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FORFWORD

The research study reported herin wi: conducted by the Lockliced=
Colifornia Company (CALAC), Burbank, California under Contract F33015~73~2045
for the Air Foice Aero Fropulsion Laboratory (AFAPL), Wright-Patterson Air
Porce Basa, Ohio under Project 30606, Task 12, work unit 12, Tlhis study is
part of u continuing program sponsorcd by AFAPL aimed at reducing aircraft

‘propulsion system nocise while minimizing performance and weight penalties,
This contract eifort was concerued psrticularly with assessing forward
flight effects on propeller roise radiated from low tip speed propellers
used on quict covert obscrvation airratt,

Project Leader at ZTALAC was Mr, Edward D, Griffith who had alsc been
responsible for the acgqulsitilon of the noise data iin field experim:ants orn
pasl quiet aircraft programs. Most of these field experiments were conducte:
by the Airborne Systems Organization of the ILockheed Missiles and Space Come~
pany (IMSC) under sponsorship by Armmy Contract DAAJOL-(O=-C=0059. Acknowledse

ment is due in partiewler to Mr. David Pawl IIT who had overall responcibil. %

for these field tests with the YO~3A aircraft and who estublished and sterd-
ardized many of the field test procedures. Detailed analysis of data w=s
performed by the Lockheed Rye Canyon Acouslics Research Lat aratorr. I,
James D. Revell at CALAC was responcible for the extensive thkeoreiical re-
view conducted dwring the study.

The Air Fcrce provided estimates of propeller noise ard aura . detectio.
ranges based uron parametric information curplied by CALZ, Mr, Jerry Martin
(ASD/XUD) and Mr. Walter Lichtenberg (ASD/XRHF) were s or.sible for these
Air Yorce noise and range predictions., The study was con. axcted ¢aring the
veriod from February 1972 throusgh November 1973 under tne diraciion of Air

¥Force Project Engineers, Lt. Craig Lyon and Mr, Paul Shahacdy (AxaZL/n ).

Acknowledgement is due Mr. Bruce Metzger and Mr. Don Hall of Hamiltor-
Standard and to Dr. Martin Lowson of Loagivorough Universiiy for helpru.
consultation during the program. Dr. Glen E. Bowie of the Lockheec Rye Jai~
yon Research Laboratory provided consultation on acoustic g=ound reflection
and doppler phenomena.

Acoustic noise signature dat: for the Army YO-3A OlLservaticn fireralt
used in this study and formerly classified as Confidential, wer: declass: fied
on February 3, 1973; therefore, there is ro tlassified irformation in this
succeeding report submitted by the authors in November 1674,

Publication of this report does not constitute Air Fo:ce &pproval of the
report's finding or conclusions. It is published only for the exchange and
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Quict aircrait used for covert acrianl night reconnalssance employ low tip
speed propellers to achieve a minimum acoustic nolse signature. This siudy
was Initiated vhen certaln unexpected and :nomalous trends in ihz measured
propeller iolse of such alrcraft were compared to predictions of noise made by
tie Alr Force Propeller KNolsc Prediction Pirogram. Large discrepauncies in both
trends and levels were ncted between measured and predicted roisc. Therefore,
the gual of this study was the modification of an exdsting Alr Ferce computer
program such that accurate predictions of far fleld noise for low tip specd
propellers can be made. Emplrical data {rom vrevious gquiet alrplane experi-
ments were used to develop modificatiocas to bc h rotational and voruex noise
prediction methods for propellers operating in the tip specd range from Mach
0.2 to 0.4. Tasks in this study involved a detailed analysis of data acquired
on past programs, & review of propeller noise theory, development of empirical
corrccltions for the Air Force compuler program, and the construction of design
chorte =~ Y~wr tip speed propeliers. The end result was a corrected Air Force
computer program that accurately predicus the lar 1ield nuise preduced Uy 1ow
tip speed propellers and piropeller design charts for application to tuture
quiet alrcraft designs employing such propellers.
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erder of rotatiunal sound

overall sound pressure level, dB re 0.0002 dynes/cm?
sound pressure

propeller torque

Reynolds number

radius from propeller axis

propeller blade area, Bj'tip bdr
hub

sound pressure level, dB re 0.0002 dynes/cm?
Strouhal number

VE + (1) ¥

propeller thrust

time
velocity
tip velocity

rotation velocity at 0.7 propeller radius

distance to observer from propeller plane at time sound

heard, positive if observer ahead of propeller
distance to observer from propeller axis
blade angle of attack

advance angle

blade, engle relative to propeiles piane

blade angle at 0.72 propeller radius
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A order of harmonic loading forces

ki pi, 3.1L159

‘P mass density of air

P circumferential angle about propeller axis, O ia plane of observew

2] azimuth angle between vector from propeller center to rield peint
and propeller axis, O in forward axis, 90° in propeller plane

Q propeller angular veloclty, nw /30, radians/sec.

w cireular frequency, radians/sec.
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SECTICN I

INTRODUGTION {
i
i

Ir 1956 the Honorable John Foster, Director of Defense Research and
Engincering described in & Government/Indusiry briering a problem concerning
covert ailr surveillance needed in Southeast Asia (SEA). Even though the
enemy in SEA lacked sophisticated aircraft detecticn devices (such as radar)
the nolse of existing observaticn aircraft provided advanced warning that
minimized effectiveness of aerial night recomnelssance. The obvious solution
to this problem wss a quiei observaiion aircraft thet would minimize the snral
detection —ange.

i * e

Definition of this major problem area and recognition of the fact that
the potential solution encompassed the design and development of quiet obser-
vation airplanes resulted in the launcting of two important and parallel
Progrews. The combined results from these programs eventually isolated the
problem that 1s the subject of the present study. The Lockheed Missiles and )
Space Compeny (IMSC), using minimu radiated acoustic noise as the criterion, ,

uk designed, built and flight tested a femily of quiet airiraf™ . Concurrently. :
. the Air Force sponsored & number of in-nouse and contract research studizs on :
X { a1l espects of reducing the far ield radiated noise for this type of alrcraft. %

(ne of these studies had, as the cnd result, a compuler program for the pre-
. diction of the noise produced by low tip speed propellers. Differences H
J between the computer-predicted propeller noise and thet measured during the
quiet aircraft flight tests forw he basis for the present study.

JRsp—

R P T

1, LMSC QUIET AIRCRAFT PROGRAM

i b

Under sponsorship of the Advanced Research Project Agency (ARPA), IMSC !
began development of propeller driven quiet aircraft in 1967 This program
produced prototype alrcraft that were successfully tested and leter, in 1968,
deployed in combat operationg in SEA for the purpose of evaluating tris type
of aircraft. This successful deployrent led to an advanced quiet observation * oo d
aircraft, the Y0-3A, that was produced in limited quantities under Army spon-
. sorship. A% the same time, LMSC Jdesigned and built the Q/STAR Research Quiet
el Airecraft. This experirmental alrcraft was used to test verlous noise reduction
concepts.

Acontiit ) s

L -

In 1970-71 & number of YO0-3A silrcraft operated in service in SEA for &
. period of about twelve months. Figure 1 is a photograph of the Army YO0-3A
; Observation Alreraft. This two place airplane, with a pilot and san observer
and equipped with night viewing devices, had performance characteristics
needed for effective low-level tactical night reconnaissunce missions. The :
key performance factor was the low acoustic noise slignature that resulted in !
minimuu euwral detection range and the capabllity of covert night operation.
These low nclse characteristics were schleved by a number of special design
features illustrated in Figure 2, Of these, the major features were the
clean aercdynamic lines that minimized aerodynamic noise, engine compartment

- i i
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“(reference 5); a suumary of the overall technology of aircraft nqise reduction

soundproofing and exhaust muffling that reduced engine iucise, ani the use of
low tip speed propellers that greally reduced propeller noise. These udeting i
techniques have been discussed in the recently declassified reports on the
Y0-3A developmer' program (references 1, 2, and 3).

Noise reduction features of the aircraft were designed to be most effec-
tive at the "quiet cruise" velocity where minimum power is required and minimum
noise is produced. Figure 3 shows the correlation between required power and
rediated noise. Detailed analysis of the YO-3A Tar Tiecld noise signature,
measured during the quiet cruise operation, led to the conclusion that, arfter
all the quieting features had been incorporated into the aircraft de: ign, the
Tropeller remaimd the predominent noise source. Evidence supporting this con-
clusion is presented later in this report. A typicol narrow bund plot of the
V0-3A acoustic nolse signature 1s shown in Figure L.

In October 1970, flight tests on the YC-3A were conducted for quu.ifying
& new propeller design., Since the far field noise signature is controlled by
propeller noise, the opportunity was taken to acquire noise data from three
different propellers. The empirical data from thegse fly-over tests comprise
the most significant results obtained on the ncise radiated by low tip speed
propeliers and were used exclusively throughout this study.

2, AIR FORCE QUIET ATIRCRAFT RESEARCH STUDIES

Concurrent with the ARPA/Army spongored quiet aircraft development
programs that cesulted in military hardware, the Air Force sponscred & nurber
of conprehensive in-house and contract research studies that covered a wide
range of alvcraft noise generating and mwise reduction factors. These
studies covered: the measuremeni ol lhe &erodynamic noise produccd by gliders
during flyover (reference 4); the aura detection of far field aircraft noise

(reference 6). While these studies contributed much useful technology tor

gulet aircraft design, the most significant programs, in light of the concluslon

that the propeller is the predowinant noise source for light-weight pro-

peller driven gquiet obzervation aircraft, were the studles on low tip speed

propeller noise sponsored by the Air Force Aero Propulsion Leboratory (AFAPL).

"his work has been reported in references 7, 8 and G. The result of these -
«fforts was an Air Force computer program for predicting both the level and

spectra of the noise of low tip speed propellers and the associated aural

detention range. Unfortunateiy. only static propeller test data were available

for the validetion of this computer program during the period of the study.

3. FPRESENT STUDY

Unexpected results were obtained in October 1970 tests. Anomalous trends .
in propeller noise were discovered in the flyover noise data that had not been !
observed in static testing of propellers nor were they predicted by conventional i
propeller nolse the -y. As a result it vas suspected that the aforementioned
computer program based on conventional theory and correlated with static test ¢
results, might not accurately predict low tip speed propelier noise in flight. !

M
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In early 1972 a comparison off measured and predicted nolsc was made and this
mroved to be the case, Serious discrepancies between measured and predicted
levels and the assclated trends were found for both the rotational and vorlex
noise components ia the ti] speed velocity range from approximalcely Mach 0.2
to 0.4,

The present study wus structured Lo resol-e Lhe disagreement betwecu
measured and predicted results, and to modirly the Air Force couputer program
so that accurate nolse pradictions from low tip speed propellers can be pade.

4. OBIJECTIVES

The objectives of this study were:

To anulyze empirical data with surficient detail for modifying the
prediction methods,

To conduct a theoretical review ol propelier noilsc generation and
provide explanations for the anomalous trends observed in experimental
resulis,

To modify the Air Force computer program in such & manner that
ac rurate predictions of nolse from low tip spced propellers can be
made, and

To develop design charts for this type of propeller that will be use-
ful in design of Tuture quiet propeller driven aircraft.

4+~

Tue Lasks leading o oaccomplighment of these ohjectives are discussed in

the followlng sections.
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SECTION IX

QUIET AIRCRAFT EXPERIMENTAL DATA

A large quantity of cxperimental acoustic noisc data were acquired dwring
thie various phascs of the Quiet Aircraft Progran. This program began with
flight and ground tests of the protolype airerafl in 1967, cxtended throush
{ecting of experimc. tal aircraft, and ended with field experimenis of produc-
ticn aircraft in 1971. During thils period of scvers) years, experience with
flying and testing this type ol aircraft resulted in significan® imprcevements
in field test techniques and in the quality of Ticld test results., New ficld
test procedures were tried, evaluated and eventua.ly standardized in order to
produce consistent experimental data that could be used for detailed studies
of the aircraft far ficld noise signature.

Near the end of the program, in 1970, flyover experiments were conducted
with the YO-3A aircraft. In this same year static tests were also conducted
using the Q/STAR experimental aircraft as the tect stand. Three different
propellers werce used in both tests. Three and six blade propellers of standard
propeller design were used along with & special three blade propeller that was
designed Irom a low noize criterion. Descriptions of these aircraft and each
of the propellers are presented in Appendix I. Expcrimental data Trom both
flyover and static tests were ccnsidered in this study. However, only aircratt
Tlyover test data were used to develop modifications Tor the Air Force computer
program.

. Specific experimental and data analysis procedures are discussed in
Appendix II. The test data from these past field tests, recorded on magnetic
tape, were subjected to a deiailed analysis as part of this study. Once these
data were analyzed, it was necessary Lo apply correculons for vorlcus factore
including ground reflection and the doppler phenomena. These corrections are
discussed in Appendix TII.

Flyover und static tests are discussed below. Quality of experimental
results and the evidence that the observed far rield noise orig’nated from the
propeller are also discussed.

1. FLYOVER EXTERIMENTS )

The original YO-3A aircraft was equipped with a Tixed pitch six blade
prepeller of conventional or standard design. This standard six blade pro-
peller performed vell at the quiet cruisc operating mode, but since propeller
pitch could not be adjusted for different flight modes, both takeoff and ¢limb
performances were somewhat limited. To improve these performance characteris-
tics, a propeller development program was conducted in 1970 that provided a
varisble pitch (or so called "constant speed”) three blade propeller, Aside
frou this feature, the propeller was also of conventional or standard aero-
dynamic design.

o
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For the purposc of qualifying the star ard three blade propeller in a
retrofil program f'or the aircrari deployed ln SEA, a seri=s of field cxperi-
ments were conducted in Oclober 1970. Thesce experiment: iucluded measwement
of the Tlyover noisce from both the standard threc and six bLlade propellers
and an acoustic threce hHlade wropeiler, The acoustle three blade propeller
had teen designed from neisc rathier than acrodynanmic criteria, and it featured
a racher thick airfoil section witl: a widc chord. This propcller also had a
variable pitech capability.

Weather conditions during the f1ight tests, in October 1970, of the
standard tnrec blade, the standard six blade, and the acoustic three bBlade
prepeilers were excellent with minimun wind and ambient background noise on
noust test days. Thesce conditions, combined with the standardigzed flyover
cest procedures developed over scveial years of tesling, provided unusually
good qualily propeller nolse data. The two variable pitech vropellers provided
the Tirst opportunity in the gquiet aircraft program to vary propeller rpm
whilc keeping other parsmeters (except torgue) constant. Data Trom these
experiments provide the best experimental results for the widest range of
narametrac variations thal were acquired dwring the entire quiet aireraft
progirom. lHerecatter in this repor* these experiments will be relferred to as
th' "Gctober tests.” These Tlyover results have been uscd exclusively in this
gtudy to develop the empirical modifications for the Air Force computer pro-
gram for predicting nolse of low tip sr2ed propellers. Static test data were
not ured for the reasons discussed below,

2, STATIC TESTS

Prior to the flyover tests with the YO-3A, the three propellers were
avallable for stetic testing and in the summer of 1970 tests were conducted
using the Q/STAR experimental aircratt &s a static test stund. For thece
tests the wings were removed and the attitude of the fuselage adjusted so
that the propeller disc plane was perpendicular to the ground. Description
of the ajircraft of each of the three propellers, and test and analysis pro-
cedures are presented in Appendix 1 and II along with Tlyover test information.

Although static tesls werc conducted for the standard three blade, the
standard six blade, and the acoustic three blade for a variety of propeller
rpm and pitch conditions compurable to the operating conditions for flyover
tests, results from these static test stand experiments were disappointing.
Static test nolse results were difficult to interpret and showed little corre-
lation with flyover noise results. One problem was that given propeiler o
conditions could be gchieved on the static tests with much less power than
required on flyover tests. Presumably this wes related to non-realistic inflow
conditions in static tests. This eliminated the possibility of correlation of
Tar field noise levels using horsepower as tne normalizing parameter.

However, a8 more basic protlem is the inherent difference in the character
of the noise observed in the two dirrerent types of testing. Narrow band
spectral results from flyover tests show the traditional rotational nolse
narmonics decreasing in level so that only two or three harmonics can be

s arman . 4
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obscrved as discrete frequencics above the broudvand random vortex noise

levels. In narrow band plots of static tests of thesc. low tip speed propellers

the harmonic levels do not decrease negrly as quickly with harmonic nuxber.

Indced, such plobts show significant discretce frequency levels above the voriex 4
noise levels to the ninth or tenth harmonic as illustrated In Figure 5. Thus, {
the basic character of the noise frem the two types of tests is substantially '
diffevent. The unusual character of far field noisc from slatic teats of this

type of low tip speed propeller wan. also observed in two research programs !
sponsored by AFAPL (references 7 and 9). |

In view of the difficulties noted abowve, the static test data anslyzed in
this study were not considered when developing the empirical modifications for @
the Air Force computer program. However. {he cause of the dirlrterent noise i
characteristics generated by the same propeller in the flyover and static
test wodes of omeration is considered worthy of additionel investigation in
future work.

3., QUALITY OF EXPPRIM"NTAL RESULTS | 3

The qualitv of experimental results, on which validity of the empirical 1
modifications dew:loped in this shudy are dependent, is greatly influenced by |
three ractors: *

e the procedure for both the field tests and data anulysis,

e the verification that the predominant source of the observed aircrart
noise was the propeller, and

® the correction of the analyzed data for the efrects of ground
reflections and doppler Irequency shifts. J

These factors, their influence on the final quality of experimental results
and the impact on empirical modifications developed for the Air Force computer
program during this study are discussed below.

There are several conflicting requirements for conducting flyover
tests with quiet airplanes if such +tests are to provide valid measurements
of the radisted far field low level noise signatures. The alrcraft must 1y
at gufficient altituvde to allow the measurement of far Tield noisze; hawever,
since the radiated noise from the qulet airplaic is low, the aircraft altitude
must be low enough to provide a recognizable noise level above the ambient
background noise. This requirement car be partially alleviated by conductling
experimenis in remote locations away from the usual mRn-made noise sources .
and by testing in low natwral backgrourd noise conditions. Minimum wind is
also an essential test condition from the standpoint of both noise and flight
operttions. Flight safety is anoilher factcr which establishes a minimum fly-
over altitude,

8. Flyover Experimental Procedures : 1

10 1
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A standard flyover test was developed which satisfied {ihese conf™ ~t-
ing requirements; an altitude of 125 feet was used, This flyover aliitude
provided the required distance for far field measursment of propeller noise
(i.e., about 15 propeller diameters). ¥or wind condilions of less than S mph,
background noise in remote locaticns was usually at least 10 dB below the '
peak aircraft noise level during the flyover for the frequency range of in-
terest. Such tesis were performed safely by experienced test pilots.

Luring these sltanderdized flyover tests it was essential to control
end measure a number of variables such as aircraft velocity, altitude, lateral

. position, propeller rpms, engine horsepower, etc. Consisteni flyover proced-
' ures, described in Appendix II were used to accomplish the reguired control
over the reessurement parameters. Even so, it was found necessary for good
results to average the data from several flyover runs, Individual flyover
runs that are used in certein forms of data analysis (e.g. narrcw band analysis)
require normalizaticu tn the average levels. Under opiimum test conditions,
flyover test resulus were achieved that showed small statistical variations
in noise levels. Figure 6 illustrates the statistical variability of octuve
band levels of peak ncise in a series of 18 runs used for qualification pur-
poses. Standard deviations cf about one 4B in octave band levels were achieved
in these October iests. For the purpose of this study the mean value of at
least three flyover runs was utilized in all cases to normalize individual
data rlots.

b. Source of Observed Woise

The subjective judgment of most observers listening to all quiet air-
craft (from the Q¥-2 prototype through the ¥Y0-3A limited production aircraft)
was ihat the propeller was the predominant noise source. Some test data from
olher studies of giiding sircraft suprorted this interpratation, and during
the October 1970 tests of the YO-3A eguipped with twe propellers having vari-
ehle pitch capabiliity more positive evidence verifying this source was acquired.
The sources of noise for the YO-3A acoustic noise signature are discussed below
in terms of discrete frequency and broadband random noise.

(1) Discrete Frequency Noise

In narrow band plotrs of peak level flyover noise, discrete frequency
tones can be observed in the spectra at low frequencies (i.z., below 250 Hz).
When propeller rpm is varied, the fregquencies of most of these tones can be
correlated {when corrected for doppler shifts) with predicted emitted fre-
quencies of propeller rotational noise harmonics. JFreguencies of these
harmonics are given by the eguation

£ = —F‘LM Bn {rpn) (1) o
m 0 .

where

ot}
I

frequenzy of rotational noire hurmonic
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propeller rotational noise harmonic number

i

rpm = engine revolutions per minuvte

B = numwber of prcepeller blades

0.30 = speed reduction Tactor

For three blade propellers the first three harmonics can usually be cbserved
above the level of broadband random nolse while for the six blade propeller
only the first two are present. The correlation of predicted and observed
Trequencles and the absence of other potential noise sources for these dis-

crete frequency tones lead to the conclusion that prepeller rotational noise
is the source beling neasured.

Occasionally in the narrow band spectra a discrete frequency tone
is observed that correlates with the predicted engine firing frequency.

The
frequency of this tone 1s given by the equation
> . (rpm) x N
p - RN () (@)

where

o

e engine firing frequency

N

U

number of cylinders

It is believed that this pure tone ncise originstes at the engine cxhausy and
radiates from the tailpipe of the mufrler system. A more erficient mufiler
design presumably would have eliminated this noise. For the purposec of this
study these tones, when present, are removed Irom the spectral plots.

Prior to conducting acoustic field tests, many quiet aircraft
delivered to the test cite exhibited another type of discrete frequency noise
that usually dominated the high frequency (i.e., above 250 Hz) spectra with
levels of 5 to 15 dB abowe the levels of broadpvand noise.
"whistles" generatsd by aserodyremic sources, Holes, nsvities, and/or cracks
in the airfrarme were usunl sources. In the experimental flight lests these
tones were eliminated in all acoustlc test cases by taplng over the ncise
goureng to restore a clean aevodynamic configuration to the airframe. In
military field operations of the aircraft these same corrective technigues
were used to assure the proper acoustic noise signature. As a result, no
discrete frequency (pure tone) noise, attributable to aerodynamic sources,
was ever observed in the far field noise signatures of quiet airplanes.

These tones were

(2) Broadband Random Noise

Verirication of the source of the observed broadband random noise
is more difficult because of the possibility that such noise may be generated
by a variety of aerodynamic sources associated with the airfirame.

However,
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there seems to be mdequate evidence that this broadband noise was propeller
This evidence is as follows:

Levels of the broadbend noise were shown in this study to
change as functions of propeller tip speed when all other
parsueters (except torgue) sre held constant. This vould
not be true if airframe aerodynamic ncise was a significant
contributor to the broadband noise observed in experiment.
(However, interaction of propeller wash with the sirframe
is a possibility.)

Good correlation of peak one-third octave band levels for
the broadband noise was found with rotational noise levels
in this study over a range of tip speeds from approximstely
Mach 0.2 to 0.k. This correlation was incorpcrated into

the recommended vortex noise modification. Such correlation
could not be expected if the source of noise was the air-
frame moving through the air at constant veloaity.

In addition to this evidence, CATAC has measured and re-
ported on the far field aerodynamic noise from gliding air-
craft (reference 10)}. These data have been re-analyzed
and extended to measuied C~5A data under sponsorship of the
Langley Research Center. The current improved equation
for predicting the overall sound pressure level (OASPL)

of airframe aerodynamic noise is:

OASPL = 60 IOG V + 10 IOG S ~ 20 10G h = 40 I0G AR - 1.6 (dB)
where,

V = Aireraft velocity (KTS)
Wing area (ft2)
Aircraft altitude (ft)
= Aspect ratilo

o 2 v
]

nnnnnnn

Using appropriate values of these perameters for a typical
Y0-3A alrcraft flyover, the result is:

OASPL = 54.2 (aB)
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This is well below Llhe 08 @B in OASPL tabulated from mea-
sured one-third octave band results for the tip speed rase
that yields minimum levels for the broadband noise. If
this prediction method is accurate (and it has been demon-
strated to accurately predict aerodynamic noise for several
gliding aircraft ranging in size and configuration from
gliders to the C-5A), the broadband noise levels observed
to be several dB higher must be propeller vortex noise.

Baved on the considerable evidence cited above, the conclusionsg must be drawn
that the levels of airframe aerodynamic noise are sufficiently below the ievels
0" the observed broadband noise to obviate this as the source. Thus, the ob-
r2rved neise that correlated well with propeller rotaticnal ncise is, indeed,
propeiler vortex noise.

It is noteworthy that the observed broadband vortex noise peaks
at a constant frequency instead of shifting upward as propeller tip speed
increases (ar expected from theory). This behavior is discussed below.

The theory that has been developed for azrodynamically generated
noise relates peck frequency (f), velocity (V), and a physical dimension (h),
by the so called "Strouhal" equation

S,V
.t
i PRI
Wiere f= h
St= Strouhal Number
Wher velocity (in tnis case tip speed) increases, peak froguency ircreases.

For sizmple aerodynamic forms such as rods and spheres, this simple equation
works well; however, for more complex slructures difficulties in applying
this basie concept are usually encountered. For example, it is difficult to
determine peak frequency trends in the results of glider flyovers reported
by %re 4ir Force in reference (6), and no increasing peak frequency trend
call be found in the measured propeller vortex noise as propeller tip speed
is Inersused on the Y0-3A. Several factors should be noted:

Jtryong ground reflection reinforcements and cancellations occur in
Ui nddfrequency region where peak levels are expected. Higher
rotallonal noise harmonies also exist in this region. Corrections
o;plied to measured dats for these phenomena may contein inaccuracies
tihet odscure the actual peak frequericies.

rza=third octave band plots are used %o describe the broadband vor-
tex nolse spectra. Changes in peak frequency may be so small that
surl 1lots do not delineate trends.

