Ap 729432

AFAPL-TR-71-37

NOISE DETECTABILITY PREDICTION METHOD
FOR
LOW TIP SPEED PROPELLERS

FRANK W. BARRY
SERNARD MAGLIOZZI
HAMILTON STANDARD

TECHNICAL REPORT AFAPL-TR- 71-31
JUNE 1971

THIS DOCUMENT HAS BEEN AFFROVED FOR PUBLIC -
RELEASE AND SALE; ITS DISTRIBUTION IS UNLIMITED

AIR FORCE AERO PROPULSION LABORATORY
AIR FORCE SYSTEMS COMMAND

WRIGHT—~PATTERSON AIR FORCE BASE, OHIO C )
Reproduca R
NATIONAL TECHNICAL / oo Areiny
INFORMATION SERVICE G\Pn‘.»‘—"" \
Springtield, Va. 22151 Q LA _“ ‘.. ‘\.\
‘ 3 9 VY
S\
. e i
Reproduced From e ;\f\ " :,r;g;f\\.s .
Best Available Copy : (IR




Unclassified .
Security Classification Best Available Copy

DOCUMENT CONTROL DATA - R&D

(Security clagaification of title, bodyv of abatract end indexing snnotation must be entered whan the averall report (8 clussilimi)

t ORIGINATING ACTIVITY (Corporate author) 2A REPORY SCTCURITY CLASYMIFICATION
Hamilton Standard Division Unclns._s_ifi_cﬁ“ ]
United Adreraft Corporation 26 aRouP

| Windsor Locks, Connecticul . e e e ]

3 REPORTY TITLE

NOISE DETECTABILITY PREDICTION METHOD FOR LOW TIP SPEED PROPELLERS

4 DESCRIPTIVE NOTES (Type of repart nnd inclusive dates)

Final Report, 1 May 1970 to 1 May 1971

5 AUTHOR(S) (Last name. {irst name, initral)

Barry, Frank W,
Magliozzi, Bernard

6 REPORT DATE T7a TOTAL NO. OF PAGES 7bh NO OF REFS
o
1 May., 1971 192 39
8a CONTRACY OR GRANT NO 98 ORIGINATOR'S REPORT NUMBER(S)
Y F33615-70-C-1683 HSER 5834
b PROJECT NO b
3066
¢ 9b OTHER REPORT NO(S) (Any other numbers that may he sssigned
this report)
d AFAPL-TR-71-37

10 AVAILABILITY/LIMITATION NOTICES

11 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

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

13 ABSTRACT

Experience in the field of quiet aircraft for reconnaissance/surveillance applications in-
dicated @ need for a reliable quiet propeller design procedure. This report describes the
development of a computer pregram intended to fulfill this need.

The propelier noise detectability computer program predicts propeller harmonic rotational
noise using non-steady blade loads and broad-band noise using a new integration method and
compares these predictions with an appropriate aural detectability criterion to estimate the
minimum undetectable flight altitude. Supporting tasks include development of avral detect-
ability criteria, a theoretical study of the effect of airfoil section shape on vortex noise,
static noise tests of several propeller configurations. correlation of unsteady blade loads
corresponding to measured harmonic noise leveis, design and testing of a new quict
propeller. and a propeller noise detectability trend study.

The major conclusions are (1) static propeller noise levels can be calculated with acceptabld

aceuracy by the computer program only when empirically-derived unsteady blade loads are

included. (2) low tip-speed propellers have an unexplained noise source giving risc to

narrow-tand random noise, and (3) the prediction of the noise from a propeller in flisht

using this computer program requires further investigation.

The effect of forward flight on propeller noisc and the sources of propeller noise observed

in this study shouald he investigated further. If necessary the computer program should be

Lumodified to establish correlation with flight data, =
f ORM '

DD  reny 1473 Unclassified

179 Security Classification




Unclassified
Secunty Chiecaticoation

RNEY w0

Propeller Noise

Tone Noise

Vortesx Noise

Harmonic Noise

Aural Detectability
Rotational Noise

Harmonic Loading

Loading Noisc

Thickness Noise
Narrow-Band Random Noise

LINK A ] LINK & LINK ¢

-
l vl MOy L Ve !

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, pruntee, Department of De-

fense activity or other organization (comorate author) 1ssuing
the reporn.

la. REPORT SKCURITY CLASSIFICATION: Enter the over-
all security clussification of the report. Indicate whether
“Restescted Data’ s included. Marking is to be in accord
ance with appropriate sccurity regulations.

b, GROUP: Automatic downgrading is specified in DoD Di-
rective 5200010 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that vptional

markings have been used for Group 3 and Group 4 as author-
1zed.

3. REPORT TITLE: Enter the complete report title in all
capital letters, Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifice-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of

report, e.g., interim, progress, summary, annual, or final.

1 Give the inclusive dates when a specific reporting period is
covered,

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
of in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, year, or month, year. If more than one date appears
on the report, uge date of publication,

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b6. NUMBER OF REFERENCES Enter the total nimber of
references cited in the report.

84a. CONTRACT OR GRANT NUMBER: ! appropriate, enter
the applicable number of the contract or grant under which
the report was written

85, &, & 84. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9s5. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document wil] be identified
und controlled by the originating activity. This number must
be unique to this report.

9. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (ecither by the originator
or by the sponsor), also enter this number(s).

INSTRUCTIONS

10. AVAILABILITY/LIMITATION NOTICES: Enter any him-
itations on further dissenunation of the report. other than thuse

imposcd by security classification, using standard statements
such as:

(1) '""Qualified requesters may obtain copies of this

report from DDC. '

“Foreign announcement and dissemtnation of this
report by DDC is not authorized.’

““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) ‘U, S. military agencies may obtain c:opies of this
report directly from DDC. Other qualified users
shall request through

‘*All distribution of this report is controlled. Qual- A
ified DDC users shall request through .

If the report hag been furnished to the Office of Teqhniga:_
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

{1, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or 1aboratory sponsoring (pay-
ing for) the research and development. Include address.

13, ABSTRACT: Enter an abstract giving @ brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the hody of the tgchmcal re-
port. If edditional space is required, a continuation sheet
shall be attached,

It is highly desirable that the abstract of classified re-
ports he unclassified. Cach paragraph of the ebstract‘ sha_ll
end with an indication of the military security classification
of the information in the paragraph, represented as (TS), (S).
(C), or (U).

There is no limitation on the length of the abstract.
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected s0 that no security classification is required. [den'-
fiers, such as equipment model designation, trade name, mili-
tary project code name, geographic location, may be used as
key wards but will be followed by an indication of technical
context. The assignment of links, rules, und weights is
optional.

)

How-

Reproduced From
Best Available Copy

180

nc

ecurity Classification



"REPRODUCTION QUALITY NOTICE |

This document is the best quality available. Thé copy furnished
to DTIC contained pages that may have the following quality

problems:
e Pages smaller or larger than normali.
e Pages with background color or light colored printing.
¢ Pages with small type or poor printing; and or

o Pages with continuous tone material or color
photographs.

Due to various output media available these conditions may or
may not cause poor legibility in the microfiche or hardcopy output

you receive.

If this block is checked, the copy furnished to DTIC
contained pages with color printing, that when reproduced in
Black and White, may change detail of the original copy.




AFAPL-TR-T1-37

NOISE DETECTABILITY PREDICTION METHOD

FOR
LOW TiP SPEED PROPELLERS

FRANK W. BARRY
BERNARD MAGLIOZZI
MAMILTON STANDARD

THIS DOCUMENT HAS BEEN APPROVED FOR PUBLIC
RELEASE AND SALE; ITS DISTRIBUTION iS UNLIMITED




AFAPL-TR-71-37
FOREWORD

This report was prepared by the Hamilton Standard Division of United Aircraft
Corporation, Windsor Locks, Connecticut,for the Air Force Aero Propulgion Labo-
ratory, Wright-Patterson Air Force Base, Chio,under Contract F33615-70-C-1E85.
The contract was initiated under Project 3086, Task 306612. The Hamilton Standard
report number is HSER 5834. Thies report covers work conducted from 1 May 1970
to 1 May 1971.

Capt. Paul A. Shahady, (AFAPL/TBC),wu Froject Engineer for the Air Force
Aero Propulsion Laboratory.

Acknowledgement is due to Mr., Martin K. Fink who conducted the analytical
studies of the effects of airfoil section on vortex noise.

This report was submitted by the authors in May 19871.
Publication of this report does not constitute Air Force approval of the

report's findings or conclusions. It is published only for the exchange and stimula-
tion of ideas.

Director
Turbine Engine Division
Air Force Aero Propulsi. _aboratory

June 1971

i




ABSTRACT

Experience in the field of quiet aircraft for reconnaissance/surveillance applica-
tions indicated a need for a reliable quiet propeller design procedure. This report
describes the development of a computerized design technique intended to fulfill this
need.

The propeller noise detectability computer program, developed under this contract,
predicts propeller harmonic rotational noise using unsteady blade loads and broad-band
L noise using a new integration method and compares these predictions with an appro-

R % priate aural detectability criterion to estimate the minimum undetectable flight altitude.
N Supporting tasks include development of aural detectability criteria, a theoretical study
& of the effect of airfoil section shape on vortex noise, static noise tests of several pro-
peller configurations, correlation of unsteady blade loads corresponding to measured

harmonic noise levels, design and testing of a new quiet propeller, and a propeller
noise detectability trend study.

The major conclusions are: (1) static propeller noise levels can be calculated
with acceptable accuracy by the computer program only when empirically-derived
unsteady blade loads are included, (2) low tip-speed propellers have an unexplained

noise source giving rise to narrow-band random noise, and (3) the prediction of the
noise from a propeller in flight using this computer program requires further
& investigation.

The effect of forward flight on propeller noise and the scurces of propeller noise

. * observed in this study should be investigated further. If necessary, the computer pro-
‘ gram should be modified to establish correlation with flight data.

i1l /iv
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SECTION I

INTRODUCTION

Considerable interest has developed recently in quiet propellers for reconnais-
sance and surveillance aircraft. These propellers are operated at low tip speeds in
order to avoid aural detection at relatively low flight altitudes. Recent USAF exper-
ience in the field of quiel aircraft has indicated the need for a computerized propeller
design technique to calculate propeller performance and noise and to compare the
noise to aural detectability criteria. The objective of the study summarized in this
report was the development of such a technique. This propeller design technique is
in two parts: a proprietary propeller performance computer program previously
made available by Hamilton Standard for AF Aero Propulsion Laboratory use and a
new propeller noise detectability program written under this contract,

Over the past several years, Hamilton Standard has developed a propeller noise
computer program which has been supplied to the AFAPL. However, this program
is directed primarily towards commercial applications that require predictions of
propeller noise annoyance rather than aural detectability. Several parts of this com-
puter program served as bases for the development of the new propeller noise de-
tectability program. The new program predicts propeller rotational noise and broad-
band noise for a specified operating condition and compares these predictions with the
appropriate aural detectability criterion to determine the minimum undetectable
flight altitude. The rotational noise prediction method is derived from an existing
Hamilton Standard method with the calculation of noise due to non-steady blade loads
added, A second major objective was to develop a new broad-band noise prediction
method in order to be able to evaluate the effects of blade geometry changes on the
broad-band noise produced,

In support of the computer program development the following tasks were
completed:

A Development of aural detectability criteria for tone and broad-band noise
for two jungle background noise environments,

b. A theoretical investigation of the effects of airfoil section shape on vortex
noise,

¢. Measurement and analysis of harmonic and broad-band noise data from
tests on an outdoor static test rig of four low-tip-speed, 11.25-ft diameter,
propeller configurations,




d. Correlation of measured and predicted harmonic noise levels. The lack of
correlation obtained led to the selection of non-steady blade loads for use in
the computer program which significantly improved correlation.

e. Correlation of measured broad-band noise levels with predicted broad-band
noise levels by empirical adjustment of the coefficients in the theory.

f. Design and test of a propeller with new blades which was predicted, and
measured, to produce over 3 dB less broad-band noise.

g. Performance of a detectability trend study using the developed computer
program.

The major results of this program were 1) the development of a computer pro-
gram that links detectability and propeller design parameters and 2) the development
of a detailed understanding of the noise signature of low-tip-speed propellers at
static conditions. Analysis of data acquired on four different propeller configurations
in this program revealed the presence of a source producing narrow-band random
noise with peaks at frequencies coinciding with the harmonics of blade passage
frequency. This type of noise, which is not predicted by existing propeller noise
theories, will be the controlling factor in aural detection if it persists in forward
flight.




SECTION I

AURAL DETECTABILITY

1. INTRODUCTION

The aural detection of an aircraft by an observer depends upon several factors
41 including: a) the amplitude and frequency characteristics of the noise generated by
H the aircraft, b) the effects of the atmosphere on the noise propagation, c¢) the distance
from the aircraft to the observer, d) the influence on the noise of the terrain in the
vicinity of the observer, e) the ambient background noise characteristics in the
vicinity of the observer, and f) the physiological and psychological characteristics
of the observer.

Items a) through d) deal with the definition of the noise source and the propaga-~
tion of the noise to the observer. These will be discussed in subsequent sections of
this report. In this section. consideration will be given to items e) and f) above with
simplifying assumptions Lo remain within the scope of the program. Thus, factors
such as the variable attention span and fatigue of the observer, the increased difficulty
in detecting a fluctuating signal in a non-steady noise environment as opposed to a
8 steady signal of known character in the presence of noise of constant level, and the

f influence in the observer's decision of the consequences he would face in the case of
a false alarm or failure to report a detection were not considered. Rather, the
detection criteria developed are based on laboratory test data on the threshold of
hearing and the critical bandwidth concept to determine the masking effects of a steady
ambient noise. This method is considered somewhat conservative since it represents
the detection of a signal under ideal conditions.

