, contain only the unsteady loading contributions at corresponding 
harmonics.   A clear indication of the general form of the spectral envelopes is given by 
the narrow band analyses of figures 28 to 30.   In particular, figures 28(a) to (f) for the 
two-blade propeller cases indicate that thr envelope of the lower order harmonics varies in 
form from case to case, but the harmonic decay rate and the harmonic order at which the 
decay commences is relatively uniform for these cases.   In fact, by plotting the harmonic 
levels against harmonic number (m), as shown in figures 39 to 40, the characteristic 
envelope of most of the data cases can be represented by a constant level (independent of 
harmonic number) up to a transition point, and for higher orders >y 

KM - K <mB) 

is the envelope maximum and     k 

-k 

where   p.?      is the envelope maximum and     k      is a decay exponent.   The variance of 
k      with thrust coefficient and blade tip velocity is shown in figure 41.   It is apparent 

that although some dependency on these parameters exists, the differences in the present 
data range are negligible in terms of the overall noise signature. 

Of greatest significance to the propeller noise problem is, of course, the maximum level 
of the harmonic envelope and its relationship to design and operating parameters.   A full 
discussion of this is contained in the following section where empirical relationships are 
derived as a basis for the noise prediction theory.   In the present context of general obser- 
vations, the characteristics shown in figure 42 are typical of the trends over the complete 
data range.   The directivity of the data is generally such that the maximum harmonic level 
in the forward hemisphere occurs near the axis.   This is obviously complicated by vhe steady 
(Gutin) load components at off-axis positions.   A consistent dependence on blade number 
is not apparent, except that, as in the broadband noise data, the six-blade case level tends 
to be higher than the general trend.   It is therefore assumed that, with the latter exception 
noted, the harmonic envelope level is independent of blade number (B) in cases where the 
only change in the propeller is the addition ot identical blades.   From figure 42(d) the 
variation v»ith Cy is notable, except at very low Or, as: 

(for   B = 2) 
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The above observations can be interrelated through the C_ — ^6  dependence (as in 

the broadband noise discussion) to give 

P2  '- C'/B (54) 
o i 

for the harmonic envelope level. 

Further examination of biade number and solidity dependence is presented later.   The velocity 
dependence of the harmonic data has been found to be U   in almost all cases, as is to be 
expected. 

An assessment of the influence of blade tip shape on the harmonic no'se components has not 
been possible in the available data, due to the large fluctuation of the lower order harmonics 
during a record history. 
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SECTION »V 

CORRELATION OF THEORY AND EXPERIMENT 

In this lection the analytical and experimental results presented in Sections II and III 
are employed to determine the dependencies of the rotating source characteristics 
upon the propeller geometry and performance parameters.   The experimental measure- 
ments have made it clear that both harmonic and random components ot the noise are 
of the same order of magnitude to very high frequencies and it is clearly necessary to 
consider both components in this analysis.  To do so it is assumed that the two are indeed 
separable and the observed acoustic spectra reflect the combination of discrete frequency 
spikes and continuously distributed random energy.   This is convenient from both analytical 
and physical points of view but it would be equally valid to regard this as the radiation 
frcm a randomly modulated harmonic source, i.e. one whose spectrum is not an ideal set 
of spikes but a series of narrow bands of noise.   For present purposes, the harmonic and 
broadband components ass examined separately. 

1.        BROADBAND NOISE RADIATION 

The two unknowns in equation (46) are w (f), the power spectral density of the random 

differential pressure fluctuations acting on Hie blades, and A , their correlation area. 
C 

Both quantities are "effective" values which relate to the concentrated loads assumption. 
Some information about the magnitude of the surface pressure fluctuations can be obtained 
from the measured data presented in figure 26»   Unfortunately, its applicability is restricted 
for two reasons:  Firstly, the spectra are defined in 1/3 octave bandwidths which are in- 
adequate to resolve the harmonic and broadband components except at very low frequencies; 
and secondly, because of finite transducer size, measurement errors may be expected to 
increase fairly rapidly at frequencies above about 4000 Hz, 

Thus the main source of guidance must be the noise measurements themselves, and 
detailed analysis of all available records obtained for the 6 ■ 0° (axial) location 
suggests that the broadband spectrum level rises from low frequencies and decays at 
high frequencies at e rate of about 9 dB for octave (the corresponding rates for 1/3 
octave band levels being +12 and -6 dB per octave, respectively).   An appropriate 
function which exhibits this characteristic Is: 

w(f) - r- (55) 
(fc

2 + fft) 

The center frequency f  , at which the spectrym level peaks, may be expected to vary 

with speed according to the Strouhal relationship 

f  = N. U/d (56) 
c J 
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where U is a typical velocity and d is a typical blade dimension related to its turbulence 
generating characteristics.  The projected thickness of the blade (i.e. a frontal thickness 
corrected for angle of attack) is frequently used for this purpose, but in the absence of 
firm experimental support for this choice there seems little point for the moment in using 
anything more elaborate than the chord dimension c.   The spectrum shape defined above 
was fitted to each set of measured data to obtain the approximate values for f   listed in 

TableIVand figure 43 shows a collapse of the non-dimensional frequency f c/Uv plotted 

against the blade thrust coefficient C_ .   The plot shows a slight trend toward lower 
'b 

frequencies as C   (and whence angle of attack) is increased but ?he data scatter is rather 
Tb 

high.  The average value of the Strouhal Number /NL = f   q$J \  is 0.85. 

The acoustic spectrum measured on the axis is tho product of the transfer function (itself 
proportional to frequency squared) and the effective blade loading spectrum.   The effective 
loading spectrum thus has a spectrum proportional to 

(f * + f2)3 
(57) 

which in Kirn is a product of the effective mean square pressure spectrum and the frequency 
dependence of the correlation area.  Without measurements of one or the other of these 
quantities we must resort to hypothesis to discriminate between them.   In this choice we 
may be guided by the well established laws for jet flows and turbulent boundary layers that 
typical correlation lengths vary inversely as frequency.   Thus for the propeller case we may 
assume that, for higl  frequencies at least, the correlation area  A   is inversely proportional 

c 
to the square of frequency.   However,   A    cannot grow in size indefinitely with a reduction 

C 

in frequency since it must be limited by the physical dimensions of the blade.   The spanwise 
correlation length is also limited in effect by the fact that although the total blade area was 
introduced in equation (46) to represent the spanwise integration, the inboard blade sections 
will be very ineffective acoustically because of the U° law.   Indeed, since this law suggests 
that the outer 35% of the blade generates 95 % of the noise,   it is more appropriate to use 
an "effective" blade area  A     in equation (46) which is around 40% of the total blade area. 

0 
Thus at low frequencies the correlation area will Se independent of frequency.   At inter- 
mediate frequencies an inverse frequency (f~ ) dependence may be anticipated.   Mainly 
for convenience of calculation the following formula for the correlation area has been 
assumed: 

A    = A /! 4 (f/f )• (58) 
C 0 C 

which leaves a pressure squared spectrum of the form 

_      2f af 
w (f) =  P2    L  (59) 

P (f  2 + f2}2 
c 
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Here the normalizing constant of 2f  has been introduced to ensure that the spectrum inte- 

grates over frequency to unit/,   Pa is thus the effective mean square differential pressure 
acting on the blade. 

The convenience of the above formula may be seen by substituting them into equation (46) 
and performing the integration for the mean square acoustic pressure on the axis 

a> 

to yield 
  A   Ak N

2 U2 P2 

(60) 

CD 

U =f -P
(f)df 

D* 

A   A,  N2 Uf P2 

0     b     S    t 
P 
6=0 8c2r2 a2 

t      0 

As confirmed experimentally in Section III, the mean square surface pressure, P , is 
4 

proportional to U    and can thus be written in the form 

P = (pqt)
8(ipo Ut8)2 

Consequently, equation (60) can be written as 

P2 - —i-S (6i) 
r2 

l 
where  K may be expected to be a function of the particular flow conditions.   Hubbard 
(Reference 4) collapsed propeller vortex noise data and found  K to be 4.5 x 10™'   for a 
distance of 300 ft.   However, numerous investigators (References 5, 7 and 31) have found 
that for helicopter rotors at least,   K is proportional to the blade thrust coefficient C   2 , 

Tb 
implying that blade load fluctuations are proportional to mean thrust.  Attempts to collapse 
the data of Section III according to the same laws left a high degree of scatter and a search 
was made for a more appropriate function.  This yielded the result 

—       C\       Ut* \ 

r 
1 

where  B  is the number of blades.   The data collapse is shown in figure 44 as a plot of 

OASPLg  - 60 log    \TQQ]    - 10 log Ab against C      /^ITand although the scatter 

is still fairly high this is the best achieved.   The low speed data were omitted from this collapse 
for reasons discussed in Section III.  It should be noted that only data for blade pitch angles 

42 



» 

: ! 

of 8  and above ore included in these plots.   The lower pitch data Have been omitted 
because of the uncertainty regarding the thrust coefficients at low angles of attack. 
Also, the data depart from the thrust-squared dependency ct these low angles as shown 
by the data presented in Section III, figure 37,   This effect was also demonstrated by 
Widnall (Reference 31), who collapsed helicopter noise data against blade thrust coefficient 
to show a distinct level ling-out and increase of noise level for blade thrust coefficients 
less than about 0.2.  This is attributed to the interaction between blades and the wakes 
from preceding blödes and the fact tha? at low incidence angles the pressure fluctuations are 
probably more dependent upon drag coefficient than thrust coefficient. 

Based on the line fitted through the experimental points in figure 44, and using an 
"effective" blade area of 0.4 A , it is found that 

(PM3 Vc*= £ir^ (\)* (63) 

This relationship is probably valid for CT/^~B~> 0.1, underestimating the pressure 

fluctuation at lower values for reasons mentioned above. 

2.        HARMONIC NOISE RADiATION 

It is apparent from the results presented in Section HI that the problems of broadband 
radiation may perhaps be of academic interest from the standpoint of quiet aircraft 
design since in practically al! configuration*, the discrete components of the harmonic 
noise were of equal importance in the spec.rum to very high frequencies.   At low fre- 
quencies, the relative subjective importance of harmonic and broadband noise radiation 
is a function of the critical bandwidth of the hearing system and ideally the two components 
should be analyzed independently using critical filter bandwidths.   The dimensions of the 
critical bands at low frequencies are open to question (Reference 32); however, there is 
little doubt that harmonic noise is predominant in that region anyway.   At higher frequencies, 
when the critical bandwidth is greater than the fundamental blade passage frequency (i.e. 
the interharmonic spacing), it is appropriate to measure both components with a bandwidth 
equal to the blade passage frequency.   Using this criterion it is found that the harmonic 
noise exceeds the broadband noise at frequencies up to the region of f   and remains of the 
same order at higher frequencies. 

This is totally inconsistent with the Gutin analysis, which, for blade tip Mach nu.nbers of 
only 0.4, predicts a rapid roll-off of harmonic level with frequency, and of course, no 
radiation along the axis.   The fact that the axially radiated noise exhibited as much harmonic 
noise as the off-axis noise is a clear indication of the existence of harmonic airloads acting 
on the blades.   The noise radiation by these loads can be treated analytically using equation 
(35;, but again the problem arises of how to estimate the magnitude of the loads. 

Since no narrow band analyses of the blade surface pressures were made, the best clue to 
this is again the axially radiated noise signature.   A detailed examination of the 1% analyses 
revealed that up to 50 or 60 individual harmonics of the blade passage frequency coulr' 
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frequently be identified and that, on overage, the harmonic levels did not decrease 
until mB exceeded 30 to 40.   Harmonics higher than this decayed at rates between 6 
and 12 dB per octave with Hie higher rates corresponding to the higher speeds.   In fact 
the average value, namely 9 dB per octave, is consistent with decay rates observed for 
helicopters.   Remembering that the dipole sound radiates as frequency squared, the 

-2.5 
corresponding effective airload harmonics decay at mB        .   However, unlike the 
helicopter cases studied in Reference 8 , the harmonics level off at low frequency. 

On average then, the acoustic harmonics correspond to a spectrum function of the form 

"pj = P,VH(n/n)3 (64) 
n ! c 

where n is a harmonic number based on the disc frequency.   Note that only the values 
n-~ mB exist for any propeller.  The critical value n , which is founJ to be about 36, 

on average, marks the frequency at which the spectrum rolls off to a slope of -9 dB per 
octave.  Equation (35), for harmonic radiation, can be written for the axial case as 

_       n2f 2 

p2  =  &~    T2 (65) 
n       4^2       n 

0    1 

where T   is the rms value of the n-th harmonic thrust fluctuation.  Thus, from equation (64), 
2      n 

T    must have the form 
n 

T>   =    _!  (66) 
n n2 |l+(r/nc)

3j 

where T. is the value for the first harmonic.   Frequencies are always proportional to the 

disc frequency [f = U /2 jrRj, so that equation (65) can be written in the form 

p2 =  K U* C2 A (67) 

That is, harmonic noise should be proportional to disc area, rather than blade area. 

Experimental levels for the axially radiated harmonic noise were obtained as the average low 
frequency level in each case and normalized by subtracting the term 60 log U  (since A is 

constant for the propellers studied).   Again, substantial scatter was encountered when this 

level was plotted against CT, and in analogy with the broadband result,  C-/^ B   yielded 

a better collapse. This is shown in figure 45, where the low speed cases have this time been 
retained (see Section III). 
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2 Tue tine (through the data points) which is proportional to C_ v% gives the result 

'     « _^L (68) 
_o B 

Thus the amplitude of the fluctuating loads relative to the stead/ thrust T   appears to 
d^a^ase with blade number. 

3.        THi: ORIGINS OF THE FLUCTUATING AIRLOADS 

Equations (63) and (68) give the magnitudes of the effective ho monic and fluctuating 
airloads which act upon the blades.   Both are proportional to the ratio of the steady 
forces divided by the square root of the number of blades.   However, the harmonic loadt 
are proportional to the total disc area whereas the random loads vary as the- total blade 
area.   This is because the frequencies of the random fluctuations are dependent on the 
blade chord dimension and the harmonic frequencies are related to the propeller diameter 
(for given tip speeds).   At high frequencies the empirical spectral shapes adopted for 
the two components converge (on f"3) so that there is a constant (decibel) difference 
between the two.   This difference can be calculated from the results of the previous 
section to be 

SPLU - SPLD - 1 + 10 log    a +30 log    ( -£-   • f- )- 10 log    -^ (69) 
H B to 10 \ n f_ / io    fc (* • i> 

where  a   is the propeller solidity and   Af is the bandwidth with which the random level is 
measured.   Using the Strouhal relationship for f ,   remembering that  f - nf    and that for 

cc 
equivalence of the two component levels  Af = f    ,   and putting  n   = 36 gives the result 

$*„-$*,-iois(i£)+a (70) 

for f >> f , n >> n  .   Thus for the typical values  a  = c/R= 0.1 the harmonic noise 

exceeds the broadband noise by 3 dB at high frequencies. 