Optio. 3 of the Air Force computer program contains a X term,
wwoieh stall

16

b ———

-

e — e e i eI et e e

e ——aasey -

RV RS S SYREU

— - .



¢
|
*
1!
!
1

represents the percentage of the propeller radius where separated {low
conditions exist. For this option, this equation from reference (7) is
usad for predicting peak frequency.

St G M 1 Vs I A

sV
b1 - KXy 009)

£ =
peuk

2 -

As ithe propeller tip spe=d increszses, Xst 11 decreases and a decreasing
trend counter to the increasing velocity $rend is introduced. Since :
this study involves low tip speed propellers where stall conditions ;
proLably exist, this equation provides a possible explanation for the
lack of discerniblie peak frequency change in the measured data.

Consequentiy, the measured levels are considered valid vortex noise levels
for this type of propeller. Minor errors in predicting pesk frequency will
not have major iampact on predicted aural detection.

c. Corrections {10 Analyzed Data

The analyzed flyover noise date in the form of one~third octave band
time history plots, tabulations and narrow band plots contain inherent in-
accuracies due to certain test conditions. The microphones monitoring the
aircraft nouise were positioned five tfeet above the ground which provides a
reflecting surface for noise radiated from overhead. Therefore, the effects
of ground reflections of the aircraft noise in the form of either cancel-
lation of reinforcement are included in the measured noise., Likewise, in all
aircraft flyovers the moving noise source is monitored by the stationary
miecrophone on the ground and doppler shifts in the frequencies of emitted
noise are inciuded in the measured noise. Methods used Tor applyling correc-
tions to analyzed data are discussed in Appendix IIL. The effect of these
inancuricies in measured data on lic yuality of corrected experimentz=l re-
s1lts is discussed below,

Mo Bt W m e A il AL ) e

The etferts of ground reflection phenomens are present in a&ll aircraft
Vlywver data ard can be identified in both nerrow band and one-third octave
bani gpectral »nlots, The narrow band analysis provides the best information
ou the discrete Irequency rotational noise components while the one-third
octave band un-'ysis is considered a more appropriate meassure for the trcad-
band vortex ncise, Thus, corrections for ground reflections following the
3 methods descrited in Appendixd must be spplisd %o both types of spectral
3 plots. The mavner in which the flyover tests were conducted produces some
uncertainties with regard to these corrections. These ungertainties involve
determingtion ¢f overhead position and propeller rpm.
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During the flyover tests no record of aliitude position as a function
of flyover time was mainteined., The overhead position wag estimated from
peak flyover noise ard the point of inflection in the doppler shift of certain
discrete frequencies. If errors are made in determination of overheai position,
significunt shifts in related estimates of reinforcement and cencellation
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frequencies due to the occurrance of ground reflections cun produce sig-
nificant inaccuracies In the applied corr.ctionz. Siuce the doppler shift in
emitted frcquencies is also related to aircraft position, uncertalnties in
estimating aircraft position can introduce errors in estimatliig the doppler

effects.

Propeller rpm was controlled and monitored in the aireraft cockpit
and a degree of variability was inherent in each test, The emitted frequencies
of propeller rotational noise harmonics are directl; related to rpm; therefore,
errors in estimating rpm can produce errors in applied corrections. Thus,
uncertainties in estimating aircraft positinn, doppler shift, and propeller
rrm produces potential errors in knowing the actual frequerncies of propeller
rotationsl nolse harmonicsg.

Figure 7 is & correction chart Tor removing the effects of ground
reflections when the aircraft is in the overhead position., The range of fre-
que.acies for the first three harmonics of three blade propellers, where rpm
variation was possible, is shown. For the six blade propeller the freguenties
of the first two harmonics are also shown. The substantial corrections reguired
at the cancelletion frequencies yields some insight into the magnitudes of
potential errors that can result from such corrections to narrow band plcts.

The uncertainties aegcribed above may introduce errors of two or three
Hz in determining the harmonic freguencies. Such errors will have minor impact
on corrections in the level of the fuudamental rotational noise harmonic fre-
quency for the tiaree blade propellers. The slope of the correction curve is
rather gentle in the indicated range and errors less than one dB in level can
be expected. However, this is not the case for the second harmonic. This rota-
tional noise hearmonic frequency exists in the region near the first destructive
ground reflection where the slope is maximum. In this case & small error of
two or three Hz in estimated frequency can result in an error of several 43 in
the corrected level. The potential error in correcting the third harmonic for
the three blade propellers lies between these extremes. At lower frequenciles
the potential error is large, but is smaller at the higher frequencies in the
indicated range of the potential error. For the six blade propeller the poten-
tial error in correcting the level of the rotational noise fundamental frequency
is large while that of the second harmonic is small.

In producing corrected narrow band plots for determination of absolute -

end/or relative levels of propeller rotational noise harmonics in this study,

daeta from at least three flyover runs were averaged. This procedure minimized

the potential errors discussed above. iHowever, it must be concludced thav beet

experimental data quallty exists for the fundemental rotational noise frequency

of the three blade propeller where minimum correction is required. Fortunately,

the corrections developed dwring this study for both higher harmonics of rota-

tional noise and vortex noise are related to levels of the fundamental rotational //

noige freguency. In spite of the potential errors in correcting the rotational

noise harmonic levels, the resulting trends for rotational noise based on narrow ;

band plots are consistent and dats are judged to be of sufficlent quality to i

produce relieble results. An eitample of the noise trends based on corrected %
!

rotational noise levels is shown in Figure 8.
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The uncertainties in uircruft position and propeller, rpms arc less of
a problem in correcting one-ilird oclave band plots for ground reflection and :
doppler shift plienonmena duc, primarily, o the wider bLandwidth of the one- . 1
third octave filter compared to thel of the narrow bandwidih analysis. Con-
scquently, only minor errors in freguency are observed in these plots; how- |
ever, Lroad dips in the continuous broadband spectra can be observed in the
plots ncar the estimated destructive freguencies and presunably pesk levels '
arc influenced at counstruetive frequeneles. Applied corrections smooth out
the onc-third octave band spectra but make identification of the exact
frequency for peak levels uncertain., Thus, although the levels of measured
broadband noise attributed to propeller vortex noise are considered of suf-
Ticient quality for the purposc of this study, they are not of sufficient
gquality to delineate trends in spectral shifts due te the conventional :
"Strouhal" shifts as propeller tip speed changes. This factor is considered i
of minor importance in the overail qualily of the experimental data. ‘

———— e

L, SUMMARY

The conclusion is that the quality of the corrected data from the fiy- :
over experiments with the YO-3A aircraft is adequate for the development of : L
empiricel conditions to the Air Force computer program for prediction of
rropeller noise,
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SECTION IIT

AIR FORCE PROFELIER NOISE COMPUTER PROGRAM

The Air Force Propeller Noise Computer Program was developed by Hamilton-
Standard under contract to AFAPL and was reported in references 7 and &
Thi: program predicts near and far field propcller noiuse for low tAp speed
Propellers, and, in addition, predicts aural detection range for assumcd
ambient background noise and atmospheric conditions. Of interest to the
present study are the methods for predicting far field noise. These methods
have been shown to be inaccurate by comparison of predicted propeller nolse
of quiet alrcraft with measured fielid test Jata,

Specifically, the program predicts far field noirse Tor both rotationzl
and vortex components of low tip speed propellers. The rotaticnal noise is
divided into predictions of harmonic loading noise and thickness nolse. These
predictions archased on fyom parametric inputs such as propeller diameter,
planform, number of bladeg, activity facter, thrust and aircraft velocity and
altitude,

Parametric data from the October 1970 YO-34 tests were supplied to the Alr
Force by CALAC for tests with the standard 3 blade, acoustic 3 blade, and the
standard 6 blade propellers. (These propellers are described in Appendix I.
The Alr Force produced predictions of propeller rotetional noise and vortex
noise for the overhead vosition at an eltitude of 125 feet and for the fore

-and aft positions at 45 degrees.




SECTION IV

[ ? COMPARISON OF MEASURED AND PREDICTED NOLSE ;

The noise measured during the flyover tests with the variable pitch pro-
peliers proved to be most useful for making comparisons of measured and pre-
dicted noisc. With these propellers, rpm (tip specd) was variad while holding
: thrust constant, OGpecifically, the paramcters for these experiments were as
; follows:

Y -

Aircraft: UY0-3A Observation Adircraft with standard 3 blade propeller
- Kircraft Altitude: 125 Feect
; Adrcraft Veloeity: 125 Feet/Second
: Propeller RPM: 420 to 84O

Propeller Helical Tip Speed: Mach 0.195 to 0.345
Thrust: 220 Pounds

The aircraft Tlying with the acoustic 3 blade propeller was tested over an rpm
range Trom 6€0 to 780 while the fixed pitch standerd 6 blade propeller was
: tested at 630 rpm which yielded the same 220 pounds of thrust. This series of
tests provided noise data reflecting variation in propeller configuration,
design and rpm (tip speed). Thus, measured and predicted results can be com-
pared on the basis of absolute noise level, noise trends with tip speed, and,
to some extent, propeller design paramefers,

[
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Figure 9 1is a comparison of the measured levels of the first three pro-
reller rotational nolse harmonics for the standard 3 blede propeller, In this
figure sound is plotted against propeller tip speed. Propeller thrust, air- i
craft slvitude and aircraft velocity are held constant. Measured levels and !
trends are shown to be in serious disagreement with predictions of the Air
Force computer program,

. p——r

The minirum levels of all three harmonics, for this propeller, occurs near
a helical tip speed of approximately Much C¢.3. For higher or lower tip speeds
the noige lewvels inerease. Thus, s "bucket'" ig formed in the noise level vs.
tip speed curve. Relative levels bauiween harmonics remain approximately constant,
To our knowledge, such bucket trends have not been previously obtained Tfor this
) { type of propeller noise. These trends were first observed in date from tre
b
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: October 1970 tests, and have teen referred to as the "Quiet Airplane Paradcx."

2 Predicted noise levels do not show this bucket trend but rather show con-
) . stantly decreasing levels with decreesing propeller tip speed. Since the
! measured and predicted trends are dirferent, a major modification of the Air
’ Force computer program, based on a common paremeter that predicts the
L— minimug levels, is reguired,
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Comparison of the measured aud predicted rotational noise levels in
Figure 9 shows that the pradicted fundamental is seversl 4B below the measured
levels, the second harmoric is within a few dB and the third harmonid is ser-
eral dB above the measured levels. Therefore, the modifications to the Air
Force computer program must correct the absclute levels as well as the trends.

Figure 10 is a simxlar comparison nof measurcd and predicted propeller
rotational nnise for the acoustic 3 blade propeller. The discrepancies shown
are similar to those for the standard 3 blade propeller, but differ in msgni-
tude. The wodifications to the Ajr Force computer program mast, thurefore,
account for these differences in magnitude as well as the bucket trend on the
basis of differences in propzller configuration.

Figure 11 is a comparison plot for the single rpr and tip speed available
for th: fixed pitch standard 6 blade propeller. Discrepatcies in levels for
the fundamental rotational harmonic and for the second hermonic are similiar to
ihos? noted for the standard 3 blade propeller a® the given tip speed. The

computer program modifications must also account for these differences in
levels fer this propeller.

Figure 12 is & comparison polar plot of the measured and predicted
directivities of the fundamental rotationsl noise freguencies for both the
standard 3 hlade £nd acoustic 3 blade propellers. It can be concluded that
the direct vity factor in the Air Force computer program must be modified
to provide more accurate results. 7The gquality of measured data for the
second and third roiationsl noise harmopics for the three Llade propellers,
and for any rotational ncise harmonic for the six blade propeller was not
sdequate for comparison purposes.

2. VORTEX NQIGE

The broadband noise observed in the acoustic signature of all propellers
has a common spectral share and beadwidth und is assumed, as discussed in the
previous sectinn, to be propeller vortex noise., These characteristics are
illustrated in Figure 13, OSpectral characteristics of corrected cne-third
octave band piots did not change appreciably with propeller tip speed. This
plot shows the relative sound pressure level in dB as a functior of one-third
octave frequency band. These levels were averaged and normalized from band
levels of corrected data over the entire tip speesd renge for the standerd 2
blac: propeller. GSrectral Jdata for the other two propellers show essentislly

the same characteristics. In &ll cases, the aircraft was in the overhead
position.

Even tlLough the shape of the observed vortex noise spectra does not change
significancly over the range of propeller tip speeds investigated, spectral
levels change in a manner similar to the levels of wotationsl noise. The levels
of tue 160 Hz one-third octave ban’. shown to represent the spectral peak levels
in Figure 13, were adjusted for absolute level using the standard 3 blade pro-
peller shown in Figure 1i. A bucket shaped curve with the familiar trend ob-
served fo1 rotational noise results, This trend suggests that vortex noise
level modification to the Air Force computer program may include a simple
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relationship based on the rotatdional noise level. Thils figure also compares
the measured vortex nolse levels to predicted levels in this same band. Wide
dissgreement 4in measured and predicted levels is shown for all three vortex
noise options. 'Date for the acoustic 3 blade propeller, Figure 15, shows
similar results.

To show the wide disagreement in measured and predicted one-third octave
band spectral characteristics, Figures 16, 17, and 18 are presented for the
standard 3 blade, the acoustic 3 hlade, and the standard 6 blade propellers,
respectively. 1In addition to incorrect ievels, the Air Force computer program
does nol sccurately predict the peak frequency of the broadband vortex nolse.

Figure 17 shows an unexpected and unexplaine. .ising trend at the highex
frequencies from approximately 1000 to 5000 Hz. The cause of this hipgh fre-
quency nolse is not known but was observed in all flights of the
acoustic 3 blade propeller installed on either the YO0-3A or Q/STAR aircraft.
This anomalous noise trend was not considered in development of empirical
modifications for the Air Force computer program.

3. SUMMARY

Comparison plots of measured and predicted noise levels, spectra, and
directivities revealed major discrepancies between these two forms of data.
Resolution of these differences requires extensive modification of the Air
Force computer program.
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SECTION V

THEORETICAL REVIEW

A major erTort in this study was a thorough review of the underlying
theory for the prediction of propeller noisc. This review included investiga-
tion of discrepancies in measurcd and predicted detsa and an assessment or
potential factors causing these discrepancies. A deloiled summary ot this
effort is given in Appendix IV,

The theorctical review consists of two parts: (1) rotational noise
analysis at low tip speeds and (2) vortex noisc analysis. The major portion
of this effort is directed toward the rotational noise ror which the "bucket™
in the SPL curve vs., rpm is regardcd as more baIlTling than for the vortex
noise case. Your effects were considered: (a) blade aerodynamics, (b) non-
uniform inflow thirough the propeller, (c) chordwise blade oading, (&) propeller
blade wake/wing interaction.

1. THEORETICAL REVIEW OF ROTATIONAL NOISE
a. DBlade Aerodynamic Effects

It was suspected that the propeiler tlade aerodynamic model of Refer-
ence 8 may be inadequate to predict thrust and torque distributions at low
tip speeds where the blade section 1lift coerficients must increase (inversely
as rpm squared) to maintain & constant propeller thrust. Simultaneously, the
Reynolds number haseda on blade chord and relative velocity is decreasling; which
leads Lo ipncreased drag and wcduccd 1ift Tor a2 given blade section angle of
attack. To maintain the same blade lirt, the blade angle of attack must be
inercased, resulting in fwrther increases in the blade section drag. In an
aerodynemic force system, the 1ift is perpendicular to the relative wind
vector; therefore, the thrust and torque force per unit radius are related to
the unit blade 1ift and drag according to blade element theory (ReTference 11)
as focilows:

4T dL ab . m

T cose, - sing (Thrust) (3)
Q _,dy (D 3 O o L

i =r =T ( cOs qdv + - 3in %V (Torqu\, ) ( )-

. where %y is the blade advance angle defined by

tana - Vw(l + usb)

B ST - omsb) (5)

where £ is the propeller rotational angular speed snd r 1s the local propeller
radius, V_, the Torward speed, and usb and omsb are siipstream corrections to
linear und anguler velocity. Appendix IVcontelns detuiled discussions of slip
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stream efTecets using two dirrercenl approaches.

Ls 2 decreases, the advance angle inerecases ror a given forward speed, i
causing a Turther reducltion of thrusi and an attendaunl inecrease in required i
torgque force. Likewise, to maintain thrust at a large sdvance angle, the it
on the blade musi be Turther inercascd by means ol' inereascd blade angle of
attack. Ir view of a need Lo independently asscss the above ractors, a general :
anrrodynamic blade leoading mathemalical model was develcped, which is capable i
of matching any given propeller thrust with speciricd power or blade efficiency. '

The results of the acrodyndmic blade load study are shown in Fipgures

19 and 22 where it is Tound, Tor a given rpm, that predicted axisymmetric

rotational SI'L, when plotted vs. proveller horsepower is nearly a universal
: curve for all kinds o1 acrodynamic parameter variations (camber 1ifi, blade
angle of attack, Triction drag level, etc.). Figure 21 shows the propeller
power required vs. propeller erficiency at the reguired 220 1b. thrust. Figure
22 shows the variation of predicted axisymmetric SFL with rpm st 220 1lb. thrust; .
the shaded band of the present CALAC axisymmetric theory reflects possible var- ;
iations in propeller erfficiency and, henecc, variations in reguired horsepower
at each rpm. The aerodynamic blade Jjoad mathematical model used in the present
prediction method Tor axisymmctric acoustic radiation produces essentially the
same rotational noise vs. rpm trend (Figure 22) as does the USAF Computer !
Program of ReTerence 7 . The difference in absolute levels is because Refer- ;
ence 7 employs an empirical correcction to the axivymmetric theory which is based H
on static propeller noise test data. It is noted in AppendixIV that numerical
integration differences cause negligible errors. Tigure 1S shows the envelope
of estimated YO-3A propeller efTiciencies for three rpm values. A slipght
: bucket tendency in the SPL vs. rpm curve (Figure 22) between 600 and 480 rpm
might be inferred from the erfTiciency data of Figure 19 if it{ is assumed that
! the propeller efficlency at 480 rpm is near the lower range of possible values.
The estimsted propeller efriciency r1or the YO0-3A rrom Reference 3 is somewhat
in doubt at L8O rpm; however, it would eppear to range between 40% and 50%.
Figures 21 and 23 display the range ol predictions, Tor the Y0-2A standard 3
blade propeller, of horsepower and erTicilency, as obtained Trom several sources:
the Y0-3A project data (Reierence 3 ), the USAF Computer Program (Reference 7 )
and the rirs{ of present methods, wherein the induction efficiency n, was
parametrically varied. The induction efriciency provides, for propeller theory,
the counterpart of the induced drag associated with trailing vortices in the
theory of wings of finite span, Reference 11. The induction efficiency is
further discussed in Appendix 1V. The suitability or the choice or induction
efriciencles in the present theory is justified by its usefulress as a para-
meter in metching the IMSC YO-3A horsepower and efficiency data of Referemnce 3 ,
as can be seen in Figures 21 and 23.
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f It is noted in Figure 23 that the USAF/llamilton Standard (Reference 8)

. propeller efficiencies are much higher than the values obtained from the Y0-3A
flight test report (Reference 3 ). Because the inducvion efficiency is related
to the trailing vortex system, an approsimate 1ifting line theory calculation
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(Reference 12) was performcd, as & second method to provide an independent
check. This second method uses an effective propeller bLlade aspect ratio
concept (see Appendix IV). The geometric aspect ratio is 3 which is, thercfore,
an upper limit . The resulting propeller efficiency at U480 rpm is plotted vs.
efTective aspect ratio in Figure 2L. The effective aspect ratio is determined
by an iterative downwash metching procedure described in Appcndix IV. Tt is
found that the propeller blade eflective aspect ratio is 1.7 yielding a pro-
peller efficiency of 58% (Table I).

TABLE I
Fundamental

Source rust Efficiency HP Kotational SFL, 4B
USAF (Ref. 7) 220 76% 66 5T*
YO-3A/IMSC (Ref., 3) 5n% 100 62
Present Lifting
Line Theory

AR_ = 1.7 504, 86 60

3.0 69% 73 58

*Not including empirical corrections Tor static test results

It is seen that the present rotational SFL results ure 3 dB higher than
the USAF results on a basis of HP (this comparison excludes the empirical
corrections in the USAF/Hamilton Standard method which arve included in the
USAF/Hamilton Stendard data of Figure 22). It is notcd from Teble I  above
that since ARe must be less chanu 3, the propeller efficiency could not
exceed 69%. It is noted that the present 1lifting line results are much
closer to the propeller efficiency data obtained from the YO-3A Tlight test
performance report, and, despite some uncertainty about 1ifting line theory
for such low aspect ratios, it is seen thet even by assuming a 100% span
loading efficiency (AR, = 3) one pr2dicts much lower efficlency (69%) thun is
calculated in the UCAF computer program.

While the 3 dB difference in axisymmetric SPL is only & small part of
the empirical discrepancy, it will be seen later that the deterioration of
Tropeller blade efficlency has a much more significant role througn the en-
hancement of the circumferential non-uniformity of the blade loading.

b. Blade Non-Uniform Inflow Effects

The effects of non~uniform inflow which produce cirrumferentisally non-
uniform loads are analysed in deitail in Appendix JV. The basic causes are (1)
the velocity field induced by the wing lift circulatory flow producing both
upwash end backwash velocity components, and (2) the propeller disc angle of
attack upwash component, These upwash and backwach velocities, when expressed
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in cylindricsl coardinates in the propeller disc planc, provide circumferential
and axial flow components which vary around the circumference of the propeller
dise. The circunfercntial changes of inflow wvelocities produce chenges in
thrust and torou: forces, vie changes the dynamic presswre (based on relative
blade velocity; aud via changes in the blade angle of attack. These circum-
ferenticl changes in thrust and torque are then expressed as & complex Fourier
series which allows use of existing theory (Morse and Ingard Reference 13) for
non-uniform loading (NUL) effects.

The basic results of the inflow non-uniformity effects are given in :
figure 25. These azre considered the most important results of the theoretical !
study. The solid curve labeled "present axisymmetric theory" also includes &n !
improved chordwise blade loading solidity factor to be discussed below. The
top g0lid curve shows that the effect of inflow non-unitormities on loading
produce & 8 to 1k @B increase of absolute levels, compared to axisymmetric
theory and 5 to 6 dB of tne "bucket” nolsc level differential. The comparison
between experimental data and the top dashed curve shows good agreement., This
irdicates that the propeller blade wake/wing interaction effect which,in com-
bination with the inflow non-uniformities, very nearly accounts for the entire
"hucket” in the SPL vs. rpm curve at constant thrust speed and at 125 ft.
altiiude, At low rrm, the inflow non-uniformity (e.g. "loading harmonics')
incvesses relative to high rpm values, vwhich expleins most of the measured
7 dB increese above tre bottom of the "bucket." As discussed in Appendix IV
(Section 2n(3)(a)) non-axisymmetric radietion efficiency increases greatly
over axisymme tric radiation efficiency which is characterized by circumferen-
tial destructive interference. This leads mathematically to higher order
Bessel Tunctions vhizh wre small irn magnitude at low tip Mach numbers.

Analysis or the Joading harmouic data {sec Figure 26 and 27) which was
used in generating Figure 25 shows that the first loading bormonic (the co-
erficient o sin¢)) is by far the dominant term. ithermore as shown in
Figures 2B througn 30 the loading harmonics increese with decreasing rpm in
a manner vpicn correlates as a Tunction of the blade 1ift coefficient. This
correlation wrovides a rational basis for using the blade 1ift coefficlent as
8 parameter Tor correlating the empirical corrections to the USAF computer
program.

Tigure 31 shows the increment in SPL due only to non-uniform losd (NUL)
effcets., This was obtained by taking fully into account the radial variation
of the loading hermonics. Figure 32 shows the results of an alternative approx-
imate calcvlation of NUL effects, obtained by calculating the rirst two loading
harmonics (LH) at only & single radial position, (r/ril)ygz. It is found that a
valve of (r/ry)yy of about .55 would nearly duplicate results which account for i
the radial variation ol the LH. Figure 33 shows & correlation of the ASPL due |
t0 non-uniform loeding as a function of the first torque loading harmonie, b
Also shown s & simple analytical approximation valusd for small velues of
weve nunber times radius. The result is

19’
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where, Y is the altltude, X is the aobserver distance ahead of the propeller '
disc plane, is the shaft rotation Irequency \radiaus/sec.) a is the speed of !
sound, and k is the wave number. \

The above approximations will be found very useful for considering
: effects such as changing the ratio of wing separation distance to propeller
' diameter, or changing the propeiler shaft angle orf attack. For such pars- ‘ {
‘ metric studies one needs only to calculate (bl¢) at (r/rt) = .55 and determine :
the A SPL due t{o non-uniform loading from Figiure 33 or Equation 6 above.

¢. Chordwise Blade lnading Effects

In Appendix IV a new solidity factor for blade loading is derived which
differs from the standard assumption of uniform chordwise loading leading to

) ': the solidity factor (Equation IV-5.)
' SF_ = _x oin (mBo_cos O, @)
b coseb - 2r

This term is the leading factor in the axisymmetric radietion equation (Egquation
& of Reference 7 and Equation IV-15of Appendix IV herein).