" i 2, REVIEW OF BASIC APPROACHES

The reports on the detection of acoustic signals, with and without the presence
ol noise, presented in the Bibliography were reviewed,

Essentially, three procedures for determining the aural detection of a signal were
found in the literature. The three procedures were identical at low frequencies,
where it was agreed that signal detection is uniquely dependent on the auditory
threshold. However, at the mid and high frequencies, where it is assumed that the
ambient noise exceeds the hearing threshold. the criterion for detection depends on
the ear's ability to identify the signal in a masking noise. The three procedurcs for
determining the detection of an acoustic signal in noise are a) the differential level
change method, b) the signal-to-noise ratio criterion and c) the masking noise level
concept based on the critical bandwidth of the ear. The first procedure predicts




detection when a differential level change of 0.5 dB occurs: i.e., when the signal-
plus-noise exceeds the noise alone by 0.5 dB or more. The sccond procedure deter-
mines detection at some probability level depending on the signal-to-noise ratio.
The third approach predicts detection when the signal exceeds a certain level which
is a function of the level of the noise and th~ critical bandwidth of the ear.

The third approach is considered the most consistent with the scope of this
program. It was, therefore, selected as the procedure to be used for this study. Thus,
the aural detection criteria presented herein are essentially those described by Smith
and Paxson(}), but with notable exceptions which will be brought out in the discussion
which follows,

3. AUDITORY THRESHOLDS

The aural detection of a low-frequency signal depends primarily on the hearing
threshold. In the laboratory, the auditory threshold in a free-field environment (i.e.,
the minimum audible field (M.A.F.)) is determined from the minimum level that can
be heard, usually an average of the responses from a group of subjects. At very low
frequencies, where it is not feasable to generate high-intensity uniform fields in a
chamber, other means are employed such as close coupled ear phones, in which case
the minimum audible pressure (M.A.P.) is determined. The results from the two
methods are not necessarily the same. Figure 1 shows the results from experiments
conducted by Robinson and Dadson(®), It is seen that the M.A.P. threshold over the
range 80 to 660 Hz is about 9 dB higher than the M.A.F. Up to 3.6 dB of this difference
might be due to monaural versus binaural listening(3). However, there remains
approximately 6 dB of unexplained difference.

Figure 2 shows the pure tone threshold of hearing for an average young subject
at age 18 to 25 years as presented in ISO Recommendation R226(4), Also shown are
the M.A.P. from 1.5 to 100 Hz as measured by Yeowart, et. al{(3) and from 5 to 200 Hz
according to Corso(®. In the range 25 to 100 Hz there is good agreement between
Yeowart, et. al. and Corso with both being approximately 15 dB above the M.A.F.
Between 100 and 200 Hz, the difference between the M.A.P. and the M.A F. is about
8 dB which is in agreement with that reported in Reference 2. Corso's(®) threshold
at 5 Hz does not appear consistent with those measured by other investigators. In
Figure 2 of his paper, he compares his results with those of others and he appears to
be more than 20 dB lower than Bekesy at 5 Hz. Adding 20 dB to his results at 5 Hz
would then make him consistent with Yeowart and Bekesy.

Inasmuch as it was desired to extend the aural detection criteria to 1.5 Hz, the
curves of Figure 2 were reconciled as shown by the dashed line and the M.A.F curve.
This was done by lowering Yeowart's curve by 10 dB and then smoothly joining it to
the M.A.F. curve in the region of overlap.
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It has been observed that the hearing threshold for octave bands of noise is
slightly lower at low frequencies and slightly higher at the mid- and high-frequen-
cies(7-8) Actually, over the range 4 to 125 Hz, the average difference between the
threshold for tones and bands of noise is approximately 2.5 dB with & maximum
difference of 5.5 dB at 16 Hz("). Since the difference between the threshold for tones
and bands of noise is small at low frequencies where the hearing threshold is used,
and it is expected that the low-frequency detection of propeller noise would be due to
rotational components, it was decided to ignore the differences between the thresholds
for tones and bands of noise and the criterion adopted is the one shown in Figure 2
as described in the preceding paragraph.

4. DETECTION OF AN AUDITORY SIGNAL IN A MASKING NOISE

It has been shown that the part of the noise that is effective in magking a lone
(or narrow band of noise) is the part of the spectrum lying near the tone and containing
the same amount of power as the tone, and that the parts of the spectrum that are far
from the tone contribute no masking(g). Table I presents a) the ratio between the
monaural masked threshold of a pure tone and the level per Hertz of the masking
noise, measured at the frequency of the pure tone at the one-third octave band center
frequencies of 100 to 10,000 Hz, as obtained from Reference 9, and b) the width of
the band of frequencies that actually contributes to the masking of a tone located at
the center of the band as defined by the levels in the center column. It is easy to see
that for a typical noise environment, the masking level (i.e., the level of a tone or
narrow band of ncise below which it will not be detected in the noise) is given by:

M.L. = SPL -10 log BW + 10 log Af (1)
where
M.L. = Masking Level, dB
SPL = Sound Pressure Level of the Noise, dB
BW = Bandwidth of the Noise, Hz
Af = Critical bandwidth, Hz

Thus. if the level of a tone or the spectrum level of a band of noise exceeds the
masking level, it will be detected.

5. BACKGROUND NOISE SOURCES
The masking noise considered in this study is that which exists in a quiet jungle
environment, Figure 3 presents average one-third octave band sound pressure levels

(1/3-octave band SPL) from 100 to 1000 Hz measured in a daytime and nighttime
Thailand jungle( ), Figures 4 and 5 shcw these levels converted to masking levels




TABLE I

WIDTH OF CRITICAL BANDS

I'requency

Ratio Between the Monaural

Masked Threshuld of a Pure

Tone and the Level per Hertz
of the Masking Noise

Equivalent
Band~Width
of the
Masking Noise

100 Hz
125
160
200

1600
2000
2500
3150
400¢
5000
6250
8000
10000

19,0 dB
17.9
17,2
17.0
16,8
16,8
17,0
17,1
17.6
17.9
18,5
19,0
19.5
20,6
21.6
22.6
23.8
24,9
26,3
27,8
29,1

80 Hz
62

53
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compared to those from two Panama jungles(11), It is seen that there is good agree-
ment between the Thailand and Madden Jungle ambient noise levels, It was, thus,
decided to use the Madden Jungle noise levels throughout the frequency spectrum for
consistency. Also, the masking levels were extrapolated to 10,000 Hz.

6. AURAL DETECTION CRITERIA

The elements developed in the previous sections were combined into aural detec-
tion criteria for tones and bands of noise for a daytime and a nighttime jungie.
Figure 6 shows the detection criteria for pure tones. It is seen that at low frequencies,
the curve is the threshold of hearing while at the other frequencies it is determined
by the jungle noise. A smooth transition was drawn at the junction of the two curves.

In the computer program, the levels of the tones which are calculated are com-
pared to the detection criteria, To facilitate this comparison, the curves of Figure ¢
were approximated by several polynomial equations from lesst - squares curve fits,
The resulling series of equations, summarized in Table II, are then used to establish
detection of pure tone components by entering the frequency of the pure tone into the
appropriate equation and comparing the thus-computed detection level to the predicted
level of the tone.

As an example, say a pure tone component has a frequency of 73 Hz. Then,
from Table II, the detection criterion for a daytime jungle for a pure tone at 73 Hz
is given by:

SPL : 585.3-286.929 In (73) + 48.6023 [m (73)] 2 _3.75325 [ln (73)] 3

- 31,5dB
If the level of the tone equals or exceeds 31.5 dB it will be detected.

The criteria presented in Figure 6 and Table II could be used for broad~band
noise signals as well, since no distinction is made between the response of the ear
to bands of noisce or tones. However, inasmuch as the noise estimating method cal-
culates broad-band noise in 1/3-octave band SPL's, it is economical to convert
Figure 6 into equivalent 1/3-octave band SPL's. That is to say, the levels of the
1/3-octave bands (of constant energy within bandwidths) which have spectrum levels
equal to the detection level at each band-center frequency were computed and are
shown in Table III.

To illustrate the derivation of the levels shown in Table III, consider a 1/3-
octave band SPL of band-center frequency of 800 Hz. The width of this band is 183 Hz.
Thus, for it to have a spectrum level of 10 dB (the nighttime jungle detection criterion
at 800 Hz from Figure 6), it must have a sound pressure level of:

12
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TABLE 11
EQUATIONS FOR PURE TONE AURAL DETECTABILITY CRITERIA

The detection level, SPLp, at a given frequency, £, is given by:
2 N
. =0 +, 46t
SPID L0+C1h'xf+c2 (In f) CN (In £)
where the coefficients Co» Cys « + « +, Cy 2are defined as follows:

1. Daytime jungle environment

Frequency Range
Coefficient 1.5 to 67 Hz 67 to 900 Hz 900 to 10,000 Hz
Co 125.2 585,3 169, 2
1 0.698014 | -286,929 -2, 38024
C, ~15,1156 48,6023 -1,10338
Cy 6.16882 -2,75325 -1,47127
Cy -1,34790 0 0.137120
Cs 0.299928 0 0,016260
Ce -0,109861 0 -0, 001549
Co 0.014986 0 0
2. Nighttime jungle environment
B ¥requency Range
6,000 to
Coefficient 1.5 to 67 Hz | G7 to 735 Hz 735 to 6,000 H~ 10,000 Hz
Cy 125,2 261,.4 480.2 36,4
Cq 0,(98014 -56,2722 =94, 0359 0
C. ~15. 1156 -2, 34364 -4,44855 0
Cq G. 16882 =-0,591769 0,181656 0
Cy -1, 34790 0,438657 0.312787 0
Cg 0.299928 -0, 027795 -0, 024082 0
Cq -0,109861 | -0,00114 0 0
Cq 0,014986 i 0 0 0

14




TABLL III

AURAL DETECTABILITY CRITERIA FOR 1/3-0CTAVE BANDS O NOISE

Band Center Daytime Nighttime
Frequency Jungle Jungle
1.6 Hz 121.5dB 121,5dB
2 120 120
2,0 117 117
3.2 113.5 113.5
4 169 109
5} 104 104
G.3 99.5 99.5
8 95 95
10 91.5 91.5
12,5 87.5 87.5
16 82 82
20 74.5 74.5
25 65 65
31.5 56 56

10 48 48
50 41,5 41.5
62,5 37 35.5
S0 31 32

100 33,5 30

125 34,5 29

160 35.5 29.5

200 3G. 5 29,5
250 37.5 30,5
315 38,5 31,5
400 39 32,5
500 39.5 33
625 39,5 12,5
800 39 32,5
1000 38.5 33.5
1250 38 37
1600 38 42
2000 39 47.5
2500 41 33,5
3150 44 39
1000 47 63
2000 5045 65
6250 53.5 66,5
8000 55 64
10600 56,5 69

16




SPL 10+ 10 log (183) - 32.5dB

The other bands were treated in a similar fashion.

7. ALTERNATE METHOD USED BY AIR FORCE

The Air Force developed an alternate method for calculating aural detection
range of broad-band propeller noise after the draft of this report was submitted. A
description of this alternate method was prepared by the Air Force and is included
as Appendix II of this report at their request. Use of this alternate method may in-
crease the minimum undetectable altitude of broad-band noise by about a factor of

three relative to the method discussed above.

8. SUMMARY

In summary, aural detection criteria were derived for pure tones of frequency
range 1.5 to 10,000 Hz and 1/3-octave bands of noise of center frequencies from 1.6
to 10,000 Hz based on laboratory test data for the auditory thresholds and the masking

effects of a quiet daytime and nighttime jungle noise.

The detection criteria for pure tones were converted to equation form expressing
the detection level as a function of frequency. Also, the detection criteria for broad-
band noise was converted to equivalent 1/3-~octave band SPL's, In each case,
detection is said to occur if any component of the noise signal equals or exceeds the

detection criteria.

16
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SECTION III

PROPELLER NOISE THEORY

1. INTRODUCTION

Theoretical methods of predicting propeller rotational noise have been under
continuous development since 1936 when the work of Gutin{12) was published describ-
ing the basic disc theory of noise due to blade loading. Rotational noise is a tone
noise which occurs at harmonics of the blade passing frequency Bn/60 Hz. For
moderate-to-high tip speeds used in nearly all applications of propeliers, calculations
based on the theory show generally good agreement with test data.

The first theory of vortex noise was developed in 1944 by Yudin(m) and was based
on a dimensional analysis of flow parameters around rotating rods. The term
"vortex noise'" has been given to the broad-band noise produced by a propeller or
rotor, because it was believed to be caused by an oscillating force associated with a
Karman vortex street, such as is observed behind a rod normal to a moving stream.
Subsequent work has produced several empirical procedures for predicting vortex
noise,

Experimental data for medium- and high-tip speed propellers and published data
for helicopters show noise frequency spectra which usually have the following general
characteristics: a) there are a series of tone noises, the first at the blade-passing
frequency of Bn/60 Hz and the rest at multiples of this frequency: b) the SPL of these
rotational tone noises decreases with increasing harmonic number until the tones
become lost in broad-band noise: and c¢) there is a broad-band noise which has a
maximum sound level at a frequency of a few hundred Hertz. The harmonic noise
levels are 1 maximum just behind the propeller plane, near ¥ = 105°, and decrease
near the propeller axis. The broad-band noise levels, on the other hand, are a maxi-
mum on the axis and a minimum near the propeller plane. The theory for propeller
rotational noise and the empirical procedures for vortex noise result in the same
frequency spectrum shape as that described above based on measurements.

The theories for propeller noise contain several assumptions which may not
alwiavs be stated explicitly, Therefore, it is appropriate to discuss these common
assumptions in the following section. The theories of propeller rotational and vortex
noise e discussed in Section 111.3. Some general considerations of geometrical
acoustics which apply to propeller noise are presented in Section III.4. Lastly the
vffects of reflection of the notse from the ground on the noise at the observer are

described.

17




ASSUMPTIONS

The usual noise theories are based on the following assumptions:

.

b.

d.

The sound waves are weak and propagate at the speed of sound, which is
proportional to the square root of the absolute temperature of the ambient
air,

The sound waves propagate through air which is at rest (no wind or turbu-
lence) and has a constant speed of sound. Therefore, air velocities induced
by the propeller and aircraft are not considered.

The basic wave equations may be linearized, so that independent solutions
for cach sound source may be added. Therefore nonlinear effects are
ignored.,

Absorption of sound (19 which is proportional to distance and depends on
temperature, humidity and sound frequency, is not considered. However,
the propeller noise detectability computer program discussed in Section VIII
does include a correction for sound absorption.