This result, however, is based upon the empirical evidence of a limited quantity of data 
which has been constrained to fit the requirements of formal acoustic theory,   it must 
be recognized that experiment 'ly, the division between harmonic and broadband energy 
is not a clear one and slightly different interpretations of the boundaries could produce 
very different end results.   All the measured spectra showed similar characteristics 
and particularly a gradual merging of the harmonic and broadband spectra.   The empirical 
harmonic spectrum shape adopted is based on those harmonic levels which could be distin- 
guished from the random background.   This process becomes increasingly error prone at 
higher frequencies and there is a risk of mistaking random level fluctuations for harmonic 
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spikes.   On the other hand, most data were obtained from constant percentage bandwidth 
analysis where, for equal power spectra, the harmonic levels fall off at 3 dB per octave 
relative to random energy with increasing frequency so that mistaken identity would have 
resulted in different frequency exponents in the two spectrum formulae. 

Also, tha fact that the two components behave similarly at higher frequencies is not 
surprising since it is to be expected that the harmonic and random pressure fluctuations 
hove related origins, origins which are of course identical from the viewpoint that the 
observed spectra are indeed series of narrowband components whose center frequencies 
are harmonically related.   This will be discussed later.  Attention will firstly be confined 
to the broadband con^onent. 

a.        Random Pressure Fluctuations 
2 

Equation (63) provides an estimate of the product (P/q ) A /c , where P is an effective 

rms differential pressure amplitude.   For o 4-blade propeller operating at a blade thrust 
coefficient of 0.3 this yields 

(P/qJ*A/c2 = 0.9 xl<r5 (71) 
■        n 

The propeller blade surface pressure measurements presented in Section III show that for the 
4-blade, zero angle of attack case, the rms surface pressure fluctuation, P , was of the 

order 0.012q (both quantities measured at the 85% radial station).   The acoustic data clearly 
show a reduction of level for finite pitch angles and on the basis of the two-blade results, it 
may be assumed that at a blade thrust coefficient of approximately 0.3, the levels would be 
some 5 dB less.   Thus we may estimate that for C    = 0.3, P/q « .007.   Remembering that 

'b 
the differential pressure, P, will be nearly twice the surface pressure (in the frequency range 
of interest) and referring pressures to the tip dynamic pressure qf, we obtain 

P/q    «    0.009 from the surface pressure measurements. 

This may be compared with a value derived from the acoustic data as follows.     The 
constant A   is the correlation area at the center frequency f   where it may be assumed 

0 c 
that the chordwise correlation length   I    is of the order of the chord.   The lateral correlation 

^ 2 
length is probably somewhat less than this, say 0.3 c, so that A /c   = 0.3.   Thus, for 4 

blades and C_  = 0.3, equation (71) indicates that 
Tb 

P/q    «    0.0055 to explain the observed noise 

Tnis is a little less than the value derived above and suggests that the measured surface 
pressure fluctuations were not typical of the entire outboard region of the blade, but were 
perhaps representative of the tip region only.   However, in the light of the various assumptions 
made, it is obviously not possible to place a great deal of confidence in this statement and it 
should perhaps be remarked that the two values are in good agreement. 
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The two results do '  -wever provide an indication of the likely range of the fluctuating 
pressure magnitud- . suggesting that the random noise could equally well «manate 
from small regions of high level pressure disturbance or larger regions of smaller 
pressure fluctuations. 

The turbulent boundary layer would of course be extended over a large region of the blade 
and could be expected to exert pressures of the order P /q w 0.01 or more on the blade 

surface.   On the other hand, the turbulence scale is small with correlation lengths 
2 2 

typically rather less than the blade thickness so that (P/qt)   A /c   is unlikely to exceed 
-6 ° 

10     for the boundary layer case.   At the same time it must be admitted that very little 
is known about the behavior of propeller end rotor boundary layers and such phenomena 
as oscillating transition points and separated flows could very easily add a further 10 dB 
to this value.   Thus although the turbulent boundary layer is unlikely to be a major 
contributor to propeller broadband noise radiation, it cannot be ruled out entirely. 

To give the same result as Sharland's expression for vortex shedding noise at a Reynolds 
6 2      / 2 -4 

Number of 10 , equation (60) would require a value for (P/q)   A /c   of 0.2 x 10    , 

which is in the middle of the range given by equation (63) for practical blade thrust 
coefficients.   If Sharland's equation is realistic, then vortex shedding is a likely 
source of measured random noise radiation.* 

Equation (19), which is a modified form of the Sears function describing airfoil response to 
fluctuating inflow velocities can be rewritten in the form 

(P/q) = J2~ u/U 

where  u  is the rms velocity fluctuation in the crossflow direction.   Assuming a correlation 
area of 0.3 c2,   this result shows that flow turbulence levels of only 0.1% would be suffi- 
cient to explcin typical broadband noise levels.   Data presented in Section III shows that 
levels well in excess of 1 % are encountered in the shed and trailing airfoil wakes which 
certainly explain: the sharp increase of noise radiation observed at low thrust coefficieni-s 
where direct blade/wake impingement occurs.   Even when impingement does not occur, it 
is to be expected that turbulence levels as low as 0.1 % will extend for considerable distance 
beyond ihe measurable wake boundaries, and cause significant noise radiation, especiall/ 
in the static thrust case. 

In summary, it would seem that the attached turbulent boundary layer, although a possible 
contributor to broadband noise radiation, is the least likely of the sources considered. 
Separated flows near the blade extremities are far more likely to be responsible i'or the 
observed random acoustic energy.   The vortex shedding mechanism appears to fit the 
observed data, but the basis for the calculations are unverified.* Stream turbulence, 

See later comments in Section V.3.e. 
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is also a likely source on the basis of the studies performed.  On the basis of Sean' 
function, extremely small turbulence levels would account for the noise radiation and Hie 
wind tunnel experiments substantiate a correlation between measured surface pressure 
fluctuations and upstream turbulence levels. 

The reason why the relative pressure fluctuations should diminish as the number of blades 
is increased is not clear, but does lend further support to the conclusion that stream tur- 
bulence may be a predominant source of noise.   This is because both the boundary layer 
and vortex shedding processes should be unaffected by blade number.   On the other hand, 
upstream turbulence levels will be highly dependent upon the propeller configuration; an 
increased blade number, for example, means a reduced blade-to-blade spacing and a 
corresponding increase in turbulence scale.   This in turn could imply a trend toward less 
efficient, higher frequency radiation.  The fact that the harmonic noise measurements 
yield the same blade number trend also points toward a dependency on gross propeller 
geometry. 

b. Harmonic Pressure Fluctuations 

The existence of periodic airloads on an axial flow propeller is difficult to explain in 
the absence of flow disturbance or other interference effects.   However, that these 
loads exist, there is little doubt, both from the results of the present study and 
other measurements of propeller and rotor noise.  Although the Gutin theory predicts 
the first few harmonics of "rotational" noise reasonably accurately for high tip speeds 
and positions immediately behind the disc plane where the steady source terms peak, 
it badly underestimates harmonic levels in all other situations.   Helicopter blades were 
thought to suffer from high harmonic airload« because of forward flight asymmetry, but 
a study of experimental data (e.g. References 33and 36) shows that the loads are 
equally great in hover conditions.   Lowson and Ollerhead showed that good correlation 
could be obtained with helicopter main rotor data if the harmonic airloads were assumed 
equal to the steady forces divided by the 2.5-th power of the harmonic number.   For 
B= 4, equation (68) gives, for the high frequencies when n » n 

c 

■f   -  "^ (72) 
' 2  5 
o n * 

which is 12.5 dB greater than the helicopter result.   At lower frequencies of course the 
levels are substantially lower. 

In the present tests every effort was made to ensure that the propeller was free from 
aerodynamic interference and the possibility that the harmonic noise is caused by 
periodic disturbances of the inflow must be discounted.   Three possible sources suggest 
themselves:  Tne first is that the wake from each blade oscillates in some periodic manner 
causing periodic angle of attack variation on the following blade.   This seems unHkely. 
The second is that the blades are vibrating in one or several possible modes causing sympa- 
thetic airload fluctuations.   This is a strong possibility since very small vibration amplitudes 
could cause the pressure fluctuations responsible for the noise.   The third possibility is that 
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blade-to-blade corralation of the fluctuating pressures causes selective amplification 
of random energy at multiples of the blade passage frequency.   This phenomenon would 
explain directly the observed narrow band characteristics of the radiated noise.   If the 
random pressure fluctuations are indeed largely attributable to upstream flow disturbances 
caused by preceding blades, then a strong interblade coupling must be expected. 

A final word may be addressed at the significant effect of wind gusts on both harmonic and 
broadband noise levels.   Gust velocities of just a few fee? per second were sufficient to 
increase levels in certain regions of the spectrum by 10 dB and more.   This strongly suggests 
that wake impingements or instabilities play a major role in the noise generation process. 
The effect of such velocity perturbations could have only a very minor effect on the "self 
induced" pressure fluctuations due to boundary layers anc' vortex shedding, whereas slight 
movements of incoming vortices could result in major changes to the externally induced 
pressures.   This would of course bt especially true if the disturbance made the difference 
between impingement or non-impingement of a vortex wake. 

4.        PREDICTION OF PROPELLER N05SE RADIATION 

The empirically derived loading functions (58), (J9), (63), (66) and (68), have been used to 
compute the noise radiation patterns according to the theoretical results (46) end (35) using 
the computational approximations discussed in Section II.4.c.   The computed spectra, both 
broadband and harmonic, are compared with the experimental results in figures 33 through 
40.  With a small number of exceptions, the agreement is considered to be acceptable and 
sufficient to allow the methods to be used for propeller noise tradeoff studies with some 
confidence provided the limitation of the analysis are recognized. 

These limitations are of course concerned with the range of validity of the empirical 
loading functions (59) and (66).   This can only be determined by experimental validation 
and the authors would certainly not recommend unwarranted use above tip Mach Numbers 
of say 0.5 to 0.6.   However, the most serious practical restriction is the unknown effect 
of axial velocity.  The present data, like most available propeller noise measurements, 
were obtained in static thrust conditions where the inflow velocities are relatively low. 
It is considered that most evidence examined supports th<; contention that in this static 
case at least the stream turbulence deposited by the blades themselves is largely respon- 
sible for both harmonic and broadband noise radiation.   In f'rward flight, the entire flow 
pattern is radically changed and significant acoustic changes are likely to result. 

However, since the vortex shedding and boundary layer mechanisms could also be respon- 
sible for substantial broadband noise radiation it is unlikely that the random component 
would be markedly reduced.   On the other hand, the sharply increased axial flow velo- 
cities will practically eliminate blade-to-blade wake interactions, considerably reducing 
harmonic noise caused by flow disturbances.   Only if biade vibration is significant would 
the higher harmonic noise levels remain high.   From a practical standpoint of course the 
broadband noise wi'l maintain significant spectrum levels at mid to high frequencies and 
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the steady blade forces would continue to radiate the lower harmonics at angles away from 
the axis.   Along the axis of rotation, however, the lower harmonic radiation could be 
sharply reduced relative to static thrust conditions and this would encompass a frequency 
range of critical importance to the aural detection problem, at least for low flying air- 
craft. 

These are questions which must be answered l.y future research.   For the present, the 
following recommendations are made relativ«.' to the problem of propeller noise 
prediction: 

(a) That the methods described be used for calculating the noise of 
static propellers in the tip speed range M= 0.2 to 0.5.   Their 
applicability for propellers with higher tip speeds requires experimental 
verification. 

(b) Tr at the methods described be used with the same tip-speed 
restrictions for forward flight configurations on the under- 
standing that levels might be overestimated, especially for 
the harmonic components and especially near the propeller 
axis.   The acoustic effects of forward speed must be accounted 
for if necessary (see the next Section). 

Generalized theoretical results have been condensed into a convenient form for manual 
calculation in Appendix III.   Graphs and charts are provided, together with complete 
instructions for their use, which will provide results rapidly and to within  2 dB of the 
accuracy obtainable from the numerical methods described previously. 

EFFECTS OF FORWARD SPEED 

The theoretical results derived in Section II apply to the case of a static propeller. 
In forward flight, two effects modify the radiated noise.   The first, an aerodynamic one, 
is caused by the change of propeller operating conditions which changes the thrust-to- 
,-orque ratio and the flow pattern through the disc.   As discussed previously, the detailed 
effects of the flow changes cannot be predicted and further experimental work is necessary 
to resolve this question.   The gross effects of the modified T/D ratio is, of course, easily 
accounted for.   The second effect is an acoustic one and is a further result of the Doppler 
effect which causes an amplification of forward radiated sound and a change of frequency 
heard by a stationary observer.   The amplification can be calculated by substituting the 

term  r   ( 1 - M   cos 8 ) for the hub to observer distance  r   ,   wherever it appears in the 

acoustic equations.   The Mach Number,   M   , is the velocity with which the propeller 

moves along its axis of rotation and  6  is the angle between this axis and the observer, 
at the source time  r.   The source time now takes on added significance because during 
the time it takes the sound to reach the observer, the propeller itself has moved forward 
a distance  «V»  r / o   . 

c l    o 
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The distance transformation can be seen by reference to the well known results of 
Garriclc and Warkins (Reference 34), who showed that tor a propeller, the moving source 
version of the Gutin equation is 

^{'.Mte-iKW (73) 

where s = r   - M x  ;     x' = x - M  r    ;   |32 = 
10 

These substitutions give the result 

1 = M2 

o 

nfi X!o U0       , /  nMy   \ 
IJrT IT  -M X\   j r   -M x   "   M       nlr-Mx 

o\i      O/(J       o J\i      o  / 
(74) 

Putting  x/r = cos 6     and y/R = sin 8 , the Gutin equation (73) can be written 

M  |   J«[   ,    ) 2nc r     )   r 
o i    I    l 

(75) 

It may be seen that equation (74) is identical to (73;, with  r    replaced by r     1 - M x/r    . 

The square brackets indicate evaluation at the source time.   Thus, if primes are used to 
denote quantities evaluated at the observer time, (so that  r*  and  8' are the source-to— 
observer coordinates at time  t),   the source coordinates r and  6 can be readily calculated 
from the sketch below, which shows the source positions s'  and  :  corresponding to the 
observer and source times. 