S i

The new solidity term pertains to the chordwise loading appropriate to the

r angle of attack component or additional 1ift from airrfoil theory. Figure IV-10
of' Appendix IVsghows the angle of attack chordwise loading which is expressible
as (See Appendix IV Section 2b(3){c), Equation IV-55)

L
' EE_J_-_ = 2 sina - X ( Cl;_y) (9) 1
a% 1+ x 27 T
where {-1=x<1) defines the dimensicnless chordwise position on the blade, )
referred to the semichord, with oripgin at midchord. Near the leading edge, 1
¥ = -1, the loading increases inversely as the square root of leading edge
» ‘ distance. This is a consequence of well-known thin airfoil theory assumptions,

: and the load varistion has been found to bhe accurate experimentally except
) within & distance from the leading edge of about one leading edge radius. As
described in Aprendix IV,when this loading is Fourier analyzed employing

r certain Bessel function identities, one obtains a new (complex) solidity
factor (see Equation IV-59, IV-60)
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SF = g~ SF. (¢, coser +c_. sina ) + mB (er sina, sina ) J (Z)} |
r € . o 'd av av 2 b av’ 0 ;
cl '
1 rB o .
e [EB O (5 31 ,
SFy amo { 2 2r (-2x sin ¥, S4B qav) Iy (7)} (1)

I (Z) and Iy (Z) are Begsel functions of the rirst kind of orders zero and

one, respectively, whose argument is

P IS ——

Z = {mBb cos eb/er) (12) §

Here, b Coseb is the blade chord projection on the propellier disc plane; r,
the local propeller radius; m, the harmonic number; and B, the number of blades.
The tangential force coefficient in the blade (Equation I-34)

[ dFyp/dr) )
= = g + sin
po LT pvr )b {cd CO8 QT Gy SY “av}

) clo is the camber 1ift coerficient and ¢, is the total section 1ift coefficient.
One can see that if the angle of attack goes to zero that y

(23)

c, = ¢

1 lo

SFr = SFO ;i a -0 (1)
g SFi = Q :

For small volues of % (low solidity) !

(3
’_l

o in (15) i

i
Ly

{fa\
\G/

fie

T
LY

1

The new so0lid’ .y factor produces only a minor increage in ncise within the
practical operating regime Tor the Y0-3A. In Appendix IV,it is estimated not
to exceed 1,5 dB; however, in the major nolse radiating region of the pro-
peller disc (r/r_> .5), the local blade angles of attack do not exceed 7
degrees. Tnerefore, the effect is probebly less than 1 dB in most cases.




A Minor Theoretical Correction to the Axisymmetric Theory

The blade acrodynamic parametrlc study was bhased on the Tollowing axisymmetiric
radiation formula (Equation 18, page Th4 of Kefercnce 13; Sce slso Equation IV~15
of Appendix IV

AnB Q t+idp P § ac .
3 d 1
p =€ pQQ h / SF \M+X/S ) Q C_I_CE_) . D _ -2 [nrad] r /
hn 3 o hub (1qﬂ?)+ a 4dr on y  dr
o, =% 1w+ w3+ (17)
m a So 2

in Peference T , the radiation factor is stated to be (see Equation IV-15,
Appendix IV, Section 1n{2) {a), and Equation 7 of Reference T)

g = {Ym (argmB) - drdmﬁ) J (arbmﬁq (18)

o

An independent derivation of this factor shows that it should be {Bquation TV-21)

~ , (ar
T].‘r‘a(fl = JmB(aTLmE) + i.():.:‘f)—y—:g l lrb3(irgmB) mB+1 gmB]% (19)
( 55 :
[o]
arg o = (mB Qo > Y/So (20)
a

The second and third terms are minor corrgctions for source position slong

the propeller radius and in genersl Yr/S © < <1 where Y 1s the altitude.

The new theoretical correction 1s to change the slgn of the 90 degree phase
shifted temm (i factor)., The quantative difference is negligible; however,
this 1s mentioned, siace 1t was discovered as part of the overall quest for
significent errors.

In the present calculations, involving complex numbers, the radial integrations

for rcal and lmeglnary parts were conducted separately &1d then the vector J
magnitudes of the integrated far field pressures were caiculated. Accordling
to present thinking, the axisymmetric theory for far field noise ehould read ;
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vhere (ﬁr, W;) are the real and imaginary parts of 1 above (Equation 20)

We remark that p, as calculated above defines peak amplitude and exceeds the
RMS value by the factor /2.

d. Blade Wake/Wing Interaction Erfects

The effects of blade wake/wing interaction are shown in the top dashed

curve of Figure 25. The explanation is detailed in Section 1b(3)(b) of Aprendix
IV. Brierly, the propeller bl&de/wake velocity defect appears fo the wing
like a gust of short wave length, setting up a fluctuating force on each side
of the wing occurring at the blade passage Trequency, with a weaker unsteady
fo.ce fluctuation over the entire wing at twice the blade passage frequency.
The radiating a_ea is large, roughly equal to the wing root chord times the
prop diemeter, and is estimated tc be nearly in phase with the direct propeller
rotational noise, siace the wing interaction occurs at almost exactly one
revolution after blade passage. Also the wing radiation efficiency is taken
to be that of a point dipole. At low wave number, dipole erficiercy increases
with wave number squared, while for an axigymmetric 3 bhleded prooiler, radia-
tion efficiency is proportional to wave number to the sixtn power Sor the
Tundamental Treguency, thus being a very inefricient radistor et low wave
numbers. This weak efficiency is the result of destructive acoustic inter-
ference between blades when the circumferential integration of the propeller
disc is carried out, lesding mathematically to the Bessel Tunctions which
describe sxisymmetric propeller noise radietion.

e, Effects of Wing Separation ani Airplane Angle of Attack on Rotational
Noise

m—— ) kA e it eI e A e ML T A O i T

The earlier discussion of ithe avon-uniform loadimy eflects for the YO-3A
rertains to a configuration where the wing separatioc. distance is

Xw/D = 1, Zw/D = 21}

vhere Xw, end Zw are respectively the streamwise and vertical separation dis-
tances between the center of the propeller disc plane and the quarter chord
point of the mzan serodynamic chord of the wing where the wing 1ift is known
4o act (Reference %2 ). The aircraft propeller axis angle of’ attack is
estimated to be 2.88" for the following wing iocading parameters given in I
Table II (see also Appendix IV, page 136) '
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TABLE IT

Y0-3A Aerodynamic Parameters

True Values Reference Values

Aircraft Weight 3750 1.
Wing Area 204 ft2 180 ft2
Forward Speed 125 7t/sec
Dynamlc Pressure 18.6 pst
Wing Lift Coefficient, CLW .985 1.12

CL, (@, =0) .375 33
Wing Incidence 2.5° ;
Wing Angle of Attack 5.38° :
Propeller Angle of Attack 2.88°
Wing Span 57 Teet
Effective Wing Span Lo feet (e = .7)

leter in this report, propeller design charts will be presented where-
in the propeller diemeter is changed. The design charts include the empirical
corrections for the YO-3A which implies a constant ratio of wing separation
distance to propoller diemeter, and maintensnce of the same propeller shaft
angle of attack, It is therefore of interest to examine the etrfect of changing
these wing separation andi angle of attack factors.

Figures 35 to 37 present, as examples, the desired informatlon at
480 rpm. Figures 3L and 36 display the variation of the first torque loading
harmonic, t,p, as functions, respectively of wing separation distance, and of
propeller sha®t (aircraft) angle of attack, Ogy.. Flgures 35 and 37 shcw the
corresponding rotational noise increments, ASPLyyr, due to non-uniform loading
(WUL) effects. Figures 35 and 37 are derived from Figures 34 and 36 by meens
of the correlation of ASPLyyy vs. b, ¢ shown earlier in Figure 33 and in
Eguation 6.

T. Methods of Reducing Rotational Noise for a Fixed Alrcraft Weight
and Propeller Diameter

From the previous discussion it can be seen that reducing non-uniform \
lo&ding(NUIQeffects on the rotational noise at low rpm depends primarily on
two baslic effects:

(1) Reducing the upwash and backwash at tile propeller disc plane due
1o the wing 1ift clirculatory flow fields
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(2) Reducing airplane angle of attack

The reduction of the NUL effects caused by the wing 1ift cirewlatory
flow Tor a glven aircraff weight and propeller diameter can be accomplished
seversl ways:

e by increasing wlng separation distence

¢ by increasing the effective wing spen either through improved
span loading efficiency or by physically increasing the wing span

e Dby increasins the forwsrd speed at a given rpm. This also
reduces the blade angle of attack required to develop & given
thrust, slightly improving propeller efTiciency

Aireraft weight belance and structural considerations limit the
potentinl for increasing wing separation. Structural considerations generally
1limit the achievable aspect ratio on an airplane.

The reduction of aircraft asngle of attack can be accomplished by
several means,

® by increase of wing area to reduce wing 1ift cocerficient

e by increase of wing incidence relative to the propeller shaft
® by use of trailing edge 7laps

® by increase of' forward speed

The wing area sizing end incidence setting are fundamental to the
entire aerodynamic design; therefore, the possible changes are dependent on
the total aircrait mission requirements. Trailing edge flaps are generally
desirable from & standpoint of aircraft takeoff and landing performance, and
consequently,it would appear easy to adjust the flap setting to give zero pro-
reller axis angle of attack for a given wing incidence and forward speed.

The effectiveness of Torward speed increases is limited by the air-
tframe generated noise. &Since the alrframe generated ncise follows a velceity
to the sixth power times wing area law, a 26% forward speed increment would
increase the airframe noise by 6 dB. Recent work by Healy (Reference 10
estimates that the QASPL for the YO0-3A airframe noise is about 54 dB,
therefore, a 6 dB increase in airframe noise might be permissible without

masking the propeller vortex noise.
2. THECRETICAL REVIEW OF VORTEX NOISE
The vortex noise theoretical evaluation is detailed in Appendix IV, which

provides a critique of the various options of the computer program o7 Refer-
ence 8§ . Al30 Appendix IV provides a rationale for the empirical method
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finally adopted to correct the vortex noise predictions of Reference 7 , namely

a yprocedure to relate vortex noise.levels to rcoctalional noise. The rationsle ‘

states that there exist random fluctuating tangential foree dipoles
(having their maximur dircctivity in the disc plarnc) and random Tluctuating
thrust dipoles (having their maximwa directivity in the thrust direction).

It is Twrther argued that ihe fluctuating tangential Tforce dipole (§?ich
governs overhead noise) can be expressad in terms o¥ Tluctuating 1ift, dL/dr,
fluctuating drag, @D/dr, and the advance angle @ . according o

ladl

~ -~
dF db daL
x =(_dr 00 Gy g O %w) (22)

At low rpm, oy, is large and both the Tluctusting lift and drag increase
with blade 1ift coefficient, and contribute more to the torque dipoie. Thus
from both a directivity and an intensity standpoint tune tangential force
governing overhead vortex noise level would be expected to increase at low
rpm.

It is postulated that the fluctuating tangentiel force is proportional

to steady tangential force; hence, this implies a relationship to the fundamen-
tal rotational noise at overhead,

There is a further discussion of radiation efTiciency in Appendix IV,
where, becavse of the random phase of the fluctuating vortex dipole forces,
one would not expect the destructive acoustic interference tound in axisym-
metric rotational noise; therefore, the acoustic radiation of the separete
btlades around the disc is likely to be additive on an energy basis end have
ithe effTiciency of a dlstribution of random point dipoles being proportional
to wave oumber sQuared. This is in contrast to the inefficient (wave rumber
to the sixth power) rediation efficiency of axisymmetric propeller rotational
noise for the fundamental tone of a 3 bladed propeller.

In cenclusion; the above theoretical discussion indicates that the
priacipal causes of the discrepancy between theory and measured data, both
for rotational noise and for vortex noise for the Y(-3A are strongly dependent
on the blade loading or 1ift coefficient. Accordingly, it seems reasonable
to expect to find an empirical correction which is expresssble as a function
of the blade 1lift coeificient.

3. SUMMARY

The comprehensive theoretical study of propeller blade aerodynamic loads
has been made to discover if errors in bliade load predictions would explain
the "bucket” in the curve of rotational nolse vs. rpm. The results show
that axisymmetric blade loading efficlency effects contribute to,but are noti
entirely responsible for the bucket phenomena. Independent Lockheed far field
rotational ncise calculations assuming axisymmetric blade loading show:
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Trends of rundamental rotational noise SPL vs. rpm which parallel the
USAF computer program results at a constant propeller thrust.

Rotational SPFL vg. propeller horsepower tends to fall on a single
curve at & given rpm, regardless of the blade aerodynamic parameter
being varied., The Lockheed calculations were adjusted to match
YO-3A project data for propeller performince. The blade serodynamic
parameters being varied include blade camber, Lift coefficient, blade
pitch angle, and zero lift drsg level, This model is Tound to give
an excellent representation of airfoil section characteristics, such
as those of the NACA 63 seriec.

A large discrepancy is noted between propeller efficiency data as
predicted by the USAF computer program (Refercnce 8 ) when compared
to YO-3A flight test performence deta. An independent calculation

was mede in the present study using lifting line theory which predicts
propeller efficiency values closer to the YU-3A performance data.
These values are much lower than the USAF computer program values at
low rpm conditions.

The feilure to entirely explein the SPL vs. rpm "bucket"” by means of
axisymmetric blade loading effects led to a review of the acoustic radiation

theory.

This theoretical review revealed the following:

s A minor correction to axisymmetric theory was found for the source

pcsition term, This correction, however, has negligible effect on
the predicted noige.

~

The evaluation of non-unilorm c¢hidrawise blade lcading effec
high angles of attack leads to & new (complex) blade solidi
causing & slight increase in the predicted rotaticnal SPL 2% low vpm
(less than 1.5 dB) for axisymmetric blade loads.

i

The mcst likely explanation for the measured rotational nolse level
increase and "bucket” in the curve of SPL vs. rpm arises from two factors:

e Circumferentislly non-uniform blade lecads, caused by inflow variations

into the propeller disc plane~-these variations yield a 8 to 14 dB
increase in rotational SPL level compared tc the standerd axisymmetric
theory, snd cantribute sbout 5 dB towards the bucket effect.

The interaction of the propeller blade wake with the wing gencrates
filvetuating 1ift forces on the wing. This dipole source which produces
significant far field radiastion is assumed to be in phase with the
basic propeller rotational noise. The strength of the wing interaction
noise increases greatly at low rpm and high tlade 1ift coefficients

and radiates more efficiently than t»e propeller blades.

Two causes of the circumferential changes of propeller loading were analyzed:
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e The propeller disc plane augle of attack effect (upwash erfect)

e The induced upwash and backwash through the propeller diac piane ' |
caused by the wing 1it circulatory flow.

The acoustical effects ol ¢ircumferential non-uniformities in thz blade '
Joading were evaluated by means oI deriving Fourier coerficients for the blade i
loading called loading harmonics (LH) and appiying & modification of the theo- ‘
retical expressions for far field noise given Ly Morse and Ingard. Physically,
the effect of influw non-uniformity of blade loading is to eliminate the de- . \

\
t

structive interference between the acoustic flelds of individual blades which
is characteristic of axisymmetric propeller noise theory. The decrease of
destructive interference causes a large increase in radiation efficiency at
low tip speeds for the non-uniform loading case.

The above mentioned wing interaction and propeller disc inflow ncn-
uniformi.y eifents are both airplane configuration efTects; however, the YO-3A
propeller installation is believed representative of a single engine propeller
aircraft. OSerious design limitations generally would prevent larger separation

distances between the wing and the propeller, which would be one obvious approach
to eliminating the above efrects.

The thecretical studies of rotational noise indicate three possible paths
to reducing propeller rotational noise:

et e . e i S

¢ Increasipng the separation distance between propeller and wing.

® Decreaging propeller shaft angle or attack at the desired forward
speed Tor quiet operation.

e Decreasing the blade 1irt coerricients by means of:
- Increasing the number or blades %
- Increasing the propeller diameter 3

The practicality of any of these measures must be carefully examined for
, each sircraft design, considering the total mission effiectiveness.

A review of three vortex noise predicticn options in the USAF computer
program revealed minor theoretical inconsistencies, and shortcomings of
empirical constants derived from static propeller tests. Algso, it is showm
that one may expect random fluctuating torque and random fluctuating thrust
forces which are postulated as being proportional to the steady state thrust
and toraque forces. This hypothesis which leads to & rationale Tor empirically
relating the vortex nolse level to the rotational nolse, is shown to be a
succegssful means for estimating propeller vortex noise st overhead conditions.

[
e ) bl o R bl e

The review of the theory of rotational and vortex nolse Indicates that :
the principal cavses of discrepancy between itheory and experiment. are related :
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te the blade 1ift coefficient which is therefore suggested as a significant '

parameter for correlation of the empirical corrections to the USAF computer

program, {
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SECTION VI

EMPIRICAL MODIFICATIONS FOR AIR FORCE COMPUTER FPROGRAM

This section contains the empirical modifications Tor the Air Fforce
computer program that were developed in this study from Tflyover data acquired
in the Octaober toests of the YO-3A Tlying with the three dirfereut propellers.
These modifications included corieclions for predicting these nolse character-
istics:

e Absolute and relative levels of rotational noise for Mundawsntal,
second and third harmonic frequencies,

e Directivity of the rotalional noise,

e Absolute levels of vortex noise in the one-third octave band where
the maximum level occurs,

& Spectral shape of the vortex noise,
e  rediction of the one-third octave band where the peak level occurs.

The quality of experimental data was not good enough to determine directivity
of secend and thirl rotational noise frequencies and, in the absence of valid
data, it is suggested that directivity of fundamental rotationsl noise fre-
quency be used to characterize directivity of the higher harmonic frequencies.
Likewise, the directivity of the vortex noise, as determined by experimental
deta, ic in guestion due to ground refiection effects near the peak levels.
Theretare, it ig recommended that the only changes in the computer genersted
directivity characteristics are thosz implicit{ in the empirical procedure

for correction of vortex noise at the overhead position.

1. PROPELLER ROTATIONAL NOISE

It is recommended that the Air Force propeller rotational noise predic-
tion program be mcodified in the following manner:

, ‘ (CJ % CHORD &
SPL_ = SPLT + 10)10G| == v C ,;
m I \?1 REF. ¥ CHORDREE

Where, SPLT : Fredicted Sound Pressure lLevel (dB) of Loading Noise (only) for
given rotational nolse harmonic

SIL = Corrected Sound Pressurs Level (aB) of Rotational Noise Harmonic

m

Harmoaic number

1}

Empirical exponent = 3.0

g S e L

Empirical constant

I
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Cl REF. ¥ CHORDR11 = Produrt propeiler 1ift coefficient times chord
‘ for the three-quarters propeller radius station.
Reference values are taken near mininmm values
for measured data,

3 N = 0,433 (v ;
Cl pap, * CHOIDREF. 0.433 (when chord is expressed in feet)

Wher,
m

1
&

(91

L}

+4,0 4B

m=2,C

-1.0 dB
mn=3, {=-10.04dB

Figures 38, 39, and 40 1llustrate the use of this modification to the computer
program for fitting measured and predicted data for the standard three blade,
acoustic three blade, and standard six blade propellers. Figure Ll shows the
recompended directivity for rotaticnal nojse. Measured data for the rotational
noil se fundamental frequency of the standard three blade and acoustic three

blade propellers are shown for comparison. This directivity pattern shouwld e
substituted for the existing directivity pattern (i.e., does not modify existing
directivity pottern).

2, FPROFEIIER VORTEX NOISE

It is recommended that the Air Force propeller vortex noise prediction
program pe modified in the following manner:

SPL = 8PL_. + 10 LOG/ C-75 \ + O
VD 7 e " %
75 REF./
SPINP = Sound Pressure Level (dB) of Vortex Noise in :

Peak One-Third Octave Band

SPLf = level of Fundemental Rotational Noise (i.e.,
M = 1) Fraeguer:y Predicted by Modified Air
Force Computer Progran

C = Chord of Propeller at 0.75 Radius

C 75 REF. ~ Chord of Reference (i.e., Standard 3 Blade
. *  Propeller at 0.75 Radius) Propeller

= 1.0 foot

C_ = Empirical Constant

B = Number ol Propeller Blades
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Figure 38. Compariscns of Measured Rotational Noise with Predictions
of Originel and Moiified Air Force Computer FPrograwm
(8tandard 3 Blede Propeller)
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Figure 40, Comparisons of Measured Rotational Nodse with Predictions
of Original end Modified Alr Force Domputer Program
{Stendard 6 Blade Propeller)
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C, = -16.0 dB
Cy = -13.7 4B
€, = --0.5 dB
c5 = -8,0dB
C6 = -5.3 dB

Figures 4z and 43 illustrate the use of this modification to the computer
program for fitting measured and predicted date for the standard three blade
and scoustic three blade propellers,respectively.

3. SUMMARY

Figures 38 through 43 are comparison charts of measured and predicted

noise using the original Air Force computer program and the modified program.

The degrec of change in predicted noise and the improved :ccuracy of the
noise prediction can be observed in these charts. Figure 13 in the previous

section shows the recommended spectral characteristics for broadband vortex
noise.

These modifications change the levels, spectra, and directivities of the
predicted noise in & manner that provides good agreement Tfor the standard
three blade propeller and acceptable agreement for the acoustic three blade

and =tendard cix blade propeller.

T4

[P RPN

[P




e SRR Sa N
e —— N~

70 =

60 |-

SOUND PRESSURE IEVEL (4B)
A, ]
o
T

o |-
772 MEASURED
30 | Q) - OPTION - 0
O - oprioN - 3 FREDICTED - ORIGINAL AIR FORCE COMPUTER
FROGRAM
O - CPrION - 2
20 | (O - PREDICTED - MODIFIED AIR FORCE COMPUTER PROGRAM

NOTE: ALL 1EVELS FOR 160 Hz ONE-THIRD OCTAVE BAND

L ] 1 1 | | I !
0.195 0.213  0.238 0.259 0.278 0.302 0.32% 0.305

PROPELIER HELICAL TIP SPEED (MACH)

T f T 1 T I Al L
420 480 540 600 660 720 780 8Lo
PROPELLER RFM

Figure 42. Comparisons of Measured Vortex Nolse with Fredictions of
_ Originel ard Mcdified Air Force Computer Program
(Stendard 3 Blade Propeller)
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SECTION VII

DESIGN CHARTS FOR LOW TIP SPEED PROPELIERS

Design charts for low tip speed propellers that can be used in the design
of future propeller driven quiet eilrcraft are presented in %his section. These
charts were constructed from noise prediztions made by the Air Force using the
nodified Alr Force ccmputer program. Input deta on propeller configuration
and operation were supplied by CALAC. An aircraft configuretion similar to the
Y0-3A was assumed. Input data were as follows:

Propeller Blade Configuration: Same as standard 3 btlede propeller used
on YO-3A scaled to size

Diameter: &8, 10, and 12 feet Forward Flight Speed: 125 ft/sec
Number of Blades: 2, 3, and 6 .
Thrust: 100, 200, 300, L0O, and 500 pounds

Helical Tip Speed: 0.2 to 0.4 Ma-h

The modified Air Force computer program provided predictions of one third
octave band levels for both rotational and vortex noise for the ovérhead posi-
tion at an altitude of 125 feet. From these levels Overall Sound Pressure level
(OASPL) was computed. Aural Detection Ranges (ADR) were elso predicted for the
various propellers and operating conditions assuming the stmospheric and ambient
be.ckground noise conditions sialed in Reference 7 {Daytime Jungle).

In the design charts OASPL and ADR sre shown as functicns of the geveral
variables. It should be noted that ADR is dependent upon spectral content and
shape as well as noise level. For this reason, the trends shown in QASPL and
ADR charts are usually not identicel. The assuwption is made in all cases, of
course, that the propeller is the predominant noise source. The intended use
of these design cherts 1z discussed below aand the ianformstion on the general
subject of aural detection of quiet aircraft, based on severul years of ex-
perience involving sucl alrcraft, is also presented.

1. USE OF DESIGN CHARTS

The purpose oI the low tip speed propellzy design charts is to support
conceptual and preliminary design of propeller driven quiet aircraft that re-
quire thrust levels from 170 to 500 pounds. Such aircra®t zre assumed to re-
quire propeller tip speeds in the range from Mach 0.2 to 0.h where design
informaiion has 1ot previously been availlable. While the charts presented in
this section arc considered adequate for these initial design studieg, it
must be emphagized that any final detailed design should include more extensive
work involving the impact of aircraft configuration. Theoretical results show
that the position of the wing relative to the propeller, for example, can in-
Tluence the levels of propeller noise. Therefore, in detailed design scudies
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the modified Air Force computer program should be used to predict propeller
noise of specific designs, and these results shouvld be adjusted for impact of
aircraft configuration as discussed above ip Section V,

The design charts presented bvelow arce intended to provide the capability
to involve acoustic noise criteria in the important initial trade off studies
with other performance requirements in the concept and preliminary design stage.
Examples of such application are given below Ior each of the types of charts.

a. Figure 4i. -~ This series of charts showsthe minimum OASPL and ADR
waat can be achizved with propeller driven aircratft. In the course
of this study it has been demonstrated that minlmum noise is not
necessarily produced at minimum propeller tip speed. For these charts
the optimum propcller tip speed to achieve minimum noise is assumed.
In general, these charts show the minimun acoustic noise goals that
are re: stic for aircraft requiring a given thrust and are constrained
by prop.iler diemeter and number of blades.

b, Figures 45 through 7. -~ This series of charts show the elfecls of
propeller helical tip speed and indicate the tip speed required to
achieve the acoustic goals with given propeller diameters. A factor
vl prime importance in any quiet aircraft design is the amount of
speed reduction required between the engine and propeller. Both size
and weight penalties for the speed reduction system are involved.
These charts show the tip speed, which defines spced reduction re-
quired ror a given engine that is dictated by acoustic eriteris,

They also show the acoustic penalty in terms of OASPL and ADR if
compromises must be made to satisfy other requirements. These charts
are convenient to use when propeller diameter is established and
cannot be changed.

c. Figures 48 through 50. - These charts are similar to those discussed
above but are plotted in a forwmat that is convenlent when an aircraft
of given thrust is urder consideration.