The propeller is either operating statically or is moving along the propeller
axis at constant speed.

The noise from separale propellers has a random phase relation. There-
fore, the addition of sound from more than one propeller adds 10 log
(humber of propellers) to the sound pressure level of one propeller. Thus,
two propellers are 3 dB noisier than one and would be detected nearly 1.4
times as far away.

The propeller blades are identically loaded, geometrically identical,

cqually spaced, and located in a disc normal to the propeller axis and flight
path. The effects of non-equal spacing in fans has been investigated and it
has been shown thiat sound energy can be redistributed among the harmonics.
However, further development is required if these effects are to be included
in propeller noise theory.

The propeller and observer are in a free field: i.e., there is no sound re-
flecting surface nearby. The consequences of this assumption are discussed

in Section IIL.5.

3. NOISE SOURCES

Historically. propeller noise has been divided into three sources: loading noise,
thickness noise and vortex noise. The first two sources, collectively called rotational
noise. result in a series of harmonic tones at frequencies which are multiples of the
blade passing frequency, Bn/60 Hz. The third source, vortex noise, is often associated
with a periodic force on the blades due to a periodic wake, similar to the Karman

vortex street from a cviinder normal to the flow.

18
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First consider rotational noise. To an observer rotating in a reference frame
fixed to the rolating propeller, the B blades produce a steady disturbance pressure
field which has a circumferential period of 360°/B. The disturbance pressures are
due to the loads (conventionally resolved into thrust and torque components) on the
blades and due to the volume (thickness) of the blades. But to an observer who is ]
stationary (not rotating), the disturbance pressure field is rotating with the propeller
at n rpm and, therefore, the pressure at the observer not on the axis osciliates with
a fundamental frequency of Bn/60 Hz, This oscillating pressure is the harmonic
rotational noise and may be Fourier analyzed to determine the pressure amplitude
of each harmonic of the blade passing frequency. On the propeller axis the pressure
is constant and, therefore, there is no rotational noise. Theoretically, the thickness
noisce is a maximum in the propeller plane and zero on the propeller axis. Loading
noise is & maximum just behind the propeller plane, However, if a circumferential
variation in blade loading exists, there is loading noise present on the axis and the
variation in loading noise with direction decreases., The variation in blade loading
may be due lo operation of the aircraft at an angle of attack and to interference from

the airframe,

BN WO BT Y
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The theory of broad-band propeller noise is much less developed and understood
than the theorv for harmonic noise. The published theories all rely on at least one
empirical factor. unlike the harmonic noise theories. Several possible sources of
broad-band noise have been suggested, including a) an alternating vortex shedding at
the trailing edge of the blade, b) fluctuating pressures in the turbulent boundary layer
flowing over the blade. and c) turbulence in the incoming airflow.

4. GEOMETRIC ACOUSTICS

several factors which affect the noise characteristics heard by an observer, but
which do not depend on the noise source, are discussed in this seclion.

Newn the propeller, the sound pressure level varies with distance from the
propeller in o complicated way because of the way that noise from different parts of
the propeller combines. However, in the far-field. typically over 3 to 5 diameters
away. the variation with distance becomes quite simple: a 6 dB decrease in noise
SPL for each doubling of distance,

If the sound is propagated vertically the simple relation of 6 dB/doubling of
distance should be modified because of the vertical gradients in atmospheric density
and speed of sound. If the sound intensity at the observer is not altered by these
gradients, the square of the amplitude of the sound pressure is proportional to the
product of density and speed of sound at the observer. Because both these parameters
decrease with altitude (below 36089 feet for the standard atmOSphere(m)) the SPL at
an obscrver below the propeller is larger than at an observer at the same altitude as

19




the vropetler. This effect increzses the SPL by 0.142 dB/1000 £t nltitude difference
for the standard temperature lapse rate of 6.5°K/Km. This increment in SPL is
included in the caleulation of the minimum undetectable altilude by the computer
program.

As the distance between the propeller and the observer becomes large, especially
for high {frequencies, the sound pressure level is further reduced by the effects of
molecular absorption in the atmosphere. Published reports on absorption
coefficients(19) show that the SPL is reduced by an amount which is proporticnal to
the sound propagation distance, The proportionality factor, ¢r coefficient of at-
mospheric absovption, is i function of the atmospheric temperature and relative
humidity and of the sound frequency. The coefficient is small at low frequencies but
increases rapidly with frequency above 1000 Hz. The computer program uses the
cquitions for the coefficients - f atmospheric absorption from Ref. (15).

Motion of the aireraft through the air has several effects on the propeller noise.
Motion changes the sound power level produced and the directivity pattern of the noise
produced. The theory for harmonic loading noise with the observer stationary rela-
tive to the aireraft (both moving or only air moving) is presented in Ref. (17). For a
fixed observer, as assumed in the computer program, the sound pressure level is
unaitered relative to the case of a moving observer but the sound frequency is altered
by the tamiliar Doppler effect. For an airplane flying at a Mach number M along a
straight path which is Y feet from the observer, the frequency is multiplied by a
factor 1 (1 - Xp My/XpPZ + Y2) where Xp is the distance to the chserver forward of
the propeller plane when the fsound was produced. The result is to increase the
frequency while the plane is approaching (Xp >0) and to decrease the frequency as
the ply 2 leaves (Xp <« 0).

Because the speed of sound is small relative to the speed of light, the airplane
is nol scen at the location at which the sound being heard was produced. If the ob-
server is at distance X forward of the propeller plane when a sound is heard, the ob-
server was al o distance Xp forward when the sound was produced, where

(2)

X+ MVX2+ 1 - M2) Y2
Np o 1- M2

This distancee is required because the atmospheric absorption is proportional to

3] . . .
vXp- ot Y2, the distance the sound propagated. The relation between these various
distances is illustrated in the following sketch.

20
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5. GROUND REFLECTION

When an acoustic wave impinges on a rigid surface, it is generally reflected.
Thus, in an aircraft flyover the noise emanating from the aircraft will propagate to
the ground and be reflected. This reflected wave will then interact with the direct
wave and give rise to interference patterns in the acoustic field. At some location
and frequency, there may be constructive interference (when the incoming and re-
flected waves are in phase) in which case the acoustic pressure is greater than for
free-ficld conditions (no obstructions in the acoustic field). Conversely, destructive
interference will occur elsewhere or at some other frequency in which case the
acoustic pressure will be less than for a free-field.

The exact magnitude of this effect, relative to free-field conditions, is difficult
to estimaie. However, theory indicates that the correction to free-field estimates
would vary {rom a reduction of infinity dB for complete destructive interference
to an inerease of 6 dB when the reflected and direct waves are of equal amplitude
and in phase. The actual effect at sonie field point depends on several factors,
including a) the amplitude and frequency characteristics of the source. b) the
altitudes of the source and field point above the ground. c) the distance from the
source to the ficld point, d) the angle of incidence of this wave onto the ground surface,
and ¢) the complex impedance of the ground.

To our knowledge, a comprehensive ground reflection effect calculation procedure

is not available at the present time, although several investigations are presently under
way. In was thus decided not to include this effect in the computer program developed
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for this contract, However, it could be included at some later time when results of
current work become available.

However, due consideration is given to the phenomenon of ground reflection in
correcting the test data acquired in the course of this program to equivalent free-
field conditions. Thus, in Section VI, a description is given of the empirically-
derived effects of ground reflections on the noise measured for the propeller
configurations tested.




SECTION IV

HARMONIC ROTATIONAL NOISE THEORY

1. INTRODUCTION

Development of theoretical methods of predicting propeller rotational noise was
started in 1935 when Gutin(}2) published a paper describing the basic disc theory of
noise due to the thrust and torque loads on propeller blades. Gutin's theory is limited
to a stationary (i.e., not flying, as on a ground test rig) propeller in still air, and
approximations are made which limit the theory to the fundamental and first overtones
at a distance exceeding several propeller diameters,

Several workers have removed these limitations to produce the currently-
accepted theories for prepeller loading noise{l7 to 22) Experience has shown that
these theories provide generally good agreement with test data at moderate to high
tip speeds,

Development of theoretical methods of predicting propeller thickness noise had a
similar history, resulting in Arnoldi's theory{23) Calculations have shown that thick-
ness noise may exceed loading noise in the higher harmonics if the blade is large;
i.e., if the chord width and thickness are large.

The theoretical equations for harmonic loading and thickness noise developed
from the above works which are used in the propeller noise detectability program are
presented in this section. Two significant comments regarding the equations
embodied in this program are worth making. First, the effective-radius approximation
which concentrates the propeller load and volume noise sources at one radius,
usually 07 of the tip radius, is not used. Therefore changes in the radial distribution
of propeller blade loads and geometry are accounted for, Second, in order to account
for effects of large blade chords, the blade loads are assumed to be distributed
uniformlyv over the blade chord rather than concentrated on a radial line. The cffect
of blade angle reducing the projection of the chord onto the propeller plane is allowed
for, Expevience with another program by Hamilton Standard has shown that using a
distributed lead has little effect on the level of the fundamental, but does reduce the
level of the higher harmonics compared to caiculations with a concentrated load. It
is believed that the program, which does not use either the effective radius or the
concentrated load assumptions, is more accurate and will show the effects of changes
in blade geometry.

23




2, HARMONIC LOADING NOISE THEORY

-
~

Because the development of the harmonic loading noise theory is readily available
in the literature, (e.g., in Refs, 17 and 18) it will not be presented here. The theory
is based on an array of non-steady point forces in the propeller digc representing the
blade thrust and torque forces. Each of these point forces is zero except when a
propeller blade is located in the same part of the disc. Thus, each force acts as a
series of pulses with a fundamental frequency equal to the blade-passing frequency
and a pulse width proportional to the blade chord, These point forces move along the
flight path with the propeller, but do not rotate with the blades. The assumption is
made of a constant chordwise blade loading over the projection of the chord onto the
propeller plane rather than the common zero-chord assumption. The agsumpticn is
made that the blade loads do not vary circumferentially; i.e., the blade loads are
constant. The equation for the disturbance pressure at a field point with coordinates
(X, Y) relative to the propeller centerline is:

2.4 U d
N ‘-imBQt P D r si mBb cosé
Pm ¢ 44 B bcosg o0 2r
Tm hub . 0
cos (mB¢) _ dCT X N k(M + X/S) cos (ko)
s dr 2 L -2
dcC
L0 X/s) X sin (ko)| + mBD p
1- M2 s app? 9T
sin ko) + icos (ko)g de¢dr 3)

The derivation of the equation is outlinéd in Appendix I.

This equation is valid in the near field at distances greater than a chord from the
tip provided that the wavelength of the sound exceeds the chord. The propeller noise
detectability computer program performs the circumferential (¢) integration by
Simpson's 1/3 rule using at least 100 intervals and the radial (r) integration using a
10-point Gauss integration. The term r sin (mBb cos 8 /2r)/b cos § depends on the
solidity or activity factor and is a result of assuming a constant chordwise loading.
The formuiation of the equation for loading noise presented in Ref. (18) is that used by

the computer program.

The disturbance pressure is the sum of harmonics, which are multiples of the
blade-passing frequency Bn/60 Hz. The amplitude of each harmonic is given by
Eq. (3) without the e~imB2 yorm and the corresponding sound pressure level is
124.572 + 20 log (amplitude), where the amplitude is expressed in psf. This equation
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follows from the definition of sound pressure level, 20 log (p/p,) dB, where p is the
rms sound pressure {= pressure amplitude /2) and pp is the reference pressure
(0. 0002 microbar =4.177 x 10-7 psf). The constant 124, 572 equals -20 log

(NZ (4.177 x 107T)).

For static operation, torque loading noise is a maximum in the propeller plane,
symmetrical about the propeller plane, and zero on the axis. Thrust loading noise,
on the other hand, has two lobes at about ¥ = 45° and 135° and is zero on the axis and
in the propeller plane. Addition of these two loading noises results in 4 maximum
noise about 159 behind the propeller plane. In flight these directivity patterns are
somewhat distorted. These characteristics of the directivity pattern are not readily
apparent from an examination of Eq. (3). However, they may be demonstrated by
calculation using the propeller noise detectability program. Alternatively, if the
far-field approximation is used the equation for harmonic loading noise may be changed
to a form which readily shows the directivity pattern discussed. This equation is
presented as Eq. (5) in a following section.

A significant result of the assumption of constant blade loading is that the pro-
peller noise field is symmetrical about the propeller axis and, therefore, the location
of field point, or observer, may be specified in terms of only two variables (e.g.,

X and Y).

3. HARMONIC THICKNESS NOISE THEORY

The development of the harmonic thickness noise theory used by the propeller
noise detectability program is presented in Ref. (23) and will not be repeated here. It
assumes that a doublet, or dipole, moving along a helical path is the noise source.
The disturbance pressure is proportional to the strength of this doublet which, in
turn, is proportional to the product of blade chord and thickness. The proportionality
factor is called the thickness noise doublet strength proportionality factor by Arnoldi,
who presents a method for computing this factor from a chordwise pressure distribu-
tion over the blade airfoil. However, it is usually satisfactory.to use an approximate
area formula for thin airfoils which states that this factor equals the ratio of the blade
section cross-sectional area to the product of hlade chord and thickness. Typical
values of the factor are near 0.7.

Arnoldi's(29) equation for thickness noise, after modifications described in
Appendix I, is
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The propeller noise detectability computer program uses the same method to integrate
this equation as it uses for the loading noise Eq. (3).

/7]

(8in (ko) + i cos (ka))] dedr (4)

It can be seen from Eq. (4) that thickness noise increases as the blade cross
sectional area is increased, by increasing chord for example. Calculations by
Hamilton Standard show that thickness harmonic noise is likely to predominate over
loading harmonic noise if the propeller is lightly loaded or if the blade is large. For
static operation, thickness noise is a maximum in the propeller plane, is symmetrical
about the propeller plane, and is zero on the axis. In flight this directivity pattern is
somewhat distorted. The phase of the pressure changes induced by the two harmonic
noise sources is such that they tend to add behind the propeller plane and to subtract
in front of the propeller plane. These characteristics are not readily apparent from
an examination of Eq. (4) but have been demonstrated by calculations performed by
the propeller noise aural detectability program.