•»     X     to 
S1      L—                              „i    _. ■          *■■ X    -*» 

^^^ 

If A t  is the time of transmission along s    , then 

*  A *a  =,   .»i.,» a2 At2 =  xa + y' 
0 

or 

a2 At2 = (x' + M   Ar)2 + ya 

51 



whence 

M x'  + Jx,2 + ya (l-M2) 
At =   -2 I_- \ fci (76) 

(l-M 2\ tan 8' 
6    =   fan"'     \ 0   / (77) 

1 + M Ji + (l-M2)tan28' 

and 

M   + Jl + (]-M2\tan28' 
r = r'cos8'    -2- J -L-JÜ  (78) 

l-M2 

o 

Equations (77) and (78) are the "retarded coordinates" which must be used to calculate the 
sound field relative to the instantaneous source position. 

It should be noted that when  6  is small, i.e., for locations near the axis, equation (78) 
gives 

r « 
1 -M 

0 

which almost exactly cancels the Doppler amplification factor accounted for by multiplying 
r    by  (l - M   cos 9 ).   Thus, to a first approximation the sound field relative to the 

instantaneous source position is equal to the static field.   This is shown in figure 46(a) 
which shows the computed effect of axial Mach Number up to 0.3.   On the positive x axis, 
the effect is of course zero, whereas the maximum changes may be observed in the plane of 
rotation.   The rotational Mach Number in this example is 0.5 and the overall random noise 
level is plotted.   This figure demonstrates the magnitude of the acoustic (Doppler) effect 
only and the additional change caused by realistic modifications to the thrus* to torque 
ratio may be found in figure 46(b), where the blade pitch angle has been varied to .naintain 
the same normal force (the slight level reduction on the forward axis is due to a reduction in 
the thrust component).   Again the effects on overall levels are small, illustrating the rela- 
tively insignificant role of the torque component which is negligible except at positions near 
to the disc plane. 

In summary, it seems that for low forward speeds, it will normally be sufficiently accurate, 
for practical purposes, to calculate the sound field relative to the instantaneous position 
of a moving propeller using a static acoustic analysis, but using the thrust and torque loads 
which occur in forward flight. 
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6.        DESIGN REQUIREMENTS FOR A QUIET PROPELLER 

The harmonic radiation is given by the proportionality 

a T 2 _          f* T 
p* 2 P— 

H        a2  r2  B 
o     I 

The spectrum level which controls the subjective attributes of the sound is proportional to 

p2 /f    .   Therefore, for a given propeller thrust it is necessary to minimize the ratio 
HO 

0                    o         t 

The broadband radiation can be defined 

__          A   A,      Nc 

p»   -       •    b        S 

B          a2r2         c2 

0    1 

Po*   Ut
4    (P/q)2 

~   U2/BAb for a given thrust 

Thus to minimize the total acoustic radiation it is necessary to minimize the tip speed U 

and maximize the radius R, the blade area A,, and the number of blades B.   However, 

these steps all result in a reduction of the disc and blade thrust coefficients and, as we 
have seen, can only be reduced to a certain critical level before an increase in noise 
results due to direct wake impingement.   A tentarative lower limit for C_   is between 
0.07^Tand 0.1 ^B. b 

The operating Reynolds number range of low-speed, quiet propeller designs will tend to be 
in the critical range of 10^  to J0° ,   where boundary layer instability effects may be the 
cause of the predominant noise signature.   To achieve the full benefit of noise reduction by 
tip speed reduction, it may be necessary to devote attention to detailed blade design, with 
emphasis on boundary layer transition characteristics*  and sensitivity to turbulent inflow 
and gust fields. 

*     See Addendum to Section V. 
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 

A combined theoretical and experimental study has been performed with the objective 
of deriving a more basic understanding of the random noise generating mechanisms of 
propellers operating at low tip speeds.   This involved the application of rotating source 
theory to the random force case, the experimental measurement of both source and 
radiation parameters required for the application and verification of the theory and the 
development of simplified procedures which may be used in tradeoff studies to minimize 
propeller noise.   The many findings of the study are listed below under various subheadings 
and are followed by a number of recommendations for future research. 

THEORETICAL ANALYSIS 

a. Theoretical expressions describing the noise radiation by rotating random 
sources have been programmed for computer solution: These allow a complete 
description of the spectral and directional characteristics of the random noise 
field surrounding a propeller in terms of the random forces acting on the 
blade. 

b. lUe equations which describe random and harmonic radiation are very similar 
and so therefore are their basic parametric dependencies.   For example, all 
source frequencies in the range f (l - M sin 8 )< f   < f(l + M sin 8 )/ where 

M is the rotational Mach number and 8  is the angle from the axis of rotation, 
contribute to sound observed at the frequency f.   Thus, rotation has no 
acoustic effect on axially radiated noise (6   = 0). 

c. Noise radiation along the axis of rotation is completely controlled by the 
unsteady blade loads.   Measurements at this location are thus extremely 
important to an understanding of propeller noise mechanisms. 

d. Random noise originates from a variety of turbulent phenomena.   It is shown 
that turbulence itself generates the noise; the blade merely acts as a reflecting 
surface.   However, provided the turbulence scale is not small compared with 
the chord dimensions, it is appropriate to treat the blade as a dipole source. 

e. The acoustic theory for random loads, like that for harmonically fluctuating 
loads, can be as rigorous as the source definition will allow.   Again, the major 
practical problem is that of describing the source in terms of surface pressure 
spectra and correlation areas. 
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2.        EXPERIMENTS 

a. Wake turbulence an 1 blade surface pressure fluctuations were measured 
in a low speed wind tunnel at velocities of 150 ft. per second.  The tunnel 
turbulence level was 0.4%.   Measurement were made on single and tandem 
blades to investigate the effects of stream turbulence on the fluctuating 
pressure levels. 

- 
b. Sears' function appears to provide a reasonable estimate of the fluctuating 

pressure levels resulting from incoming flow disturbances.   Fluctuations which 
might be attributable to the boundary layer could not be identified due to 
predominance of stream turbulence induced levels and transducer roll-off at 
high frequencies. 

c. Turbulence intensities in the wake, both the sheet wake behind the blade 
and the trailing tip vortex regions can be related to the mean flow defect 
by the relationship 

h. 

u        u* 1      u 
oo co 

d. Three different blade tip shapes were studied experimentally: a standard 
"square" tip, a 60° swept tip, and a trapezoidal tip.   The tip vortex behind 
the trapezoidal tip diffuses more rapidly than those of either standard or 
swept tip. 

e. Measurements of blade surface pressure fluctuation were also made with five 
transducers installed in a propeller blade.   However, the planned program 
could not be completed due to transducer failure. 

f. Free field propeller noise measurements were made in a forward quadrant 
for tip speeds in the range M= 0.2 to M= 0.4.   Tests at higher speeds were 
prevented by rig vibration.   Sound recordings were spectrum analyzed and 
it was found necessary to resort to narrow band analysis to discriminate 
between random and harmonic ncfse at all frequencies.   As many as 50 or 
more harmonics of the blade passage frequency could frequently be identified. 

g. At the higher frequencies it is difficult to separate the harmonic and random 
components from the measured noise and indeed it could be equally correct to 
consider the spectrum as a sum of harmonically related narrow bands of noise. 
For the purposes of analysis and prediction it has been assumed that the two 
can be separated and that the pure harmonics are superimposed on a background 
of random noise. 

Harmonic noise levels were observed to vary as the sixth power of velocity 
confirming the validity of the dipole analysis.   An apparent departure of 
the rar.dom noise from this law at the lowest speed was attributed to ambient 
noise interference. 
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i. Noise levels increased at low inflow velocity, high blade angle and high blade 
number conditions..  These can be attributed to wake interaction or local blade 
stall effects, and impose practical limits on the noise reduction which may be 
achieved through changes in gross configuration features. 

j. Changes in propeller blade tip shape produced insignificant effect on the harmonic 
and broadband content of the noise spectra/ in the frequency range of main 
interest. 

k. The noise of the test propeller and the commercial (Sensenich) propeller was 
extremely sensitive to small wind gusts, with level increases of as much as 10 dB 
occurring in the mid frequency range.  Analysis of the gust effects indicated a 
definite frequency selectivity of the noise increases. 

I. The specially built research propeller exhibited a very high frequency noise 
component which in many cases dominated the overall sound pressure level 
(2 - 20,000 Hz) at field positions near the propeller axis.  This component was 
found to be sensitive to blade tip speed, tip angle and tip shape, and followed 
a Strouhal frequency scaling. 

3.        CORRELATION OF THEORY AND EXPERIMENT 

a. The axialiy radiated random noise peaks at a center frequency of approximately 
f = 0.85 U /c, where U   is the propeller tip speed and c is the chord.   A 

slight tendency for this frequency to diminish with increased angle of attack 
could not be regarded as statistically significant.   The power spectral density 
of the axial noise rises and falls about the center frequency at asymptotic rates 
of 9 dB per octave. 

b. Axial harmonic levels were found to remain approximately constant for «he first 
few harmonics, rolling off at rates between 6 and 12 dB per octave at higher 
frequencies.   An average formula for the observed spectral form is 

H*y PmB   "   P, 

The effective blade loads responsible for this noise vary as p    (mB)     .   At high 
mB 

frequencies this has the same form as the result previously obtained for helicopter 
noise.   However, the present results indicated levels which, at high frequencies, 
are  12.5 dB greater than those given by the previous formula.   These penetrate 
the frequency rcnge usually assigned to random vortex noise. 

Both harmonically and randomly fluctuating loads appear to decrease, relative to 
the steady forces, inversely as the square root of the number of blades. 
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d. Several possible sources of noise generation have been examined, bur a clear 
separation of these into order of significance has not been pr sible from the 
available data.   The operating Reynolds number range, based on chord, of the 
test propellers and of full-scale quiet propeller designs, falls in the range 1(T 
to  10^ which suggests that the noise sources may be associated with the instability 
of the boundary layer — and hence differ from conventional-propeller noise 
mechanisms.   The possible sources in this critical Reynolds number range are: 

(i)      an oscillating laminar separation; 
(ii)      large areas of unstable laminar boundary layer; 

(iii)      stream turbulence. 

The latter effect is well known in transitional boundary layer studies, where large 
fluctuating velocity fields have been induced by (controlled) turbulence inflow. 
Its relevance to propeller noise has not been previously considered. 

e. Although Sharland's expressions for the vortex shedding process provide the correct 
levels and frequencies, recent independent experimental results by Davis and Foley 
(unpublished — communicated by M.V. Lowson) show levels of fluctuation at 
least 20 dB below Sharland's experiments, in a very low turbulence flow.   The 
latter work suggests that trailing-edge "vortex noise", in the generally accepted 
sense, is insignificant. 

f. It has not been possible to explain the origin of the harmonically varying blade 
forces although it has been concluded that they are most probably the result of 
blade/wake interaction effects and blade-to-blade pressure correlations.   Again 
the sensitivity of the local blade boundary layer in the critical Reynolds Number 
domain may account for the significance of such external influences in the noise 
generation process.   The fluctuating levels are exceedingly small and it is also 
possible that blade vibration plays some part in this mechanism. 

4. PREDICTION 

a. Generalized source functions have been defined as a basis for theoretical 
noise calculations.   These show reasonable agreement with the experimental 
results for both harmonic and random components. 

b. Propeller noise prediction procedures are presented which allow hand computation 
with the aid of a number of charts of both harmonic and random noise radiation. 
These are believed to be valid for tip speeds between M = 0.2 and M= 0.5 or 0.6 
and for blade thrust coefficients in excess of 0.1 */"§„   At lower thrust coefficients 
they are likely to underestimate the radiated noise. 

c. The steady force terms (Gutin) have little influence on the noise of low speed 
propellers except for the lowesf harmonics at large angles from the shaft axis. 
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d. Axial motion at moderate speeds has little effect on the calculated noise 
relative to the instantaneous position of tht source.   The static predictions 
should be sufficiently accurate for axial Mach numbers at least up to 0.3. 
However, a major unknown exists with regard to the effect of forward speed 
on the fluctuating blade forces.   If these are dependent upon the wake turbu- 
lence, substantial noise reductions, both harmonic and broadband, could 
result in forward flight when the axial flow is significantly higher. 

5. NOISE CONTROL 

(a) The results of the present study indicate that, to minimize propeller noise, 
the tip speed should be reduced and the blade area, radius and number of blades 
increased within limits imposed by a lower blade thrust coefficient of approximately 

cT  = o.i V"B". 
b 

(b) Low speed propellers with tip region Reynolds numbers in the critical (transition) 
range will require detailed study of their (noise) sensitivity to inflow turbulence 
and discrete gust fields. 

(c) See Addendum to this Section. 

6. RECOMMENDATIONS 

The present study has provided further insight into the "vortex-noise" problems associated 
with low speed propellers, and has clearly indicated areas where existing knowledge is 

inadequate.  When the Gutin-type noise content is reduced to achieve a quiet propeller, 
other noise sources become predominate and differ in origin from those previously studied 
for conventional propellers.   It is therefore essential to study these sources in more detail 
in order to establish more definitive guidelines for optimum propeller noise reduction. 
The immediate problem is one of unsteady aerodynamics and can be studied effectively by 
the use of acoustic 'Heory, which allows blade load information to be extracted from noise 
measurements. 

There are three main areas of study which require detailed attention;  namely,   the influence 
of transitional Reynolds number effects, the effects of atmospheric gusts, and the high 
frequency tip noise origins.   The first two of these may be interrelated in the critical 
Reynolds number region of operation, but the tip noise seems to have a distinctly different, 
and as yet unexplained, origin. 

Studies of the transitional Reynolds number effects should be aimed towards two objectives. 
The first of these is the understanding of the source mechanism details and dependencies, 
which can be examined by use of acoustic measurements on the axis of propeller systems 

I with various modified (e.g. tripped) boundary layer».   The present study has shown that high 
frequency surface pressure measurements are feasible, and although an investigation is 
required of the reasons for the transducer failures, their usage in future investigations of 
propeller noise sources should be pursued, as the resulting information on spatial and temporal 
aspects of the blade loadings would be extremely valuable.   The second objective is the 
selection of blade airfoil profiles which allow noise control in quiet propeller designs.   This 
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is probably a long-term objective as experimentation on such effects is more laborious. 
However, the need for a guideline to detailed blade design is well established and the 
findings of the present study offer a new line of approach to the problem. 