These design charts for low tip speed propellers should estimate the OASPL
measured in Tlyover tests at altitudes of 125 feet with acceptable accuracy.
Likewise, the relative noise levels predicted for competing designs should provide
useful quantitative information for trade off studies. However, experience
has shown that re . <istic predictions or measurements of aural detection distances
are difficult snd often contradictary. 1In the 1ight of this experience the
following discussion is presented.

2. AURAL DETECTICN RANGE

As noted at the beginning of this report, the objective of development of
gquiet aircraft is to operate covertly at night over enemy territory. The low
acoustic noise signeture of such airplanes is the means of avolding aural
detection bv observers on the ground, Thus to eveluate perTormance of quiet
aircraft designs it is impoertant to have some remlistic estimate of ADR.
Experience has showrn thal such an estimate is difficult to obtain. Acturlly
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Whis range problem is Talrly common and occurc in other syclens such ac those
using vadar or selsudc Yechniques, bul in the problem of determination of ADR
of quiet alrplarcs difficulties or evaluating human responzse are added.

In gencral, the alrplane cmits an acoustle noise whose noise lovels,
speevra, and direclivity can be memswred. Experience with the YO-3A showed
ti b this noice sigatuwre was Tairly constant ror well maintained airplanes.
Tiis noice is attentuated in the simosphere whitle being radialed from the aiv
to the ground. Experience shows tual tue atlicuuwation Tactor veries o grosat
deal and is wost difficult to eveluate. Standard tebles Tor atmospheric
attenuation of sound is a gross assumption usually made that is not olten
representative of actval conditions, Tiraily the observer on the grow i mus .
hear and recognize the noisec. Obvivusly the lovels and spuctra ov ambient
background noise and the masking crrfecl oi this noise is a factor, but, the
observers sbility to hear and recognize the airplanc noilse is also o impurzence.

In the light of these several factors, predicticns or ADR must i-~lude
simplifying assumptions. The mcthod discussed in Reference 7 .. typles’ of
such calculations.

On the guiel sirplane program it was possible {0 determine a ypractical
AIR from thousanus of operational flights in SEA. In addivion, ma { calcwe-
tions using conventional snalytical mcthods were made Tor the Y0-3+ Z3yine ith
the different propellers. TFirally, in a scries of 1ield tests in Ca ifornie
a determination of ADR of' the YC-34 Tlying with the standard six blawe prooelle -
wa: made. These three different methods yield widely difTerent de terrinat.ome
of ADR thauv seems to be yet esnother parcdox in quiet airplane acoustics.

&. Actual Field Cperations

Even though several Y0-3A airerart operated in SEA for almu=t a yecr,
their use was iimited to small land areas a:.d could nol be consldered & typical
Army night operation; therefore, ground obs rvers probably were not alertes43 to
expect tnese airplanes. This factor probably contribtulel to failw 2 cf nany
people on the ground to detect and recognize the aircrart. Because of the
Tiltering process ol the efTects of atmospheric attentuation, hearin thieshold,
and masking, the audible noise is usually limited to a Ifrequency ran_¢ between
about 200 and 700 Hz. Such noise does not!. "sound” like & smell airplane, or if
icentified as originating from above may be mistaken for & high Tlying jet air-
craft. (Tne low and slow quiet aircraft has an apparent sound and source tra-
jectory similar to a high and fast commercial jet airplane.) If the observer
cannot, id=ntify direction, he may also Think that it is a distant tr ck or tank.
Another possibliity is that he knows there is an aircraft but doesn't care. The
airborne observer is viewing the ground with a night vision device, Perhaps the
man on the ground thinks he cannot be seen in the dark. On the oiher hand the
YO-3A carried no weapons. Perhaps the pcople on the grownd did nol worry too
much about hicing seen in their rormal operation when no irmediate actitn was
taken against them.

What ever the cause, the Y0-3A flying with both s.andard three anl
six blade propellers operated at night at altitudes of 1500 to 2500 feet over

&




SEA. Most times the actions of people cbscrved con the ground appearcd normgl
end they did not seem aware of the aircraft overhead. Thus, the average ALR
as determined in service is congidered to be aboul 2000 feet.

b. Typical Predictions

Using the noilse sipnature measured in the standard 125 feet flyover
tests, standard atmospheric absorption tables, and ambient background noise of
typical jungle conditions (as suggested in Reference 7) or measured in the Tieid
tests in California, ADR was estimated for the YO-3A flying with all propellerc.
These analytical predictions produced estimates greater than those deteridined
in SEA. Predictions of 3000 to 5002 icet were common. An average predlcted
ADR of 4GOO Teet can be assumed.

c. Simulated Field Tests

Prior to deployment of the YO-3A overseas, & series of field tests
were conducted in & remote locatlon in California. The principal author of
this report was present at these tests and it is his subjective judgement that
th 8 aircraft flying with the standard six blade propeller can be heard and
ider.ified by a "cucd”" observer at distances of OC . to 10,000 fect. In these
tes s the ambient background noise may have been somewhati below the levels
atoriouted to night jungle conditions. However, the average ADR observed in
thes- field tests must be assumed to be about 8000 Teet.

e corclusion must be drawn that allowances must be made for a number of
810l -4 ve Tactors when considering aural detection range. For the threc
met...- s of determination of ADR discussed above, average values of 2000, 4000,
e t 00 feet were obtained, respectively. This obviously is a geometric pro-
g-ess_on that depends on method of determination.

- e’ culated ADR values shown in the desipn chartis can he usged to
de toxmir= e ative values in design studies. But it should Ye remombered thst
10w .r altitw es may be possible in service, and in simulated field tests
gre ~ter ADlL't may be measured.

3. E IMPIE JF ANOMALOUS PROPAGATION EFFECTS

%3 mentiozed above, it is unlikely that the air to ground propagation
de terr ined fr.z= standard atmospheric tables is realistic for field conditicus.

A P T e E I T M T SR Sy <~r v
f,l CALMPIE Ol mis is given below.

Figurc 5_ is & long timc hictory of a flyover conducte? &% un altituie or
epproximately 3000 feet. OASPL and selected one third cctaw nu 3 levelr are
shown for a tctal time period of many seconds. This initial Mipyowee wio o n
YO0-3A using tle ‘tandard six blade propeller seems typical. TFigure 57
the one third oca e band cpectrum for near overhead position. The gigniticunt
feature of this s, -ctrur is the prominence of the fundamental rotational noice
in the 63 Hz hani. Apparently this discrete frequency that was attemated by
the Tirst de: .ructi-e ground reflection in lower eltituue tests vas not
attenuated 1i:. t-is .d.un altitude case, Perhaps scattering of the wave rront
along this grester Iigtance accounts for this.
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SEA. Most times the actions of people obserwved on the ground appearcd normal
and they dild not ceem aware of the alrcraft overhead. Thus, the average ADR
as determined in service is considered to be aboul 2000 feet.

b, Typical Predictions

Using the noise signaturc measured in the slandard 105 feet Tlyover
tests, standerd atmospheric absorption talles, and ambieni backgrowd noise of
typical jungle conditions {as suggested in Reference 7) or meusurcd in the field
tests in California, ADR was estimated for the YO-34 flying with all propellers,
These analytical predictions produced =2stimates greater then those determined
in SEA, Predictions of 2000 to 5000 isel were common. An averege predicted
ADR of LOOO feet can be assumed.

c. Simulated Field Tests

Prior to .epleoyment of the YO-3A ore-seas, & rerics of fileld tests
were conducted in a remote location in Califerria. The principal author of
this report was preseunt at these tests and it is his subiective judgement thnat
this aircraft flying with the standard six blade propelier can be heard and
identified by a "cued" observer at distances or G000 to 10,000 fret. Tn these
tests the ambient background noisc may have been somewhat bLelow the levels
attributed to night junrle conditions. However, tha average ADR observed in
these Tield tests must be assumed to be about 800) feet.

The conclusion must be drawn that allowances must be made for & number of
subjective Tfactors when considering sural detection range. For the threc
methods of determination of ADR discussed above, average values of 2000, L000,
and 8000 feet werc obtained, respectively. This obvicusly is a geometric pro-
gression thatl depends op meihod of determination.

The calculated ADR velues shoun in the desipn charis can be used to
determine reletive values in design studies. But it should be remomberad thad
lower altitudes may be possible in service, and in simulated iield tests
grester ADR's may be measured.

3. EXAMPIE OF ANOMALOUS PROFAGATION EFFECTS

A: mentioned above, it is unlikely that the air to ground propagation
determined from standard atmospheric tables is realistic Tor field conditicus.
An example of this is given below.

Figure 51 1s a long time history ol a fiyover conducted =% un altituie of
approximately 3000 feet. OQASPL and selected one third octave me .3 levels are
shown Tor & total cime period of wany seconds. This initial fiyover wi . %l
YC-3A using the standard six blade propeller seems typical, Figure 57 :
the one third octave band spectrum Tor near overhead position. The signiricant
rtesture or this spectrum is the prowinencc of the Sundamcntal roteotionnl noise
in the 63 Hz band. Apparently this discrete frequency that was attenuated by
the Tirst destructive ground rerlection in lower altitude tests was not
attenuated in this high eltitude casz, Perhaps scattering of the wave front
along this greater distance accounts for this.
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Figure 52

ONE THIRD OCRAVE BAND CENTER FREQUENCY (Hz)

YO-34/STANDARD SIX BLALE
APPROXIMATELY 3000 FEET
125 FEET/SECOND (Th KTS)
HELICAL TIP SPEED: MACH 0.269

- Typical One-Third Octave Band Spectra For
High Altitude Flyover
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Figure 53 shows the same iype of lonz time history taken about thirty
minutes later. {BDoth flyovers occurred in vorily morning) In this casc the
discrete rfrequency rotational noise fundamental surters a series ot depresslons
in levels similar to "beat" phenomena. As far as can ve delermined source
levels did not vary. Average period of thesc oscillations in level is about
three seconds. The reason for these observed oscillations is not knowu.
Various assumed layered atmo Dheric models have not produced similar results.
However, these anomalous oscillations in level arc observed often in the Tield
and should be accounted for in eany new predicticn technique for AIR.
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SECTION VIII

CONCLUSIONS

The fnllow.ng conclusions are drawn frem the tasks performed in this
study and describved in this report.

L. Detailed analysis of noise data acquired from past flyover experiments
conduct=d with the Y0-34 aircraft provided baseline inrormation on far field
radiated noise from three different low tip speed prcopellers operating over a
wide variety of conditions. These data, when corrected for certain factors
related to test conditions, were of & suitably high quality in o-~der to yield
reliable resalts.

2

2, Evidence developed during *his study verifies that the predominant
noise in the ¥O0-3A aircraft acoustic aoicz signature originates from the pro-
pel er.

3. Review or the measured low tip speed propeller noise from the Zlyover
tests revealed the existence of unexpected and anomalous trends and levels that
>re not predicted ty convenlioral propeller noise generation theory.

L, Discrepancies between measured flyover propeller noise and predictions
of such noise made by the Air Force computer program demonstrate basic inaccu-

racies in this noise prediction program and suggest inadequacies in conventional
theory.

%. Comparison of experimental results from static and flyover tests
demonstreted that only flyuver experimental Jata were useful in development
of empiriculi corrections For the Air Force computer progiam.

6. Comparison of measured@ low tip speed (Mach 0.2 to 0.U4) propeller fly-
over noise with predictions made by the modified Air Force computer program,
dzmonstrated that th~ modified program will acrurately predict far field
routational and vortex noise.

7. The comprehensive theoretical study made of propeller blade aero-
dyramic lcads led to vhe conclusion the* the "bucket" trend in the propeller
rotational noise could not he explained on the basic or axisymmetric blade
1oading.

8. Furtner review of acousiic radialion theory ied to the ccuclusion
that non-unifurm chordwlise blade loading effects at high propelier angles of

attack contributed, but arz not entirely responsible for, the observed bucket
trende.

9. Final review of theory led to the conclusion that the predominant
ceuse of the bucket trends in the obecerved rotational noise was caused by two
factars:
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o Jircumterentially non-uniform blade loads caused by
inflow veriationg {uto the propeller disc plane

o Iuteraction of the propeller hlade weke with the wing
generating fluctusating LIft Fforces on the wing causing
a significant dipole noise assumed to be in phese with
the pasic propeller rotationel noise

10, The theorectical and experimental efforts led to thr ¢conclusion thet,
in order to account for the aforementioned bucket trends, the empiriceli rota-
tional nojse molifications to the Adr Force computer program should be related
to the product of propeller blede 1ift coetfficlent and propeller chord,

12, A Review of the three propeller vortex noilse prediction options in
the Alr Force computer progrem l2d to the conclusions that there existed:

e Minor theoretical iaconsistencies
¢ Shortcomings in eampirical constants based on static test results

12. Theorztical analysis led t. the concluslos that random fluctuating
torque and thrust Jorces, proportiongl to the steady stute thrust and torque
forces, can be expected. It was therefore concluded that empirical modifica-
tions for vortex noise levels for the Air Force computer program should be
related to the levels predicted for the propeller rotational noise.

13. In general, it is concluded that the modified Air Fovce computer
rogran resulting from this study will predict far field radiated noise of
low tip speed propellers with sufficient accuracy to br: useful in the design
of propellers opecating in the tip speed range from Mach 0.2 to 0.k,
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SECTION IX

RECOMMENDATIONS

Ags o result of the accomplishments of this study it is recommended that:

1. The modified Air Force computer program and/or the design charts in
this report be used Tor development of future propeliler designs fcr quiet pro-
peller driven aircraft,

2. Further theoretical work should be performed to exploit the gains
achieved in this study toward a gosl of complete wnderstanding of propeller
noise generation and developiment of realistic theoretical models that explain
the observed far Tield radiated noise.

R, More experimentel data should be acquired from either full scale
flight tests or appropriately desigred laboratory tests to support the theo-
retical effort recommended above.

L. Theoretical and experimental work should be performed that will explein
the differences in character between the propelier noise generated iu flyover
and static experiments.
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APPENDIX I

AXRCRAFT DESCRIPTION

Measured "coustic noise data were taken in past quiet ajrcraft programs
at the Lockhee¢ Missiles &nd Spacr Company using two different aircraft and
three different provellers. Figures I-1 and I.2 show, respectively, the
Lockheed YO-3A Military Observation Alrcraft and the Q/STAR Research Alrcraft.
Takeoff gross welghts for thegse alrcraft were approximately 3700 pouncs for
the Y0-3A, and 2600 pounds for the Q/STAR.

Each aircraft was flown with each of the three dirfferent propellers.
Figure I-3 shows the standard 2 blade, constant speed, propeller; Figure I-k

the standard 6 blade, fixed pitch, propeller; ¥Figure I-5 the acoustic 3 blade,

constant speed, propeller.

For static tests only the Q/STAR aircraft with wing removed was used.
All three propellers were used in static testing.
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APTPENI'IX II

TEST AND ANALYSIS PROCEDURES

Most of the alrcraft flyover runs used In this program were conducted at
the Crows Landing Naval Alr Station, California, at an aircraft altitude of
125 feet. The acoustic measuring station was located in a grassy ares between
the existing runways and taxiways on the airport proper. The IMSC mobile-
acoustic test support van was the only structure in the vicinity of the test
course.

The Tlight test course was established as shown in Figure II-1. The air-
craft flyover flight path was arranged parallel and to the east of the main
runway . The acoustic support van was positioned at the edge of the taxiway
gs far a; possible fron the microphone location (a separation of approximately
400 feet).

The surveyor's transit was at the altitude measwring station located
1,000 feet from the microphome station on a line perpendicular to the flight
path as shown in Figure II-2, An altitude marker balleoon was provided as a
guide for the pilot and enabled him to rly consistently along the rather con-
fined altitude corridor. The balloon was positioned approximately 60 rect
east of the Tlight path, or the line-or-sighl of the altitude measuring transit,
and was tethered so as to be 125 rfeet above ground level.

The static tests were conducted in Sunnyvale, California in a cultivated

nnnnnnnnn rel hundred feet from any major building at the IMSC complex. Figure

LAl LA DV Wl Sed 4

II-3 shows the static test course layout.

Figure II-4 shows the Lockheed Ryc Canyon Research Laboratory date analysis
instrumentation used on this program,
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APPENDIX III

COKRECTIONS TO ANALYZED DATA

Corrections must be made to analyze data for the effects of both ground
refiection and doppler frequency shifts. These corrections are discussed
below:

1. GROUND REFLECTICN EFFECTS

Figure III-1illustrates the routine flyover test procedure. The micro-
phone at position (M) is alweys at a distance (h) of five (5) feet above the
ground. The aircraft is in straight and level flight at a velocity (V). The
altitude (A) above the microphone is usually 120 feet. At a given time (t)
the eircrart is at position (P) at a horizontal distance (x) from the overhead
position (0).

A direct acoustic noise ray travels from the aircraft the distance (D)
to the microphone., In addition, a rerflected acoustic noise ray travels from
the aircraft and is reflected at the ground back to the microphone. The
travel distance orf this reflected ray is taken as the distance (Z) to the
microphone image at position (M). The angles (@) and (O) are defined as the
engles of the direct and reflected rays with the horizontal Tlight path of
the aircraft. )

It should be noted that the origin of the reflected ray is at a position
r 1ightly before position (P) since Z is always greater than D and arrival
times for both rays at M are the same. However, this foctor ig considered
negligible for purposes of this discussion.

Dr. G. E. Bowie, at Rye Canyon Research Laboratory, has conducted studies
on ground reflections Iin flyover deta. He has used the following eguation to
predict destructive ground reflection freguencies at the overhead position.

;= (2n +1) ¢
N h

where ¢ is the velocity of sound and n is an integer (i.e., 0, 1, 2, 3 . . .).

This assumes that there is no reactive component in the 1eflection co-
efficient (i.e., there is no phase change at the point of reflection). Under
most flyover conditions this equation predicts the destructive interference
frequencies quite well; therefore, it will be assumed that the reflection
coefficient is a real number, (Rg5~ A more general equation (for aircraft in
any position P),

f=g2n+1)c
5 A+ 2h A
sln € sin o
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is developed as shown in the figure. For estimating constructive interference
frequencie. the term (2n) can be used in place of (2n + 1) in either equation,

Dr. Bowle has suggested a plane wave model be used as iliustrated in
Figurc III-2, The resulting equation Tor destructive interrereiice frequencies

f=§2n+l}c

4h sin «

is eapier to use and ylelds approximatcly the same results as the equation
derived from the point source model.

Using typical values for altitude aud velocity of the YO-3A aircraft
standard flyover test, Figure III-3has been constructed. This flgure chows
destructive ground reflection frequencies as a function of aeircraft position.
One-third octave band center fregquencies are also shown. Of course, there are
also constructive interference frequencies, and degrees ol reinforcement and
caucellation in between, Tigure III-L shows a simple model assuming & real
reflection coefficient (Rg) and develops equations for maximum and minimum
values of SFL is also given.

Figure ILI-5 shows plots of these parameters as functions of Ry. This chart
is useful in that SPL can be determined from measured data from h%gh altitude
flyovers such as shown in Figure ITL-6. Peaks and troughs in this narrow band
spectrum are assumed to be reinforcement and cancellation maximum and minimum
values. This interpretation is supported by the good agreement shown between
calculated destructive ground reflection freguencies and the frequencies of
the troughs.

Once SPL is determined, the chart in Figure ITIH can be used to find Rg.
Data from four high altitude flyovers were averaged to produce the chart shown
in Figure III-7of Rg as & function of frequency. No data is available at low
frequencies and R, is assumed to approach unity. Values of Rg thus determined
can then be used %n this equation

2

- l +R . n o/
SPL = 10 log (1 e * 2Ry cos ﬂx/xd)

to produce the data correction chart shown in Figure II-S.

This chart was used tvo correci the aualyzed dabta {i.c., narrow band plotes)
of flyover runs for productior of the plots of rotational propeller ncise dis-
cussed in thils report.

2. DOPPLER SHIFT EFFECTS

Figure III-9illustrates the routine flyover procedure at an altitude of
155 feet. As the aircraft flies over at this low altitude with a velocity of
T4.3 kts there are obvious doppler shifus in the acoustic noise sigmature
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fd . \en ; 1) ¢
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Let Rg be the reflection coefficient

D such that,
then, by the law of co:ines,
_ 2 2
Py = Pg *t P t 2 PPy cOSP
GROUND ' where,
P = phase angle between
Pa and )
B= f/:‘.‘d
where f3 1s the first deatiuctive
interference frequency. The ratio
of the total pressure to the pressure
due to the direct ray can be found,
2 2
Pl =1+R, +2Rg cosp
P
vhere cosp = 1, the ratlo squared 1is
D = direct ray 3
R = reflected ray & max velue,
M = mlerorhone P 2
P;3 = pressure at microphone due I_El < (1L +R )2
4 to direct ray lpd| g
Py = pressure &t microphone due
to reflected ray '
) = - h t uared
Py = totsl presg.re at microphone :;ﬂ; ;hiinl coalfalue 1, the ratio square
due to both direct and : ’
reflected rays Pl 2
SPL = Correction SFL t -(1-R )2
= SPL (re: py) Py C:

he expressed in terms of Sound Pressure levels,

SPLyay = 20 log (1 + Rg) and 8PLyen, = 20 log (1 - RS)

and the difference in Sound Pregsure levels 1is,
ASPL = 20 log [(1 +Re) / (1 - R,g)]

FigureTI-4., Growad Reflection Equations
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Adrcraft Flight Path - Velocity (V) P
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Velocity (c)
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Doppler Frequency (f) cos o = v/V

i c+v
n B2

where,
f, = emitted frequency
v = comporent of V slong sound
travel path
therefore,
f = ¢ [¢*Vecosal
o
c
and,

x = Vt
where,
h = height of aircraft
x = Nharlzontal distance of aireraft from
overhesd at time (t)
then,

(1} Find cos « s function of x and/or %,
{2) Plot f as function of x and/or t.

Figure IIE9. Doppler shift Effects
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detected by the obscrver on the ground. These doppler shirft erlects can be
predicted by the equations developed in the Tipgure,

Figure II1-10 shows the relationship of the fundamental rotational noisc ) i
frequency, deppler shifted according to aircraft position, tc the one-third
octave band widths, and to the Tirst destructive ground reflection. These
predicted curves show, for example, that the 30 Hz rotationel noise fundamcntal
frequency will switch from the 31.5 1z one-third octave band to the 25 Hz band
apprroximately 1.0 second after the aircrarlt has passcd overhead position. The
one-third octave band time hiscories shown in Figure III-1] verify this inter-
pretation.
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APPENDIX 1TV
SUMMMRY OF PROPELLER NOISE/THEORETICAL STUDIES
1. HABMONIC ROTATIONAL NOISE
a, Furpose

The USAF Homilton/Standard computer program (Reference 7 ) under-
predicis the harmonic rotetional nois¢ orf the YO-3A, and furthermore fails to
detecs the proper trend versas propeller rpm Tor the case of measured Tlyover
noise of the Lockheed Y0-3A quiet surveillance aircrart, equipped with varlable
propcller speed. In particular a rotational noise "bucket' is found in the
Y0-3A experimental data, when plotted vs. rpm, which is not predicted by the
standard axisymmetric propeller noise program o' References 7 and O .
These references are based on earlier work or References 14 and 15 for
loading ncise and Reference 16 for thickness noise. The purpose of the
present study is to explain, if possible, the sources of disecrepancy between
the standard theory and cxperiment.

., Outline of fitems Investigated
(1) Dcopeller Blade lLcading and Aerodynamic Aspects
(a) Introduction

It was initially thought that exentsive blade aerodynemic stalling
and Tlow separation erfects would explain the large underprediction of rota-
tional noise et low rpm. Therefore, two independent blade loading aerodynamic
prediction methods were developed at Lockheed which are cepable of mateiing
any given experimentsl value of thrust, propeller efficiency, propeller toraue,
and horsepower at any given propeller rpm. The Tirst method will be described
telow; & second method will be described later. The blade loading subrcutine
acecepts arbitrary radial variations of blade angle, blade thickness, and chord
length. Also, en aerodynamic induction efficiency is also incorporated in the
input which corveniently accounts for the radial distribution of axial slip-
stream velocity and imparts an argulsr veloclity to the slipstream, reducing
the effective relative angular velocity between the propeller and the air.

The induced velocity factors are equivalent to the induced velocity field
caused by "norseshoe" vortices of classical finite span wing theory, leading
to "induced drag" even in the ebsence or viscosity effects (see Refervence i1
pages 219-222). The second method is based directly cn lifting line theory
Tor propeller blades of finite aspect ratio.