4. FAR-FIELD APPROXIMATION

If the field point is far from the propeller, the equations for loading and thickness
harmonic noise may be simplified. The dividing line between the near-field, in which
only equations (3) and (4) are valid and the far field, in which equations (5) and (6) are
also valid, is generally set at 3 to 6 diameters. The compuder program uses 5 diam-
cters as a criterion.  In the far-field, terms with higher orders of the reciprocal of
the distance became insignificant and therefore it is possible to perform the circum-
ferential integration analytically, resulting in Bessel functions of the first kind appear-
ing in the equation. Often the radial integration is replaced by an effective-radius
approximation, but this approximation has not been used in the propeller noise detect-

ability program.

Because of the saving in machine time, and because the near-field calculations
may encounter numerical problems with circumferential integration at low noise levels,
it is recommended that the far-field approximation be used whenever possible. Sample
computer runs have shown agreement in SPL levels computed by the near-field and
far-field methods. However, the oscillatory pressure components of the ground
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pressures do not agree,  This disagreement is acceptable becausc a phase term which
is left out of both the following far-ficld noisc equations does not change the relative
phasce between the loading and thickness noise pressures.

The equation for far-field loading noise is:

4 tip

_ _~imBQt pﬂzD r . [/mBb cosf
e Ra— = sin (——(/——
m 4"35 b cosé 2r
0 hub
X/S
) (M + X/8) dC D dclg
a(l - M2)4 dr 2”2 dr

[ 2
mB 0g?

0

mB-1 JmB+l)

Appendix I includes the derivation of Eq. (5). The argument of the Bessel functions is
mBQYr/ aS,;. The characteristics of the Bessel functions in this equation are such that
they are zero if the argument is zero. Therefore Eq. (5) shows that for field points on
the propeller axis, where Y = 0, there is no loading noise, as was discussed earlier in
connection with the near-field Eq. (3). The torque loading noise is a maximum for
field points in the propeller plane where the argument of the Bessel function, and
therefore the function itself, is a maximum. The thrust loading noise, on the other
hand, for static operation (i.e., M = 0) is shown by Eq. (5) to be zero in the propeller
plane where X - 0. In addition, behind the propeller plane (X < 0) the thrust and power
terms add and ahead of the propelier plane (X > 0) they partially cancel. Calculations
have shown that the combined effect is that the harmonic loading noise is a maximum
about 15 bhehind the propeller plane for static conditions.

The equation for far-ficld thickness noise derived in Appendix I is:
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As discussed above, the Bessel functions in Eq. (6) cause the calculated thickness
noise to be a maximum in the propeller plane for static operation and zero on the pro- !
peller axis, thus substantiating the statements made about the directivity pattern of )

thickness noise in the preceding section.

The two Bessel functions J;,g.1 and Jy, g+ appear because a more-exact far-
field approximation than is usually presented in the literature is employed. This

approximation as used here is:

2 -iko

-7 o—icht-iko mB e 0
do=2xi
S S0

0

2
3 - (L-M)Y¥r J )
mB ZS2 m

0

B-1 JmB+1)

This equation differs from that originally publisked by Arnoldi because a typographical
error has been corrected,

5. EFFECT OF HARMONIC LOADS ON LOADING NOISE

The theory for harmonic loading noise which resulted in Eq. (3) contains the
assumption that the blade loading does not vary as the blade rotates. This assumption
permits some analytical simplification and is expected to be valid if the propeller axis
is not inclined to the flight direction and there is no interference from non-symmetrical
objects. For a helicopter in forward flight, for example, this assumption cannoct be
expected to be valid and therefore far-field equations for rotor harmonic loading noise
with unsteady harmonic loads were developed (e.g., Refs. (19) to (22)). The Fourier
components of the thrust and torque loads are used. The zero-order loads are the
average steady-state loads. The equation for the mth harmonic or loading noise

pressure in the far-field derived in Appendix I is:
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where a )T and b ) are the real and imaginary components of the thrust harmonic T,
and a AQ and b \q are the real and imaginary components of the torque harmonic Q).
Note that the b()'r = bO = 0. Furthermore, with the assumption that the blade loads
are concentrated at an effective radius of 0.4D, one has ap = T and 8gq = Q=

5252.1 HP/n. Except for an unusual cembination of harmonic load components, the
presence of the harmonic loads will increase the harmonic loading noise sound pres-
sure level. This increase is Jargest near the propeller axis and in the higher harmonic
orders.

In general, it is possible to predict the lower-order harmonic loads required in
Eq. (8) due to angle of attack of the propeller axis or interference from the wings and
fuselage. Hamilton Standard has a computer program that can predict up to four load-
ing harmonics due tu interference. A separate program which can use many more
load harmonics predicts the resulting loading noise. Unfortunately, the present limit
of four loading harmonics means that not even the firs: noise harmonic can be pre-
dicted accurately. It appears from the test data measured during the experimental
phase of this contract that harmonic ioads are present even with an apparently 'clean"
installation. In this case neither the phase nor the radial distribution of the harmonic
loads may be known. Therefore the discussion of the effect of harmonic loads on
propeller loading noise will be restricted to the far-field effective-radius static case
with a random phasing of the harmonic loads assumed.

Lowson and Ollerhead(20) t0 (22) paye ghown that only loading harmonics or

orders in the range mB (1 + V;/a) contribute significantly to the harmonic noise of
order m. Therefore a noise pressure with an amplitude squared of

B 2[ Ty, 2 o[ aQy 2
T JmB-)\] \ 'S, )”mB"‘) 202 ) ®

pm2 =

mB(1+Vt/a) [

A =mB(1-V,/a)

must be added to that computed from Eq. (5). Equation (9) is derived in Appendix I.




Depending on the magnitude of the harmonic loads, they will add significantly to
the levels of harmonic loading noise for uniform loads computed from Eq. (5). The
harmonic loads are most likely to increase the higher harmonics. Also, with harmonic
thrust loads present loading noise is predicted to occur on the axis whereas for uniform
loading the previous discussion has shown that there is no harmonic noise on the axis.

Levels [or the loading harmonics of helicopter rotors were presented by Ollerhead
and Lowson(®1), They suggest that the level of a load harmonic equals the steady-state
load divided by the load order to the 2.5 power. For a compressor the exponent
appears to be 1.0 rather than the 2.5 for helicopters. Estimates of the loading har-
monics were derived from the harmonic noise data measured in the experimental

program and are discussed in a later Section VII. 2b, where an exponent of 1.43 is
recommended.
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SECTION V

BROAD-BAND NOISE THEORY

1. INTRODUCTION

The first theory of vortex ncise was developed by Yudin(13) in 1944 and was based
on a dimensional analysis of flow parameters around rotating rods. The theory is
based on the observation that a Karman vortex street is observed hehind the rod over
a significant range of Reynolds numbers and produces an oscillating forcve on the rod,
Because of difficulties with a rigorous mathematical analysis, later studieo have
concentrated on determining empirical coefficients which apply to propeliers or

N .
S s bt i e .

helicopter rotors. These will be discussed in the next sectior, | :
Most empirical broad-band noise prediction methois sre incomplete because they 5

do not predict directivity effects, noise levels and spectrum shape. All three are re- b §
quired for a detectability study. Also, they involve gross parameters such as total j :
thrust and blade area without including the radisl distribution of these parameters. 3 {
Two methods, developed previously by Hamilton Standard, are complete and are in- R
corporated into the propeller noise detectability program as options. A third methed
§

was developed in the present program and is incorporated into the propeller noise
detectability program. This new method predicts the broad-hand noise lavel in each
1/3-octave band and, unlike most other methods, uses a detailed description of the
propeller blade geometry. Thus, it is the most complete methed for predicting pro-
peller broad-band noise available. ‘The selection of the 3 empirical coefficients re-
quired by the method is based on ncise data measured during the test phase of this
program and ig discussed in a later section. Development of this new broad-band
noise method is one of the major tasks of this contract and is presented in Section V.3.

(ﬂ',.
il

-

. SRR

A study of the efiect of airfoil shape (or chordwise thickness distribution) on
vortex noise follows in Section V.4. Although this study showed only small improve-
ments due to airfoil shape the possibility of noticeable improvement was considered
sufficient to incorporate NACA series 6G.A section in the blades of a new low-noise
propeller designed, fabricated and te. 'ed in this contractual program.

2. PREDICTION METHODS IN THE LITERATURE

From & dimensional analysis of a cylinder in a stream, Yudin(!3) showed that the
vortex sound power is proportional to pVGDQng/a3 where D is the diameter and 2 the
length of the cylinder, and the 3trouhal number 8; is about 0.2. The frequency of the
sound is 5{V/D. Unfortunately this theory cannot predict the absolute level of the
vortex noise because the proportivnality factor is not known theoretically.

L tm%: ,:tﬁ»‘;;&_y 5
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Several invesugators have developed equations for sound pressure levels of
propellers or rotors based on Yudin's formulation. Usually the product D £ is8 replaced
by an area 8, and suitable reference values for Sy, # and a axe introduced. As a re-
sult, the overall sound pressure level becomes proportional to 10 log (%V“/dz). A
dircetvity pattern of a force dipole aligned with the axis is often assumed. ‘Therefore
10 fog (cos ) should be added to the SPL and the vortex noise is a maximum on the
propetler axis and zero in the propeller plane. Some investigators have included a
frequency spectrum with a sound level relative to the overall SPL and the frequency
referenced to a peak frequency (e.g., see Figure 7).

Experimental data of Stowell and Deming and others led to Hubbard's(24} sxpres-
sion for the sound pressure ievel of propellers at a distance of 30¢ feet:

SPL 10 log ————-— dB (10)

The: formulation is inadequate for detectlability studies, however, because no directivity
effect or frequency infermation is provided.

Davidson and Hargest(29) fitted experimental helicopter noise data at 500 feet
distance by an equation of the form:

SPL = 10 Log (V{82 8y) + 10 log (cos ¥) - 84 dB (11)

Fg. (1D differs from(10)by the inclusion of a Cy, ierm and by introducing an extreme
directivity correctioa (no vortex noise in rotor plane). However, nc data on frequency
distribution is presented.

scilegel, King and Mull(19) present an equation of the following form for seu level
SO0V conditions:

SPL 10 log (V_ 72 T2/8,d?) + 13.8 dB (12)

The vortex noise in any octave band is computed by using « zjectrum shape presented
graphically and a peak frequency determined by e equation:

0.28 V 7

h = COSQ+ b - sin o

(13)

This correistion of rotor vortex noise includes a frequency spectrum bu! is limited to
a direction of 179 behind the rotor. No directivity effect is preseinted.
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2
Stuckey and Goddard("e) obtained the following formula from tests of a particular
rotor:

2.68T1.66

SPL - 10 log (v, /d2\ + 20 log (cos ¥ ) + 2.8dB (14)

and introduce another frequency spectrum,

Ollerhead and Lowson(21) discuss previous work on vortex noise and state that
what has been considered to be a broad-band vortex noise may really be high-order
harmonics of rotational noise which usual data-reduction procedures do not show as
occurring at discrete frequencies. With very-narrow-band filters some data presented
do show the presence of what appears to be high-order harmonic rotational ncise. An
equation for directivity is suggested which, unlike other equations, has a total varia-
tion of only 10.5 dB in overall noise from on the axis of rotation to in the plane of the
rotor. This equation is

2
ASPL = 10 log [ =22 V0.1 ) g (15)
co8“ 700 + 0.1

[ Lod
Widnull(“ ") correlates measured rotor vortex noise data in the form

SPL = 10 log (VtGSb/dz) +f (T/sbvtz) dB (16)

where the function f is plotted as a band encompassing plotted data. For low values of
the parameter (T/§, Vt2). which are typical of a quiet propeller, the function f is con-
stant. This correlation is based on a quasi-two-dimensional model of vortex noise
derived from that Yudin(13). However, frequency and directionality data are not
presented.

Shariand(28) investigated possible mechanisms of broad-band noise generation in
axial flow fans. One mechanism is alternating ''vortex shedding' at the trailing edge

of the blade which produces lift fluctuations. By making some estimates of the fre-
quency and a correlation area he obtained the tollowing formula for sound power:

P 6_.~-.4
W = ————5 bV R dr (17)
1207 a

If, further, an ideal dipole directivity distribution is assumed, the maximum rms
acoustic pressure is:

£
p- —=——— [ fbV6R--4qr (18)
4 /10x ad
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For a direction which i8 not normal to the airfoil the rms pressure should he multiplied
by the cosine of the angle to the normal. Another mechanism investigated by
sharland(28) js the turbulent boundary layer pressure fluctuations on the surface.

Using a value of the rms surface pressure fluctuation of 0.012 » V2, which experi-
mental data supports, Sharland derives an equation for the sound power

-7
W = —1—9?-9— f bviar (19)
a\

Again assuming a dipole directivity distribution, the maximum rms acoustic pressure

is:
f 3 P 6
5 — bVidr 20
P 47107 ad f . (20)

For a Reynolds number of one million the ratio of the sound pressure level due to
vortex shedding (Eq. (18)) to the sound pressure level due to turbulent boundary layer
fluctuations (Eq. (20)) is 20 dB. Thereifore, noise due to turbulent boundary layer
fluctuations is not significant relative to noise due to vortex shedding. A third mech-
anism considered by Sharland is turbulence in the airflow inducing fluctuations in lift.
His equation for the sound power due to this mechanism is:

R

P 2. .4 2
W = - bV (w) dr (21
48 ¢ ad _/‘¢ ) )

where ¢ is the average lift curve slope and (w)2 is the mean turbulent velocity fluctua-
tion. Sharland concludes that 'broad-band noise in fans arises from vortex shedding
at the blade trailing edges under normal conditions, but that any large scale turbulence
can increase the noise sigrificantly'.

Hamilton Standard developed two complete empirical vortex noise procedures in
1969. The first used Schlegel, King and Mull '6{19) formula for noise level and peak
frequency and the directivity formula of Ollerhead and Lowson(21)| The formulae
used are:

2~.2 2
Vi=C1°8Sp (cos® y + 0.1) .217
SPL = 10 log < t 2L b 2 ) - 44,645 dB (22)
d
0.28 V 4
peak frequency = : (23)

h pcosa+b o |sinal Hz

The frequency spectrum is labelled '""HS Correlation of 3/69" in Figure 7.