The very high frequency "tip-noise" noted in the present study, and in other unpublished 
data, has possibly not been identified in conventional-propeller noise spectra due to the 
cut-off of the analysis frequency range of interest.   On a Stroohal scaling basis, this 
noise component would be maximized at 1000 Hz for a quiet propeller of 1 ft tip chord 
operating at a tip Mach number of 0.1, and could therefore dominate the subjective noise 
signature.   It is clearly of considerable importance to further isolate and examine this 
potential noise problem and to establish methods for its control and possible elimination. 
Such investigations would be related to tip geometry. 

A most important question related to the application of the present results to quiet propeller 
design studies is that of the effects of axial motion on the unsteady blade loads.  This is 
best answered by flight test and a modest program could be pursued to measure the noise 
radiated by a single propeller on a whirl stand, under static operation on o>; aircraft and 
in flight.   In each case the axially radiated noise is of prime importance.   In flight this 
could be obtained by flying the aircraft toward a tower mounted microphone or by support- 
ing a microphone in front of a propeller on a twin engined aircraft.   Both methods should 
be investigated. 

In the meantime it is considered necessary to validate or refine the prediction procedures 
presented herein through application to the noise of a variety of propeller designs.   The 
data upon which they are based were of necessity limited and additional verification is 
required to improve the confidence with which they may be used. 

7.        ADDENDUM 

The original concept of the present study program was directed towards an understanding of 
the expected bocdband noise sources.   The findings of the study, however, have pointed 
towards other source mechanisms which may control the extensive harmonic range and the 
broadband noise exhibited by the low speed propellers.   In particular, the whole concept 
of transitional boundary layer problems was not expected and hence not closely examined 
In the present experimental studies.   To provide some additional basis for the concept, a 
simple experimental test wcs s.et up subseauent to the original writing of this report.   This 
test and the results are described in Appendix IV.   Briefly, the experiment was conducted 
by taking noise measurements on the axis of a small (model) propeller over a range of 
rotational speeds.   The measurements comprised 1/3 octave band spectra of the noise of the 
basic (unmodified) propeller, a propeller modified by "roughing" the leading edge of the 
blades, and a propeller modified by building a very small ridge along the upper surface 
span near the leading edge.   The objective was to trip, and hence stabilize, the 
boundary layer.   The results indicated that reductions of up to 5 dBA were obtained by the 
modified blades, relative to the unmodified propeller noise level. 

This experiment tends to confirm the belief that the "unsteady-load" noise is related to 
transition instabilities. 
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TABLE  I 

PRESSURE CORRELATION AREAS 
IN A TURBULENT BOUNDARY LAYER 

Source S 
c 

5* u2S 
c 

Doak (Reference 17) 144.00 6* 2 0.016 U/u 63.000 U2 

LighthiSI (Ref 11) 4.40 8*2 0.050 U/u 0.011 U2 

Bull and Willis (Ref 19) 1.78 6* 2 

Sharland (Ref 16) 0.500 U2 

Bull (Reference 20) 15.00 6* 2 0 300 U/u 0.135 U2 

TABLE I! 

ESTIMATED PERFORMANCE OF TEST PROPELLERS 

M = = 0.2 M - 0.3 M = 0.4 
Propeller Type CT C/a 

r T r 

T(lb) SHP T(lb) SHP T(lb) SHP 

W6 STD 8 .0285 .144 22 1.00 49 3.3 85 7.8 

W4 STD 8 .023 .174 18 0.70 40 2.4 71 5.6 

W3 STD 8 .0194 .195 15 0.50 33 1.8 58 4.4 

W2 STD 8 .015 .225 11 0.40 26 1.3 45 3.0 

W2 STD 16 .0315 .477 24 1.00 52 3.2 93 7.7 

W2STD 12 .023 .348 17 0.70 38 2.4 68 5.6 

W2 STD 4 .0074 .113 6 — 13 — 26 __„ 

W2 STD 0 .0012 .022 — — 2 — 4 — 

W60 LK 18 
(Sensenich) 

.0203 ___ 16 0.65 35 2.2 63 5.2 
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TABLE III 

PROPELLER CONFIGURATIONS TESTED 
IN NOISE MEASUREMENT PROGRAM 

Tip Angle Blade Number (B) 

"t 
2 3 4 6 

16 

12 

X 

X 

8 XAO X XAO X 

4 X 

0 X ;; 

-2 X 

Sensenich W60 LK 18 (B = 2, D = 4 ft) 

X     ■    With Standard Blade Tips 

A    =    With Swept Blade Tips 

O   =    With Trapezoidal Blade Tips 

Configurations denoted by W (B) (tip shape) (a ) 
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TABLE IV 

MEASURED CENTER FREQUENCIES FOR BROADBAND NOISE (6 = 0°) 

PROPELLER 
CASE 

TIP SPEED 
(ft/sec) 

FREQUENCY 

f    (Hz) c 
Ns=fcc/Uf 

W2 STD 8 224 

336 

356 

391 

419 

448 

850 

1100 

1300 

1350 

1500 

0.66 

0.82 

0.83 

0.80 

0.84 

W2 STD 12 224 

336 

448 

900 

1000 

1400 

1.00 

0.75 

0.78 

W2 STD 16 224 

336 

448 

750 

800 

1250 

0.84 

0.60 

0.80 

W3 STD 8 224 

336 

448 

760 

1400 

1600 

0.83 

1.04 

C.89             ! 

W. STD 8 
4 

224 

336 

448 

720 

1400 

15Q0 

0.8 

1.04 

0.88 

W6 STD 8 224 

336 

448 

1100 

1300 

1700 

1.23 

0.96 

0.95 

SENSENICH 224 

336 

448 

550 

810 

1050 

1.03 

0.99 

0.97 
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1 10 m& 100 1000 

Figure 2,  Relative Contributions from Steady Dipole and 
Quadrupole Sources 

Observer 

Figure 3.  Coordinate System for Propeller Noise Analysis 
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Turbulence (Theory) 

Measured Noise, Blade 
in Turbulent Core 

Vortex Shedding 
Noise (Theory) 

Noise from Residual 
Turbulence (Theory) 

Measured Noise, Blade 
in Laminar Core 

Boundary Layer Noise 
Radiation (Theory) 

TOO 200 300 400 600 800    1000 

Velocity at Plate Center - ft/sec 

Figure 4.   Noise Radiated from a Plate in a Turbulent Airstream (after Sharland, 
Reference 16) 
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Figure 5.   Directionality Patterns for Combined Load in Any One 
Harmonic (From Reference 8) 
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Figure 7.  Propeller Tip Geometries Employed in Test Program 
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b is Blade Chord, ß is Section Blade Angle, h/b is Thickness/Chord 

Figure 8.   Sensenich W60LK 18 Propeller Configuration 

2 r>4 

CT' = T/pn'D 

Figure 9.   Thrust Grading on Whirl Test Propellers 
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Tunnel Side Wall 
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a 
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Figure 10.   Coordinate Convention for Wake Turbulence Measurements 
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Figure 11.   Turbulence Intensity at Tip Vortex of Tunnel Blade 
(a= 8°, c = 3.0 in., Standard Tip Shape, U    = 150 fps) 
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(a) Standard Tip, x = 10.25 in. 
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(b) Swept Tip, x = 10.25 in. 

Figure 13.   Turbulence Intensity Contours in Wake of Wind Tunnel Blades 
(U    = 150 f.p.s., Blade Chord = 3 in., Blade Length = 6 in.) 
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Figure 13. (Continued) 
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(e) Standard Tip, x = 22.25 in. 

Figure 13.   (Concluded) 
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Instrumented 
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x = 2c 

(a) Blade Locations in Wind Tunnel 

J-LA / ( ( f ( t I ( I t-L 
c = 3.0 in. 

1.5 in. 

(b) Positions of Pressure Transducers on Blade 

Figure 17. Arrangement of Tandem Blades in Wind Tunnel 
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4 k 113 dB 

^*Q?Wm   106 dB 

(a)  Single Blades (b)  Tandem Blades 

NOTE:  0.006 a   = 111.6 dB 
00 

Figure 18.   Measured Surface Pressures on Wind Tunnel Blades 
(dB re: .0002 pbar in 400-2000 Hz Band) 
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Figure 21.   Propeller Whirl Test Facility 
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(a) 6 Blade Propeller 
(b)  2 Blade Propeller 

(c)  Sensenich Propeller 
(d)  Propeller Blade with 

Trapezoidal Blade Tip 

Figure 22.   Propeller Configurations 
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Figure 25.  Installation of Pressure Transducers on Propeller Blade 
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Figure 26.  One Third Octave Spectra of Measured Propeller Blade Pressures 
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Figure 26.   (Continued) 
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Figure 40.  Harmonic Content of Sensenich Propeller Noise 
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APPENDIX 1 

DESCRIPTION OF THE EXPERIMENTS 

SECTION I 

INTRODUCTION 

A description of the test programs for an experimental investigation of propeller vortex noise 
is presented in this Appendix.   The experimental program encompassed both the aerodynamic 
and acoustic aspects of the vortex noise generation process.   The source mechanisms of vortex 
noise generation are aerodynamic in origin and a clear understanding of the cause and effect 
chain of the noise generation process requires an analysis of both aerodynamic and acoustic 
properties of propeller operation.   For this reason, the experimental program involved two 
studies  (1) a wind tunnel study to define the aerodynamic properties of both self-induced 
and incident-fie Id vorticity and their relative contribution to the random blade loading 
distributions and, (2) a free-field propeller study to define the acoustic properties of the 
propeller noise field, and the correlation of the noise field with the random blade loading. 
A description of the Wind Tunnel Test Program is presented in Section II and a description 
of the Free-Field Propeller Test Program is presented in Section III. 
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SECTION II 

WIND TUNNEL TEST PROGRAM 

1,0        INTRODUCTION 

The present section is a description of the test program for the wind tunnel study.   The 
purpose of the wind tunnel rest program was to study the unsteady aerodynamic flow 
fields associated with propeller blades to determine their relative importance as noise 
source mechanisms.  It is well known that various unsteady flow environments result 
from the passage of viscous flow over airfoii shapes.   However, the unsteady loading 
to the surface of propeller blades has not been studied in Sight of the present program 
objectives.   Therefore, a systematic experiment has been conducted to examine, in 
detail, the potential sources of unsteady aerodynamic loads which may result in vortex 
noise generation.  It was felt that these sources could be identified best using stationary 
blades in a low speed, low turbulence, wind tunnel.   Through a systematic variation of 
blade configurations and blade arrangements, it was anticipated  fhat independent evalua- 
tion of the source terms could be made with the result that the dominating mechanisms 
could be defined.   To measure the unsteady loading on the blades, both chordwise and 
spanwise microphone arrays were used.   However, because of the low dynamic pressure 
associated with the tunnel airflow, measurable effects of test conditions were detected 
only on the downstream blade for the condition where the downstream blade was in the 
wake of the upstream blade.   Thus, in an attempt to more clearly define the sources of 
unsteady loading, hot wire studies were performed.   Both *he trailing edge shed vorticity 
and the tip vortex were defined from hot wire surveys to establish trends due to the effects 
of variations in tip shape and blade angle of attack. 

This section is subdivided into various sub-section - each of which presents a discussion 
of various aspects of the test program.   Section 2.0 contains a description of the test 
apparatus and instrumentation.   The test procedure and test conditions which were 
investigated are presented in Section 3.0. 

2.0 TEST APPARATUS AND INSTRUMENTATION 

2.1 Wind Tunnel Faciiity 

The wind tunnel facility is a low speed wind tunnel having a 10 in. by 32 in. test 
section and currently capable of operating at speeds slightly above 150 ft per second. 
The tunnel w*.is designed for low noise and low turbulence operation with an inlet 
contraction ratio of 16:1.   Modifications have been made to the facility for the 
purposes of the present test.   The primary modification consisted of rearranging the 
tunnel in the aerodynamic laboratory such that the inlet, test section, and blower 
are acoustically isolated by wall areas.   The present tunnel arrangement is shown in 
Figure 1-1. 
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Calibration studies of the tunnel airstream to assess the mean and fluctuating velocity 
profiles in the test section were performed.   Initial runs revealed a turbulence intensity 
of 1.5 percent of the free stream velocity for a single screen in the tunnel iniet.   The 
application of a honeycomb section consisting of plastic soda straws 1/4 inch in diameter 
and 9 inches in length reduced the turbulence intensity to 0.48 percent with only one 
ft per second reduction in mean airspeed.   Thus, it is felt that the tunnel flow was 
adequate for the present study of propeller vortex noise.   New wind tunnel walls were 
designed to provide the necessary fixtures for the models.   Following the installation 
of these walls, additional calibration runs were performed and these data indicated no 
detectable change in the tunnel flow characteristics. 

2.2 Wind Tunnel Models 

The wind tunnel models consisted of three-dimensional propeller blade segments.   The 
present research propeller design was based on a NACA-0012 airfoil section.   For the 
wind tunnel tests, a constant chord, zero twist blade was used.   Because of blockage 
effects in the wind tunnel, it was desirable to maintain a minimum blade thickness and 
consequently, minimum chord length.   However, the model blade had to be sufficiently 
thick to contain the surface mounted microphones.   Taking these factors into considera- 
tion a blade with a 3-inch chord was selected.  Also, in view of blockage effects on 
lift and drag (which are related to the overall aerodynamic flow field of the blade) it 
was decided to test the blades across the short side of the test section.   Thus, the three- 
dimensional blades were approximately 6 inches in span.   The blades used in the wind 
tunnel tests were the same scale and basic design as those used subsequently in the free- 
field acoustic tests, but without twist or taper. 

Both single blade and doub e, tandem, blade arrangements were investigated.   Except 
for the tip shapes, all blades were zero twist, constant airfoil section (NACA 0012) 
designs. 

A summary of configurations tested are as follows: 

• Single Blade, Three-Dimensional Configuration 

Angle of attach variations 

blade tip variations 

• Double Blade, Three-Dimensional Configuration 

Angle of attach variations 

Blade tip variations 

Longitudinal and transverse separation variations to simulate 
effective propeller configurations (x, y) 

The arrangement of the blades in the wind tunnel test section is shown in Figure 1-2 
and 1-3. 
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Blade tip venations consisted of the following geometries: 

• Standard tip which is formed by rotating the NACA-0012 airfoil 
section about the chord line located at the end of the constant 
chord portion of the blade 

• Swept tip with a 60-degree aft swept leading edge 

• Trapezoidal tip with a 15° leading edge taper and a 25° trailing 
edge taper 

Schematics of these configurations are presented in Figure 1-4.   The notation used to 
identify model configurations is given in the main text (Figure 17). 