(b) Slipstream ®ftects Estimate

The first method empluys an approximate momentum theory solution for
the propeller slipstream axial and angular velocity (Refererce 11, p. 184
Equation u»7). Thus, 1 {2 is the blade angular velocity in 1°d/sec and Voo
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the forward speed, then the propeller trailing vortices impart en interference ,
velocity field such that the total axial velocity rclative to the blade at any :

radiasl secticu, r, is

v. =V (1 +usb (r)) (1Iv-1)
X0

The angular veloclty relative to the blade is
w=g {1 - omsd (r)) (1v-2)

From Reference 11

— 2 / 2 2 .
=x Q-n)/[1+x 1y ] (1v-3)

1]
»

usb(r)
where x = Qr/a (Tv-k)

Ny 15 the propeller induetive ef*iciency (frictionless case). The corresponding i

angular veliocity is :
i

2 )
omsb(r) = a' = (1 -1 )/ [1+n ] (IV-5)

ROV

The advance angle, called o in this work, is defined by

teng =V N =V jor {(-6)

av X0 ' @O X0

= VoL + usb(r)]
Qr [1 - omsb(r)]

Thus, it can be seen that the advance angle,l g, 1t increased when
usb and omsb are increased. For high efficiency propellers,'r)& s the inductive
efficiency, 1s between .7 and unity, and therefore both usb and omsb iacrease

with decreasing propeiler inductive efficiency,n, .
{c) Adjustment of Thrust and Torque via Inductive Liticiency

An increase in the advance angle causes B decrease in thrust and an
increase in required propeller torque and, therefore, a horsepower increase.
This will be shown below, but the important point is that the level of thrust
and power can be adjusted to match given experimental flight conditions.
Figure IV-1 shows the blade element geometry. '
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Lift

Drag
P e . Véo=52r(l-omsb)

Figure IV-1 Blade Element Geometry

It is well known in aerocdynamics that the 1ift and dreg forces ere
defined perpendicular to and parallel to, respectively, the relative wind
velocity vector

v o= v, o+ v (IV-T7)
r ¢ ¢o X X0

Then the thrust and torque forces per unit radial distance are

dT dFx dL an |,

I " dr ~ A Cosa,, - 3 sino (1v-8)
AF dD 4L
Lo _ ¥ ] IV-9)
ae = A oS o & sin . (Iv-9)

Define thrust, torque, 1lift and Jdrag coerficients in the usual manner based
on blade chord length ( b following Reference 7 )} and relative velocity
dynamic pressure

Cl = defdl‘! . Cd = nggdr! (IV—lO)

bar bar
c, = (4T /ar) , Sp = (dF,/dr) (v-11)
bar bar
il Ly€.oy 2 2 -
qr = var H Vr = on + v¢o (Iv 1‘2)

The torque and horsepower per unit radius are (in English units of ft., 1lb., sec.)

%r@_ = r(%ﬂ) 5 Tt-1b/ft (1v-13)
&P \
12}
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() Blade Acrodynamics

The blade 1ift and drag characteristics (Reference 17 pp. 125-153)
were modeled aTter an NACA 63 series of airfoll sechions with respect to the
efTects of variations of thickness to chord ratio, Reynolds number, laminar/
turbulent boundary layer transition point, and design 1ift coerficient on the i

RN o £l 3t ] o I s

following characteristics: H
L

¢ Moximum lirt coefficient i

® Lirvt curve slope :

1

® Zcro lirt drag coefficient i

e Vaviation of prorile drag with lift ccerficient ;

% §(x)

Figure IV-2 Laminav/Turbulent Boundary Layer Transition on a
Propeller Blade
It can be said thet the Lockheed compuler program medel remligtically
fits the airfoil section data of AppendixIV (pp. W49-541) of Reference 17
The minimum drag levels are adjustable to well known laminar/turbulent skin {
friction laws and with an assumed lamin&r/turbulent transition point as input.

et de ol

The 1ift and drsg coefficients Tor rost-stall were modeled such that
beyond Clma , the 1ift coefficient asyuptotically approached unity, while the
drag coefricient was modeled to increuse with angle of attack according to a i
fourth degree poliynomsl in anzle of attac¢k. This assumption is justified by i
the fact that the model seems to adequately represent WACA 63 airfoil profile -

drag versus lift data tc the highest avuilable angles of attack. Usually,
the model would sligntly overcstimate drag dota of smooth sections of Reference
17 ; however the drag ievel can be adjusted hy rearward movement of the assumed

boundary layer transition point.

(e) Conclusions Regarding Aerodynainic Model Employed

The serodynamic model is flexible enough to represent slmost any air-
foil section family, such as the Clark ¥ sectlions used in the Y0-3A, including
low Beynolds number effects. Since the "propeller performence subroutine” of
References 7 and & 15 proprietary, the present mathematical model provided
8 simple and couvenient weans of explorinz posslible sensitivities of acoustic
radiation to any unusual eerodynemic blede loading characteristics.




(2) 1Initial Aerodynamic Parametric Effects on Far Field Noise
(a) Far Ficld Rediation Formula Employed

éalculations have been made by the Air Force corresponding to most of

the key Tlight test points amd provided to Lockheed using the computer program

of References 7 and & for axisymmetric loading.

The USAF/AFAPL calculations show generally that "loading noise" predom-

inates the "thickness noisc" except for a rew cases on the "Acoustic" 3 Blade
propeller. Accordingly, for the initial acoustic studies, the far field
loading noise formula of Reference 7 (p. 27, Equation 5 ) was programmed.
This equstion reads (for axisymmetric blade loads;:

-imBQt+id, tip

2. L .
P =c pQ D r sin("x.rcssv ):| [-_(M+XZSOE Q4ac., +
JWSSQ [bcc;s'.{)b 2r M2 a dr

(1-17)
ub

-1(1-M°)

+D__ 4Cpj |J p-ilL 42 r (5 -3 ar  (Iv-15)
2 2 mB-1 mB+1l
2xr  dr 2So
= ( * = = -
I 5= IpptaTE )5 8TE 5 mBOr\ ¥ =Xir (Iv-16)
a 8 Sg

B 2208, i /5,) B + 7/2) (IV-17)
where 5% - ¥+ ¥ (1) (IV-18)

m is the harmonic number, M is the flight Mach No. M= Vm/a
B is the number of blades, k = mBQ /a,

Jnp is & Bessel function of the first kind whose argument is kYr/So of order

mB (etc.),qCp/dr, dCp/dr are the radial derivativesof the propeller thrust
and horsepower coefficients defined in the usual manner (Reference 18).

-7, 4 (REM ©
T = (6.61 x 10 7) oD (-@‘ )CT (Iv-19)
3
b - -11 5 (REM .
EP = (2 x 10™) pD (“—60 )CP (IV~20)

(v) Minor Theoretical Corrections to Equation

In a subsequent review of ‘the theory, it was found that Equation IV-15

above is slightly in error. Based on a subsequent cueck re-derivation from
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; the basic Green's function for a point dipole (obtained by differentisting the

;

Green's function for a moaopole, Rererence 13, p. T7u2 ) it was Tound that 1
the "radiation factor™ (the last term or Equation IV-15 with mB Tactored out) §
should recad: !
n = 1Jd o+ 1(1—M2) Yr J - J (Tv-21) ;

rad mB 55 2 mB-1 mB+L i

0

The key qualitative dirference is that the corrective term for radial position

of the source, r, which is out of phase with respect to the Jyp term, :
should have its sign changed. Since the correction term is already small :

beceuse of the Yr/So factor, the resultant numerical erfect is truly negligible ;
on & decibel scale, Tor r<<S; in the rfar rield, and ¥ =S, near overhead.

Sy

(¢) Results of Study of Aerodynamic Blade Loading Effects on
Far Field Radistion rfor Axisymmetric Blade Loading

To explore possible blade loading efTects the following calculation
procedure was conducted.

s TR g g e

® For each assumed propeller rpm (for given blade thrust and camber)
the blade pitch angle was varied along with the M., the propeller induction
efficiennty. The following was obtained from each such input:

na———_

o Integrated propeller thrust, torque, horsepower, and net aeropro-
pulsion efficiency.

¢ Radiel distribution of blade ihrust and power coccfficient gradient.
The net aeroporpulsion efficiency, "', is defined as

=TV /[Q(RPM/60)] _ (1v-22)

. For typical blade airfoil section drag characteristics, the net ;
E efficiency, n, is lOWer than the induction efficiency Mg (see 3
Section (b) above) by 7 to 10 percent and further deteriorates

if large blade angles of attack are required to achieve a given

thrust level.

# The regulting thrust, horsenovwer, and efficiency were plotted
against the input btlade angle or efficlency parameter (whichever is being
varied). All solutions giving 220 pounds of thrust 5 pounds were considered
as possible solutions.

e — t—r—_ T ———— s et

e Of those solutions yielding 220 pounds of thrusi, those generally
agreeing with the YO-3A propeller efficiency values from Reference 3 were
i considered as further constraining the thrust solutions. Furthermore, the
YO-3A project aerodynamicist has provided limits on the range of available
change of the blade pitch angie, 6y, at the 75 percent of tip radius station
which was sald to vary between 30 degrees and 45 degrees for the standard

A g i e




three blade YO-3A variable speed propeller, Tor which the mest data were
available, There were some minor discrepancles in the calculation constraints
in the sense that the low propeller efriciencies at the lowest propeller rpm
values (according to the IMSC estimates) would seem to require a propeller
blade angle somewhat higher than 45 degrees, according to the present matle-
matical modcl.

Figures 19 and 22 summarize the initial Lockheed results. Fipure 20
is the general relation between propeller horsepower and thirust Tor a rlight
speed of 125 Tt/sec (74.3 knots). Figure 19 is a faired curve through many
points representing fundamental rotational noise versus horsepower at constant
rpm.

it was Tound that by whatever means a given propeller power setiing
was achieved, the calculated valuecs of fundamental SPL were found to fall on
a single curve. To establish the above curves, several parameters were varied
systematically at constant rpm including:

@ Variations of c¢y,, the blade 1lirt coerficient at zero angle of
attack (e.g. the camber 1ift coefficient). This allows independent
changes or lift coerfficient at a gilven blade angle of attack.

e Variations of 4@y, the incremental propeller blade angle relative
to & fixed, built-in twist distribution (duplicating the blede
twist distribution used in the USAF AFPL calculations by the
method of Rererence 7).

e Variations of Tig, the inductive propeller efflciency (see Section
(b) ). This factor derines the slipstream elfecis oii axial flow
and angulai velocity. Varying N g changes the advance angle, ag,.,
which increases with decreasingvwg. This, in turn, decreases
the blade angle of attack, @y = 8y - ¥y, for a given blade angle,

Gb ES eb twist (r) +A9b_

e Variations of x4... the laminar/turbulent boundaery layer transition
point as a fraction of the blade chord. This affects the absolute
level of drag coefficient and therefore the torgue for a giver c;.

e It is to be noted that the Reynolds nurber based on blade chord and
relative velocity is not an independent variabvle, bubt onc which
changes automati:elly, decreasing with decreasing rpm since

, Vrb b 2 2 ' 2
= BER o @ fy Pl (ar) (+ ons)® (1v-23)

The. presently enployed airfoil serodynamic model considers Reynclds
number effects on msNimuwn Jift coefrficients, drag variation with
1it, and zero 1ift drag which are typical of an NACA 63 series
airfoil family which is similar to a Clark Y section, as mentioned
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above, Note that the reduction or rpm lowers Beynolds nwnbers and raiscs
levels, especislly at the high ¢y vilues Tound outgside o1 the laminar Ilow
"dreg bucket range of cy."

PP

Jp—

(d) Conclusions re: Blade Acrodynamic Effect on Far Field Noise

e Dlespite the rather dirfferent mesns of achicving changes in propeller
horsepower and efficiency, the calculated fundamental rotational SPL values,
when plotted vs. horsepower, fall on a single curve ror a given rpm (Figure 19)

e Superimposed on Figure 19 are the propeller efiiciencies estimatec ;
by IMSC (Reference 3, Figurc 11-10). These efficiencies indicate possibly
a wesk "bucket" in the SPL versus rpm at the required YO-3A value of 220 pounds
thrust (possibly a 1 to 2 dB increase at 480 rpm relative to an estimated mini-
mum at 540 rpm).

PREETING

e TFigures 21, 22 anl 23 show crossplots of the horsepower, SFL
and net propeller erficiency,n, versus rpm at the required 220 pounds thrust. i
These include a range of values, independently computed by ILockhecd (using
the loading noise formula of Reference 1 {(EguationIV-15 herein) and the above
described Loclheed blade load calculation method). Also included are (1) ;
results from the Hamilton Standard method of References 7 and 8 provided :
by the USAF/AFPL, and (2) the propeller efficiency and h.p. estimates Trom
LMSC (Refcrence 3 ). It is seen that ihe present Lockheed calculations show
lower absolute SPL levels (by about 3 to 4 dB) at a given rpm but essentially
the same trend of SPL versus rpm. The USAF program includes empirical correc-
tions based on static propeller tests (Reference 7 ); this explains the
increase of levels relative to axisymmetric theory shown in Figure 22,

e It will be recalled from the previous discussion of the empirical
data that the measured fundsmental SPL increased by about 7 4B at 480 rpm,
relstive to a minimum at 720 rpm., Therefore, it is concluded that any aero-

: dynamic blade loeding parsmetric variations which could reasonably be expected
(which also provide adeguate thrust and similtaneously match the estimated
propeller efficiency and horsepower input limits for the Y0-3A airplane) are
insufficient to explain the deep "bucket” in the measured rotational noise
and the 15 dB increase in absolute level at 480 rpm relative to USAF/AFPL
predictions, or the 17 dB level increment relative to axisymmetric theory.

e T TP

¢ Because of the Tauiluwre of reasonavle varistions of serodynamie
parameters to fully explain the rotational noise increase, it was decided to
re-examine the scoustic theory of propellers and to investigate other possible
acoustic radiation mechanisms which might reasonably be related to the pro-

peller rpm.

i
i
i
i

e Some comments on the numerlcal accuracy of radial integration are
: now offered. The preliminary calculations employed a 5 point radial integra-
i tion scheme with annuli separated by unequal Ar segments such that approximately
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equal thrust is generated in each amnulus. Some calculations were conducted
using more integration polnis (up to 20 radiml points). More recent calcula-
tions have employed 7, 10 and 15 point Simpzon rule integration. They all
tended to fall on the same curve (of SPL vs. h.p.) at constant rpm. Generally,
the morc eccurate integrations have (a) slightly lower thrust and (b) slightly
higher noise for a given input of blade angle and induction efficiency.

(3) Evaluation of Other Acoustic Radiation Aspects
() Propeller Disc InTlow Non-Uniformivy Effects
e Description of Nen-Uniformity Sources
In the above discussion of unstcady Llade force effects it was mentloned
that these are related to circumferential non-uniformity oi the blade loads, and

these are known to have a powerrul erffect, Tor example, in the case of helicopter
rotor noise .

For the Y0-3A aircrart there are two j.ossible major sowrces of cirvcum-
ferential non-uniformity of the inflow to the propeller:

e The angle of attack component of ti.e freestream veloecity in the
plane of the disc (directed upward for positive angle of attack of
the propeller axis). The fr .estreur velocity has the components

Vo, = ¢ Voo COS @+ & Vo sinag (Tv-2L)

These components can be resolved along the blade and tangentially
follows (see sketch):

4 Vo sine, = £ Voo sin Qg (-cos (pl)

1 + /igp Voo sin e sin wl (TV-25)

oo Sinaa.c FIG. IV-3 ANGIE OF ATTACK INFIOW GEOMETRY

o A second flow dlsturbance occurs because the lirft-induced, circula-
tory flow about the wing generates "upwash" gnd "backwash” velocity
disturbances, respectively, perpendicular to the propeller disc
plane and in the disc plane, parallel to the vertical axis.

For a large aspect ratio wing, such as the YO0-3A, the following simple
two-dimensional "bound vortex" relation is a good spproximation for describing
the wing-induced velocity at the prop plune (Xp, Zp). The backwash (perpen-
dicular to the disc plane) is given by

vy U 2p) = Dl B) (17-26)
2r [(XP -Xw) +(ZP -Zﬂ) ] y-
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Figure Iv-i4 Wing Induced Inflow Disturbances

where we can get xp = O without loss of generality. I‘w is the average wing

bound vortex circulation per unit wing span. The wing span is dencted by 1
(o avoid confusion with the blade chord uota%ion for b):

e n

-
" B e o= — g

Py= Yy = Cmﬂ’ésw/(lwpvoo) ( )
v > v-27
bueo Cpr Yoo S/ (1)

For steady one g flight, the Lw’ equals the aircraft weight, W o' The
"upwash" (in the propeller dis¢ plane) is:

w, (X,,2,) = -
i, VPP Ly (%p %) TV-28)

. 2 2 ‘ ;

e (G x,)%+(2p -5,)°) |

¢ Preliminary Remarks and Summary of fome of the Key ;
Results for the YO-3A as Regards Inflow Non-Uniformity

From Equation TV-2 and TV-20, it is clear thet the upwash components ;
of the angle of attack inflow and that of the wing circulstlon induced upwash
are additive if the angle of attack, a,..» of the propeller axis is positive,

In the case of the YO-3A, it 1s estimated that the propelier axis
angle of attack is 2.88 degrees at the wing 1ift coefficieut corresponding
to & forward speed of Vg, = 125 ft/sec (74.3 Knots). Therefore, as & :
principal finding of this study, the propeller angle of attack and wing up-
wesh contributions are additive and the combined effect is estimated to be
of the order of 8 to 1Lk dB (see Figure 25 ). The effect on absolute level
of propeller angie of attack alone would be of the order of L 4B at @ ac= +3.3
degrees for 480 rpm, decreasing to about 2 4B at 780 rpm. Thus, the
anglie of attack effect alone might be expected to contribute a 1L to 2 4B
increment toward the meegured 15 4B bucket increment at 480 rpm; however, the
combined effects of in flow non-uniformity are calculated to be about 6 dB at

o
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480 rpm relstive to 600 rpm and increase of 8 to 14 aB in absolute level. As
shown in Figure 25, the results agree very well with the experiwentsl duta.

® Theoretical Besis for Evaluation of Non-Uniformity
Effects on Far Fleld Noise

Non-uniformity e¢ffects can be assessed by the following equation
which is the recommended modificetion of Equation 11.316 of Reference 13 ,

. 74, and Equation 5, p.27of Reference 7 (Eq.IV-15-in Sec. 1b(2)(a)
of this report). Yor the w™ harmonic,

-imBQt+idm r UiP
2.4

=€ Q3D [SFrﬂSFi] ([-(‘-C)b d o :'iC.l1 Sﬁ

=]

e . (mB )6*] {Jmn_,fargmB)(-l)veXP(dv(¢+.g))}

ac,\ = D &0 D Jub+ g (aran)y
+l-cos g, [Q T * —— =" (__V) & ] mB+y
[ d (& ar zﬁ” 2n r” dr z ws VY \

ny V=1
*(-1) exp(1p (¢+ .g))} ar (1v-29)
O, (2py -1bug /25 8,4% =(ayy Hbyy )/2 (xv-30)

Equation V-29emvhasizes the {nB+ P’ and (mB- I?) deperndence of the
radiated sound upon the loadirg harmonics, Y= ,+ 1,+ 2,+ 3. The mxB-2

terms are predominant as & resuclt of Bessel i‘unc"hion properties described
be low.

EquationIV-29 includes s change of the solidity factor due to non-
uniform chord-wise blade loads to be discussed below, but omits the winor
correction for source position discussed preaviocusly. In the above equation,
r is the local propeller radius, and the Begsel function arpument is

arg o= mk (reing, = mBm'sian (IV-31)

k= BO/a = tol/ 8 (1v-32)

In the present calculatione, the directivity angle is modified for airplane
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angle of stvack as foljows:

0, = a, *con (+%/5,)) (TV-~32)
;.(2.—5!2) f

where

S, =\/ X2+ (1M )y ‘ (1v-33)

i

In the present case the aircraft Mach rmumber effects are negliglble,

as are the contributions of the JmB+v(argmB) terms. At low tip Mach numbers,

the Bessel sunctions for argmB << 1 can be approzimated by
s farg NP 0n vy
JmE-'v (arE.mE) =3 (il—g&&) /(mB-p) i (TV=34)
<
\ [

The factors ﬁp and.ap are the non-uniformity (complex) Fourier coefficients
for thrust and torque

!

G,= (atv-ibtv)/E; B, =1

1

]

By (ag,~thgy) /25 8,
5,% = (ag,ipp)/25 B = (s, +ib, )/2

such that the torque (tangential) force per unit disc area is Jdescribed by

oo |
., — —.___.%,.T o — .]__.!.__1 -\_$O'<ﬁ, :
|

= §9§¢0 : Figure IV-5
2nr Blade Locding
Distribution
where on the blade itself the torgv: ccefficlent is Around Disc
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e =c¢, rcof * e, sina, (1Tv-33)

(cqr o) = £ @ =5a,)

o Derivaticn of Fourier Coefficients Tor the
Cireunferential Non-Uniformity of Teorgue Force

from Equation IV-37 it is seen that

e el e e e e+t =

9, o, ‘.q'\.‘l ¢s * oo A%] (v-39)
!
where at any (r, wl) on the propeller disc 5
q_=3P v v - v +v2 |
: (Tv-k0) '
V.o = Yo (Lrush (r))cos aacmjwwl)
ulw(@l) = Ty, (rcos‘pl-tw) . (1v-h1) ;
2 o N2
21{)(1\! +(rcos¢l—4ﬁw) J [Q
v¢(¢l) = Qr(l-ongb) - (w1w+ Vv, sin "ac) sing, (1v-k2)
Wiw("’ L' (IV-43)
, w[.)(w2+(rcosd>l—zw)2] ~
Let €= /rcos»;bl-Zg\ oLl
XW A=y TRy i
: uiw(qol) = - I‘wch
Z'TXW L]_+E ]
1. € ,
L . E-E;" i'l‘—€2+€u~€6+. - Q:! (N")-}S)
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_ Since X >>ir cosqbl ...J , then 6<’<| , and the series expansion of 6
Fquation IV-U5 converges rupidly. , |
Expanding Equation IV-43 in a power serles in epsilon, yields |
R
o @)= L i
; onX, [1+€7]
o I;J (1“62"" ‘E6+o . -) il
on (IV-46) . "
Xy o
! It 1 clear thef the power series in € is xelated to a power series in L
! cos §,, which leads to an explilcit Fourler serles arfter application of well {l‘
' known trigonometric identities. The required Fourier analysis of Equation ‘ ‘
i IV-39 iz more compliicated since ;
1 ; !
) l
Ac¢ = 302 bay = g(_:_tp_ A wb-aav)=—_a_i¢2Aaav {Iv-47) |
! 9o, o, Ao,
! |
l , Aq, =A(—pv2) = [XOAV + v AV¢] (IVv-48) P \
[ ] ;
; Furthermore : i
; ,';2:(2 = _ag__ [cd cosafav+ cl sinam;] ’.
- L A : i
aa:b b : |
= [cosaw dey = ¢y sing aaav] + s
0 o '
" b (1v-49) ]
[ns:tng:.(m_acB v ¢y cosay, 3 Yoy P ‘
aab aab .3 i
) But | - 1‘
* @y = by -0, s ‘f‘ﬂ =L (Iv=50) *,
;' Therefore, '
: Ef?; = [{cosaavifg + ¢ dsiuaav] + (TV-51) ;
; do, B0y, '

H

+ l“sinaav E)c‘Z - < comm,]}
L
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Now in general, for non-uniform inflow, including the wing circula-
tion flow fleld effects, one can define the local advance angle as

e
PN & _ -1
aav (¢l) = ~an {Zx(:l)} = tan {uavo+Aaav} (IV-S2)
6

where the compornents of veloclty relative to the blade are

vx vxo ¥ uiw(¢l)

(iv-53)

Vo = Vyo * AV,(9,)

0

Generalizing from Eq (IV-25) one obtains

AVy (#)) = - [szinaacwiw@l)] sing (1Iv-sk)

where, V__ and quo are given by Eas (IV-1) and (IV-2).
From basic trigonometry relations

av Vo av

- ={+ -5
tang = tan (aa + Ae, ) o tang, + tande (Iv-55)
-t a.naavot&n Aaav

For small values of Aa___, Eq IV-55 may he expanied, neglecting squared
terms in Ao, , to obtalin =Y

1""‘ncx&.v = (ta’rm[avc+ Aaa.v)(l-f't-'a'n Xpvo A"'eal.v)

2
teno, ¢ A“"a.v(l%an a'a.vo)

2
vand, ot 88C Aoy, Logy (1v-56)

2
Solving for Ay . moting that 1+ tan X=sec X = l/cos%(

2
= ( - ——
ho,. = cos” e (tana ‘ta.naavo) (Iv-57)

Substituting for taun g

and tan ¢ in terms of the velocity ccmponents
yields &v

o
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let the combined upwash at the propeller disc plane be expressed as
,” i = + -
w o=V sing +v (Iv-63)

1w

Ao = cos;') v o * ui N on i
av 0(.&nro{ X W : i
V¢o taly Vg |
_ 2 u, }-
=08 o yg zvxo(h- lW/VXO) " Vo } (Iv-58)
V¢0(1+AV¢(V¢O) Vo l |
l
Neglecting squared terms in AV¢/V¢° 1
l 2 Y
5 b, = cos o, (on (ulw - AVI ) (1Iv-59) : v
. v — v ' b
* Using Eq (IV-6) yields » .
; 2 u T
‘ & = 3 - -
é A v cos o’avotanaaV‘()( iy AV¢ ) (1v-60)
‘ Vo Vo ' '
and from trigonometric identities
i
-‘ - sin(2
o = sm(caavo) 4,\ (W-61) , |
: —F V0!
i xo o/ ;
t One can combine the dynamic pressure and angle of attack sensitivi- :
; ties to obtain the desired circumferential change in tangential force in |
H terms of circumferentisal changes in axial and tangentiel velocity. From ! 1
E the above expression for Ae _ plus Egs IV-39 and IV-48, one obtains ;
! b5, = | -1 ey Ao+ 2(V i + Vy AV) i
; - $ -.c—.;-; aai av v2 $o” ¢ (Iv-62)
! 1
i o ® ¢ xo' fbo
5

O
-
L
-
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Then ;
i
o &Vy = - wsing, (zTv-64) %
i &nd one can write § :
' _ n
f_ilb; = A, Ly * By wsing (Iv-65)
I¢o Voo Vo { ;
r
1
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where
- < Vv +2v. Vv
ro= | 2% o (o) o "o (1V-66)
cd)o aab 2 © o
1 dc, V sin (2 )+ 2V, ¥V
By = -5~ ¢ \—,-‘3- == *avo tzo ® (IV-67)
$o ) $o 2
To
and
vio - Vio+ Vio (Iv-68)