The second empirical procedure uses the formulation of Widnall{2?) and is based
on static noise data obtained by Hamilton Standard from a 4-bladed propeller designed
for a quiet STOL aircraft. This propeller blade is similar to blade design 47X-394
tested in the first test period of the present program.

SPL = -71.02 + 57000
Sp V2

' 6
) + 10 log ( td:b ) -3.3 sin (y+10°)dB  (24)

0.06 V 4
- Hz
h 7 (1-.265 xstal])

peak frequency = (25)

Xgtal] is the radius ratio where the section angle of attack is 11°. The frequency
spectrum is labelled "HS Correlation of 7/69" in Figure 7. These two procedures are
included as options 2 and 3 in the propeller noise detectability computer program be-
cause they are complete, unlike most other prediction methods described in this
section, and because they are well understood.

The correlations of broad-band noise described above were derived for propellers
and helicopter rotors. Another source of broad-band noise is a gliding aircraft. Two
published reports, which present and correlate broad-band data obtained with several
aircraft, are discussed in this paragraph. Smith et al(29) correlates overall noise
level from three sailplanes by the formula

SPL = 10 log (VGSb/dz) - 42,7 dB (26)

where 8y, is the wing area with turbulent flow. Inspection of the data indicated a beiter
fit would be obtained by the formula

SPL = 10 log (v3'lsb/d2) +19.1dB (27)

which shows a smaller variation with velocity. Lockheed(30) measured data from 5
gliding aircraft with engines off and propellers feathered and correlated the data by a
formula which may be converted to the form

Vo
SPL = 10 log ( gb chord} .5 5 4B (28)
d 8span
A 1/3-octave band spectrum is presented with the peak frequency defined by the
relationship
f=1.1V/h Hz (29)

This spectrum is labelled as '"propeller noise detectability program'" in Figure 7.




To simmarize, it can be scen that most of these vortex noise prediction methods
show that the SPL varies as 10 log (V Sb/dz) This selection of variables is probably
influenced by Yudin's(13) analysis. However, a smaller variation with velocity is
suggested by Smith's sailplane data (Eq. (27)) and by Sharland's analysis of "vortex
shedding' noise (Eq. (17)).

3. NEW HAMILTON STANDARD VORTEX NOISE THEORY

A major task of this study program was the development of an integration technique
to predict propeller broad-band noise and to incorporate this technique into the propel-
ler noise detectability computer program. The source of the broad-band noise is as-
sumed to be an oscillating force normal to the blade chord. The amplitude and frequen-
cy of this force are related to the flow conditions and blade geometry in a way which
would correspond to Yudin's (13) theory. Therefore, the predicted broad-band noise
might be called vortex noise. However, unlike the various correlations of propeller
and rotor broad-band noise previously discussed which involve overall parameters such
as tip speed, total thrust and blade area, the theory developed during this contract in~
¢ludes the radial distribution of blade geometry and fiow conditions as parameters.

The broad-band noise at the observer is obtained by numerical integration in the cir-
cumferential and radial coordinates.

The theory does not determine the magnitude of the oscillating force or its fre-
quency. However, these parameters are proportional to a force factor Cp and a
frequency factor Cg respectively. Values of these twoe factors were determined by
correlating predicted 1/3-octave band noise levels with measured data obtained during
the experimental program discussed in Section VI of this report.

The theory is based on Lowson's theory for the sound field of a moving force(31),
Cartesian coordinates, with subscripts 1, 2 and 3, are used and the origin of these
coordinates is the propeller center. The '"1'" axis is the propeller axis with a positive
ordinate forward of the propeller. The field point lies in the "1" - 2" plane. The
point force is translating along the positive ''1'' axis at a Much number of M and ro-
tating about the "'1" axis at a radius of r and a spced of § rad/sec. The force is
oscillating at a circular frequency w and is normal to the blade chord. It is resolved
into three components Fy, Fp and Fy.

The basic result of Lowson's paper is the following equation for the far-field
soun pressure radiation from a point force in arbitrary motion

X, - ¥, aF; F; aM
pz[ 7% it r ] (30)

where x; and y; are the coordinates of the observer and source, respectively, and M,
is the component of the convection Mach number in the direction of the observer.




he axial component of the force Fy is proportional to the magnitude of the
force I and the cosine of the blade angle 8, therefore

Fy = Fcos /] e-lwt

The other two components vary with circumferential angle ¢ :

-iwt
Fy = Fsingsinge 1w

F3 = -Fsin 6 cos¢ e lwt

The three components of the convection Mach number are:

M, = M
M, =—£;Q sin ¢
M3 =E-9—cos¢

a

The coordinates of the observer are:

and of the point foree are:
v: — 0.
y, * rcose

Vi ~r 8in¢

d" = xpz +(Y-rcos ¢)2 + r2 sin2¢
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(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)




The component of the convection Mach number in the direction of the observer is:

(X; -y M;
M, = _.J__al__.l_ (40)

which becomes, upon substit;xting Eqgs. (33) to (39),

M
My = _aX_E_ - % sin ¢ (Y-2r cos¢) (41)

Upon substituting into Eq. (30), the equations for the pressure field due to the
three components of the force become:

iXp wF cos 8 -iwt
Pp = - 292 ©
4na(l-M.“)d
- 9 -
P, = (Y-r cos ¢) I-;sh' A -twsing +Qcos ¢ | e iwt (42)
4m a(l-Mp“y dé

_ r Fsindsin¢ -lwt
Py = 41ra(1-Mr2) 32 [iwcos¢+ﬂsm¢]e

These three terms are summed to derive the desired equation for the sound pressure:

F

p = -iw cos 6 + (Y-2r cos9) 8in 8 sin¢ ; +
4wa(1-Mp2) d2 [ 3"9 ( L s

(43)

i8in 0 ; r sin2¢ + (Y-r cos ¢) cos ¢f] e.“"t

Integration over the angle ¢ and radius r determines the total noise at the field
point.

The expressions for the magnitude and frequency of the oscillating force were
derived from the form of the expressions for broad-band noise presented in the
preceding section. The form of these expressions for overall noise is SPL = 10 log
(VGSb) and for peak frequency is f = StV/h Hz. Therefore, the frequency is evaluated

froin the equation

! f=w/2n = Cq V/h Hz (44)

T . st o
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where (¢ is an empirical frequency coefficient and V is thie sectional velucity deter-
mined by the propeller performance program. Experimental data(32) on vortex
shedding frequency from an NACAO0006 airfoil show that C¢ is 2hout 0.042. The
equation for the force level finally selected is:

106

exp

The force coefficient C 5, like the frequency coefficient Cs is an empirical factor to
be derived from test data. The Reynolds number factor was introduced to obtain a
better fit of the trend of broad-band noise level with rpm to experimental data from
this program which show a variation like 10 log v4 rather than 10 log v8. Some
correlations of vortex noise include a thrust term, suggesting that angle of attack or
lift coefficients should be introduced into Eq. (45). Some unpublished data available
to Hamilton Standard shows that angle of attack changes do alter the noise from an
airfoil in a jet. However, since there is insufficient data to establish a trend at this
time, this factor is not included. It is believed to be amall for the small range of lift
coefficients associated with a quiet propeller.

Because of the expected random phase of the force from one biade to another,
the sound power of one blade is multiplied by the number of blades. Therefore,
doubling the number of blades increases the broad-band SPL by 3 dB.

The phase of the oscillating force is expected to be correlated only over a small
radial distance called the ''correlation distance'. For a two-dimensional airfoil in a
uniform stream it is well known that theory predicts that a reduction of the correlation
length from a value equal to the span reduces the radiated sound power. At the
beginning of this contract it was planned to introduce a correlation length explicitly
into the hroad-band calculation program. However, this plan was changed for several
reasons. [First, no data were available in time to provide a good value for the cor-
relation length of a non-rotating airfoil. Second, with the assumption that the corre-
lation length equals the chord (corresponding to the diameter of a rod, a representative
value), only about 5 correlated areas were required for the moderate chords of the
first blades tested. With the wider blades tested at the end of the program even fewer
correlated areas would be used. It is believed that more than 5 areas are required to
provide a valid calculation of vortex noise. Third, the combination of radial changes
in airfoil thickness and sectional velocity result in changes in frequency computed
from Eq. (44) of over 2 orders of magnitude. This large radial gradient in frequency
should reduce the correlation length significantly. No data on correlation lengths for
rotating blades was available for use in this program. Lastly, programming is
simplified if the ten radial stations used by the Hamilton Standard propeller perfor-
mance program are used, thereby avoiding interpolation. Therefore, it was decided
to sum the squares of the sound pressures calculated for each of the ten radial stations
provided by the propeller performance program. These same radial stations are
used to compute harmonic rotational noise.
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'I'heury(s:" 34) shows that a harmonically-oscillating force moving in a circular
path produces a series of tones centered about the force frequency. The theory(33)
also shows that a source of white noise moving in a circular path produces a white
noise at the observer. However, it is known from flight data(29, 30) and from tests
of airfoils in jets that the noise frequency spectrum is neither a discrete tone nor a
white noise but a peaked broad-band spectrum like those shown in Figure 7. The
theory for this type of noise spectrum has not been developed and at the time this
program was started the development of the theory was believed to be beyond the
scope of the program. An extension of the theory by Tanna and Morfey{(34) was not
available when the new vortex noise theory was developed. The possibility of further
refinement of the theory using their approach warrants further study. For this
reason, and because of the other approximations discussed above which are used, it
wag decided to use the following procedure to integrate Eq. (43):

a. Integrate radially the squares of the sound pressures in each 1/3-octave
band using the 10 radial stations of the propeller performance program.

b. For each radius, sum the squares of the sound pressures calculated for
36 values of circumferential angle ¢ at 10° increments.

¢. For each radius r and angle ¢, compute the pressure amplitude and fre-
quency (with a Doppler correction) from Eqs. (39), (41), (43), (44) and
(45).

d. For each radius and angle this pressure amplitude is converted to an over-
all vortex noise SPL and the noise frequency is considered to be a peak
frequency. The noise SPL in each 1/3-octave band is computed from the
overall vortex noise SPL and peak frequency using the broad-band noise
spectra in Figure 7.

A numerical procedure based on the theory described in this section is coded in
the propeller noise detectability program as vortex noise option 1.

4. EFFECT OF All.{FOIL SHAPE ON VORTEX NOISE

The design of low-noise propellers involves a compromise between rotational
noise and broad-band vortex noise. It would be useful to find geometric parameters
that have little or no effect on rotational noise but which could be adjusted to reduce
the vortex noise. One such parameter is the blade airfoil shape, or thickness dis-
tribution. A presently-accepted theory for propeller vortex noise(28) contains no
direct effect of airfoil shape on vortex noise. However, the mechanism by which
vortex noise is generated depends strongly on the airfoil boundary layer. This, in
turn, can be strongly influenced by changes of airfoil shape. For moderate subsonic
flight speeds, the choice of propeller airfoil shape traditionally had been determined
by a need for large values of drag-divergence Mach number. It seemed possible that




some vther airfoil sections might provide reductions in vortex roise at the lower
Mach numbers encountered with advanced low-noise propellers. Therefore, a study
of the effect of airfoil shape on vortex noise was conducted.

To establish analytically the effect of airfoil shape on broad-band vortex noise,
one must start with a clear definition of the mechanism by which such noise is gen-
erated. Simplified analyses have tried to relate the broad-band noise of a slender
streamlined airfoil to that of a bluff body having the same maximum thickness. The
bludf body sheds an unsteady wake and a vortex street; fluctuations of wake flow
direction are accompanied by fluctuations of normal force on the body. Thus, the
scparated flow downstream of the body generates an acoustic dipole oriented normal
to the airflow. A large fluctuating wake does not occur downstream of conventional
airfoils, so the direct analogy between airfoil and bluff-body flows is not correct, In
Ref. 28 a different approach was used. The attached turbulent boundary layer was
assumed to fluctuate about its root-mean-square position. This fluctuation was as-
sumed to cause a fluctuation of instantaneous angle of attack, whose magnitude in
radians was given by the ratio of trailing-edge boundary layer thickness to airfoil
chord. The instantaneous normal force was assumed equal to the product of the nor-
mal force coefficient slope and the fluctuation of angle of attack. Thus, the acoustic
dipole would be caused by shedding of vortices caused bv fluctuations in bound vorticity
as the outer potential flow adjustments to the unsteady viscous inner flow.

This description would be reasonable if boundary layers on airfoils grew linearly
with chordwise distance. However, different airfoil shapes with different chordwise
pressure distributions could have vastly different variations of boundary layer growth
along their chords but the same boundary layer thickness at the trailing edge. For the
study described in this section, it was assumed that turbulent fluctuations in the
boundary layer displacement thickness along the airfoil upper and lower surfaces were
not correlated. The chordwise distribution of the difference hetween these two dis-
placement thicknesses could then be regarded as an instantaneous camber line whose
shape and incidence undergoes fluctuation, The normal force coefficient at any instant
of time was assumed proportional to that which would be computed from steady-state
theory(39) for a thin airfoil with that combination of camber and incidence. (Within
that theory, the effects of geometric camber, viscous-induced camber caused by the
time -average difference between the upper-surface and lower-surface displacement
thickness, and fluctuations in that viscous-induced camber can be linearly added.)
‘The fluctuating normal force coefficient then becomes a sum of three contributions.
One comes from a fluctuation of mean-line angle of attack as in Ref. 28. The other
two are the design lift coefficient of the instantaneous camber line and the fluctuating
difference between the instantaneous angie of attack and the camber-line ideal angle
of attack. That is, one must consider both the incidence of a hypothetical straight
line joining the effective leading and trailing edge pcints and the combined camber and
incidence of the mean camber line between those points.
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To use this approach, a camber liine must be defined from the calculated chord-
wise variation of displacement thickness. At first glance, ordinates of this line might
be assumed proportional to the local displacement thickness on one surface. That
assumption would not be correct because it would fail to reproduce the relatively large
effects expected in a region where a strong local adverse pressure gradient occurs,
but the boundary layer is relatively thin, Instead, the camber line was calculated as
the difference between upper-surface and lower-surface displacement thicknesses,
calculated for an uncambered airfoil at zero incidence, but with a different turbulence
level at each surface. The assumed turbulence levels, 0.1 and 1.0 percent, were not
large enough to cause significant chordwise movement of the transition region. Their
primary effect was on the displacement-thickness growth rate in the transition region
and in regions of adverse pressure gradient.