2.3 Instrumentation for Data Acquisition 

Instrumentation for the acquisition of test data consisted of microphones, signal 
conditioning equipment, and analog data recording equipment.   The microphones 
were positioned in both the chordwise and spanwise directions as shown in Figure 17 
of the main text.  Also, their positions relative to the tunnel sidewalls were held 
constant.  For the tandem configuration, instrumentation was located only in the aft 
blade.   The purpose of the microphones were to record, in both the chordwise and 
spanwise directions, the fluctuating pressure environment induced on the blade.   The 
microphones used for the test are Kulite-ultra-miniature microphones Type CQL-125- 
5S.   The Kulite microphone diaphragm diameter was 0.125 inch, and they are manu- 
factured using a monolithic integrated Wheatstone bridge directly formed on a 
silicon diaphragm.  The CQL-125-5S has an input impedance of approximately 1000 
ohms and may be excited with a 5 volt AC or DC power supply. At a rated pressure 
of 5 psi they have a sensitivity of 7millivolts/volt (or 35 mv/psi).   During the experi- 
ments, the reference pressure was sealed and remained at a constant pressure. The natural 
frequency of the microphones is about 100K Hz, giving a flat dynamic response to 
aboui' 25K Hz.   These instruments have been used with excellent success in previous 
experiments of a similar nature conducted by Wyle.   The signal conditioning electronics 
were standard instrumentation components for the microphones used. 

In addition to the microphone instrumentation, surveys of the tunnel airstream and blade 
wakes were taken with hot-wire instrumentation.   These data were used to define both 
the mean flow and turbulent properties of the tunnel flow and the blade trailing edge 
shed vortex and the tip vortex and helped to define critical conditions at which the 
flow fields from upstream blades interact with trailing blades.   The hot-wire instru- 
mentation consisted of the following components. 

• Thermo-Systems, Inc., Model 1054A constant temperature 
hot-wire anemometers with linearizers.   These anemometers 
gave a linear voltage response with the speed range of the 
tunnel.   Manufacturer specifications indicate that the frequency 
response of the Model 1054 anemometers are flat from D.C. to 
200KHz. 
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• Hot-wire probes with both single wire and X wire probe 
elements.  A single straight wire was used to measure 
the streamwise velocity component; whereas, a pair of 
wi. es in the form of an "X" was used to measure cross- 
stream components.   These probes were constructed at Wyle. 
The wire elements are 0.00015 inch-diameter tungsten with 
an effective length of 0.04 inches.  The wires were electro- 
plated with copper before they were mounted on the probes with 
soft solder. 

Instrumentation for data reduction is discussed in the following section. 

2.4 Instrumentation for Data Reduction 

The analog instrumentation for on-line data reduction consisted of the following: 

• A Bruei and Kjaer Type 2112 Audio Frequency Spectrometer. 
The B and K spectrometer provided one-third octave 
spectra and overall sound pressure level parameters. 

• A Bruel and Kjaer Type 2305 Graphic Level Recorder.   The 
B and K Level Recorder provided plots of the one-third 
octave spectra and overal I sound pressure levels. 

• A Ballatine Model 320 true rms voltmeter.   The rms voltmeter 
was employed for measuring the turbulent intensities over a 
frequency range from 5 Hz to 25K Hz. 

• A F.L. /vbsely Model 135C plotter.   The Mosely X-Y plotter 
provided analog records of mean and turbulent velocity varictions 
in both normal and spanwise directions. 

3.0 TEST PROCEDURE AND CONDITIONS 

Because of the importance of defining and minimizing free-stream disturbances prior 
to conducting the model propeller blade tests, the tests were conducted in two phases. 
Phase I was a calibration of the wind tunnel facility to assess the mear. - and turbulent- 
flow properties of the tunnel air stream and to experiment with modifications to the 
facility to arrive at symmetrical mean-flow profiles and minimum oir-stream turbulent 
intensity.   Phase II consisted of the parametric propeller blade tests to assess the various 
.source mechanisms which may contribute to propeller vortex noise generation.   TT;;se 
tests will be discussed separately. 
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Phase I - Wind Tunnel Calibration — Preliminary experiments have been conducted . j 
assess the mean- and turbulent-flow properties of the tunnel airstream using temporary 
side walls in the test section.   Following the fabrication and installation of the side 
walls which were used for the present study, a thorough calibration of the test section 
was performed.   Surveys of mean- and turbulent-velocity were taken in both the longi- 
tudinal and spanwise directions for the region to be occupied by the model propeller 
blades.   Efforts were made through tunnel inlet modifications to arrive at tunnel con- 
figurations which would give optimum flow conditions (i.e., smooth, symmetrical mean 
flow profiles and minimum velocity turbulence levels). 

Phase II - Model Propeller Blade Tests - The procedure for the model propeller blade 
test was designed to facilitate an independent evaluation of the various source mech- 
anisms which may contribute to propel le.' vortex noise generation.   The source of pressure 
fluctuations which may induce unsteady loads on propeller blades are identified as follows: 

• Boundary Layer Turbulence 

• Trailing Edge Shed Vorticity (Near-Wake) 

• Trai ling Tip Vortex (Near-Wake) 

• Turbulent Wake (Far-Wake) 

To provide for independent evaluation, the following tests were planned and the 
pressure fluctuation sources which e*.ist are identified. 

• Single Three-Dimensional Blade 

Boundary Layer Pressure Fluctuations 
Near-Wake - Trailing Edge Shed Vorticity 
Near-Wake - Tip Vortex 

e      Double Three-Dimensional Blades Positioned in an 
Offset Tandem Arrangement 

Boundary Layer Pressure Fluctuations 
Near-Wake - Trailing Edge Shed Vorticity 
Near-Wake - Tip Vortex 

-     Turbulent Wake - (Far-Wake) 

To assist in the interpretation of the fluctuating pressure data and to provide further 
insight into the sources of unsteady blade loading, a comprehensive hot wire study 
was performed.   The hot wire study consisted of both spanwise and normal traverses 
relative to the blade surface for various fixed longitudinal locations.  A typical 
arrangement showing the hot-wire probe and a single blade configuration is presented 
in Figure 1-3. 
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The wind tunnel test phase also involved a study of the effects of both aerodynamic 
and geometric parameters on the unsteady flow field. These variables consisted of 
the following: 

1. Tip Shape - Three different tip shapes were examined - 
standard tip, 60-degree swept tip, and trapezoidal tip. 

2. Blade Angle - Four blade angles to simulate a range of 
loading conditions were examined. 

3. Blade Orientation (double 3-D configuration only)  - Three 
horizontal relative positions of the downstream blade were 
examined to simulate a range of relative flow fields repre- 
sentative of actual propeller blade conditions (simulation of 
combined RPM, free-stream velocity, and blade number effect). 

4. Free-Stream Velocity - The wind tunnel test simulated relatively 
low speed operating conditions.   Thus, studies at only one free- 
stream condition (UQ, = 150 ft/see) were performed. 
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Figure 1-1.  Arrangement of the Wind Tunnel in the Aerodynamic Laboratory 
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Figure 1-3.   Photograph of the Wind Tunnel Model Installation showing a Typical 
Propeller Blade and the Hot-Wire Probe 
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. 3.5 (Typical) 

Tunnel Centerline 

Tip A - Standard 

3.0 (Typical) 

Tip B - 60° Sweep 

Tip C - Trapezoid 

Figure 1-4.   Plan View of Wind Tunnel Blade Configurations, 
Airfoil Section - NACA 0012 
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SECTION III 

FREE-FIELD PROPELLER TEST PROGRAM 

1.0        INTRODUCTION 

Free-field tests were conducted using various 4-foot diameter propeller configurations 
to measure the noise field radiated by the propeller and the pressure fluctuations acting 
on the propeller blades.   The objectives of these tests were to obtain data which could 
be used for direct correlation of tKe noise field with the aerodynamic and geometric 
parameters of the propeller operation, direct correlation of the fluctuating loads with 
the noise field (as required by the theory), and direct correlation of the fluctuating 
loads with the aerodynamic ond geometric parameters.   The tests were conducted in 
the absence of free-stream flow;  however, it was felt that the important aero-acoustic 
properties of propeller noise sources and their relationship to the noise field could 
be identified using the test stand data together with the wind tunnel test results (as 
discussed in Section II). A brief summary of the test apparatus and the test procedure 
and conditions is presented in following sections. 

2.0 TEST APPARATUS AND INSTRUMENTATION 

2.1 Free-Field Propeller Test Facility 

A photograph of the final design of the propeller test facility is shown in Figure 1-5. 
This facility was located in the hazardous test area at Wyle-Huntsville.   The test 
apparatus consisted of a test stand with the propeller drive axis positioned approxi- 
mately 12 feet above ground level.   The following test requirements contributed to 
the selection of this final design. 

e        The primary object of the propeller test facility was to provide propeller 
rotation over an rpm range up to 3150 rpm so that free-field acoustic 
measurements could be obtained in a plane passing through the axis of 
propeller rotation.   Thus, a cartilevered drive system was selected so 
that acoustic measurements could be taken at a constant height above 
the ground and over an angle range (relative to 'he axis of rotation) 
from 0 to near 180 degrees. 

e        To preclude interference between the propeller airstream and the test 
stand structure, a small-diameter, cantiievered drive assembly was 
required.   The drive assembly positioned the propeller at 1.5 diameter 
(6 feet) from the test stand support structure.   This separation distance 
between the propeller and facility structure proved to be adequate for 
the tests. 
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•        Accurate variable rpm control was required over a rotational speed 
range from 1000 to 3150 rpm.   This was achieved using a 74.5 hp 
hydraulic drive motor. 

The development of the facility — its design fabrication, assembly, and check-out — 
represented a major mHes'one in the overall research program.   The test facility was 
relatively complex in design since the nature of the test objectives required that the 
facility be designed to perform several functions simultaneously.   In certain areas, the 
test objectives resulted in conflicting design requirements and, as a result, the final 
design was the result of a trade-off between facility requirements so that each test 
objective could be realized.   The various components of the facility are discussed in 
the following sub-sections. 

2.1.1 Test Stand 

The test stand consisted of (1) a massive reinforced concrete pad and (2) a steel 
support structure for the motor drive assembly, as shown in Figure 1-6.   The concrete 
pad was 10 x 10 feet square and 12 inches thick.   The pad was reinforced with 8-inch 
I-beams strategically located so that the test stand could be welded to the pad 
structure.   The test stand consisted of a 20-inch diameter, schedule 40 steel pipe with 
8-inch I-beam braces.   A 1-inch steel plate was used to tie the assembly together at 
the topof the structure, and steel legs, which were welded to the top plate, provided 
a means of attaching the motor drive assembly to the test stand. 

Thv main support pipe for the test stand was filled with sand to dampen the structure 
and thus minimize the noise radiation from the structure.   Also, 2-inch thick horse- 
hair batts were taped to the  test stand to minimize the reflected noise.   The ground 
surface beneath the propeller was covered with horse-hair batts to minimize ground 
reflected noise. 

2.1.2 Motor Drive Assembly 

The motor drive assembly consisted of  (1) a hydraulic drive motor, (2) a drive shaft 
assembly, (3) thrust sensor, and (4)  drive housing.   The hydraulic motor was a 
Dennison Model MIC-052-21 vane type motor capable of 74.5 horsepower at a 
maximum rotational speed of 3600 rpm and maximum pressure of 2500 psia.   The output 
torque was 52.07 in.-lb/100 psi.   The hydraulic flow rate for the motor was 1.416 
gpm/100 rpm.   The drive shaft assembly consisted of two, in-line, shafts.   The main 
drive shaft was supported in the cantilevered housing with a roller bearing with an 
inner movable race at the propeller end and a thrust bearing at the motor end of the 
cantilevered housing.   Axial loads from the main cirive were transmitted through a 
four-leg thrust sensor.   The interconnecting drive shaft was supported on two pillow- 
block bearings and provided the necessary interconnection between the drive motor 
and the main drive shaft.   Dodge para-flex couplings were used at the interconnections 
of the drive assembly.   The drive shaft assembly was hollow to allow for instrumentation 
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leads from the propeller-mounted microphones.   The slip-ring assembly was connected to 
the interconnecting drive shaft between the two pillow-block supports (see Figure 1-7). 

The drive housing consisted of an 8-inch, schedule 80 steel pipe which was cantilevered 
from an 18-inch, schedule 40 steel pipe which housed the motor and interconnecting 
drive components.  The cantilevered housing was braced with triangular webs and 
bolted to the larger motor housing.   Steel lugs, welded to the motor housing mated 
with similar lugs on the test stand and steel bolts were used to hold the two assemblies 
together. 

2.2 Propellers 

Two basic propeller systems were tested:   (1) a variable geometry propeller system 
designed by Wyle Laboratories, and (2) a fixed geometry Sensenich propeller.   The 
variable geometry propeller was designed to facilitate a range of configurations and 
test conditions as follows: 

Propeller Diameter — 4 fee* 

Blade Number — 2, 3, 4, 6 

Tip Shape — Standard, Swept, Trapazoidal 

Tip Angle — Continuously Variable 

Blade Chord — 3 inches 

Blade Section - NACA 0012 

Blade Twist- 7.5° 

Blade Coning Angle — 1 

A schematic of a typical propeller blade (with standard tip) is shown in Rgur« 1-8. 
A series of photographs, showing the 2, 4, and 6 blade configurations, blades with 
various tip shapes, and the disassembled hub are presented in Figures 1-9 through 1-13. 
The hub was 8 inches in diameter and was fabricated of aluminum.   The blades were 
steel with a hollow core and the blade tips were aluminum reinforced plastic. 

The fixed geometry propeller was a 2-blade, 4-fcot diometer Sensenich W 60 LK18 
propeller.   The Sensenich propeller was constructed of laminated wood with an 
aluminum adapter for mating the propeller to the motor drive assembly (see Figure 1-14). 
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2.3 Instrumentation 

Instrumentation for the free-field propeller tests consisted of  (1) free-field micro- 
phone: and signal conditioning electronics for measuring the noise radiated by the 
propellers, and (2) blade mounted microphones and signal conditioning electronics 
for measuring the fluctuating pressures on the propeller blades.   For the free-field 
measurements, the instrumentation system consisted of the following components: 

• B & K Type 4134 Microphone with protective grid 

• Standard B & K Electronics for Signal Conditioning 

• Ampex Two-Channel Tape Recorder 

The microphone was supported on a 12-foot pole with a tripod base which was 
manually moved to various locations for the required directivity measurements. 