Because of the power series dependence on € of the velocity components
v, and w, as glven by Eqs IV-ih to IV-L46, it is seen that one can derive

an explicit Fourier series for the quantities u, and w_ above, This

process will be illustrated for a few of the W  Va
lower order terms, Voo

From IV-45, 4B, one can write

vy Voo = T, (1-e3r2elee o 2) (W-69)
W NV =T, (1-¢ et e .) (Iv-70)

where it is convenient to define
Vg = /2 Ve \ (W-71)
Frou the binomial expunsion theorem one obtains
en = (rcostbl-zw) n
S J
z (rcos¢l) (_‘.zv_f) (xc) (1v-72)
where the binomial coeificients are defined in the usual manner by

(n¢.) = n! (Iv-73)
T (D]

The term w_ sins , in Eq IV-65 can be written as
Voo

:[Sinaac + Vw] ST W eb'-v . -} (v-74)

WSim?l W W

v

L

_::'_...-;‘}\ T -mw, — WL - i—- - ﬁ; e STAw SS—t— T T




Thus one could summarize Eq (IV-74) as fcllows

1

n_2n
ndv(‘ -1)'e sindal

wsind, = ? b
1 L

Voo n=o

W

From Eq IV-72 above, one can expand the epgsilon squared term,
for example, as follows

' ~ ~ 2.~ )I e
= sing, lSinaac+ Vig | V€ Hge - e e (Tv-75)

2 2 . 2 . ' 2
€ = (r sing, cos ¢l-arzwcos¢l+z§)/xw (Iv-76)
The ccatribution to Eq (IV-75) 1is given by the product

2 2 2 2 2 ) \
€ sing, = (r sing cos @ -2rZ sing cose, +4, sinq)l)/)(w (v-77)

From well-known trigonometric identities

f§

2sinp cosg. = sin 29, (Iv-78)

o -
sinwlcos ¥y = sinqbJ - :zin‘jtpl

n

1
‘-;imbl -4 (-s1n 3¢l+3sin¢l)
= i— (simblﬂin 3¢l) (IV-',79)

Hence, one cen see that the leadirg terms of Eq (IV-75) are

. Vi ~ ~ (L. 2 n 2
Eﬁ = | [“i“"ac“’w] sinq)l- W [ 5(5111¢l+sin 3¢l)r /)(w
“an
- ¥%,; sin2¢ + z sin¢] 4o 0 } (Iv-80)
N 2
‘ . *w “, W
Collecting coefficients of sin(ncial) yieids
[
= ) -
weLng, Z wwnsin(ncbl,. (1v-81)
Veo n=1

whick is & Fourier sine series in the classical sense., Similacly, one
can mardipulate Bq IV-69 for u, /V, to obtain a power series of the form

iy
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Suvbstituting trigonometric identities for cosncpl yields a Fourier
cosine series of the form

uj_w = i Uy CO8 (n¢l) (-83)
v, n=o

When the Egs (IV-81 and IV-83) are substituted into Equation IV-65
one obtains using as the index

@

ﬁ - Z [av¢cos(v¢l)+bv¢sin(v¢>l)] .(DI-Bl&)

I¢O y =0

The above series can be put in terms of a complex Fourier series
represented hy Eq IV-36 where from IV-65, IV-81 and IV-83 one obtains

89 = Ap Uy, ' ' (IV-85)
b = By Wy, (v-86)

One sees that the Fourier coefficients representing eircumferential
non-unitformity ot the blade loading are alrcraft conlfiguraiion depeinleni.
Numerical results for the YO-3A configuration are discussed later in this
Appendix, and are regarded as representative for a single engine aircraft,

o Estimation of Propellex Axis Angle of Attack
Because of the possible Importance of inflow non-uniformities, it
was felt necessary to document the estimetion of the proreller exis angle
of attack. The accompanying sketch shows that the propeller axis lies on
the airplane center-line pargllel to the water plane and that the wing

1ine, Therefore, the so-called alrplane angle of attack, @ , is the same

O P T e

he e o b e

[

o e - et et e = e,

as the propeller angle of attack. The sirplane angle of atBfck 15 estimated
as follows: (Reference 3) The reference wing area S, is 130 ft.” and for one

g flight the reference 1ift coefficient based on this ares and for Lw
3750 1b is computed « follows
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Figure IV-6 Propeller Axis/Wing
Incidence Angle

The 1ift curve slope for the YO-3A is estimated to be .16 per degree,
considering prop wash erfects snd that the true wing area is 20k 1.2 (higher
by 13.5% than thc reference area S, __. = 180 £%.%). The YO-3A wing is
characterized by the absence of flaps, and the airfoil sections consists of
NACA 63-L418 inboard of the ajlerons and an NACA 23012 airfoil outboard. The
estimated average 1ift coefficient for the wing at zero angle of attack is
CLa -0~ .331. From this, it is estimated that the angle of attack is

o
5.38 at CL“

. £y

=1,12, The corresponding propeller angle of attack at CLw
‘ref
is calculated to be a,. = 5,38° - 2,5 = 2,88 degrees.

The details of the inflow non-uniformity analysis assessment will be
further explained after discussion of propeller blade wake /wing interaction
loads which is found contribute significantly to the bucket in the curve of
rotational noise vs, rpm.

(b) Propeller Blade Wake/Wing Interaction

The following discussion outlines the problem,

1
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As ghown in Sketch IV-8 , the propeller bLlade wake veloclity defect
profile impinges on the wing. The impingement planform is the shaded aresa of
Sketch IV-7 . The effect is to produce a fluctuating 1ift force on the wing,
as 1f the wing were flying through a simusoldal gust whose wave lengtli equals
the width of the wake of the propeller blade as it crosses the wing. The
strength of the unsteady lift force on the wing is

e e

~ 2 B
AL, = egn CLaw x [Sears Function] x (Dpropxcwr) (WGW) (Te-87)

Vo

The fluctuating 1ift force on the wing acts as a dipole acuvustic

! source whose axls is perpendicular to the wing and is estimated to be approxi-
J mately in phage with the propeller/torque dipole producing maximum intensity

. at the overhead position. The magnitude of the far field sound pressure is

H wAL ‘
S PRy 1 =(E Iw) (Iv-83)
rnrR :

T

Using wake velocity defect data from Reference 19, p. 100, the estimated -
propeller blade wake and wing interaction noise is 66 to 70 4B &t L8O rpm ;
(adding about 2 dB) and lesser amounts tbove 600 rpm. (See Figure 25), :

Conclusion - The combined effects of inflow non-uniformity and blade
woke interaction with the wing as estimated in Figure 25 seem to account
for the mejor part of the measured buckel in rotatiomal nolce vs. rpm and
for the discrepancies in level at all rpms between measured data and pre-
dictions, either of classical axisymmetric propeller noise theory or of the
USAF computer progrem (Reference 7 ) which employs empirical corrections
from static test data.

{(¢) Angle of Attack Effect on Chordwise Blade Loading

: Reference 7, 8, and 13 employ the standard agsumption thet the
! blade loading 13z uniformly distributed in the chordwise alrection, so that the
time history of loading &t a point in the disc plene is a square wave, re-
peating B times per revolution of the propeller (see sketch).

pe-d=2mr - :
] B

B R S R S

(after multiplying and dividing by mB ):
2

R
, I..,. T=2n __,}

Based on the above agsumption, the "blade '

_ solidity factor" ?f)l(iegerenci 7 (Equation I |
! IV-15 of Section (2)(a)above) becomes _"'i ]
bcoﬂ‘* H

|

1

;‘ i EQ
i Figure IV-9 Bisde Losding Time
' History Idealized




(IV-8Y)

f et i

SF = r sin/ mBbcosg
°  $cosh. .
b ar

1

. A factor 2 was absorbed in the multiplying constant leading to

g Equation Iv-15 (Equation 5 of Reference 7 ) along with the introduction of b

. the dimensionlegg thrust and power ccefficient gradients (defined by Equations ’ ;
|

Iv-19, IV-20). See also 1b{2)(s) above.

o ——

The tangential force coefficient C, wvas given by Equation IV-33.

¢ !
i \
i 3¢ = cq4 cosa .+ ¢, sina_ ;
! | |
!
i :
, At low blade 1ift coefficients, i1t is reasonable to assume thet ‘
is uniformly distributed chordwise; however, it is well know from airroil
theory that the addltional 1ift digtribution at an angle of attack for a thin .
wing has a distribution of the following form (Reference 17, p. 66 ). '
= -l<X=
de Ac : ; 1=<xX=<1 de,
ax 2 X = 2x/v dx \
= ZSinQ_D 1% /Ci’e\ (Ty-c ™
: \/ 1% &—;— 2 -1 < 1

Figure TvV-10 Realistic Chordwise
Blade Loading due
to Angle of Attack

The angle of attack loading described in Equation IV-%51is characterized i
by & sherp suction pesk near the leading edge (inversely proportional to i
square foot of the distance from the leading edge). The factor (c, . /27)
is a corraction factor for the slope of the 1ift curve, which depends on air- i
Toil shape, thickness, Heynolds number, and Mach number effects,

B
-

If 4%t 18 agsumed that the 1lift coefticient, Cpo » 8L zero angle of "
attack (due to camber) is uniformly distributed, then one has

L i ———— T 7 T T,

Eil_ = Sy 4 2(c!a) sina /i;; ; "ls¥s1 (IV-91)
dx 2 2T '
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Meking the substitution

[Ty

X =-cosf (IV-92) : { J
;
and using & well known Begsel function identity (Reference 13, p. 743) : “
eizcost): i (1)neine Jn(z) (V- 93) z 1
n==c : :
e—izcose =§ (1)nein0 Jn(z)(-l)n “
n=-m : {

it can be ghown that the solidity ractor for tangential (torque) force becomes |
(after dividing and multiplying by mB/2) the following complex number function

of radial position

Iy = - L: : ‘
SF = 8F  + 1SF, (Tv-9h) : $
where the real and imsginary partis are given by }
SF_ = cl 3S.F0 (cdcosaav*-cfosinaav) + g)i(cca)ﬁrsinabsinaavJo(z)s (xVv=-99)
% 2 i
= =D .
SFi %_S_L_ Eé(‘l&) ( NSinabsin%v) Jl(z)€ (IV-95)
L7} \2T 3
and where Jo (z) end J, (z) are Bessel functions of the first kind of order :
zero and one whose argument is g
z = mecoseb/Zr (Tv-97)
| From EquationTV-5% it 18 readily apparent that if @ = O, then &ll of 1
DR

the 1ift is attributable to camber (c, ), which is sssumed uniformly distri-
buted as before. In this apecial cage o

L SF = SF

r 0
(IV-93)
SFy =0

z is generally less than unity so that J, (z) =1 and Iy () = z/2.

It ia important to note that SFr is larger than SFO when oy and o av

are large; this condition is typicsl of low rpm/high blade 1lift conditions.
Therefore, the above defined blade loading solidity factor used in the present

J
—N b




noise calculations tends to increase at low rpm giving rise to a slight
"bucket tendency." Typical results at 480 rpm yleld blade angles of attack
(at r = .75 r,) ranging from 6 to 11 degrees with corresponding advence angles
@ ranging s¥om 50 to 55 degrees. At 480 rpm typical values of SF_ are 1.46
amd SF = 1.6 to 1.8. The rresent correction to axisymmetric rotatgonnl

noise As predicted by Reference 7 would be

2 2
sem, - 20t (g <] ) (v-99

SF
Q0
At 480 rpm (maximum) value would be

ASPL = 20 fog,, (1.8) 1.6dB
m 10 (1.5)

At high rpm the correction rapidly approaches zero.

(4) Effects of Propeller Aerodynamic Performance and Configuration
On The Non-Uniform Loading (NUL) Environment

{a) Preliminary Remarks

A5 noted in the previous discussion of this Appendix, the principal
source of discrepancy between the USAF computer program results and the
experimental results for rotetional noise is attributed to non-uniform loading
{NUL) effezets. The Fourier serles coelTicients for the WUL will be culled
loading harmonics (1H). The NUL effect is caused by the non-uniform infiow
velocity field generated primarily from tivro sources, (1) the aircraft propeller
snaft angle of attack, and (2), the upwash and backwash velocity field gener-
ated by the 1lifting flow field of the wing at specified longitudinal and
veriical separation distances from the center of the propeller disc.

It has been noted that the USAF computer program propeller efficiencies
at low rpm are predicted to be higher than the efficlency data obtained from -
the Y0-3A flight test report (Reference 3 ). These results are shown in
Figure 23 where at 480 rpm the USAF computer program estimetes an efficiency
of about 76%, while the YO-3A flight test deta indicates an efficiency of the
order of 50%. The corresponding horsepower values at 220 1lb. thrust and
125 f%./gec. true airspeed are 66 and 100 respectively which would cause a
}, 4B difference on the basis of purely axisymmetric theory (see Figure 19).

It is found that the loading harmonics increase in magnitude as the blade
efficiency decreases, further augmenting the rotationsl noise., Therefore,

it is of interest to independently resolve the discrepancies in propeller
efficiency data. In the caleculations by the first method, discussed earlier

in this Appendix, an ideal induction efficiency was assumed, which was adjusted
{0 mateh the YO-3A propelier efficiency data.




The induction efficiency delfines slipstream factors for linear and
angular velocity which arc vhysically related *o the tralling vortices sheg
from the propeller tip. Tberefore, assuming a value for inductlon efficiency
apounts to speclfying the induced drag and dowuwash velocity at each radial
station. The components of the downwash velocity vector sal to the axial
flow velocity and suhtract from the relabive tangential velocity, as shown in
the figere bvelow.

Final o, pInitial Lift Vector
$ ¢Final Lift Vector

V,,» Initial Relative
Velcclty Vector

Initial Drag
Yector

o "~ ]
Fig 3V-~11l Effect of Iniuced Downwash Vr . ~a Dow:wash
-on the Relative Veloclty Vector Velocily

Also, &5 shown 1o the above figure, the downwash angle cauces the resultat
angle of attack Lo decrease. Since the downwash is perpendicuiar to-the
. reiative veloclty vecuor 1t is seen that as rpm decreasey, the downwash
! veloclty teunds incremsingly to negate the tangential wvelccelty compowent. The
factors cailed us» and omsb in the Tirst method zre eguivaient to the axial
"end tanpgential cumponentrs of the induced Gowmwash veloclty vectee, which are
‘directly calculsted in tue methcd descrived beluw.

To provide an independent assesazment of the propelier efficiency, and
at the seme Llme generate & self consistent set of propeller tlsde loads and
loading hammoenics (Lu) a second method, using an &pproximate 1ifting line
theory calculation was develcped (see Refersnce 12 ) with a modificstion tc
allow for gparnwise variation of the relative velocity veector. The relative
velocily is the cquivalent freestream veloclity for e propelier blade. The
results of this second blade leuad predicuion method will be described below.

As part of the evaluation of pon-uniform loading effects, additional
. scudies have been cenducted to refine the calculation of radiated rotational
nclse by a~counting for the e¢rxact radiel distribution of loading harmonics
vs. simplified but more convenient calculations wherein the loading harmonics
are calcuinted only at & siugle veference radivs. Some uwechul cenclucslione
will be presented ccenceraniry this aspect.

For slrcraft degign studles, it is of inverest &isv to evaluate the
sensitivity of the Ld values to wirg sepuration dilstance and angle of atveck,
so that possible deviations Trom the cuvrrent YO-3A configuwration might be
acsessed. A simplified approach is presented below. It will be geen that
the first loading harmonic 1s the dominant one and therefore, & correlation
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of' the zzxecess rotetiongl noise due to NUL oifects can be made in terms of
the Tirst loading harmonic only. This simrle correlation permits estimates
of the effects on rotationsl noise of wing separation, angle of attack and
augle of side slip, merely by examining the change of the first loeding
harmonic. evaluated al a reference redius, as e function of the aircraft
configuration veriable.

(b) Propeller Performsnce Estimate from 3 Dimensiomal Lifting
Line Theory

This second blade load agalysis wethod employ« * is one of succesglve
approximation in whieh (0.) an "effechive aspect ratio’ is assumed for the
proreller blade, yielding, as a Tirst approximation, a value of downwash
angle per unit c, =1/(TAR.). his yilelds a blade 1ift curve slope per unit
geometric angle of attack « ml_g,scounts for Tiaite span effects. (2) The
loading is multiplied by \)L - where 7 is the semi-span fraction (equal
o -1 at the Mub and plus 1 at the tip). (3) For each assumed blade angle
and effective aspect ratio the 1lirt, thrust and torque are integrated radially.
When the total thrus¢ equals 220 1b., one hags a pogssible golution for each
assumed effective aspect ratio. (L) The criterion for selecting the effective
asp:ct ratic is ss follows: (n) The first approximate span loading is expressed
as a Fourier series, From which the induced downwash angle is calculated by &
slight modificetion of the classical Glauert theory (Reference i2 , page 138
to account for spanwise variation of the relative velocity. (b) Next, a
comparison is muade between the approxiumste Qovnwash angle, cl/nARe, and those
of the lifting line celcuwlation. If the lifting line dowwash veaiues are
larger, then the calcutation js repeated using a smaller value of effective
aspect ratio and tne process is continued iteratively. Usumlly the method
converges in sbout two iterations. The results e+ 480 rpw indicate that the
effective aspeset ratio of the Standard 3 Bladed YO-3A is sbout 1.7. Since
the geometric aspect ratic is 3, then the "spanloading (Oswald) efficiency
factor"” (Reference 17 ) wowld be about 0.57. On the basis of such & cal-
culation the propeller efiiciency &t LBC rpm is about .58. Figure 24 shows
the calculated propeller efficiencies vs. effective sspect ratio, The resultis
cf Figure 24 and Table IV-I below indicate that the calculated projeller
efficiencies upon which the USAF propeller noise computer program is based are
too high. Note that even if one assumes the maximum possible span loading
efficiency of 1004 (ARe = 3) the resultant propeller efficiency is still much
lower then Reference 8.

Tavle IV-% Comparisen of Fropellier
Efficiency at 480 rpm

Thrusti Axisymmetric

Sourze 1ib Efticiency HP Fuadamenial SPL
USAF/Ref 1 220 .76 66 57
1MSC/Ref 2 220 .50 100 62
Present CALAC 220 .58 &5 60

(:LRE = 1.7)

ARe =3 220 .69 76.6 58
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Ag will be seen below, the lower propeller bdlade efflciencies are accompanied
by ar enhsncement of hlade loading harmonics which have already been shown
(Figures 29 and 30) to increcase with increasing blade 1lift coefficlent which
increases with decreasing rpm. The increased icading harmonics improve the
acoustic radlatiopn efficiency as has already been mentioned.

(c) Factors Affecting Propeller Blade Loading Harmonics LH
Dependence on Harmonic Number

The method for ecalculating the complex Fourler coefficients
8, = (n,p~1b,9)/2 ;¥v=0,£1,t2

has already been described (Section (3) (&) sbove). The basic equations suggest
that the loading harmonics increacse with both 1ift ceoefficient and advance angle,
Figures 26 and 27 below show typlesl values of the first six loading har-
monics (&,, end by )vs. loading harmonic number V. The results ure shown at
480 rpm at 125 ft./sce. flight speed for verious propeller efficiency conditions.
It can be seen ithat the loading harmonies under forward flight conditions decay
very rapldly with increasing load harmonic number. Note also that the first
loading hermonic increases with decreasing propeller efficiency. This curve
pertains to the YO0-3A configuration but similsr results are found st other values
of wing separation distance and is shown below. It is seén in Eguetion
v=29 that the third loading harmonic (V¥ = wB) gives a zero contribu-
tion to the torgue dipole radiation which dominates the overhead noise. Since
the Tourth loading harmonic is typleally very smell, it is concluded that, for
all practical purposes, two loading harmonics (or more generally mB - 1) suffice
for a three (3B.) btladed propeller for calculating far field noise in the pro-
peller disc plane (or near overhead position). This is in contrast to (the NUL
effect on) rotationsl noilse along the thrust sxis which is strongly re-enforced
by the P = mDB harmonic., This latter case is of paramount importance to heli-
copter rotor noise.

To further simplify matters it is seen in Figuwres 26 and 27 thet the
first tengential force IH (the b5 term) is much larger than the others;
therefore, it is natural to seek f correlation between the rotational noise

increment, ASPlyyn due to nan~uniform loading(NUL)as a function of the coelficient

by Such & correlaticn would then provide a method for rapid estimatlion of
WL effects upon rotetional nolse, merely by calculating the variation of by

as & tunction of verious gonfiguration variables.
(@) Radial Veriation of Loading Harmonics

First consider the redial variation of byjg¢ at 48O rpm. Typlcel results
are snowa in Figure 28 at two loading conditions, representing different
mopeiler erfficiencies; (1) the 12 lousding is very similer to Reference 7
resultu; (2) the L4 loading is competible with the lower propeller efficiencies
provided by YO-3A project date {Reference 3 ) ana the L3 data estimated inde-
rendently in this study. As can be seen the loading harmonics increase rapidly
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near the hub where the blade 1ift coerficlent and advance angle increage
towards the hub. The higher ¢, values assoclated with the 13 or L4 Yoads
yield by, wvalues at any glven r/rt, compared with the more efficient (12)
load condition.

The noise increments, due to non-uniform loading A SPLyyg, for the
Y0-3A conTiguretions sre plotted against rpm in Figure 31 , in which the
radial varjation of the harmonics has been considered. These results show
an increase in the non-uniform load (NUL) effect at decreasing rpm which 1is
considered to provide the major contribution to the explenation for under
prediction by the USAF computer progrem of absolute levels of rotational noise
and the bucket in the rotational nolse vs. rpm curve. These dats are included
in the previously discussed theoretical vs. experimental comparison (Figure 25)
which is one of the most important contributious of the theoretical part of
the present study.

As 8 calculation convenience, it 1s of interest to determine If the
NUL effect can be accurately computed bty using input of loading harmonic (LH)
values calculated only at a single effective radius position. Figure 32
shows the calculated NUL effect as a function of the radius location for which
the IH were evaluated. In this case a set of two LH values, including both
sine and cosine terms were evaluated at the radlal lccatlion noted. Also shown
are the velues of GSFL obtained by input of the radial variation of the IH.
It is concluded that evaluation of loading harmonic Fourler coefficient velues
at r/rt = .53 gives nearly the saue result as is cbtained by considering the
radial varistions of the LH. This conclusicu 1s of special value when con-
sidering configuration parewmetric effects on the NUL effect such as changing
the wing separation distence, or airplane angle of attack.

=

rd \ o~ .
(e) Correlation ol NUL: ELfT o Function of the Firgst M

n

SCt &as

A further computationsl simplicity is arfforded by esuablishing a
correlation between the NUL/SPL increment and the strorgest losding harmonic,

This is accomplished by plotting the exact ASFL due to NUL, including
ragial veriation of the first two Ll vs. by, as calculated for various r/rt and
rpm values. The resulis are shown in Figure 33 ., Also tabulated are cor-
rections for evaluation of big at (r/rt) = .62 and .75. One would expect
a dependence on rpm which wil be demonstrated analytically below. According
to theory

{

, lv(d+n/2) \

o
T / A
ASFLy = 20 eoglozlém (m_:%;_g) (-1)’e mB+(a.rgluB)\ap¢ 1b,4) (8F ~A5F,)§ (Tv. 100)

7 (argmB) 2 -
mB sm&f

‘ﬂ

where ¥ = S5, and ¢ = 0 for & far field chgerver under the flight path in the
pro eller disc plane, and it will be cecalled (Equation IV-31).

argmB = mB kr -(mBQY)
a 8
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The negative values of P are predominant so thal the following approximation
is valid for the overhead far field observer position {¢= 0).

® ) -ivaf2
B5Fygy = 20 log o] > (E',%i"") (-1) e (a%ubyq,)
= 5
x J - (arguB) (SF _+iSF,)
mB-p r i
(Iv-101)
ENCT R C8F

If the above expression is Sruicated at P = 1, based on the alresdy esta-
blished dominance of the first load harmonlc, one has

ASPL = Qologloe i- (mz];l) JmB_l(arsmB) (bl¢SFr-al SFi) (Tv-102)
U &7 r"sFi

It is noted that b,, 1s negutive by its definition, leading to s positive
AS 1° At low % the Bessel function argument is small and the Bessel
functions are approximated by

3, p.p (aTEHB) = - (ggg&)mB'p

(Iv-103)

Using the above approximation and neglecting the small product a.l é times

SFi one Iinds

aspy =eofos,, f1- (‘%i) -?—-)--)-:gi ; (014/2) , (Iv-10k)
; . > * (a 2

f Introducing the ebsolute value of bl¢ which 1s by definition peositive

A BFLygyy ¥ 20008, i l+|.bl¢’i (m:;l) 1o rYlTaSO)} (-205)
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; This result demonstrates that the NUL effect should increase with decreasing
: rpm both through the direct effect of the dominator ( & radiation efficiency
enhancement factor) and indirectly because of the increase of (b ) ut low

rpm which is related to the increase of 1ift coefricient and advance angle,

8s shown earllier.

f— e A

(f) Effects of Wing Separation and Propeller Angle of Attack
on the Non-Uniform Loading Environment

[

It has been established ebove that the NUL increment to rotational

z noise depends primerlly on the first tengential force loading harmonic, bl R
{
1

Y

evaluated approximetely at r/rt = .55. Therefore, the effects of' changing

wing separation distance or propeller shaft angle of attack can by examining
: the variation of by, at convenient (r/rt) velues as & function of ¥w/D, Zw/D :
; or o gc vwhere Xw and Zw represent, respzctively, the longitudinal and vertical i

wing separation distances and, a is the aircraft or propeller shaft angle ] !
of attack.

ac

i

Figure 34 shows the calculated effect of changing the wing separation
distance for the YO-3A whose basic parameters are Xw/D = 1, Zw/D = 0.214 and
@,. = 2.88°. The convergence criteria for the series expansion method Tor
calculating the loading hermonics restricts Xw/D to velues grester than 0.5. !
The A SPL due to NUL effects are shown in Figure 35 . I% is seen that small '
increases of wing separation are not likely to be very beneficial. Therefore,
careful examination of the design impact of weight and balance changes
: would be required if it were desired, for example, to double the pr#aini YO-3A
: wing separation distance. Figures 30 and 37 show the effects or srupeller :
E shatt (alrcraft) angle of attack variaiion Tor the present YO-3A configuration. '
: The sirplane angle of attack could be decre@sed signlilicanliy by use of trailing
edge Tlaps, or generally decreased by increasing the flight speed.

oo s s -

(g) Possibilities for Aircraft Design Changes to Reduce
Rotational Noise

It is estimated that the YO0-3A gliding airframe vortex noise is suffi-
clently lower than the propeller blade vortex nolse that the forward speed
could be increased possibly bir 25 percent (reducing the wing 1ift coefficient ,
, : for the same wing loading). This would reduce both the wivg angle of attack, N

e , ara the wing 1ift circulation-induced upwash at the propeller disc plane by
' %g percent. The airframe vortex nolse penalty would be 6 dB according to a
W lai-,

vecreasing the wing loadirng by increasing the wing area would
' decrecse the angle of attack without the benefiis of reducing the upwagh;
also this would cause frame noilse increment. Depending on the eircraft
migsion, it would eppear that an optimum combination (of partial deflection
of full span trailing edge flaps, increased wing area, and inzreased forward
speed) could be found which might reduce the rotationel plus vortex noise.
Also, it is thought that the discontinuity caused by the extension of the




R N

trailing edge of the inboard part of the YO-3A wing is respomgible for its
rather low span loading efficiency (e  .7) (Reference 3 ). This was

the result of a need for a low cost method to increase the area of an existing
glider wing, simply by extending the chord of the inboard sections.