Boundary layer growth was calculated with a computer program originally
developed for prediction of heat transfer to turbine blades and vanes. Airfoil pres-
sure and temperature distributions, free-stream flow properties, surface roughness,
and turbulence level were supplied as input. The computer program then determined
the growth of the laminar boundary layer, transition region, and turbulent boundary
layer. All airfoils were assumed to have 10-inch chord, 100-microinch surface
roughness, and adiabatic wall temperature. Free-stream static conditions were
standard sea level atmospheric, and the velocities were chosen to provide Reynolds
numbers of 2 x 106 and 3 x 106 based on airfoil chord. The calculated differences in
displacement thickness were smoothed and used as input to an existing digital com-
puter program that calculates the camber-induced loading distribution and lift coef-
ficient, and the angle of attack at which that loading would occur.

The airfoil sections were taken as uncambered, 9%-thickness-ratio NACA airfoils.
Use of the NACA 0009, 65-009, 66-009, and 67-009 airfoils provided minimum-
pressure locations of approximately 10, 50, 60, and 70% chord. Further comparison
with the NACA 16-009 airfoil, which has its minimum pressure near 65% chord, added
a brief look at the effect of the variation of adverse pressure gradient with chordwise
distance. Thickness distributions and incompressible-flow pressure distributions for
the NACA 0009, 66A009, and 16-009 airfoils are shown in Figure 8. The 66A009 air-
foil section, which has a practical trailing-edge shape, is shown in preference to the
66-009 which has a cusped trailing edge.

At these conditions, the transition Reynolds numbers as determined hy the com-
puter program were in the range of 0.4 to 0.5 x 109 for the lower nominal turbulence
level. Thus, the boundary layer always was turbulent upstream of the minimum-
pressure location for all but the NACA 4-digit series airfoil. Increasing the nominal
turbulence level moved the transition location forward, reducing the transition
Reynolds number to about 0.25 x 106, Thus, the slope of the boundary layer displace-
ment thickness was increased over a forward portion of the airfoil, giving a change in
camber similar to that for deflection of 1 leading-edge flap. This change was larger
for the 4-digit airfoil, for which it occurred in a region of adverse pressure gradient,
than for the other airfoils. Downstream of this transitional region, the boundary
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cve U thaonened e re pooondiy and was more responsive to turbulence level in an

s erse pressure gradient than in a mild favorable presasure gradient. Thus, the
NACA -digit aivfor] had a rapid growth of effective camber-line ordinate on the
forward portion, moderate growth aleng much of the chord, and more rapid growth
near the trailing edge.  As the airfoil section was changed to move the minimum-
pressure loestion aft  the chrage 10 ordinate was decreased on the forward portion,
reduced to essentiaily 2evo along the wid-chord region, and increased near the
tritling edge.  Thus, the aivfoil with a forward location of minimum pressure had
an effective camber line thut qualitatively resembled a large leading-edye flap de-
flected downward and o large leading-edge flap deflected upward through a small
angle.  Aft movement of the minimum -pressure location reduced hoth the eftective
size and effective deflection angle of the leading-edge flap and reduced the extent but
increased the angle of the trailing-edge flap. Details of the calculated solutions on
the aft part of the airfuil were sensitive to the velocity distribution assumed very near
the trailing edge. In all cases the tabulated velocity gradient between 90 and 95%
chord was arbitrarily coatinue:nt to the trailing edge in place of the tabulated trailing-
edge stagnation point or cusp tlow.

Resulting caiculated tluctuating 1ift coefficients are listed in Table IV. The
absolute numerical viives are unimportant because they are based on a steady-state
lift-curve slope and a periectily :orrelated flow., ‘[hese effects cause the numerical
values to be roaphly L6 times the corvesponding estimates from Ref. 25, Two sets
of numbers ure given for each case. The upper set are for an angle of attack (in
radians) equal *o the change in trailing-edge displacement thickness divided by the
airfoil chord. The lower numbers are the combined effects of camber and incidence,
were small at a Reynolds number of 3 x 106 but were 1/4 to 1/2 as large as those due
to incidence at a Reynolds number of 2 x 105. That lower Reynolds number is repre-
sentative of the tip region of practical quieted propellers. At that condition, aft
movement of the minimum-pressure location had small beneficial effects until, for
the 67 series airfoil, the boundary layer was dominated by the strong adverse pres-
sure gradient on the aft region. The NACA 66 series, which has nearly the same
minimum-pressure location as the NACA 16 series, has a relatively constant adverse
pressure gradient, In contrast, the adverse pressure gradient for the 16 series
bhecomes stronger as the trailing edge is approached. It was expected that a constant
gradient, or even one that is initially large and becomes weaker with increasing
distance, would cause less overall disturbance than an increasing gradient.

For it Revnolds number of 2 x 1068, moving the minimum pressure point down-
stream (that is, changing from the four-digit airfoil to the 65 series and then the 66
series) caused a small increase and then decrease of calculated lift fluctuation caused
by combined ~ obher o4 incidence, The magnitude of this decrease corresponds to
less than a 1.4 G tuduction of sound pressure level. The 1o seri  ivfou, wils its
increasing adverse pressurce gradient on the aft portion, would be about 0.8 dB louder
than the 66-series airfoil. Both of these airfoil series have about the same location
of minimum pressure and their shapes are nearly identical over the forward half of
the chord. 'The 66-series airfoil is slimmer than the familiar 14-series propeller
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Airiar cevor the frcaart e vhoard Figure st A further aft movement of the ~any
mum pressurs incation, htaned hy use of the 67 -series airfoil, causcd very large
thichening of the t sundary layer on the aft quarter of the chord. This airfoil, which
would also be expected to have poor aerodynamic performance, is predicted to be
4.6 dB noisier than the 66-geries airfoil.

Although calenlations were not made for the 66-series airfoil at a Reynolds
number of 3 x 106, it s expected that this airfoil would also be best at that condition.
The calculated ¢ffects of viscous-induced camber were much smaller at this Reynolds
number than at the lower Reynolds number. Apparently this difference was caused
by the smaller chordwise extent of laminar flow, which reduced the amount of forward
effective camber. The indicated reduction of lift fluctuation with an increase of
Reynolds number, at constant airfoil shape, is much larger than would be predicted
from Ref, 28. Apparently this large numerical effect was caused by use. of the
same nondimensional turbulence perturbation at both Reynolds numbeis. 1t is not
obvious how this quantity should have been scaled or the extent to which this apparent
trend should b Lelieved.

In conclusion, the calculated effect of airfoil shape on broad-band vortex noise at
a Reynolds number of 2 < 10° is relatively small when attention is confined to airfoils ;
known to have good aerodynamic performance. The calculated noise was increased 1
by use of an air{nil with poer aerodynamic perform:nce, The NACA 66A-series of
airfoils is recommended as it is about one decibel quieter than the more conventional
airfoil shapes. Since the 66A sections have not been defined by NACA the following
procedure is used. Up to and including, 45% chord use NACA 66~series section
thicknesses. For chordwise distances > 457 use NACA 65A-series section thick-
nesses at (5 + 55X)/60% chord where X is the % chord for the G5A-series thickness.

Hamilton Standard has two sets of noise data from tests of two 8. 5-foot diameter
0V-10 propellers which show an effect of airfoil section on propeller noise. One
propeller had blades made with NACA series 16 and 64 series sections and the other
had blades made with NACA series 65 sections. Aside from the difference in sections,
the propellers are identical. That is, the same camber, planform, thickness and twist
are incorporated into both blade designs. Therefore, any difference in noise, for the
same power and rpm, should be due only to the difference in blade section. Noise data
werce obtained at tip Mach numbers from .6 to .9, which are above thut appropriate for
a quiet aircraft, Analysis of harmonic noise levels determined from the far-field data
shows that, for the higher harmonics, the NACA 65 sections are several dB quieter
than the 16/64 sections. The data have not been analyzed for broad-band noise. These
data indicate that harmonic noise can be reduced by optimizing blade airfoil section,

Y. U any effect on broad-band noise has not been determined yet.
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EXPERIMENTAL PROGRAM

1. INTRODUCTION

Muring the course of the contract, five acoustic noise test programs were con-
ducted to provide a data bank on the noise characteristics of very-low-tip-speed
propelliers for the verification and development of the propeller noise detectability
program. Four-bladed and two-bladed 11.25-foot diameter propellers tested as
tractors were included in these test programs. In addition, a test of a four-bladed
pusher propeller was included to investigate the effect of the test rig on noise. All
tests were conducted on an outdoor propeller test rig located at the Hilltop Facility
of Hamilton Standard. The tests were conducted during the night, generally between
the hours of midnight and six a, m., when the most favorable wind and ambient noise
conditions exist.

The noise was measured on a 50-foot radius with two data recording systems.
One used @ microphone located at ground level to measure the low frequency rota-
tional {tone) noise and the other used a microphone located at approximately 4.5 feet
from the ground to measure the mid- and high-frequency vortex noise. The effects
of the ground plane on the measured noise were evaluated experimentally and apprn-
priate corrections applied to the measured noise.

The low -frequency noisc was analyzed using a narrow, constant-bandwidth
frequency filter to determine the levels of the harmonics of rotational noise. The
mid- and high~frequency components were analyzed by 1/3-octave bands.

2. PROPELLER TEST FACILITY

The propellers tested in this program were run on the propeller test rig shown
in Figures 9 and 10. The centerline of the horizontal drive shaft is 17 feet above
the ground so that the propeller ground ciearance is approximately 12 feet, The shaft
is direct-driven by a 100-horsepower, variable-speed electric motor whose output
power with shaft rotational speed is shown in Figure 11.

The propeller shaft speed was measured with a magnetic pickup excited by a
30-tooth wheel on the speed-control tachometer drive (rotating at twice shaft speed)
and read divectly on a frequency counter. The short-term stability and acecuracy
of measurement was +1 rpm from aear zero to 1200 rpm.




G 38793

Figure 8. Propeller Test Rig - Front View
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oo e asured wmng a oot pound fuil ~cole o axial thrust ring
rmorte e st i e thrust beaning cartridge.  The meter = i four -arm strain-gage
Braetgs . the cutput of which was {ed through an amplifier and read out in pounds on a
digntal isplayv.  The thrust meter was calibrated as a system using a Bytex JP2000
precision load cell of nominal accuracy of 2 pounds. The readout accuracy, including
non-linearity and temperature effects, is about +4% of full acale, or +80 pounds.

UPropeiler torque was measured using a BLH strain gage torque meter having a
full scale of 10,000 ft-1b, This meter was calibrated as a system using dead weights
and a known moment arm to a full scale of 1000 ft-lb, The accuracy of the torque
system is approximately +5% of full scale, or +50 ft-1b,

A back-up system was used to monitor motor input power, The armature current
and voltage were measured and the propeller input power derived from these measure-
ments and the motor efficiency curve shown in Figure 12, This efficiency curve
was derived from motor input power measurements made at several motor speeds at
no load (i.e., without a propeller).

It is recognized that the measurements of thrust and torque made with the load
cells described above are of limited use due to their large full-scale capacity. These
load cells existed in the test rig which was used in the past for testing significantly
higher thrust propellers. It is believed, however, that the data from these load
cells are useful in interpreting the test data.

3. PROPELLER NOISE MEASUREMENT LOCATIONS

Propeller noise was measured at the locations shown schematically in Figure 13.
Rotational tone noise was measured using a microphone located at ground level on a
50-foot radius from the center of the propeller at true azimuths of 45°, 67.5°, 90°,
112. 5%, and 135° (0 is on the propeller axis in the forward direction) for the first
three tests, During the last two tests (with 47X-464 blades) two microphone locations
were added in order to permit estimating the tone noise levels on the axis by
extrapolation in azimuth angle. One was at 50 feet and 20° azimuth; the other was
at 80 feet and 120 off the axis.

The broad-band noise was measured using a microphone mounted on a tripod at
approximately 4.7 feet above the ground. Propeller noise measurements were made
on a 50-foot radius from the center of the propeller. For the first three tests,
measurements were made at 22, 5°, 450, 67. 50, 900, 112, 50. and 1350 true azimuth,
Also, one microphone was located at 12 feet above the ground plane to measure
the noise at 6° azimuth. For the last two tests, the last microphone location des-
cribed above was changed to 4. 7 feet above the ground, resulting in an azimuth of
140,
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The H0-foot radius was selected because it represented a good compromise
bhetween near and far acoustic fields, ambient background noise, evenness of the
pround, and the location of major obstructions in the acoustic field.

4. ACOUSTIC FIELD CALIBRATION AND AMBIENT NOISE MEASUREMENT

The effects of the ground plane on the noise were investigated and appropriate
correction factors derived for adjusting the data to free-field conditions. For the
low-frequency harmonic noise, measured by a microphone on the ground, it was
anticipated that a pressurc doubling effect would occur, resulting in a 6-dB increase
over the same measurement made in a free-ficld environment, This was verified
as follows, A speaker was mounted on the propeller test rig at the location on the
propeller center. A sine-wave oscillator was used to generate tones through the
speaker. A microphone, placed on the ground at 50 feet from the speaker, was
used to measurc the level of the tone. The microphone was then slowly raised above
the ground until a minimum level was indicated. This reading was noted. The
microphone was then raised further until a maximum reading was again obtained.
This was done for the frequency range 60 to 250 Hz. It was not practical to go lower
than 60 Hz because: a) the output from the speaker was decreasing, b) the background
noise was higher at low trequencies, c) it was not possible to raise the microphone
to a sufficient height to obtain a minimum, and d) even had the microphone been
raised to the null point, the difference in path length between the direct wave and
the reflected wave would result in errors,

The minimum reading occurs when the reflected wave and the direct wave arrive
exactly out of phase and thus cancel. If the intensity of the two are the same, then
they cancel completely and no sound is heard. On the other hand, at the maximum
the two waves reinforce and the level measured is their sum. We thus have two
equations in two unknowns as follows:

Pmax ~ o * Pr

p T -
min pD pR
from which:

max

(pmax * pmin)

AdB 20 log (pmax/pD) = 20 log

where qu is the acoustic pressure measured during reinforcement, pmin is the

[ ¢

acoustic pressure measured during cancellation, P_ is the acoustic pressure of the

D

direct wave, P_ is the acoustic pressure of the reflected wave, and AdB is the

R
increase in measured sound pressure level due to one reflection, Figure 14 presents
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Figure 14, Ground Reflection Corrections for Tone Noise
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the results obtained by applying the above equation to the measurements. Also shown
are the estimated actual increments derived from interpolations to the actual P ,
since it was not possible to obtain this value directly due to background noise,

The resulting curve approaches 6 dB, i.e., the ground appears to be a near-perfect
reflector at low frequencies. It was thus concluded that a 6 dB correction should be
applied to all the data from the ground-plane microphone to adjust the measurements
to equivalent free-field conditions.