The blade-mounted microphones were KuliteCQL-125-5S ultra-miniature pressure 
sensors having 0.125" diaphragms.   The Kulite microphones were manufactured using 
a monolithic integrated circuit Wheatstone bridge directly formed on a silicon dia- 
phragm.   A sealed reference pressure design was employed for the present test.   These 
microphones have a nominal sensitivity of 1.4 mv/v/psi with a diaphragm natural 
frequency of approximately 70 K Hz.   Excitation voltage is 5 v nominal and lOv maxi- 
mum.   Standard signal conditioning electronics were employed with the exception that 
microphone signal output was routed through a slip-ring assembly.   A Lebow model 
6116-12 slip ring assembly was employed.   This assembly provided twelve electronic 
channels with a low noise floor and a flat frequency response for rotational speeds up 
to at least 3200 rpm.   Also, for certain runs, Burr-Brown Model 3071/25 operational 
amplifiers were housed in the propeller hub for amplifying the signal prior to trans- 
mission through the slip-ring assembly.     The amplifier package and the slip-ring 
assembly are shown in Figure 1-12. 

Failure of all but two of the blade mounted microphones and failure of the hydraulic 
pump necessitated termination of the fluctuating pressure tests during the check-out 
and evaluation phase.   Thus, data were not recorded on tape since, during check-out, 
only a graphic level recorder was in use to monitor and record the output of the blade 
mounted micorphones.   Microphone locations are given in the main report. 

3.0        TEST PROCEDURE AND CONDITION 

The test was conducted in three phases:   Phase I was a check-out of the motor drive 
system for the purpose of evaluating the operational characteristics of the motor drive 
including the no-load noise radiated by the drive system;   Phase II consisted of pro- 
peller tests for the purpose of measuring the free-field noise;  and,   Phase III consisted 
of propeller tests for the purpose of measuring fluctuating pressures on the propeller 
blades.   These phases will be discussed separately. 
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Phase I - Facility Checlc-Out 

During the facility check-out phase, a number of problems were discovered which 
necessitated modifications to the basic design of the propeller test facility.  The 
initial design of the motor drive assembly was found to be inadequate.   The intercon- 
necting motor drive shaft experienced a critical speed whirl condition at approximately 
2700 rpm.   Thus, modifications were made which resulted in the design presented in 
Figures 1-5 through 1-7.  Also, excessive vibration of the test stand was experienced 
at rotational speeds above 1600 rpm.  An additional structural member was added to 
reinforce the rear support I-beam of the test stand and this eliminated the vibration 
problem.   Following these modifications, the facility appeared to perform to its 
original design objectives;  however, the maximum speed was limited to 2400 rpm 
so that all test data could be obtained over the lower speed range prior to performing 
any high speed tests.   Failure of the hydraulic pump which supplied high pressure 
hydraulic fluid to the drive motor necessitated a termination in the test program prior 
to beginning the high speed tests. 

Phase II —  Free-Field Acoustic Tests 

A number of configurations were tested for the purpose of measuring the noise radiated 
by the propellers.  Test configurations consisted of the Wyle propeller with 2, 3, 4 
and 6 blades, at various blade angle settings and at three rotational speeds.  The test 
conditions are summarized in Table III of the main report.   A further set of noise data 
was obtained for the Sensenich propeller at the same speed settings as for the Wyle 
propeller. 

The procedure for the tests was, for a given configuration and microphone location, 
fhe rotational speed was set and microphone data was recorded for two minutes while 
holding the propeller speed constant.  The range of speed settings were examined 
prior to moving the microphone to a new location. 

Phase III — Blade Fluctuating Pressure Measurements 

Because of the delicate nature of the microphones, extreme care had to be taken in 
order to obtain blade fluctuating pressure measurements.   During the initial tests 
of this phase, numerous instrumentation problems were encountered which necessitated 
a number of trial and error studies which included variations in: 

e        microphone location in the blades 

e        microphone signal conditioning equipment, and 

e        microphone calibration procedures 

138 



*¥»■**— Hfci 

Fluctuating pressure levels on Hie blades appeared to be approximately 20 dB lower 
than anticipated such that the signal was near the noise floor of the instrumentation. 
Various surveys were performed in an attempt to locate the regions of high unsteady 
blade loading.   This necessitated a number of installation and removal cycles on the 
microphones and all but two instruments eventually suffered mechanical damage.   A 
limited amount of useful data was obtained in the blade tips;  however, these data 
were recorded only in a single channel sequence such that correlation between channels 
was not possible.   The eventual failure of the hydraulic system necessitated termination 
of the test before useful microphone data could be obtained. 
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Figure 1-5.   Photograph of the Free-Field Propeller Test Facility 
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Figure 1-9.   Photograph of the Wyle 2-Blade Propeller Configuration 
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Figure 1-10.   Photograph of the Wyle 4-Blade Propeller Configuration 
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Figure 1-11.   Photograph of the Wyle 6-Blade Propeller Configuration 
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Figure 1-12.   Photograph of the Wyle 2-Blade Propeller showing the Amplifier 
Package and Slip-Ring Assembly 
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STANDARD - TIP CONFIGURATION 

SWEPT -TIP CONFIGURATION 

Pift- •■ -■" ■   - :- 

Figure 1-13.   Photograph of the Wyle Propeller Blades showing the Three Tip 
Configurations 
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Figure 1-14.   Photograph of the Sensenich Propeller 
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APPENDIX II 

EXPERIMENTAL DATA 

This Appendix is a compilation of typical basic data samples obtained during the 
experimental program.   Emphasis is given to the tabulation of the propeller noise 
data in analyzed form, such that the data can be employed for reference in 
related studies of propeller noise generation.   The data presented are categorized 
as follows: 

• Wind Tunnel Test Results 

• Wake Turbulence Surveys 

• Propeller Whirl Test Results 

• Broadband Noise Spectra at M = 0.2, 0.3 and 0.4 

• Harmonic Noise Spectra at M = 0.2, 0.3 and 0.4 

The methods by which the data were obtained, and the appropriate test conditions, 
are summarized for each data set.   Measured spectra of biade surface pressures 
acquired in the wind tunnel and whirl tests are presented in the main report as 
Figures 19 and 26, respectively. 

WIND TUNNEL TEST RESULTS 

Wake Turbulence Surveys 

The wake turbulence data shown in Figure II. 1 are typical of the direct measurements 
obtained by automatic scan; of a hot wire anemometer probe across the wake of a 
cantilever mounted biade with a standard blade tip.   These measurements were con- 
ducted in a wind tunnel of 10" x 30" cross section, at a flow velocity of 150 f.p.s. 
The free stream turbulence is shown to be of the order of .4%.   The data shown 
represent the streamwise component of the turbulence intensity, defined as'u/U 

ao 
where U is the root mean square value of the fluctuating component of streamwise 
flow and U    is fhe free stream mean velocity.   These data were obtained at four 

oo 
streamwise stations in the wake of a 3-inch chord, 6-inch semi-span blade of airfoil 
section approximating to NACA 0012 dimensions, and with a standard blade lip. 
The blade angle relative to the tunnel axis was incremented from 0° to 12° in steps 
of 4° in each test. 

Similar surveys of u/U     were conducted at one streamwise station in the wake of 

the blade with a 60° swept tip and with a trapezoidal shaped blade tip.   These blade 
tips replaced the outer 3-inch spanwise section of the previously described blade. 
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Details of the tip geometries are contained :n Figure 7 of the main report.   The wind 
tunnel facility and details of the measurement procedures are described in Appendix I. 
Characteristic values of the maximum measured turbulence intensities, mean flow 
variations and wcke dimensions are tabulated in the present Appendix as Tables II. 1 
to II.3.    These shed wake and tip vortex data are compiled from the hot wire probe 
traverse plots at each of the test conditions. 

PROPELLER WHIRL TEST RESULTS 

Broadband Noise Spectra at M = 0.3 and 0.4 
 t  

The broadband noise data compiled in Tables 11.4 to 11.6 are one-third octave band 
levels over the frequency range 400-4000 Hz, obtained from 1% bandwidth analysis 
of the propeller noise recordings and converted for bandwidth by a correction of 13 dB. 
The noise recordings were obtained on a radius of 12 ft. from the center of each 4 ft. 
diameter propeller.   The azimuthal position of the measurement microphone on this 
radius is referenced to the propeller forward axis. 

The measurement program was conducted at three propeller rotational speeds:  1070, 
1605 and 2140 rpm, respectively.   Broadband noise data for the lowest speed cases 
may be influenced by extraneous test-rig noise. 

Harmonic Noise Spectre at M = 0.2, 0.3 and 0.4 

The harmonic content of the 1% bandwidth spectra is summarized in Tables 11.7 to 
11.8 for each of the propeller configurations and test conditions described above. 
Due to the predominant interest in broadband noise during this study, the lower order 
harmonics have not been analyzed for all test cases.   In the region of the propeller 
axis, the levels of the lower order harmonics were observed to fluctuate by as much 
as 10 dB during a record history.   The levels presented in the tables ire considered 
to be the maxima for each quoted harmonic of the blade passage frequency. 

The tabulations are arranged in similar format to the broadband noise data, for each 
of the propeller geometry variations. 
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TABLE II.3 

MAXIMUM COMPONENTS OF TURBULENCE INTENSITY 
IN DIRECTION NORMAL TO BLADE SURFACE 

Downstream 
Distance 
from i  c 

x (in.) 

Blade 
Angle 

a0 

Inboard Spanwise Distance from Blade Tip  (in.) 

3.0 1.5 0.25* 

Vu 
00 

t w 7/U 
to 

t 
w v/U 

00 
t      j 
w 

10.25 

0 

4 

8 

12 

0.033 

0.034 

0„033 

0,051 

0.8 

0.9 

0.7 

1.15 

0.032 

0.033 

0.033 

0.032 

1.1 

0.9 

0.7 

0.95 

0.017 

0.031 

0.033 

0.039 

0.65 

1.25 

1.5 

2.0 

*     Tip Vortex Region 
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TABLE II.4 

ONE-THIRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(a)   2 Blades, Standard Tips, 16° Tip Angle                                          (W2 STD 16°) 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n
e
-T

h
ir
d
 O

c
ta

v
e
 B

an
d 

C
en

te
r 

F
re

q
u

en
ci

es
 

(H
z)

 

400 58 59 54 53 
500 58 60 56 53 70 71 64 61 
630 58 61 56 53 73 74 64 61 68 69 66 65 
800 60 61 56 54 74 73 66 60 71 69 67 65 

1000 60 61 56 54 73 73 66 61 75 75 73 69 
1250 60 61 56 54 74 73 66 62 77 75 72 69 
1600 61 61 57 54 74 71 64 62 79 76 72 69 
2000 57 59 56 54 73 70 63 61 76 76 71 70 
2500 56 56 53 53 71 67 62 61 75 74 71 70 
3200 54 55 51 50 68 67 62 61 73 75 71 70 
4000 66 67 62 61 73 75 71 70 
5000 73 72 71 69 

Overall Band Level 69 70 65 63 82 81 74 71 85 84 80 78 

(b)   2 Blades, Standard Tips, 12° Tip Angle                                         (W2 STD 12°) 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n
e
-T

h
ir
d
 O

c
ta

v
e
 B

an
d 

C
e
n
te

r 
F

re
q
u
e
n
ci

e
s 

(H
z)

 

400 53 50 50 50 
500 53 53 50 50 64 52 57 50 
630 55 56 54 52 63 56 60 52 60 62 | 62 52 
800 56 56 56 52 69 61 60 53 62 67 64 55 

1000 59 57 55 51 70 64 61 55 66 70 67 60 
1250 59 57 54 52 71 65 65 59 73 73 67 60 
1600 59 58 56 52 71 65 66 58 73 74 72 62 
2000 56 56 55 51 68 64 65 56 71 74 71 62 
2500 53 54 52 46 67 63 62 55 69 74 70 61 
3200 52 53 50 45 63 62 62 54 68 72 68 61 
4000 62 61 62 54 68 72 68 62 
5000 67 70 67 62 

Overall Band Level 66 65 64 61 78 72 73 65 79 81 78 70 
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TABLE H.4 (Continued) 

ONE-THIRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft. Blade chord = 0.25 ftf 

NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(c)   2 Blades, Standard Tips, 8° Tip Angle                                          (W2 STD 8») 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir

d
 O

c
ta

v
e
 B

an
d 

C
e

n
te

r 
F

re
q

u
en

ci
es

 

(H
z)

 

400 
500 58 50 52 50 
630 59 55 55 53 64 60 57 64 
800 63 62 56 54 66 63 64 66 

1000 65 66 60 58 69 68 66 69 
1250 

( NO 3AT M - 67 68 60 59 71 71 69 70 
1600 

H/ 
67 68 62 54 73 73 70 71 

2000 66 67 60 56 73 7Z 70 71 
2500 63 65 58 54 71 71 70 70 
3200 61 63 58 53 71 71 67 69 
4000 60 61 57 50 69 69 67 69 
5000 67 67 66 67 

Overall Band Level 74 75 70 66 80 80 78 79 

M 

(d)    3 Blades, Standard Tips, 8° Tip Angle                                           (W3 STD 8°) 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir
d
 O

c
ta

v
e
 B

an
d 

C
e
n
te

r 
F

re
q
u
e
n
ci

e
s 

(H
z)

 

400 51 52 49 46 
500 52 53 50 47 50 55 55 50 
630 54 55 52 47 53 56 55 50 57 60 59 55 
800 54 56 54 49 55 61 58 52 62 64 59 55 

1000 55 57 54 48 57 61 62 55 64 67 64 60 
1250 57 58 55 48 59 65 61 57 67 70 66 60 
1600 57 59 55 50 62 65 62 57 69 71 66 60 
2000 56 58 55 49 62 65 62 57 69 71 66 60 
2500 54 55 52 48 61 64 61 57 69 72 66 60 
3200 54 55 53 48 60 62 61 57 68 72 67 60 
4000 60 62 61 56 68 70 67 60 
5000 68 69 66 59 

Overall Band Level 65 66 63 58 72 73 70 66 77 79 75 69 
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TABLE II.4  (Continued) 

ONE-THiRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3? to 1 .OR) 

(e)   4 Blades, Standard Tips, 8° Tip Angle                                          (W4 STD 8°) 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir

d
 O

c
ta

v
e
 B

an
d 

C
e

n
te

r 
F

re
q

u
en

ci
es

 

(H
z)

 

400 55 45 48 46 
500 55 48 50 48 50 51 48 50 
630 54 50 51 50 52 53 52 54 58 55 52 58 
800 58 53 54 52 54 55 55 54 58 61 56 58 

1000 59 55 54 52 56 60 56 55 60 64 58 58 
1250 57 55 54 52 59 62 56 56 62 65 61 59 
1600 59 55 53 52 62 62 56 57 66 65 63 59 
2000 55 54 52 52 62 61 56 56 67 64 63 59 
2500 51 54 51 48 61 60 J6 53 66 64 63 58 
3200 51 52 50 48 60 60 55 52 63 65 62 58 
4000 60 58 53 51 63 66 60 58 
5000 62 63 58 57 