It is believed that trailing edge rlaps to allow angle of attack
reduction et any rforward speed would be a desirable feature of a "quiet”
airplane.
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2. VORTEX NOISE
a, Sumary

Te measured vortex noise for the YO=3A has been comparad witn pre-
dictions of the USAFPL computer program based on References 7 and 8 .
The predictions were based on three different options which will be reviewed
below. Unfortunately, it has been found that large discrepancies exist

between the experimental data and predictions from any of the three options.

Lockheed has herein developed a simple empirical method for estimat=

ing the vortex noise which offers excellent agreement with measured data

for the standard three-bladed propellier and good agreement with experimental
data for the three-bladed "Acoustic Propeller". This method can be regarded
as another "option" which can be described as an empirical correction to the
level of the fundamental rotational noise, previously discussed in this
Apperndix, A simple empirical corxrection to the theoretical rotational noise

5 predicted by References 7 and 8 Thas already been recommended in the
present study, as discussed earlier in this report; therefore, the vortex
noise is easily predictable by the sum of these two empirical corrections.
A rationale for this method is discussed below, after discussing thne vortex
noise options of Reference 7.

b. Discussion of Existing Options
(1) TIntroduction

Reference 7 contains g review of s numver of previous techniques
for prediction of vortex noise, and then outlines three options which are
coded in the computer program documented in References 7 and & . These
three options will be discussed in order of their simplicity.

(2) option 2 of References 7 and 8 : Consistency Analysis

This method employs (1) an overall SFL formula, (2) a spectral peak
frequency determination, and (3) a frequency spectrum for determining 1/3
octave band levels relotive tc overall SPL as a function of the r1alio band
center frequency/ peal: frequency. This spectrum is labelled HS correlation
o' 3/69 and is shown in Figure IV-21 belcw (Fig. 7 of Ref.7). Figure IV-21
also displays the 1/3 octave band level spectral shapes employed in the other
options to be discussed below.

The overall SFL relation i1s attributed to Schlegal, King and Mull

(Ref. 20 ) in modified form and a directivity function obtained from Ollerhead
and Lowson (Ref, 21).
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The peak frequency is determined by

fpea.k = 0.28v

0.7 (Iv- 106)
(hocvcosa + b0.7 Isinap

The denominator of Eq. IV-10Gis the projected blade frontal thickness.

The overall SPL relation is

OPT2
SPLy, = 10fog, , (vicisb(cosedno.l)(o.zw) >-uu.6n5

2
d

(Iva07)

vhere Y is the directivity angle (0 on thrust axis) and d is the far field
slant distance.

The original form of the Schlegal, King and Mull. formula is (Ref. 7
p. 32)

SKM 2 2
SPL, = l()EoglO (\rg.,7 T /de ) + 13,8 (Iv- 108)

Some fundamental comments are in order here. TLighthill (Ref. 22 ) and
Curle (Ref. 23 ) have discussed the hierarchy of multipole point sources
which model various aerodvnamic sound generating mechanisms. These sources
emphasize several key points:

® Monopole sources are associated with pulsations of fluid volume flow
(such as bubbles collapsing and "breathing mode" vibrations of
adjacent solid bodies). The monopole is the most efficient acoustic

radiator at low frequencies (compared to higher order multipole
sources).

Dipole sources are next strongest in acoustic radiation efficiency.
The strength of a dipole is associated with fluctuating fources
acting on the fluid (reacting upon an adjacent solid) in such a way
that the rms value of the total net Torce is finite. This 1s the
predominant aerodynamic noise generating mechaniam which, for air-
foils, propellers, and turbomachinery, is of'ten called "broad Land
vgrtex neise". The radiated acoustic power is proportional to the
M” times mechanical power, where M is the Mach number,

e Quadrupole sources produce the third strongest mechanism, one which
predominates in the absence of monopole and dipole sources. The
rrincipal examples are free shear layer turbulent mixing noise
radiated from jets and wakes. This mechanicm is also present in the
wakes of airfoils, rotors, and propellers, but the acoustic power
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radiated is proportional to M’ and therefore weaker (by a factor of M2)
than the dipole noise assoclated with force fluctuations on airfoils
propellers, etc. at low Mach numbers. Thus, at low Mach mubers, the
far field noise is predominently dipole noise, and can be written as
(Refs. 22 , 23).

SFL = 1c+10£oglo ( M v3s /d )

dipole (TvV- 10%)

where X can be & function of various serodynamic dimensionless
similarity, shape parameters and dimensionless force coefficients.

The thrust of a propeller can be written in terms of the classicial

propeller thrust coefficient (see this Appendix, Sec. 2v(2)(a) Eq. IV-19);
alSO be“ Refg l8 k] P' 276

= X, pDh(RHd/6O)ZCT
=~ K, (DE/Sb)pr (Vt/2ﬂrt)2D20T (1Iv-110)
Lfs, = K, (0/s,)(D/2mr, )P pVES,
= K, (Dz/wzsb)pvicT  Ky= 6,61x107 (Iv-111)

Substitution of (IV-1ll)or T/Sb in Eq.IV-111 produces the result

spy, M - 1OEoglO(V2 [x?(n /m°s );ov‘?c,Jj 5,/ ) +13.8

10%0g, (Vg.,?pzvthsb/d“ [ Cq (0°/n%s J )+13.8
2

)D/‘;rs] )+13.8

(1v-112)

lOﬂoglo(p b/d p[K?C (

.; V£
: Introduction of the tip Mach number, M, = Vt/a, N = Vt/a yields
B 2
, SKM 3 v 2 12 3
N PR, = 1020310{ Vs, [ c (_9_.1) D2 /1 s] pa3l +13,8

< 100og, (pVJMJSb/d ) + 20kog, lsz (—-7) v bb.l 3 (V- 13,3)
- 1313)

Thus, Equation IV~113, which was derived from Equation IV-108 is fundamentally
the same as BEquation IV-109 except that a dimensionless thrust coefficlent and
blade area factor have been expressed separately. Next, consider the overall
SPL expression uced in Option 2 as defined by Equation IV-107.
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Tt is often convenient to define an average blade 1ift coefficient in
terms of blade srea and tip speed; for example:

c =T /(pV fsb /2) (Tv- 11h)

Alternatively, this can be written in terms of V, . =V at r/rt = 0.7

7

2
Crpq =T /(PVouT s, /2) (IV-115)

Note that such expressions under estimate the required blade 1ift coefficlent
at Tinite forward speed conditions where the lift vector is rotated through
the advance angle.

Then, Tor example, substitution of VI-114% in IV-107 would yield

2
SPLQAOPTE - 1010, [vt2sb( T ) (cos® ¥ +0.1) (0.217)]-4’4-6“5

14
£ \PVy sb/a

2 2
de th

If Equation IV-11l is introduced into IV-11l5 for T/S the result is

< 10808, [ 7PV ( . )2 (cos® ¥ +0.1)(0.217)| U645 (1y.118)

s ? A Y
OPT2 e w1 2
SPLy, = 1o£oglo KD pvt%T (hsb )(cos ¢+o.1)(o.217)) k645
2 22
%, pzvt g ’
o, 2. 15, 2
= 1ologlo 8, V." | K,D°Cq L(cos™ ¥ +0.1)(0.217) | -Uk.645
2 7rzsb (Iv-117)

Therefore, it would appear that Equation IV-107, which is in the forpg used in
Option 2 (end ic ettributed to Schlegel, King and Mull) implies o Vi law,
whereas the original form given by Eq. IV~108 implies a Vio law (as can be seen
ty Egs. IV-112 or IV-113). Thus, it appears that Eq. 1V-107, which is ewmployed
in Option 2, is not strictly consistent with elther the basic dipole law Eq.
IV-T49 or the original Schlegal, King and Mull version (Egs, I1V-108, IV-112,

or IV-113), The motivetion for choosing Eq. IV-107 is unclear in view of this
inconsistency. Presumably, it is based upon further empirical data (not
presented in Ref. 7 which 1s implied by "HS Correlation of 3/69" (Ref. 7,

p. 35). One can make a stronger argument, however, for equations such as
IV-107 when the blade 1ift coefficient is lerge, as in the case of a low rpm
high thrust condition.
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(3) Option 3 of References 7 and 8 : Consistency Analysis

This method is attributed to Widnall (Ref. 24 ) and takes the form:

5.V 2

SPL = -T71.02 + 57,000( T ) + lOfog.,O(Vtésb) -3.3 sin2(¢+1o°) (IV-118)
2 i R
bt a

and the peak frequency defined by

¢ _ 0.06 Vo.7

peak =l
h0'7(l .265 X

(Iv-119)
stall)

where X = (r/r.) ., 4,5 Gefined as the propeller radius ratilo where blade
stall t’stall . ,

stall occurs and is defined in Ref. 24 as the outer limit radius where the

blade angle of attach first exceeds 1l degrees,

If Bq. IV-Iis substitued for T/5, in Eq. IV-116 the result is

2 6
sprOFT3 - 7102 + 57,000 (K, POTP ) + 10kog, (Ve b
oA D 5
s, d

-3.3s1n° ($+10°) (Iv-120)

Apart frow the directivity function, Option 3 defined by Equation IV-120 is
theoretically consistent with the basic dipole rediation law, Equation IV- 109
with the original Schlegel, King and Mull relstifon, Equations IV-108,IV-112
+~ IV-113,and other dipole versions such as Hubbards' (Reference 25 ) and
Davidson and Hargett (Reference 26 ) See Referemce 7, p. 32 }. These
simple methods (Options 2 and 3) have the advantage, for preliminary predic-
tion purposes, of depending only on gross propeller parameters (tip speed,
diameter, thrust or thrust coefficient, and bhlade area).

1t is clear, at least in principle, that some kind of radial distribu-
tion analysis (such as is done for rotational noise) is alsoc desirable for
vortex noise estimation of rotating blades, in view of {he significant radial
change of relative veloclty which affects both spectrel ceuter frequency and
the level of radiated Tar field vortex noise from e given redial segment of
the propeller blade, These and other theoretlicel refinements motivated the
development of Option1 (or Option O) of Reference 8.
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(4) Option O or L: Description and Consistency Analysis

This theory is based on work by Lowson (Reference 27 )} which considers
the effects of the source motion due to propeller rotation and forward syeed.
The basic equation for far field nolse radjation is, in Cartesian Coordinates

x,: 1= 1,2,3 of the field point; y,: 1 =1 to 3 of the sowrce
point  (Reference 7 , Eguation 30, page 37 )

3
p = (xi—yi) 8Fi + E)Fi aMr
el PETCR S D ST (1v-121)

vhere My 1s the component of convention Mach number in the direction of the
observer and {Fi} are the unsteady blade load components.

Figure IV-13 Cartesian Components of Field Point and Source Point Positlon Vectors

The components of the point source position on the blade are (per
Reference 7

v =0 T = Y cOs ¢ .'YB = +r sin ¢ (;w-l22)

where ¢ is & circumferential angle for the blade position. The field point
locations are

Xy = ¥ x, =Y, x3 =0 (1v-123)

Note that in this notatlion, ¥ would he the altitude and x, would bLe lateral
distance from the flight path. The distance Letween the éource point vectcr,
¥ and the field point vector, X , is

gl - VIz-7l*
= \/XP?‘ + (Y-rcostb)arasingtb , (Iv-124)
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The component of convection Mach mumber, Mr, is
M.=M- (F-7)/d = i: (x,-y M, /a
i=1

= Mx /d - (@r/ad) sing (y-2reosg) (I-125)

vhere a is the speed of souud, © , is the propeller angular velocity in
radians/sec.

The unsteady blade force components are

i -iwt
Fl = F cos Bb e
F, = F sin Hb sin ¢ e'-'i(‘\Jt (IV-126)
) . “Lwt
F3 = -F sin Gb cos @ e

and the Mach number componsnts arc

M) = M: 142 = ~(Qr/a) sin @; M3 = (Qr/a) cos ¢ (Iv-127)

The pressure tield becomes (Reference 7, Page 39)

P = (F/lnrdaa) [-iw chossb+(‘{-2rcos¢)sin6bsin¢}

1
2 it g 2
+Qsinby ;rsin o+ (Y-rcosgn)cosq);:le m/(L-Mr ) (Tvaes)
The fluctuating force, F, is assumed to be random (out of phase
radially) so that mean square values are summed anti-logarithmically in the
ten peint, Simpson Rule integration technique of References 7 and 8,
after circumferential integration with respect to ¢.

The magnitude of the fluctuating force is expressed as:

F=Cp pPh+/bAT ‘1‘?(113/106)exp (Iv-129)

where Re is the keynolds number

R, = (AVb/ ) (1v- 130)
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V is thce section reiative velocity
2 2 .
v = va +V @ (1v- 131)
In Sectior VI of refererce 7 (p. 119) it is suagested, based on
experimental data for propeller noise on the static test stand, that

cF = 8.0

and tlhe Reynolds number exponent is recommended to be
exp = -1.0

The frecuency at the center of the spectral peak is defined as

. €J peak ]
Tpeak = o SnlER PR LU (V- 132)

wheve (Reference 7 , page 119) th recommended value is

Cf = 0.

Tne chuice, exp = -1, yields & Vu variation for mean sguared sound pressure
according to Equations I/-12and IV-129. Option . employs circumferential and
radial integration of BEquuiion Iv-123ising 3¢ intervsls of §, sepz: 2ted by 107,
and using the same 10 vradial integraticon stations employed in the performance
analysis.

Clearly, this metho! appears potentially as more logical than either
Options 2 or 3, and it is obwious that at least twc Dossible roads to refine-
mznt, would be (1) to relate velues of (Cp, C, and exp) to aerxdynamic parameters
n5e clated with the blade loac 'ng analysis, and (2) to eupirically alter thece
three empirinal consturts to match the YO-34 flyover data {(as opposcd to the
seclection based on tue static test stand data clted in Section VI of Reference

7). )
It turns out what another very cimple alternative empirical techniquz

has heen devised vhich is very successful In Titting the YO-3A date. This

n~thod, and lts rationcle, will be desoribed below,
(5) Empirical Coirections to Vortex Nolse: Rationale

(a) Comparison of Reference 7 Predictions with Experimental
Data for ithe YO-3A

Figurzs 15tu 18show the pred’ctions . drierences 7 and 8 compared
vitn 2aperimencal date o a basis of 1/3 octave band defe, The experimental

162

o

. . P S |




L R R —_——
E g

w

data curves were faired through data for those bands rot containing the rota-
tional noise harmonics, and the experinmental data was corrected for ground
reflections. It is clear that the levels and spectral shapes for all three
ol the options described above are in error. Option 1 or O, bascd on radial
integration of Lowson's theory (Reference 27 ), is closest with respect to
beak 1/3 octave band level, but it is high by 2.5 dB in peak level at the 600
rpm and by 9 dB at 720 rpm. Option tends to be too flat with respect to
the spectral shape and predicts a peak frequency which is somewhat too high,

Option 2, based on & modified form of Schlegal, King and Mull (Refor-
ence 20 ) and the Ollerhead-Lowson directivity (Reference 21 ) appears to be
low in peak level by 15 dB at 600 rpm and by 11 dB at 840 rpm. The spectral
shape of Option 2 at frequerncies above the predicted spectral peak Ifrequency
is fairly good, though the decrease of predicted level beyond the spectral
peak 1s somewhat too rapid.

Option 3 also under-predicts the peak 1/3 octave band levels by 11.5
dB at 600 rpm, and by 8 dB at 780 rpm. The spectrel peak Trequencies predicted
by Cption 3 are surprisircly good, and the spectral shape is also fairly good.

With respect to spectral shape helow the peak frequency, it must be
said that the available YO-3A experimental points are limited, and all of the
wmethods are reasonable, tnough Optisns 2 and 3 appear to fall off somewhat too

steeply below the spectral peak frequency and Option 1 orQ 1falls off somewhat
too slowly.

(b) Comments on Peak Frequencies and Spectral Shapes

re failure of Option 1 or O to improve the spectral shapes is dis-
appointing since it considers move of the propeller blade design details,
especially the radial varietion of blade aercdynamic parameters and the rela-
tive velocity. It must be coucluded that the choice of empirical pardmeters
(Cr, Cr, and exp) (See Reference 7 ) must be the principal source of error,

With respect to all of the above described methods, Lockheed feels
that the cholce of a single length dimension for Strouhal number scaling is
an oversimplifica’ on (such as was dcfined in Equations IV-100, IV~119, and

IV-132) for Optior . 2, 3, and 1 or O, respectively. In Option 3, there is a )

Fontan Iy Fhhe demamd vt 1 o7
A AN VA Fwey WALl VANCLMSLILL JI0L VNS \ 4 = L)

A

c v o CY rrbed A v 1A I revtna e,y + e

S Xsiaiil) vhicn would incrcasce with rpm,
since Xgtal]l approaches Ihub/rtip as the blade angles of attack decrease, which
they do at higher rpm. This factor would tend to offset the increase of tip
speed with rpm, and would explain why the predicted center frequency for the
spectral peal does not change with rpm. Because of the limited rpm range of
the YO-3A data and the slow variatlion of one-third octave band ievels adjacent
to the spectral peak, the reader should not conclude thet there is no depen-
dence of peak Irequency on tip speed.

(c) Comments on Peak Levels of Ore-Third Octave Bands and
Directivity Functions

It 1s believed that inadequacy of the directivity functions for any :
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of the options of Reference 7 is at least partly responsible Tor I'ajlure

to prediet the voriex noise at near overbead conditions. This ract also leads
directly to a rationale Tfor the method adcopted by Lockheed in this study rfor
correcting the data by referencing the peak 1/3 octave band vortex noise level
to the level of the Tundamental rotational noise.

{d) An Fmpirical Correction to Vortex Noise Related to
Rotational Noise

¢ Fluctuating Blade Force Strength Trends versus rpm

It will be recalled from mquation IV-9 of this Appendix (Section 1b(1)(e)
that the tangential force, or torque force, per unit radial distance is given
by

'
E:“I'%

4L
P 4+ == a 7
cosa,  + = in e, (Iv-133)

where, dL/dr, is the 1iTt gradient: dD/dr, is the drag gradient; and a,, is
the advance angle (between the propeller disc plane and the direction of the
relative wind vector, V.). The parameters V. and @,y are defined as follows

V = J;’ 2 + V‘P 2
r X0 o]
[0

. -1
'y = A0 (on/v ¢ O)

!

where, Yor axisyumeitric inilow,

<
]

o = Ve {1 + usb (1))

= - Iy ))
Vyo = ar (1 - cmsb {r))

In the case of forward rlight (as opposed to statiec condivions) at low
1pm the advance angle becomes large s2 thet the biade 1ift force contributes
significantly to the torque force, via the second term of Equation IV-133, Also,
at low rpm, the blade angles ot attack and 1ift coefficients must increase to
generate a given thrust, with a corresponding increase in drag.

In the case of vortex nolse at the overhead position, the dipole
strength for vortex noise is porportional to the fluctuation in the tangential
force; therefore, one could write as an "ac” analogy

~r

a an ar
= —— + —
——-ﬂ—dr ar cos O av o sin o av
rab o+ SR
dr av ~ ar %y (Iv-~ 134)
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~ !
where the ( ) implies & tvansient Tluctuation. The advence angle, itselr, :
is subject to a Tluctuation at rotational frequency, owing to its own circum- - {
ferential non-uniformity. i
vhere
gy = dae.v 89)1 = Qaaav =
ot 39 3t 30, (Iv- 135)

In the higher frequency range, governed by vortex nolse, the last two terms
of Equation IV-134pecome negligible since w >> & and Equation IV-102reduces
to

sa  +dL
co oav %% sinoav (IV-136)

.5
518,

e Hypothesis for Vortex Noise Prediction

In the present study the empirical correction is based on the premise
that there exists a fluctuation in the tangential force which is proportional
to the steady state tangential force.

The above hypothesis immediately leads to several conclusions: i

® The vortex noise ghould he directly related to the fundamental
rotational noise because tne rotat;ional noise is proportional to
the torque force,

e The directivity maximum Tor the fluctuating torque force dipole is
in the plane of rotation. By contrast, the directivity functions
of Options 2 and 3 are maximum in the thrust direction, appropriate
only for a fluctuwating thrust dipole.

o The strength of the fluctuating torque Torce dipole can be expected
to increase with decreasing rpm because of (a) increased advance
angle and (b) increamsed blade angle of atvtack of 1ift coerficient.

e Since the random dipolc radiatign efficiency increases according to i
wave number squared (k° ~ w'?2/a%) which increases with rpm, the com-
bined (opposing) trends of radistion efficiency and source strength
vs. rpm can lead to & "bucket” in the curve of peek vortex noise
level versug rpm, such as has been found in the Y0-3A fiyover data.

_(See Figures 14 and 15 ).

The conclusions akove provide & logicael impetus to seeking a correla-
tion between the furdamentel rotational noise ana the vortex noise at the

PRy JUR TR PU TSRS S
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overhead conditi«n, since it has been shown that the rotational noise hag a
"pbucket" which is to be expected rrom the fundamental considerations discussed
previously ir this Appendix.

It 15 also tc be expected that there exists & fluctuating thrust force
(see Equaticn IV-8, Section 25(1)(c) of the form

b
T 4L ab o
TN~ s + &2 Iv-137
ur dr co Ohv dr sin aﬁv ( 4

This would give rise to a fluctuating thrust dipole radiation having its
maximwi directivity along the thrust axis, which would not contribute to vortex
noise a% th2 overhead condition. At the lowest rpu (480 rpm) the YC-3A pro-
peller has advance angles in the range of 50 to 60 degrees; thereiore, the
Tluctuating 1ift dipole contributes more to the torgque force fluctuation than
to the thrust force fluctuation (since sin ayy > cos @g,  for ag, » 459).
Note also that one should expect a finite cross correlation between fluctuating
thrust and torque forcee which would have a directivity maximum at 45° from

the thrust axis.

e Comments on the Acoustic Radiation Effic-.ency for Vortex
Noise versus Rotationnl Noise

———

It will be recalled Trom the Tirst part of this Appendix that a major
part of the explanation for the underpredictlon of rotational noise levels by
the standard axisymmetric rotatirnal nolse theory of Reference 7 is caused by
non-uniformity of the inflow to the propeller disc. These effects are dis-
played in Equation IV-29, Section 1t:(3)(a)ofthis Apprndix. A simpler version
showing the effects of the non-uniformity harmonics can be written as

p id
- N l
pmthﬂ; 5°de(a.rg) ' (mﬁ;l) 61"" Jlanl(ﬁm"Z’)
) 1{,2 i¢3 ) )
» +(m‘_‘§£2) B0 © Typplev) + (mx}iB: ) ¥ 7 Tpglee)te Hf (v 238)

where if 6 ic the directivity angle {= O on thru-t axis)

arg = kr sin @
k= (mw,/a) = (mBo/a) (Iv- 139)

The }Bn n = 0,1,2.., : are the complex Fourler coefficients which describe

the circumferential non-uniformity of tangentiuwl force. For a 3-blaced pro-
peller, kh? fundamental rotational noise becumes (noting 50 = 1, by definiticn,
gnd mB = 3/:




Coos T T

- —w-\ _—m e = et WO T TR e ol lmtesmm— E— - g = - - 77 xﬂ

T S Y

B, L RF, ;J3(arg)+ 31(3-3—1) I, (argle 4§, (g_gg) e °d, (arg) +

id idé
+ 53 (351) Jo(al's)e 3 5)4 (i;_h) J"_l(a.rg)e h+. R ,} (IV-140)

We note that the Jy term is cancelled identically. For slow rotation
speeds and small radii, the quantity arg = kr sin@«<<l, and from well known
Bessel function relations

J3(urg) o (1(1'/2)3 31n30
J2(&rg) = (kr/2 sin 9)2
' (Iv-141)
Jl(arg) e (kr sin §/2)

Jo(arg) = ]

Thus, for rotatlonal nolse the radiasilon efficlency is proportiomal to

Nyag = {(krginef + 251 (;k;_g_z._nﬁ)zﬁ i?_. (lr:aine)

—_— 2

3
-% 614('1" (kr;in\‘?} te o .} (Iv- 142)
vhere
o_q(acg) = ~J, (axg) = - (kraind/2) Cv-143)

3 2 ’
. 4 kr j. + 2 S X 5 ¢ o gl
..nmda g(__...; ‘L‘Z) mﬁ;; (_;h‘;gina) + % (521'614)(—1?-%1-5@)*' S\IV-IM)

contrast, the radiation efficiency for a point dipole is preoportional to
?