The acoustic field corrections for the micrephones mounted on the tripods were
determined using random aoise output from the speaker located at the center cf the
propeller, The signal was analyzed by 1/3-octave bands. The microphone was then
moved toward the speaker, from 50 feet to 12.5 feet, along a line passing from the
microphone to the center of the speaker, Assuming spherical spreading of sound,
any reflected wave would be at least 10 dB below the direct wave at the 12, 5 foot
location (the distance to the ground being 17 feet, the ratio of the path length of one
reflection from the ground to the distance from the speaker to the microphone is 3).
The 1/3-octav> band levels from the microphone at 12. 5 feet were decreased by 12 dB
1or spherical spreading from 12.5 to 50 feet and compared to those measured at 50 feet.
The difference was attributed to ground reflections. The corrections thus derived are
shown in Table V. These levels are to be added to the measured levels for correction
to equivalent free-field conditions.,

Note that it is not simpler to use a microphone located at ground level to measure
the broad-band noise as well as the low frequency tone noise because at high fre-~
quency: a) the ground is not a perfect reflector, b) the reflections would be diffuse
and, thus, the correction to be applied would be dependent on the loca! ground
composition, ¢) the dimensions of the microphone (one-inch diameter) approach the
wavelength of the sound, d) the acoustic field would have to be calibrated anyway.

The ambient background noise and noise of the propeller rig were measured at
cach of the noise measurement locations. The rotational speed of the rig had a
negligible effect on the rig noise, Table VI summarizes the average background and
rig noise which was found to be typical for a windless night. The azimuths given
are those of the broad-band noise measurement locations.

5. ACOUSTIC DATA ACQUISITION AND DATA REDUCTION SYSTEMS

The acoustic data from the first two tests were acquired using a system con-
sisting of:

4. A Bruel & Kjaer (B&K) one-inch condenser microphone type 4131,

h. A B&K type 2203 sound level meter.

¢. A Kudelski Nagra III single-track magnetic tape recorder operated at 7.5
inches per sec with CCIR equalization.
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TABLE V
GROUND REFLECTION CORRECTIONS FOR BROAD-BAND PHOPELLER NOISE

Acoustic Field Acoustic Field
1/3-Octave Band Corrections for Corrections for
Center Frequency the 4. 7-ft Mic, the 12-ft Mic.*

25 He -6 dB -6 dB
31,6 =) -6
10 5,5 =5
50 -5 -4
62.5 =3,9 -1
80 -1,D 2
100 -2 -2
125 -2,5 -2
160 9 -4
200 5 -2
250 -1 0
315 -5 -3
400 -4,5 -1
500 -1.5 -4
625 =2.5 ~2
500 -} -3
10060 -2 -2
1250 -2.5 -2,5
1600 -2 -2
2000 -3 -3 ;
2500 -2 -2 1
3150 -2 -2
1000 -3 -3
5000 ~2.5 ~2,5
6250 -1,5 -1.5
=000 -1 -1
10000 -1 -1

*Used during the first two test periods only.

a8




TABLE VI

GENERAL BACKGROUND AND PROPELLER TEST RIG NOISE
Azimuth Angle
i 1."3=Octave Band
? Center Frequency | 6-14.5° [ 22.5° | 45° | 67.5” | 90° }112.5° ] 135°
25 Hz 51dB |58 dB | 50dB | 53dB |51dB | 50 dB |50dB
31.5 5 55 53 54 58 55 54
10 46 50 16 48 46 46 47
50 49 52 50 49 49 50 51
62.5 48 50 51 48 48 48 50
80 17 48 50 48 48 51 52
100 44 47 48 48 49 50 53
125 16 50 50 52 51 51 51
160 43 48 51 52 53 53 53
200 29 46 47 47 46 46 47
250 40 45 44 45 46 47 48
315 42 a4 42 45 47 47 50
400 42 11 43 45 46 48 50
500 41 40 40 41 42 45 47
625 41 36 38 41 41 43 45
800 40 35 36 37 39 42 42
_ 1000 36 33 35 35 36 3% 41
] 1250 36 32 34 35 35 37 38
; 1600 45 37 39 42 40 45 11
2000 33 29 29 30 31 33 34
2500 20 26 27 28 29 30 39
2150 27 28 29 29 33 31 32
1000 26 25 23 29 27 25 28
5000 23 24 2 26 2.4 23 24
G250 20 24 23 23 23 20 25
I 2000 21 21 21 23 22 21 22
F 10000 20 24 20 21 20 20 21
¥
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d. A B&K type 4230 microphone calibrator producing a 94 di} acoustic signal
at 1000 Hz.

¢. A B&K one-inch condenser microphone affixed to a B&K type AO-0033
10-foot extension cable (for the microphone located 12 feet above the ground).

The data from the last three tests were acquired using the above equipment except
that the recording station was remote from the microphone. Thus, a B&K type 2801
power supply was used in conjunction with a 200-foot extension cable to power a B&K
type 2613 one-inch cathode follower.

The tape recordings were played back on an Ampex AG500 tape player. The
equalization of this machine was adjusted such that the frequency response of the
total data acquisition/playback system was within +1 dB from 20 tc 14,000 Hz with
a gradual roll-off to -3 dB at 10 Hz.

The data from the ground-plane microphone were analyzed by means of a Spectral
Dynamics SD101B Frequency Analyzer. A 5-Hz bandwidth filter was used for all the
data except that from 90° azimuth microphone where a 1.5 Hz filter was required to
extract the levels of the tones from the other noise components., The analysis range
was 10 to 210 Hz for the 150 and 200 ft/sec tip speed conditions, and 10 to 410 Hz
for the higher tip speed conditions, except for the data from the final test. Since this
test was run with a two-bladed propeller rather than a four-bladed propeller, the
analysis frequency ranges were halved. These ranges covered approximately 10
harmonics of the blade passage frequency. A -6dB correction for ground reflection
was added to all the tone data,

The data from the vortex noise microphone positions were analyzed using a
General Radio 1921 Real Time 1/3-Octave Band Analyzer with band center frequencies
from 25 to 10,000 Hz. Each band level was corrected for background noise as
follows:

Corrected level 10 log [antilog (SPL/10) - antilog (BKG/10) ]

where SPL is the measured 1/3-octave band level and BKG is the background noise
level in that band at that measurement location (from Table VI). Since the measured
levels were rounded to the nearest decibel, the background correction was applied
only when the measured level exceeded the background noise by 1 dB or more. It
this was not the case, then no further correction was applied to the data and it wa
considered to be background noige rather than signal and, thus, not to be used.

The data were then adjusted for ground reflections by applying the corrections from
Table V,
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In some cascs, particularly in the low-frequency bands and for the higher tip-
speed operating condition, it was observed that some bands were distinctly higher in
level than the bunds immediately on either side, indicating the presence of a tone,
Thus, a similar analysis to that described for the rotational noise was done on this
on this data, Where a tone was noted, its level (or in the case of a band covering the
frequency range of several tones the logarithmic sum of the tone levels), was compared
to the level of the 1,3~0ctave band of that frequency range. If the levels agreed within
3 dB, it was assumed that the 1/3-octave band level was due to tones and not to
broad-band noise and, thus, not used for comparison with estimated vortex noise,

The width ot + 1 Hz liiter did not allow the determination of the signal level
between tones. Therefore, the data from the fourth test were more extensively

analyzed using » narrower filter, For this analysis the vortex noise data were
analyzed over the range 10 to 600 Hz using a 1,5 Hz bandwidth filter. The tones were
eliminated and ' ¢ re.t it grated between 1/3-octave band frequency limits and the

corresponding 1. oclave band sound pressure levels calculated. These were then
corrected for !« -Lground oise and ground plane effects and used for correlation
with vortex nois.- « alcutations,

6. DISCUSSION OF TEnl RESULTS
a. Propelier ‘P'est Configurations

Four propeller configurations were tested in this program. All.were 11,25
feet in diameter. The first three propellers were four-bladed. The last configuration
tested was the third propeller with two blades removed. Figure 15 and the following
table present the blade characteristics of the propellers tested while Figure 16 shows
a comparison of their planforms. All propellers were tested in the tractor mode:
i.e., the propeller wake passed through the rig supporting structure.

Blade designation 47X -394 and 47X-451 47X~464
Activity factor 112.9 213.8
Maximum chord 11. 4 in, 19.1 in.
Integrated design CL 0.60 0,5384
Airfoil section NACA 64A NACA 66A

The first blade configuration (47X-394) was an existing configuration designed
for a STOL aircraft. The second blade configuration (47X-451) was derived from
the first blade configuration by increasing the blade twist near the tip. The purpose
of this change was to reduce blade loading and angle of attack near the tip in order
to simulate typical conditions in flight rather than static operation. The third blade
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844907 47 X 464 47 X 451

Figure 16. Blade Planforms
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configuration was designed to minimize both harmonic loading noise and broad-band
noise within the capabilities of an available p_opeller hub and blade forging. Theory
indicates that increasing blade chord reduces harmonic loading noise for a given rpm
and thrust, A design study of vortex noise trends was made using a preliminary
version of the new vortex noise method with the coefficients based on broad-band
noise data from the first two propellers tested. The study indicated that increasing
blade chord also would reduce propeller vortex noise. The use of an existing blade
forging resulted in a chord of about 19 inches and the activity factor to 213, 8 compared
to a chord of 11,4 inches and an activity factor of 112, 9 for the first two blade con-
figurations tested. Based on the study of airfoil sections reported in Section V.4,
NACA 66A sections were used in order to reduce vortex noise further. The method
of determining the thickness distribution for this new section is described at the

end of Section V. 4. In order to facilitate a comparison with the first two propeller
configurations, the diameter of 11.25 feet was retained. The hub permitted tests of
both 4-bladed and 2-bladed configurations of the new wide 47X~464 blades.

A brief investigative program was conducted after the second test period in
order to determine rig blockage effects on the propeller noise. For this third test
program, the second propeller test configuration was reversed and run as a pusher

propeller,
b. Propeller Test Conditions

The test conditions for the five test periods are summarized in Table VII,
The thrust and power are averages of the rotational noise and broad-band noise data
runs for the tip speed and blade angle shown. The powers shown are based on the rpm
and measured torque.

Although the wind speed is given as a range, most of the data samples were
taken during calm periods since it was pessible to see the anemometer and thus
record data between gusts. In many cases the anemometer was still; i, e. , the wind
was less than 1 mph.

c. Rotational Harmonic Noise

The measured harmonic noise levels are presented in Tables VIII through
X11. All the levels shown have been adjusted tu equivalent free-tield conditions.

Figure 17 presents the rotational nois¢ harmonics for the middle blade angle
and 200 ft/sec tip speed at three azimuths. It can be seen that the levels of the
harmonics do not decrease rapidly as is commonly predicted by theory for low tip
speed propellers. One possible explanation for this phenomenon appeared to be
interference from the rig. As a consequence, the third test program was conducted
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Test Perviod No,

TABLE Vvl

PROPELLER TEST CONDITIONS

1. 47 X 194 blades,

August 22, 1970

Blade Angle

RPM Tip Speed at 0.75 Radius Thrust Horsepower
255 150 ft/sec 19.7° 134 lbs 6.7
249 200 19,7° 250 17.4
547 322 19,7° 729 72.7
254 150 13.72 95 3.9
140 200 187 201 8.0
510 300 13.7 490 34,1
650 383 13,7° 805 72.9
255 150 8,7° 65 2.1
341 200 3.72 156 6.1
511 300 8.7 370 19.8
750 142 8,7° 751 72.7
Temperature range: 45 to 54°F
Barometric pressure: 29,95 to 30.02 in. Hg
Wind speed: 0 to 2 mph

Test Period No., 2, 47 x 451 blades, October 17, 1970

Blade Angle

RPM Tip Speed at 0.75 Radius Thrust Horscpower
250 147 ft/scc 16.4° 186 1bs 5.0
140 200 16, 4° 315 10.5
609 353 16.4° 800 69.6
250 147 12.4° 130 3.8
340 200 12.42 215 7.5
510 300 12,4 484 32.8
670 295 12.42 832 78. 6
340 200 8.4 167 6.0
520 306 8.4° 359 18.4
750 142 8. 4° 743 70.0

Temperature range: 34 to 37°F
Barometric pressure: 30.07 in. Hg
Wind speed: 0 to 2 mph
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Test Period No, 3. 47 x 451 Blades, Pusher Configuration,

TABLE VII (Cont,)

January 30, 1971

Blade Angle
RPM Tip Speed at 0,75 Radius Thirust Horsepower
255 150 ft/sec 12,5° 130 Ibs 3.8
340 200 12.5° 215 7.5
510 300 12.5° 484 32. 8
650 383 12.5° 790 75.0