Overall Band Level 66 63 62 60 69 69 66 64 73 73 71 68 

(f)   6 Blades, Standard Tips, 8° Tip Angle                                          (W6 STD 8°) 

RPM: 1070 1605 2140 

Angle for Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir

d
 O

c
ta

v
e
 B

an
d 

C
e

n
te

r 
F

re
q

u
en

ci
es

 

(H
z)

 

400 — „ 

500 — 57 59 56 58 
630 56 59 61 56 58 65 64 60 58 
800 56 59 61 57 58 66 65 60 59 

1000 58 60 61 57 56 68 67 61 60 
1250 60 

(N< )DA TA)- 
63 61 58 58 69 68 61 61 

1600 61 63 65 60 58 71 71 63 62 
2000 60 63 68 58 57 70 72 63 62 
2500 59 63 68 57 55 70 72 64 60 
3200 57 64 67 58 55 72 71 64 61 
4000 — 63 65 56 54 73 71 63 61 
5000 __ 71 71 63 60 

Overall Band Level 68 72 75 68 67 79 79 71 70 
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TABLE II.4 (Continued) 

ONE-THIRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(g) 4 Blades, Swept Tips, 8° Tip Angle                 (W4 SW 8°) 

RPM: 1070 1605 2140 

Angle for Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir

d
 O

c
ta

v
e
 B

an
d 

C
e

n
te

r 
F

re
q

u
en

ci
es

 

(H
z)

 

400 
500 54 53 53 50 
630 55 56 53 50 63 60 58 58 
800 58 58 56 53 64 62 61 59 
1000 60 62 58 54 66 65 64 60 
1250 63 64 59 55 68 67 65 60 
1600 ( NO 0ATA) 64 64 62 55 70 69 66 61 
2000 64 64 60 55 70 69 66 60 
2500 64 64 60 55 70 69 67 60 
3200 64 64 61 55 70 69 67 61 
4000 62 60 59 51 68 66 64 58 
5000 66 63 62 56 

Overall Band Level 71 78 

(h) 4 Blades, Trapezoidal Tips, 8° Tip Angle              (W4 TR 8°) 

RPM: 1070 1605    ! 2140 

Angle for Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e
-T

h
ir
d
 O

ct
a

ve
 B

an
d 

C
e

n
te

r 
F

re
q
u
e
n
ci

e
s 

(H
z)

 

400 
500 50 48 47 
630 53 50 50 __ 57 55 56 52 
800 54 52 51 49 58 59 59 55 
1000 57 55 53 51 61 62 60 58 
1250 

- ( MO >AL K) 60 58 56 52 63 63 60 59 
1600 63 59 58 53 65 64 61 58 
2000 62 59 59 54 66 64 61 56 
2500 62 59 58 54 66 64 61 56 
3200 61 59 58 53 66 64 60 56 
4000 65 62 58 53 
5000 

Overall Band Level 69 74 
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TABLE 11.4 (Concluded) 

ONE-THIRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord ■ 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(i) 2 Blades, Trapezoidal Tips, 8° Tip Angle               (W2 TR 8°) 

RPM: 1070 1605 2140 

Angle for Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e-
T

h
ir

d
 O

ct
av

e 
B

an
d 

C
en

te
r 

Fr
eq

ue
nc

ie
s 

(H
z)

 

400 
500 57 54 50 50 60 58 57 57 
630 58 56 54 50 63 60 60 60 
800 61 61 56 53 67 62 60 60 
1000 63 65 59 58 69 67 67 6Z 
1250 / MO )AL k\ _ 66 68 61 58 71 70 69 69 
1600 ( \) 67 67 61 59 73 73 70 69 
2000 65 67 62 55 72 73 70 67 
2500 64 66 61 55 71 70 70 67 
3200 61 62 60 52 69 70 69 67 
4000 60 60 57 51 69 69 67 67 
5000 

Overall Band Level 74 74 70 67 79 80 77 — 

160 



TABLE  II.5 

ONE-THIRD OCTAVE BAND LEVELS OF SENSENICH 
PROPELLER BROADBAND NOISE AT 12 FT RADIUS 

(Propeller diameter = 4 ft) 

Sensenich W60 LK 18 

RPM: 1070 1605 2140 

Angle for Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

O
n

e-
T

h
ir

d
 O

ct
av

e 
B

an
d 

C
en

te
r 

Fr
eq

ue
nc

ie
s 

(H
z)

 

400 57 50 45 45 58 
500 59 50 45 45 64 60 57 57 65 60 — — 

630 61 56 54 48 56 62 57 56 67 63 60 54 
800 62 57 55 50 68 64 58 59 72 65 60 56 
1000 61 57 56 50 72 66 60 59 74 67 61 58 
1250 58 57 55 48 69 67 61 61 74 69 63 60 
1600 57 57 54 46 68 67 62 59 75 71 66 60 
2000 53 54 50 45 66 67 62 56 72 71 65 59 
2500 50 45 48 43 63 65 60 53 70 70 65 58 
3200 45 45 45 40 63 61 59 53 69 67 65 59 
4000 62 61 59 54 68 67 64 60 
5000 68 66 65 60 

Overall Band Level 68 65 62 57 78 75 70 67 82 78 73 68 
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TABLE II.6 

ONE-THIRD OCTAVE BAND LEVELS OF MODEL PROPELLER 
BROADBAND NOISE ON AXIS AT 12 FT RADIUS FROM HUB 

(Propeller diameter ■ 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

Low Blade Angle Cases 

RPM: 1070 1605 2140 

Blade Tip Angle (°) 4 0 -2 4 0 -2 4 0 -2 

O
n

e-
T

h
ir

d
 O

ct
av

e 
B

an
d 

C
en

te
r 

Fr
eq

ue
nc

ie
s 

(H
z)

 

400 57 61 __ __ 64 57 ._ 66 61 
500 1 59 61 53 — 66 58 — 68 63 
630 61 62 53 — 68 59 — 69 64 
800 62 64 54 — 70 61 64 72 66 
1000 63 67 54 — 71 62 64 76 69 
1250 65 67 55 — 73 63 63 77 69 1 
1600 68 68 55 — 74 62 68 80 69 
2000 68 65 54 — 73 61 67 80 67 
2500 oo 64 53 — 70 58 69 78 66 
3200 61 59 53 — 68 56 66 77 65 
4000 54 52 — — 68 — 64 75 64 
5000 52 50 — 64 — 64 73 — 

Overall Band Level 74 75 62 | W 70 75 87 77 
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TABLE 11.7 

HARMONIC LEVELS OF MODEL PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(a) 2 Blades, Standard Tips, 16° Tip Angle               (W2 STD 16°) 

RPM: 1070 1605 2140 

Angle from Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

 

1 64 73 
2 61 60 54 45 73 
4 60 58 53 56 72 70 65 _. 76 76 73 67 
8 53 56 55 50 71 65 66 48 79 70 70 67 
12 53 58 52 50 71 64 60 N 78 74 74 N 
16 54 55 50 N 70 65 60 N 77 72 68 N 
20 N N N N 68 N 60 N 76 71 68 N 
30 N N N N N N N N 67 66 64 N 
40 N N N N N N N N 65 N N N 

(b) 2 Blades, Standard Tips, 12° Tip Angle               (W2 STD 12°) 

RPM: 1070 1605 2140 

Angle from Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 1 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

 

1 
2 55 
4 56 56 55 43 64 61 54 74 64 
8 55 54 54 45 70 67 57 54 73 74 71 60 
12 54 57 50 44 68 60 59 50 75 74 69 N 
16 54 55 52 N 65 64 57 N 72 73 64 N 
20 53 53 51 N 65 64 59 N 70 69 66 N 
30 51 N N N 63 60 N N 65 63 63 N 
40 50 N N N 60 N N N 60 N N N 

N - Not Distinguishable 
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TABLE H.7 (Continued) 

HARMONIC LEVELS OF MODEL PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(e) 2 Blades, Standard Tips, 8° Tip Angle                                        (W2 STD 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
on

ic
 

N
um

be
r 

(H
z)

   
   

   
   

   
 ! 

1 58 63 73 
2 54 62 71 
4 56 64 63 -- — 72 
8 55 64 67 61 54 70 73 68 58 

12 53 (NO DATA) 64 63 59 50 71 72 68 57 
16 51 62 63 57 N 70 71 68 56 
20 N 61 62 58 N 69 70 66 55 
30 N 61 62 58 N 66 66 61 51 
40 N 56   59 N    N 62 62 58 48 

(d)   3 Blades, Standard Tip,  8° Tip Angle                                       (W3 STD 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
on

ic
 

N
um

be
r 

(H
z)

 

1 54 68 70 
2 N 66 69 74 72 __ 
4 51 53 52 N 64 65 62 N 70 74 72 N 
8 53 54 53 N 64 61 61 N 69 70 69 N 

12 46 51 50 N 62 60 61 N 70 70 67 N 
16 46 50 48 N 58 61 58 N 66 68 65 N 
20 N N N N 58 60 55 N 64 65 60 N 
30 N N N N 55 N N N 59 60 58 N 
40 N N N N N N N N N 58 N N 
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TABLE 11.7 (Continued) 

HARMONIC LEVELS OF MODEL PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord - 0.25 ft, 
NACA 0012 section, Linear twist 7.5° from 0.3R to i .OR) 

(e)   4 Blades, Standard Tips, 8° Tip Angle                                       (VV4 STD 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

 

1 63 62 73 
2 58 __ __ -.- 61 71 
4 54 63 70 
8 53 54 53 50 61 62 56 51 68 66 63 57 

12 N 52 50 47 61 60 55 50 68 63 62 52 
16 N 49 49 46 60 57 51 N 64 62 64 50 
20 51 48 48 N 57 52 49 N 62 59 63 N 
30 N N N N N N N N 54 N N N 
40 N N N N N N N N N N N N 

(f) 6 Blades, Standard Tips, 8° Tip Angle                                         (W6 STD 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

 

1 N N N N N N N 53 68 68 65 N 
2 57 52 52 N 63 60 58 58 73 74 61 N 
4 56 54 52 51 66 63 58 52 73 75 67 63 
8 55 53 51 48 66 63 59 52 74 74 66 61 

12 52 N N 48 63 63 56 N 68 64 61 56 
16 N N N N 57 N 52 N 65 64 58 51 
20 N N N N 55 N N N N 62 58 N 
30 N N N N N N N N N N N N 
40 N N N N N N N N N N N N 
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TABLE II.7  (Continued) 

HARMONIC LEVELS OF MODEL PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA OOi2 section, Linear twist 7.5° from 0.3R to 1 .OR) 

(g)   4 Blades, Swept Tips,   8° Tip Angle                                            (W4 SW 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
i c

 
N

u
m

b
er

 

(H
z)

 

1 50 40 50 40 50 57 60 65 73 N — -_ 
2 51 51 51 N 61 64 56 53 73 64 66 62 
4 50 46 45 N 59 59 52 53 68 63 59 54 
8 47 46 47 43 59 55 51 50 67 63 61 53 

12 47 N 47 N 57 55 53 N 64 63 60 53 
16 47 N 47 N 57 54 53 N 64 62 58 N 
20 47 N N N 55 54 51 N 60 N N N 
30 N N N N N N N N N N N N 
40 N N N N N N N N N N N N 

(h) 4 Blades, Trapezoidal Tips, 8° Tip Angle                                     (W4 TR 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis  (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

 

1 44 _. 40 -- 68 53 58 -- 71 71 — « 
2 49 .._ 44 — 68 54 55 N 64 66 53 51 
4 48 46 45 N 67 65 56 N 64 69 53 53 
8 48 41 43 N 58 51 54 N 69 61 54 53 

12 46 N N N 59 49 53 N 67 61 54 N 
16 N N N N 58 50 51 N 62 58 N N 
20 N N N N 52 N 50 N 59 55 N N 
30 N N N N 51 N N N 55 N N N 
40 N N N N    N N N N N N N N 
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TABLE II.7 (Concluded) 

HARMONIC LEVELS OF MODEL PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller diameter = 4 ft, Blade chord = 0.25 ft, 
NACA 0012 section, Linear twist 7,5° from 0.3R to 1 .OR) 

(i) 2 Blades, Trapezoidal Tips, 8° Tip Angle             (W2 TR 8°) 

RPM: 1070 1605 2140 

Angle from Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
on

ic
 

N
um

be
r 

(H
z)

 

1 56 62 69 
2 52 50 43 N 60 61 61 60 73 
4 56 55 N N 61 61 58 54 70 70 68 60 
8 56 54 N N 60 61 58 53 69 67 65 57 
12 55 51 N N 59 61 56 50 68 67 65 55 
16 51 49 N N 59 57 56 49 68 66 64 54 
20 51 N N N 59 57 54 N 66 66 61 50 
30 48 N N N 58 57 51 N 62 N 56 49 
40 N N N N 56 N N N N N N N 
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TABLE II .8 

HARMONIC LEVELS OF SENSENICH PROPELLER NOISE 
SPECTRA AT 12 FT RADIUS FROM HUB 

(Propeller dicmeter = 4 ft) 

Sensenich W60 LK 18                                        i 

RPM: 1070 1605 2140 

Angle from Forward Axis (°) 0 30 60 90 0 30 60 90 0 30 60 90 

H
ar

m
o

n
ic

 
N

u
m

b
er

 

(H
z)

   
   

   
   

   
  

! 

1 62 70 74 ?1 82 80 79 82 80 
2 62 55 74 70 60 67 81 79 78 83 
4 63 54 71 71 60 57 78 76 66 60 
8 62 49 70 65 61 53 78 75 66 55 
12 61 49 70 63 58 52 77 72 68 55 
16 60 50 69 62 59 N 76 69 64 54 
20 57 45 68 62 57 N 73 65 61 54 
30 55 N 65 59 56 N 70 61 58 50 
40 51 N 56 N N N 68 60 N N 

N - Not1 Distinguishable 
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(a)  Standard Blade Tip:  a = 0°;  y = 5.75 in. 