7 rad w(kr sin6 ) (Iv-145)

The difference belwecn the weak radiation eflficiency of axlsymretric
rotational nolse of propellers and the relatively greuter efficlency of polint
dipoles is explained by destructive interf-rence, In the case of axisymwetric
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rotational noise, 8:1 = 0, for n > 0. Therefore for a 3-bladed propeller

o L (krnine) ®B .1 (k:rsine) 3
3i

nrad, sxisymn  mbl 2 2 (1v-146)

Thus, the mean squarcd aound pressure lewvel Tor rotational noilge
varies according to

ASEr oo ¥ 20 uBlog (gr_;}gﬁ) (Tv- 147)

= 60Log,, ( el ;1‘3—9) (IV-1148)

for a three-bladed propeller with exisymmetric ixflow.

For the case of a point dipole the correction for radiatior efficlency
is

ASFL, 4y = 2000g, ) (irsine) (IV-1h9)
dipole

In the case of propeller blade vortex noise, the Tluctualing Iuirces
on the blade are correlated for only & siall distance (of the order of one
trailine edge tioundary layer thickness, and possibly a few percent of the
blade tip radius near the blade tip). Therefore, the radial dietribution of
vortex nojse radlators are summed as random loade, rather than being considered
to have Jefinite pnase relations as displayed by Eguatlon IV-29, Section
of this Appendix descriving rotational noise.

Of even greater signifi~snce is the randomness of phase of the loads
on different blades. Conseguently, when intergrating the cireumferential
contributions to the far Tileld vorter nolse at a givern radial station, each
blede,whose Force fluctustions are random in phase in relstion to the other
blades , alweys adds energy to the far rigld random nolse, and does zo with &
radistion efflciency proportional to (k)¢ which is the efficiency associated
with a sum of reandomly phaced point sources. By contrast, the circuwferential
integration of the properly phesed hlede load contributions for rotationml.
noise gives rise mwathematically to the Bessel functlons whose small wegnitudegs
at low wave nuwbers can be thought of, thysically, &g the regult of destructive
interference.
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When the. circumferential Jloading .of the blades is non-uniform, as
descrited by the Fourier loading harmonic (1H) mlitudes, additional, more
efficient rotational noise radiation modes are brought. into play which radiate
in proportion to iower order Bessel functlions. In the case. of rotational
noise, one can regard the non-uniformity effects as a tendency to randomize
the phase relations, and hence a process that breaks up the destructive inter-
f:rence which characterlzes purely axisymmetric rotatiowncl noise.

In the case of propeller vortex noise, the blede-to-blade phase rela-
tions are clearly random; therefore, one would never expect to find the kind
of destructive interference phenomenal such as is associated with propeller
rotational nolse. Because these random point sources have a weaker wave
number dependence (by a factor of 40 log (Jo sin @)) for a 3 bladed propeller,
it may be expected that the variation of fluctuating blede force with rpm
should have a more direct affect on far field noise radiation, since the
radiation efficiency does not decrease so rapidly with reduced rpm as is the
case with axlsymmetric propelier noise,

I will be recalled in this Appendix (Section 1b(2)(s), Figures 19 and
22) that (in the case of purely axisymmetric propeller noise radiation) the
predicted fundamental SPL at a fixed airplane flyover speed and thrust shows
only a slight bucket in the curve vs. rpm, with decreasing rpm for all reason-
able estimates of propeller efflclency and horsepower. t was concluded thet
the decreaged radiation efficiency (Mrag 20mB log (kr) ) at low rpm largely
offsets any increases in steady state propeller power input assoclated with
low efficlency propeller cperatlon at low rpm. Ac mentioned above, the radia-
tion efficlency for random point dipole sources does not decrease so rapldly
at low rpm. Conseguently, there 1s a greater expectation for finding a
"bucket” in the vortex noise versus rpm curve than for the rotationsl noise.
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ATTENDIX V

TABULATED PREDICTIONS OF PROPELLER NOISE AND AURAL DETECTICN RANGE

The design charts presented in Section VII were constructed fronm
propeller noise and aural detection range predictions made with the modified
Air Force computer program by Mr. Jerry Martin (ASD/XRHD) and Mr. Walter
Lichtenburg (ASD/XRHP ). These noise and range data are tsbulated in this
appendix.

Parametric data on which these predictions were made were as follows:
Propeller Diame%er: 8, 10 and 12 feet

Number of Blsdes, 2, 3, 4, 5, and 6

Thrust: 100, 200, 300, 400, and 500 pounds

Helical Tip Speed: 0.20, 0.25, 0,30, 0.35, and 0.40 Mach

Thus the tabulated data reflects variation in four independent veriables.
Held constant were ihe following:

Propeller Blsde Configurations Same as the staniard 3 blade propeller
used on the YO-3A aircraft described in
Appendix I and scaled to sgize

Aircraft Velocity: 125 feet per second (74 kis).
Ajrcraft Altitude: 125 feet.

Each table of tabulatione represent e given propeller blade diemeter (D)
and given number of bledes (B). For each value of thrust (T), the calculated
values of hellcal tip speed (M), propeller efficiency (T), and blade angle
of attack at 3/L redius (83/)) are tebuluted. The predicted values of overall
sound pressure level (OASPL{ on the ground radisted from the aircrafi in over-
head posltion et an eltitude of 125 feet and the minimum aural detection range
{ADR) implied by thesoc nciee levels asssuming daytime Jungle background noige
are also tubulated.
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M
(Poinds) (valiyr)

100

200

300

Loo

500

0.20
0.25
0.30
0.35
0.L0
0.20
0.25
0.30
0.35
0.k0
0.20
0.25
0.30
0.35
0.4C
0.20
0.25
0.30
0.35
0.0
0.20
0.25
0.30
0.ko

0,810
0.858
0.862
0.842

09799

0.728
0.816
0.833
0.830

0.659
0.788
0.805

0-705
0.767

0,716

TABLE I

4
(Deg;égs)

52,53
38.69
30.69
25.27
21.25
66.03
49.58
36.52
29.43
2k .43

Lé .24
33.92
27.67

39.91
31.319

35.26

17

OASPL
(aB)
80.6
79.1
76.9
80.6
83.6

91.3
85.6
82.5
82,2

91.5
88.9

8.9
95.4

100.7

Propeller Diammeter: 8 feet Number of Bladesi 2

ADR
(feet)

3,397
1,628
2,243
3,820
8,052

11,434
6,018
4,815
7,027

k,122
15,990

35,808
36.185

78,760
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' (Pounds )
100

200

300

400

()
0.20
0.25
0430
0.35
040
0.20
0.25
0.30
0,35

00
0.20
0.25
0.30
0.35
040
0.20
0,25
030
0.35
0.h4C
0420
0.25
0.30
0435
040

ey, AR S ——— T

TASLE II

9
(Deaéges)
0.858 47.31
Q 0872 35 -)-'rl+
0.852 28,77
0,800 23,56
0.730 319.98
0.838 40,70
0.855 32.39
0,847 26.16
0.819 22,00
0,771 L7.20
0.821 36.18
0.836 28,78
0.830 24,02
0.776 40.55
0.810 31.52
0.819 26,06
0.T79 34,48
0.799 28,14
172

Propeller Diametert 10 feet Number of Blades: 2

sem——t—

OASYL
(aB)

75 .4
T249
773
80.9
83.6

84 .6
80.7
79.5
82.5

oM
89.8
86.5
8l .8

96.6
g2.9
9046

97.9
95.3

ADR

(Feet)

2,052
195’*5
2,552
3,837
5,241

5,805
3,771
3,274
% ,625

175545
10,578
75307
5,972

22,087
1k, 745
11,473

25,431
19,232




TABLE III

Propeller Diameter: 12 feet Number of Blades: 2

(poznas) (M;I&) (ngééé*es) °“£‘3€§‘ (?Ie)gt)
100 0.20 0.873 4L .88 7.7 1,L63
0.25 0.862 33.68 73.3 1,750
0.30 0.821 27.77 774 2,764
0.35 0.754 23.26 80.4 3,900
J.ho 0.66h 19.42. 83.3 5,h34
200 0.20 0.825 51.26 87.2 8,439
0.25 0.865 37.h5 80.6 3,968
0.30 0.863 30.29 wan 2,772
§ 0.35 0.338 25.13 79-3 3,443
f 0,40 0.735 20.90 82.5 1,936
§ 300 0.20  0.682  59.76
f 0.25 .83  b41.16 89.7 11,115
: ' 0.30 v.853 32.81 85.8 7,183
! 0.35 0.849 27.01 83.5 5,527
i o.blo 0.823 22,32 82.1 Iy, 7l
§ 100 0.20
i 0.25 0.792 45.51 %.5 23,508
i 0.30 0.829 35.46 92.3 14,768
i 0.35 0.840 28.89 80.4 10,79%
g 0.50  0.831  23.72 87.4 8,666
E 500 J.20 -
» 0.25
i .30 0.801 38.27 97 i 25,572
; 0.35 0.82h 30.81 k. 18,145
; 0.0  0.827  25.1k 91.9 14,175
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TABLE IV
Fropeller Diameter: 8 feet Number of Blades: _3
(Pounds ) (MI;\IEH) (Dgéééc 8) O?Sng)J (I'!E](zre(t )
b 100 0.20  0.8%2  L7.% €6.2 793
0.25 0.862 36,26 68.2 1,344
0.30 0.845 29.09 73.0 3,954
0.35 0.80L 24,13 76.6 8,089
0.40 C.735 20.40 81.5 14,732
0 0.20
0.25 0.81h 42,20 5.7 3,161
0.30 0.837 33.09 1.7 3,312
0.35 0.83k 27.08 75.5 6,830
0.h4o 0.810 22.70 80.0 13,136
L 300 0.20

b 0.25 52.98
0.30 0.795 37.27 81.0 9,511
0.35 0.813 30.C5 78.1 9,069
0.40 0.811 24,98 80.1 11,939

Loo 0.20 80.93

0.25 73.25
0.30 0.740 42.29 88.1 21,lh50
0.35 0.775 33.18 84.8 19,139
0.40 0.792 27.29 Ci.3 18,852

. 500 0.20 96,62

- 0.25 62.10

0.30 65.19
0.35 G.7h2 36.60 90.1 34,819
0.40 0.765 29.69 89.k4 35,020

1Th
/
2
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: TABLE V

Propeller Diameter: 10 fee: Number of Blades: 3 .

T M, 6 GASPL ADR B
(Pounqs) (MA&H) (Deééées ) (aB) (Foct) !
100 0.20 0.864 L, 75 62.1 532 1 }?
0.25 0.853 33.94 69.0 1,173 .
0.30 0.809 27.76 73.0 2,111 ?;;
0.35 0.732 22.86 76 .4 Y 626 N
0.b0 0,643 19.45 81.1 9,69k |
200 0.20 0.812 51,15 77.3 3,045 -
0.25 0.855 37.56 70.5 1,406
0.30 0.851 30.29 71.7 1,764
0.35 0.820 24,72 75.8 4,307
0.40 0,770 20.93 80.8 9,003
300 0.20 54,33
0.25 0.821 k.32 79.7 3,990
0.30 0.840 32.89 76.0 2,840
0.35 0.833 26.58 75.1 3.879
0.ko 0.807 22.39 £0.3 8,346
Loo 0.20 89.69
0.25 0.777 L5.67 86.7 8,826
0.30 0.815 35.52 82.5 6,082
0.35 0.82L 28.95 79.7 6,487
0.,k0 0.81k4 27.83 80.1 £,028
500 0,20 70.39
0.25 47.92
0.30 0.785 38.33 87.7 11,193
0.35 0.807 30.33 6.6 11,280

0.4 0,808 25.28 8L.6 13,973




e

—z—

——— T T ——

Propeller Dinmeter:

T
(Pownds)
100

20¢

300

400

(ﬁ}m)
0.20
0.25
.30
0.39
0.4
0.20
0.25
0.30
0.35
0.he
0.20
0.25
0.3C
0.35
c.ho
0.20
0.25
0.30
0.35
0.ho
0,20

e

TABLE VI

0.861
0.824
0.759
0.670

0.8h9
0.863
0.839
0.791
0.71k4
0.805
0.853
0.852
0.827
0.776

0.829
0.844
0.835
0.804

o Cc O O
e o ‘D o
2 Q
= DWW
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[ ]
(Dcazgc:)

43,10
32.86
27.00
22.77

47.35
35.3h
28.85
2k.10
20.15
52.05
37.87
30.61
25.4}
21.16
65 .3k
40,46
32.45
26.77
22,19

L3,22
3k .22
28,12
23.21

R T TE LT

12 feet Number of Bladers 3

OASPL
(aB)

62.7
69.3
72.8
75.5

73.2
67.6
TL.9
75.3
80.4
82.7
15.7
72.4
URA
80.1

83.2
78.5
76.5
79.8

.
P~
-—

(oI o p)

w
P w3
wooon

@

ADR
(Feet)

605
1,288
1,934
2,646

2,021
1,059
1,748
2,591
5,531
5,948
2,07
1,843
2,hs2
5,239

5,618

,729
2,970
1,959

10,150

A .659

6,552
5,042
6,036

.
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T
{Pounds )

100

200

23

Loo

P £ TR TR,

500

(§ECH)
0.20
C.25
0.30
6.35
0.40
0

TABLE VII

(Deg;‘gs)
0.847 hé.7h
0.353 35.80
0.82k 28.97
0.771 al .21
0.699 20.60
0.763 gl .55
0.827 39.77
0,836 31.54
0.818 25.99
0.780 21.88
0.773 L4.87
0.8¢8 34,78
0.813 23.38
0.795 23.76
0.770 38.19
0.791 30.78
0.761 ZoeHL
0.727 k2,16
0.762 33.2y
0.773 27.47

177

Propeller Dismeter: B8 feet Number of Blades:

OASPL
(aB)

62.5
69,9
76.2
80.2
83.3
5.1
57.3
TL.2
5.2
78.5

77.0
73.5
.3

0 A
(U e

85.8
82.3
80.3

ADR
{FPeet)

692
1,098
9,743

16,424
33,776
2,951
2,687
5,570
10,00k
18,401

8,147
7,147
8,940

Ny Aala
L acHty

15,024
11,936

20,286

27,270
20,008
23,100
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T
(Pounds)

100

3c0

100

o
0

0
0
0.
0
0
0

M
0
0
0.
0
0
Q
0

0.
0.
0.
0

0.
0.
0.
0.

0.

.32

Lo
20
25

.30
C.
0.

35
40
20
25
30
35
Lo

9

TABLE IX

0.95h
0.826
C.766
0.672
0,576
0.828
0.851
Q.83+
. 786
0+721
0.769
0.831
0.837
0.815
0.775
0.637
0.800
0.8z2
0.818
0.79%

0.703
0.800
€.809
0.797
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(Dgééges)
L3.55
33.20
27.29
22.5h
19.2h
48.39
36.12
24.73
.0l
20L102
54,05
39.05
31.39
25.56
21.01
6104
42,10
23.h7
27.06
22.81

h5.55
35.59
28.56
23.98

0ASSL
(aB)

62.
68.
73.
76.

e
1
1
1

69.6

66.

2

71-8

75.6

784
79.5

1.
70.
9
78.

h

78.
75.
7h.
77.

83.
80.
77.
770

5
8

1

o W W P

-3

5

Propcller Diameter:_ 10 feet Number of Blades: b

e

AIR
(Feet)

€42
1,611
4,389
8,626

1,552
1,279
3,278
7,807
13,531
L,792
2,35k
3,278
7,123
12,656

5,169
5,486
6,642
11,907

9,876
9,814
9,191
11,285
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TABLE X
Propeller Diameter: 12 feet Number of Blades:_ M "
T M 04, QAS L ADR '
(Pownas) (A ) (Dedfiac) (@)  (Feet) &
100 0.20 0.836 L.32 62.6 726 i
0.25 0.753 22,40 68.h 1,h2y |
0.30 0,703 26 77 73.0 2,565 !
0.35  0.602  22.55 75.6 5,336
0.ho 0.317 19.0L ;
200 0.20 S.851 45.01 66.0 1,070 %
0.25 0.847 3,36 66.9 1,189
0.30 0.809 28,18 2.1 2,271
Q.35 C. 745 23,067 75.2 1,970
0.40 0.652 13,87 78.1 9,5l
300 0.2¢ 0.822 I3, 0 5.0 3,010
0.25 0.859 35,4 67.8 1,32k
0.30 0.336 2.0 71.3 2,081
0.3% 0.737 a7l T 4,620
0.40 .730 o0 Al 77.9 9,087
400 0,20 0.782 cr.97 82.0 6,683
0.25 0.837 1,39 7h.1 2,712
0.30 0.839 21,03 71.7 2,11
n.35 0.6817 25.80 .3 4,313
0.0 0.76Y 21.47 7.7 8,653
€00 0.20 0.704 58.67 88.7 13,956 "
0.25 0.017 Lo .7 79.2 L.851
0.30 0.331 32.49 76.6 3,769
0.35 0.821 26.87 4.3 L, 30k
0.40 0.788 22,30 775 8,270
|
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Propeller Diameter:

T
(Pounds)

100

200

300

LGO

500

M,

(MACH)

PN
.25
.30
.35
Lo
.20

)

.30
.35
Bite)
.20
.25
.30
.35
o
.20
.25

O O 0O O C O O O o0 o0 o0 O O O 0 O 0 O O

TABLE XI

0.8k
0.835
0.790
0.717
0.620
0.782
¢.830
0.827
€.799
0.749

0.788
0.811
0.806
0.761
0.73
0.701
0.792
0.783

0.748
0.770
0.772

180

L4, 85
306
27.9°
23.31
19.81
51.54
36.39
30.01
25.35
21.42

h2.39
33.35
27.39
23.02
L7.06
36.1h
29.43
2h.63

w W
(AN
= <
@ ~l

N
ro
[

Tl T e e e

8 fcet Number ot Blades:_ 5

9
(Deggéhs)

OASTL
(am)

01.7
69.9
73.1
76.0
78.3
60.6
66T
7L
74 .9
T1-T

72.6

-3
0
N DD

76.

ADR
Toet)

1,060
Loaby
8,540
13,597
2h,433
2,616
3,215
7,0k
11,819
22,837

6,326
5,126
10,643
21.h24
14,101
9,793
9,768
20,225

(=T TN

15,872
13,798
19,286
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TABLY XII ‘
Prepeller Diameter: 10 feet Number of Blades: 5 i
* N 6. ) OASPL  AIR T
E (Poundas) (MAE‘H) (Deééées ) {d3) (Fcet) i
: 100 0.20 0.839 h2.8 62.7 797 ‘
? ©.25 0.797 32.86 65.8 2,998 :
% 0.30 0.72 27.0h 73.3 6,207 ‘
§ 0.35 0.620 2.3y 76.1 19,970
E 0.10 0.527 19.15 ;
200 0.20 0.832 L6.85 6L .6 990 v
0.25 0.842 35.25 6L.0 2,341 !
0.30 0.813 28.77 72.1 £,138 i
0.35 0.752 23.67 75.1 10, 064 ;
; 0.ko 0.676 20.15 77.8 15,073 |
' 300 0.20  0.787 51,20 7h.1 2,949 ‘
' 0.25 0.833  37.71 6. z,231 |
‘ 0.30  0.828  39.50 7Ll k,823 ;
| 0,35 0.797  2h.95 Th T 3,20, !
i 0.40 0.742 21.17 77.5 1-,2%5 f
; Lo 0.20 0.742 56 .67 81.7 6,9.9
- 0.25 0.805 40.23 7h.1 9,731 {
f 0.3  0.821  32.26 70.2 4, 320 |
E 0.35 0.896 26.25 74.1 8,36k 1
o 0.40 0.771 22,19 771 13,515 l
B 500 0.20 |
; ' .25 .78 ho,oh 79. 8,684 !
' 0.30 ¢.806 34 .04 h.Q 7,423 ?
! 0.35 0.803 27.53 73.6 8,2¢2
: 0.Lo 0.7682 23,20 76.8 12,80 ;
L
|
}
3
18
~
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TABLE XIIX

Fropeller Diameter: 12 fect Nunber of Blades: 5

T M, ¢ OASTL ADR
(Pownds)  (whcx) (Degtfbos) (B)  (Feet)
100 0.20 0.814 41.85 63.3 881
0.25 0.745 32.1h (0.2 1,962
C.30 0.654% 26.60 134 l,288
0.35 0.5u7 22.,h5 75.8 7,943
0.40
200 0.20 0.8Ls Ll .55 61.3 700
0,28 0.828 33.79 68.8 1,657
0.30 0.777 27.81 72.5 3,84k
0.35 0.708 23.37 5.3 7,520
0.ho 0.602 19.63 7T 11,737
300 0.20 0.828 h7.42 70.1 1,927
0.25 0.8h2 35.46 67.6 1,ks58
0.30 0.816 29.02 71.6 3,481
0.35 0,766 2l 29 'l 6,967
o Lo 0.68" 20.35 774 11.306
Loo 0.20 0.797 50.L8 76.9 4,137
0.25 0.837 37.17 70.k 1,988
0.30 0.828 30.23 70.9 3,192
0.35 Q.79h 25,22 .2 6,593
0.40 0.734 21.07 77.2 10,84k
500 0.20 0.759 53.91 82.5 7,840
0.25 0.823 36.89 75.2 3,499
0.30 0.826 31.L43 TL.4 3,373
0.35 0.805 n26.14 73.8 6,108
0.h0 0.761 2L.T7 76.9 10,431
182
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TABLE XTIV

Fropelicr Diameter: & feot Number of Blades: 6

T
(Younds )
100

200

300

400

500

(%ﬁu)

0.20

0

25

0.30

0
0

0,

0

0.
.35
0.
.20
0.

0

0

o

~

v

0.
0.
0.
0.
0.
0.
0.
0,
0.
0.

.35
BTy

20

2R

30

Lo

25

130
Q.

35

t.A

U

20
25
30
35
4o
20
25
30
35
40

(vedlies)
0.790 49,85
0.827 37.5%
0.816 30.06
0.778 24 .97
0.72¢ 2115
©.8237 Lh.13
0.8:8 34,07
0.761 &7 .56
0.681 2305
0.556 19.70
0.708 57.03
0,704 40.96
0503 32.k3
0.79% 26.78
0,701 22.5%
0.751 Lk .68
0.7684 34,90
0.787 28,60
0.770 24,01
0.701 42,23
0.755 37.40
0.770 30.40
0,765 25.46
183

Py

OASPL
{dB)
66.0
68.1
72.6
75.8
79.4
63.0
70.3
7h.2
7.0
80.5
69.2
71,k
.9

<2 R
f~ets

76.1
1.0
4.1

78.2

82.1
6.2
735
7.7

2%6.6

ADR
(reet)

2,174
L,012
d,0nkL
16,047
28,819
1,545
5,137
9,457
16,331
31,382
7,370
L,592
7,080
14,LL3

nE Rlier
Hu e

9,642
6,786
13,231
25,293

17,823
11,513
12:327
2k,0Ly

ot et

L % e -




T
3 (Pounds )
q 100
2GO
b 300
| 3
400
500
»
b
)
| ¢
/

(}géﬁ{)
0.20
0.25
0.30
0.35
0.4%0
0.20
0.25
0.30
0.35
0.0
0.20
0.25
0.30
0.35
0.50
Q.20
0.25
0.30
0.35
0.0
0.20
0.25
0.30
0.39
0.ho

TABLE XV

c O O O O O O O O O O O o O

o o O O O O

OO O O

184

0
(Deéégcs)
RIS
32,

20.

L2

22

5

L1,
33.
26.

62
Y

.29
19.
.88
3k,

11

.52
i
.06
.50
LTh
.82

31

88

22,74

TPropeller Diameter: 10 feel Nuuber of Blades: 67

OASTPL
{dB)

6.0

7.2

T7h .0

77.3

61.8
69.5
73.k
76.5
79.9
70.G
68.1
724
75.8

76.0
71.6
74,6
78.5

ADR
(Fect)

1,022
3,949
7,831
11,749

LSS



a2l

t

L

100

200

300

O

500

(Pornds)

M
(alat)
0.20
0.75
0.30
0.3%
0.40
0.70
0.25
0.30
0.35
1o
.20

RITe)

o O ©C O O O O 0O O O O O O O O O
(¥8)
o

TABLE XVI

185

(Dgééges)
hi.
31,
o6.

2.h0

97

.93
Ay

19.
Lé.

28.
2k,
20.
L,
36.
29.
2k,
20.
51.
37.
30.
25.
2L.

rry

o
99
51

ho
73
87
23
81
90
89
60
97

Propeller Diameter: 12 fzel Number of Blades:

QASTL

(aB)
oh.
TL.
7l
e

70.
73.
76.
9.
G7.
G9.
73.
7.
79.
73.
G8.

5.
9.
.0
72,

79

O W~

7
i
8
0

rn O v \

[ B N O NN B

T

rno

TL.7

7h,
78.

9
8

6

et

A\DR
(Feol)

1,104
0,761
5,913
9,ul7

658
2,355
5,368
8,896

1,001
1,475
2,007
4,886
8,48

13,653
3,083
1,855
It,513
7,956

13,111
5,707
2,0
1,167
7,52k

12,612

o

-~
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