Figure II. 1.   Turbulence Intensity Distributions at Different Stations Behind a Standard 
Blade-Tip Assembly. Wind Tunnel Data;   U    = 150 fps,   c = 3 inch 
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Figur« II. 1.   (Continued) 
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APPENDIX III 

METHODS FOR PREDICTING THE NOISE OF LOW SPEED PROPELLERS 

Simplified methods are presented by which three components of propeller noise can be 
hand calculated.   These involve a few straightforward computations and the use of a 
set of charts (figures IH.l through III.3).   The charts have been prepared from machine 
computations based on equations (35), (46), and (75) in the main text, together with 
the optimized expressions for the aerodynamic loading terms.   The three components are 
the harmonic sound generated by steady blade forces (Gutin), the harmonic sound gen- 
erated by unsteady blade forces, and the random vortex noise component.   For the con- 
venience of summing the three terms, the random component is calculated as a spectrum 
level (constant 1 Hz bandwidth).   However, instructions are provided for the conversion 
of the final result to octave or 1/3 octave band levels for comparison with i\-.e more 
commonly available experimental data.   The methods are applicable to low tip speeds 
in the range 0.2 < M < 0.6 although the accuracy of the results at the high end of 

this range is unknown.   Also, levels will be underestimated for blade thrust coefficients 
2 r~* 

(CT   = T/i  p    U   A,   ) less than about O.K/B   by an error which increases with diminishing 
Tb o    t    D 

CT .   This region should be avoided in a quiet propeller design because wake interference 
'b 

can cause an increase in noise radiation. 

The propeller configuration and performance data required by the following procedures 
are as follows: 

Rotational tip Mach Number M 

where a   is the speed of sound. 
o 

Propeller thrust 

Propeller torque or power 

Disc area 

Total blade area 

Blade chord at the 80% radius 

Number of blades 

Distance of observer from the 
propeller hub (must be greater than 
2 propeller diameters) 

Angle between the axis of rotation 
and the hub-to-observer vector 

RPM 
60 

2n R 

T lb 

Q    or P 

A ft. 

Ab ft. 

c ft. 

ft. lb or ft. lb./sec. 

ft. 

8 
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Note:   For a propeller moving along the axis of rotation, adequate results are 
obtained by these methods provided the sound is calculated relative to the 
instantaneous position of the propeller (i.e., no attempt should be made 
to determine the earlier position of Jhe aircraft when it generated the 
sound) and the appropriate forward flight loads are used. 

Two sets of charts are presented which correspond to static (low inflow) and forward 
flight (high inflow) operation.,   These have been computed for thrust-to-in plane 
force ratios (in plane force = torque -f 0.8R) of 10 and 2 respectively.   The main dif- 
Terence between the two cases occurs near the propeller disc plane and results for 
other ratios can probably be obtained with sufficient accuracy by interpolation. 

HARMONIC RADIATION BY UNSTEADY LOADS 

The harmonic noise spectrum at the observer position   r ,  6  is obtained from figure 
III. 1, which give relative levels   L'   of certain harmonics (n = 2, 4, 8, 16, 32, 

n 

64 and 128) for the tip rotational Mach Numbers 0.2, 0.4 and 0.6.   Results for inter- 
mediate speeds musr be obtained by interpolation.   Each level read from the charts is 
adjusted according to the correction 

L„-L; + 20I%(TO5)-20IO9,.(IW)-,0I^(TO)-,0^„(T)   (A,)       I 
The corrected values L   should then be plotted against n (the latter preferably on a 

n 
logarithmic scale) and a smooth curve faired through the points.   The appropriate 
individual harmonic levels L   . may then be read from this curve at all harmonic 

mB 
numbers mB (m is the harmonic number related to the blade passage frequency).   Alter- 
natively, the curve may be plotted directly on an absolute frequency scale nf,   where f 

0 0 
the disc frequency, is M a /2n 

> 0 

HARMONIC RADIATION BY STEADY LOADS 

This component, defined G  , increases in importance with tip speed and angle from the 

axis of rotation but generally has little influence beyond the first few harmonics.   These 
levels are calculated (for mB up to 20) by the formula 

G   D  =  F  D(MsinG)  +20 log    (mBM) + 10 log     (cos 9 -DAM)2 + 20 log    (JÜ 
mb mB io io io \ 100/ 

- 20l°9„(m-)-'olo9,o (TO) + ,°3-6 (A2) 

Where M = 0.8 M  and F   . (MSm9) is read from Figure II1.2.   Note that the thrust- 
t mb 

ro-in-planr force ratio T/D apoears explicitly in the above expression. 

Any terms L   D which are smaller than the steady source terms G   „ are then replaced 
i    V mB ' mB r 

by GmB' 
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(A3) 

3. RANDOM (VORTEX) NOISE RADIATION 

Figure III.3 gives the spectrum level w(f) of the random nois   component 
at seven octave intervals about the center frequency f  = 0. >e; Ma /c for the Mach 

c o 
numbers 0.2, 0.4 and 0.6.   The band level B(f) defining the level in any desired 
bandwidth   Af is calculated by the equation 

•w --m ♦»■«■,,(TO)+,0hV -20%U) -"""••(■w) 

- ,0 '•»„ (T) + ,0lo9„ A' 
where w(f) is read from figures III.3 through HI.6 as a function of 0, M and f/f .   For 

direct comparison with the harmonic data, a bandwidth  A f equai to the disc frequency 
f   should be used.   The band levels may then be plotted, at the frequencies f /8, 
0 c 

f /4, f /2, f , 2f , 4f   and 8f , directly over the harmonic results since the energy 
c        c        c      c      c c 

levels are equivalent. 

4. CALCULATION OF COMPOSITE BAND LEVELS 

The harmonic spectrum envelope and the spectrum level of the random noise (with a 
bandwidth equal to f ) may be added together directly (i.e. decibel summation on an 

0 
energy basis) to give the combined spectrum level.   Conversion to one third octave band 
levels may be accomplished with sufficient accuracy in the high frequency by adding 
the increment (10 log.» f - 6.5) dB.   This approximation breaks down at low frequencies 

where a 1/3 octave bandwidth (= 0.23f) reduces to the order of the blade passage frequency 
Bf .   In this «-egion each band must be inspected to determine whether or not a harmonic 

0 
is present to be added to the broadband "background."   Octave band levels may be obtained 
by the same procedure using ihe correction (10 log.» f - 1.5) dB or with greater accuracy 

by the appropriate summation of one third octave band levels. 

5. EXAMPLE 

As an example the noise spectrum will be calculated for a hypothetical propeller under 
the following conditions (a   = 1117 ft./sec): 

0 

Mf=0.4 

T = 50 lb 

P= 8HP 
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.  rt 
The propeller radius R=     \A/n   = 2.52 ft 

In-plane force F = Power -f velocity at 0.8 radius 

= 8x 550/0.8x 0.4 x 1117 

= 12.3 Lb. 

And the ratio T/D - 50/23.3 - 4.06 

= MA /2»rR= 28,2 Hz 
t  o 

(Therefore blade passage frequency = Bf  = 84.6 Hz.) 

(a)  Harmonic Radiation by Unsteady Loads 

From equation (Al) 

L„=L„' + 20SoU)-20So(Tw)-'ol°äio(re)-,0So(4) 
= L    -6.0 

n 
+ 6.0 -3.0 -1.8 

* -5 dB 

At 9 = 30° the curves for T/D = 2 and T/D = 10 are coincident in Figures lll.l and III.3. 

From Figure lll.l , 
L L 

n=mB f
mB

=mBf
0        dBSPL dBSPL 

2                      56.5 
4                   113 
8                   226 

16                  451 
32                   902 
64                 1805 

128                 3610 

61 
60 
59 
57 
52 
44 
36 

56 
55 
54 
52 
47 
39 
31 

fb)   Harmonic Radiation by Steady Loads 

M= 0.8 M = 0.32 
t                    2 

10lo9lo(COSe-fM)   +20l°9 w- !og10 ( 

= -20.2 -6.0+ 6.0 - ■ 3+ 103,6 

= 80.4 
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Therefore, from Equation A2 

GmB = F     (M sin 9) + 20 log1() (mBM) + 80,4 

And, using Figure 1.2 

20 log mBM F       Msin 0 GmB 

mB mBM dB m     dB dB   SPL 

3 .96 -0.4 -26 54 
6 1.92 +5.6 -48 38 
9 2.88 +9.2 

(c)  Random   Noise Radiation 

f = 0.85 Ma /c =760 Hz, Af = f = 28.2 Hz. 
c o o 

From Equation A3 

B(f)=w(f)+20log10  (^-»^(^J-IOlog^  (|) 

Ah 
+ 10 !og1() c +   10 log10 Af - 10 log|()  Cff) 

= w(f)-6.0+6.0   -1.8-3.0+14.5+4.0 

- w(f)+ 13.7 

Using Figure III.3: 

fA, 
f 
Hz 

w(0 
dB 

B(f) 
dBSPL 

1/8 95 10 24 

1/4 190 18 32 

1/2 380 24 38 

1 760 27 41 

2 1520 25 39 

4 3040 19 33 

8 6080 11 25 

177 



The conftrKKfrtora fro» »be diree ceaexiw a» to 4»e totol observed 

«danti*rns *c?ooiei« if* Rgun» IK .4.  ?ba cowp^H I——ic lev*!« 

fa) far frequencies c—p—tfwj fo «i = 2, 4# f# 16, etc., or* plotted and 

by 3 cnt «4»<c*s represents die eivefape of 

by vrsteaoy blade loads.  1H» first tec! 

corrocrry, es sfi%e*.. 

Ibe stood* «tore« »ans could only be calculated far *e fir* 

;«fc ~ 3 and 6) and in bid* oases can be ianuiud tine« BMP* are hem fan 

r   *e*^e"i« 

Tbe londo» sf«cfivn it «bo ■— a» a cvrve connecting die «even cunevtod 

in a bondNridaV eajuci to A* 

into«frasaaaac «peeing ff ) it h canpeilifa *»•& d>e banaoaic en»«lop« on on 
e 

aaaagy ****«*• 

178 



I 
I 
! 

MS» ' ,1 - l«*l 

a. 

« 
2 

I 
m 

% 
1 
5 

! 

e» o - 
3 

TKW» ' .1 - l***1 »««OUIIOH 

17? 



s £ S     8      ?     8     8 8     8     5     8     9      SS 

"l-I***! 
! 

I 

9       £? O S     8     §     S     S      ß o 

"->  - |»A»-5  i|UOU;.!OH 

180 



o       o S     8     S      8     8 8     S     ? 

1 - !***! >!«»«•»** 1 
1 

5 

-] -  j»A8-]  SiliOUUO^l 

181 



■o I 
§ 
y 

3 
0) 

-| - j»A»-| siuouuo^i 

182 



<z> 
c 
HI 

cd J: 
CD 

« E 
"3 

E 
4! 

I— 
C 
O 

u 
c 
3 

0) 
CO 

CN 

3 
O) 

o o o o 
T CM 

1 
CO 

1 1 

o 
I 

o o 

qm    01 qui 
(GU!SW8UI) %r    Bo|0l»(euJ"W)     d 

183 



. 

1 
oc 
« 
«A 

2 

£ 
gp - M  '|»A»I umj438d; »sjo^ wopuoy 

8 

§ 
a 
i c 
T 
S 
A 

PH O 

-D 

j I 
N 
X 

5 

I 
u I 

3 
0> 

gp - M '|9AS-] wauoads asio|sj luopuoy 

134 



s   8    a   e 
CM 

gp - M   '|»A3-| uifujoadt, asiofsj wopuDy « 
| 

u 

CO 

gp - M   'j»A3-] aj0J4Dad$ asiO|sj ujopuoy 

185 



CN 8      2° lO o to 2      £     8      8     8 

gp - M   '(»A»-] uina.pad$ »Sj0|\j uiopuoy "2 
3 

u 
o 

3 

gp - M   '|SA9-| ujriJ4Dad5 SSJO^J tuopuoy 

186 



•o _2 
u c o 
U 

r» 

3 

gp = M   '|aAa-| iunj43»d<; »S;ON uiopuDy 

187 



70 
A     Harmonic Levels Generated by Steady Lift and Torque 
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Figure III.4.   Example Calculation of Propeller Noise Spectrum 
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APPENDIX   IV 

ADDITIONAL EXPERIMENTS ON PROPELLER NOISE CONTROL 

Subsequent to the completion of the main study reported herein, it was decided to -.onduct 
a series of simple experiments to clarify fhe possible implications of boundary layer insrability 
effects in terms of low-speed propeller noise reduction.   These experiments comprised measure- 
ments of the noise radiated by model propellers (12 inch and 14 inch diameter) over a range of 
rotational speed, with various blade surface changes made to control boundary layer transition. 
The tests were conducted in a large anechoic chamber, with an electric motor drive instciled 
outside the chamber and the drive shaft to the propeller projecting through the chamber wall. 
All tests and test instrumentation were identical except for the blade modifications, to allow 
direct comparison of the radiated noise levels.   The noise data were evaluated by 1/3 octave 
real-time analysis and by dBA level measurements. 

Test Procedures 

(a) 12 inch Diameter Propellers 

The noise of an unmodified (12" x 6") model propeller was measured and analyzed for 
each of 13 propeller speed settings over the range 5000 to 10,800 rpm.   The measure- 
ment microphone was positioned at a distance of 24 inches from the propeller center, 
on the forward (thrust) axis.   This procedure was identically repeated for a modified 
propeller on which the blade surface was crimped (roughened) over the leading edge 
region of the upper surface, and for a second modified propeller on which a small 
spanwise built-up ridge had been installed along the 1/8 chord line (approximately) 
of the blade's upper surface. 

(b) 14 inch Diameter Propellers 

The preceding tests indicated that a noise reduction was achieved by the modifications, 
relative to the unmodified propeller.   In order to confirm these results, the above test 
procedures were identically repeated with two 14-inch diameter propellers, one being 
unmodified and the other being crimped in a manner similar to that of the 12-inch 
diameter modified propeller. 

Test Results 

Figure IV. 1   shov/s a direct comparison of the dBA levels measured in each of the test series. 
Figure IV.2 shows 1/3 octave band spectra obtained for the 12-inch diameter propellers — 
unmodified, crimped and ridged, at a rotational speed of 9000 rpm. 

The test results show that noise reduction of up to 5 dBA were obtained by modifying the blades. 
The spectral data showed that the reductions were generally predominant in the 3rd to 15th blade 
passage harmonic frequency range, and are consequently significant to the subjective aspects of 
propeller noise. 
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It is concluded that the stabilization of the blade boundary layer by induced (tripped) transition 
is beneficial in terms of low-speed propeller noise reduction.   As these additional experiments 
were, of necessity, limited in scope, it is recommended that a more detailed study of the noise 
and performance characteristics of propeller boundary layer transitional effects be conducted. 
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Figure IV—1.   Comparison of Mod«I Propeller Noise Levels (with Blade Surface Modifications) 
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Figure IV-2.   One Third Octave Band Noise Spectra of Model Propellers at 9000 rpm Speed 
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