Meteorological data not taken,

‘Test Period No, 4,

47 X 464 Blades, 4 Blades.

February 17, 1971

Blade Angle
RPM Tip Speed at 0,75 Radius Thrust Horsepower
255 150 ft/src 15.0° 321 lbs 8.7
! 340 200 15, 0" 475 19.2
: 510 300 15.0° 896 59.7
| 255 150 11.42 199 6.7
f 340 200 11.4 301 13.8
510 300 11.42 640 44.4
600 353 11.4 881 73.2
255 150 8.1° 187 6.7
340 200 8.1° 292 13.6
510 300 8.1° 551 35,7
680 400 8.1° 916 77.1
S

a
Tempervature range: 9 to 18 F
Barometric pressure: 30,13 in. Hg

Wind speed: 0 to 3 mph
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TABLE VII (Concluded)

Test Period No, 5. 47 x 464 Blades, 2 Blades, March 2, 1971

Blade Angle
RPM Tip Speed at 0,75 Radius Thrust Horsepower
255 150 ft/sec 10, 9° 40 lbs 4.4
540 200 10. 93 125 8.6
510 300 10.9° 345 26.0
600 353 10.9° 485 38.0
680 400 10.9. 631 53.0
765 451 10.9 819 75.0

Temperature range: 28 to 30°I-‘
Barometric pressure: 30.00 in. Hg
Wind speed: 0 to 3 mph
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TABLE VIII

SUMMARY OF THE TONE LEVELS FOR THE 47 X 394 BLADES

19.7° Blade Angle

Azimuth Angle

Tip Speed | Harmonic | 45° | 67.5° 90° 112.5° 135°
150 ft/sec 1 61dB | 53dB | 52.5 dB 53,5 dB 60,5 dB
2 50.5 | 49.5 | 39 47 52
3 54.5 | 47.5 | 47 47 53
4 52 47.5 | 41 46 51
5 48.5 | 44.5 | 43 41 48
6 47 41 47
200 1 64.5 | 6o 51.5 61 58
2 63 53.5 | 44 58 61
3 60 52 40.5 56 57.5
3 58 50.5 | 42.5 54 57
5 55 51 53.5 58
6 55.5 | 49.5 52 57
7 53 49.5 50.5 56
8 51 50.5 49.5 53
9 49.5 | 47 47 52
10 49.5 | 46 49 55
11 51 47.5 50.5 52
12 50.5 | 47 50 51.5
13 48,5 | 47 49.5 52.5
322 1 68.5 |67.5 | 64 66 70. 5
2 64 65 54.5 68 73
3 64.5 73
3 60,5 69
5 60 69
6 61 70,5
7 61.5 70
8 63 70.5
9 62 68
10 60 67
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14.7" Blade Angle

TABLE VIII (Cont.)

Azimuth Angle

Tip Speed | Harmonic | 45° | 67.5° 90° 112,5° 135°
150 ft/sec 1 50dB | 49dB [51.5dB | 50dB 46,5 dB
2 40 36.5 *|34.5 37.5 44
3 39 42 43,5 45 47
1 40 38 31.5 36 39.5
5 42 37 32 38.5 44.5
200 1 57 52 49 53.5 55
2 49 46 39 46 51
3 49,5 | 42 37.5 43 51
3 52 41 36 42 50.5
5 52.5 | 45 38,5 40 50.5
6 53 50
7 50 48
8 49 46
9 46.5 44
10 43.5 46
11 46 48
12 46.5 49,5
13 47 47
14 a7 45
300 1 62 65 63 58.5 64.5
2 62 59 48 55 58,5
3 58.5 | 54 49 53.5 60,5
4 59 56.5 |44.5 49.5 57.5
5 59.5 | 57 42 50.5 55,5
6 57 52 57
7 57 52 61
8 59 53 62
9 58 53 56
10 57 52.5 55
11 56 52 55,5
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TABLE Vil (Cont.)

13.7" Blade Angle (Concluded)

Azimuth Angle

Tip Speed | Harmonic 45° |67.5° | 90° 112.5° 135°
383 ft/sec 1 62.5 dB|70 dB | 74 dB 72.5dB | 70 dB
2 63,5 |61 52,5 63.5 66
3 63 60 51.5 61 63
1 62 62 50 59,5 64.5
5 62 59 60 64.5
6 66 61 60.5 65
7 66 61.5 62 67
8 66 60.5 60 64.5
4 63 59,5 58,5 66.5
8. 7° Blade snsrle
Azimuth Angle
Tip Speed | Harmonic | 145" |67.5° | 90° 112,5° 135°
150 ft/sec 1 57dB |52dB |54 dB 50 dB 51.5 dB
2 41.5 |40.5 |36.5 40,5 42.5
3 39.5 |43 47 47 51
4 37.5 | 38 33 38 43.5
5 40.5 |39 38,5 40.5 44
200 1 54.5 |47.5 |46.5 45,5 55
2 53 42 40,5 45,5 47
4 45 12,5 | 37.5 43.5 50.5
1 49 42,5 |40.5 41.5 48.5
5 4.5 [40.5 415 42.5 45,5

e LT
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TABLE VIII (Concluded)

8.7" Blade Angle (Concluded)

Azimuth Angle

Tip Speed | Harmonic | 45° 67.5° | 90° 112.5° 135°
300 ft/sec 1 61 dB | 55.5 dB|61 dB 56 dB 56 dB
2 59 52 47 54 58
3 57 52 47.5 54 56
4 54.5 | 49 42 47 55
5 53 50.5 |40 48.5 53
6 49 43 46.5 52
7 52 45,5 50 51
8 52 47.5 50 53
9 54 47.5 48 53
10 52 48 48.5 53
11 51 47 46.5 49
142 1 68 64 65 70 69
2 69 62 53,5 61 64
3 62 64.5 |54 62 65
4 62 61 52.5 59 61
5 61 59.5 59.5 62
6 62.5 | 58 63 61.5
7 61 58.5 61.5 63
8 61.5 |55 62 62
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TABLE IX

SUMMARY OF THE TONE LEVELS FOR THE 47X451 BLADES

All data for 90° azimuth angle

Blade Angie

Tip Speed, ft/sec

at 0, 75 Radius |Maximum 147 200 300 353 395 442

16. 4° 1 45dB | 48 dB 63 dB
2 40 45 57
3 40 45 60
4 35 45 53
5 42 47 56
6 43 54
7 54
8 51

12, 4° 1 46 49 56 dB 72 dB
2 36 40 53 73
3 40 36 55 74
4 31 41 47 71
5 40 42 50 78
6 35 41 75
7 39 47 78
8 28 7
9 71

8. 4 { 44 57 70 dB
2 36 45 56
3 40 44 51
A 41 47 AN
5 41 47 62
6 39 19
T 44 46
R 38 1Y
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TABLE X

SUMMARY OF THE TONE LEVELS FOR THE 47X451 BLADES
WITH THE PROPELLER IN A PUSHER CONFIGURATION

All data at 12, 5° blade angle

o S

_ Azi nuth
Tip Speed | Harmonic 45° 67.5° 90° 112.5° 135°
150 ft/sec 1 48dB | 54dB | 39dB | 42 ¢B 50 dB
2 48 48 45 48 48
3 48 44 45 49
4 48 42 44 46
5 46 44 43 a1
6 44 42 42 40
7 a4 40 39 a1
8 43 41 39 40
9 41 38 38 40
10 41 39 39 39
200 1 56 55 45 58 59
2 57 54 43 54 55
3 60 56 43 52 51
4 54 52 52 55
5 52 53 47 52
6 48 47 45 47
7 48 46 44 49
8 48 43 43 46
9 46 40 46
300 1 65 66 57 64 65
2 62 60 51 63 65
3 65 59 46 63 65
4 60 55 44 59 63
5 56 54 41 58 60
6 56 49 40 54 58
7 56 48 42 52 56
8 55 47 40 50 55
9 53 46 48 52
383 1 72 69 74 72 78
2 76 68 56 66 67
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TABLE X (Concluded)

All data at 12, 5° blade angle

Azimuth ,

Tip Speed |Harmonic 45° 67.5° | 90° 112.5° 135°
383 ft/sec 3 73dB | 64dB | 62dB | 64 dB 68 dB

4 74 58 56 60 64

5 69 58 54 58 60

6 68 58 52 56 60

7 66 53 52 51 58

8 63 48 52 52 58
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SUMMARY OF THE TONE LEVELS FOR THE 47X464 BLADES

15, 0" blade angle

TABLL XI

Azimuth Angle

Tip Speed |Harmonic |12°(80 £ty | 20° |45° |67.5° |90° |112.5° | 135°
150 ft/sec 1 50 dB |54dB|57dB|52dB |454dB|63dB | 57dB
2 54 55 |54 |49 39 |60 54
3 56 55 |48 |48 37 158 54
4 52 52 |s0 |49 40 |s8 58
5 54 53 |51 |51 41 |59 55
6 54 54 |54 |49 40 |s6 59
7 54 50 |49 |a7 42 |58 52
8 51 52 |50 |47 31 |s6 52
9 52 50 |51 |47 3 |56 51
10 50 52 |50 a7 31 |58 53
200 1 57 61 |64 |56 53 |68 68
9 54 56 |60 |53 52 |66 62
3 49 61 |60 |48 49 |64 62
4 50 61 |61 |47 a8 |67 62
5 50 59 |58 |s1 47 |64 64
6 48 63 |62 |48 a7 |e2 62
7 49 60 |59 |47 53 |64 59
8 49 57 |48 | a7 47 |63 62
9 50 59 (50 |46 2 |62 60
300 1 74 74 |66 |69 62 |66 66
2 66 66 |71 |66 54 |60 64
3 71 69 |67 |58 56 |63 70
4 68 68 |66 |56 52 |62 70
5 72 70 (69 |57 52 |61 65
6 68 71 |68 |60 51 |62 66
7 70 2 |66 |60 52 |62 68
8 67 68 |64 |56 51 |57 66
9 66 66 |64 |56 49 |60 66
10 62 68 |62 |56 48 |58 60
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11.4" blade angle

TABLE XI (Cont.)

Azimuth Aggle

Tip Speed | Harmonic |12°(80 ft) | 20° | 45° | 67.5°| 90° | 112.5°] 135°
150 ft/sec 1 61 dB | 54 dB; 56 dB| 52 dB| 52 dB| 53 dB 52 dB
2 55 49 | 50 | 48 43 | 45 47
3 19 a5 |45 | 42 a2 | 40 44
4 46 44 |42 |43 40 | 40 45
5 50 47 | a5 | 46 44 | 44 44
6 50 50 |44 |45 42 | 40 47
7 49 44 |44 | a7 50 | 42 48
8 49 45 | 43 | 43 41 | 43 46
9 48 46 |42 |43 43 | 40 46
10 45 45 |42 | 44 43 | 43 45
200 1 66 58 | 61 56 60 | 54 62
2 66 56 | 61 | 47 45 | 48 51
3 56 48 | 58 |44 45 | 45 46
4 58 52 |50 |46 51 | 48 56
5 60 52 |53 |46 a7 | 46 52
6 59 55 |53 |46 41 |49 54
7 56 54 |52 |46 46 | 49 50
8 57 50 |54 |46 44 | 48 50
9 57 54 |52 |46 40 | 46 52
-
300 1 68 71 68 66 48 64 71
2 59 6 |65 |60 39 |58 69
3 G4 68 60 60 40 OR 61
4 63 69 64 59 43 60 %}
D 65 72 66 57 42 58 62
6 64 71 |67 |59 33 |61 61
7 64 70 {61 |60 40 |57 66
8 62 65 |62 |56 43 |56 63
9 60 67 |64 |57 35 |56 60
10 60 66 |62 59 34 |56 5K
353 1 69 66 74 68 66 77 T
2 70 61 |69 |62 45 |66 69
3 67 70 |67 |69 14 |61 71
4 67 72 |e4 |64 37 64 67
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TABLE XI (Cont,)

114" hlade angle (Concluded)

Azimuth Angle

Tip Speed | Harmonic |12°80 ft)[20° | 45° 1 67.5% | 90° | 112.5°| 135

353 ft,/sec 5 67 dB |74 dB| 68 dB| 68 dB | 33 dB| A6 dB | 66 dB
6 69 72 67 68 33 |81 70
7 66 70 67 | 67 41 |61 68
8 66 69 66 | 68 36 | 64 67
9 64 66 64 | 64 39 | 60 66
10 60 |65 63 62 36 58 64
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TABLE XI (Cont.)

8.1 blade angle

i Azimuth Angle
Tip Speed | Harmonic | 12%80 fy{20° | 45° | 67.5°{ 90° | 112.5°| 135°
150 ft/sec 1 46 dB (53 dB| 56 dB| 49 dB| 44dB| 50 dB 56 dB
2 47 45 52 50 42 44 18
i 3 48 42 49 42 31 44 45
' 4 44 40 48 44 31 45 46
5 45 43 50 44 35 44 50
6 49 4% 52 40 33 2 48
7 45 44 51 42 37 44 50
8 46 45 51 38 33 44 48
: 9 46 46 49 40 34 42 48
| 10 44 45 50 40 33 44 46
200 1 63 61 56 56 52 57 56
| 2 57 55 48 47 41 49 53
3 51 56 47 54 38 52 50
5 4 53 54 49 52 41 50 52
;, 5 54 53 50 47 40 51 48
- 6 50 54 50 50 38 48 50
7 51 56 47 50 38 49 52
8 54 54 48 52 38 49 51
9 50 50 47 49 36 48 50
L
300 1 63 67 60 66 68 61 62
2 58 63 66 54 48 64 62
3 56 64 56 55 49 60 61
4 56 64 56 58 48 63 60 3
5 58 60 60 53 46 59 60 i
6 57 63 55 54 46 61 61 i :
7 54 63 58 53 45 56 63
8 54 61 56 52 50 57 63
9 52 60 57 50 47 57 61
10 55 59 54 53 40 55 58
E L e _ ]
400 : 1 T0 T4 69 76 T4 76 T4
2 69 71 71 62 56 64 72
3 66 69 67 65 56 66 71
_ C 4 62 66 70 62 54 64 | 73
]
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TABLE XI (Concluded)

s. 1" blade angle (Concluded)

e
Azimuth Angle
Tip Speed |Harmonic | 12°80 £ty 20° | 45° 167.5° | 90° | 112.5° | 135°
100 ft/sec 5 65 dB | 71 dB| 68dB|62dB | 48dB| 60 dB | 68dB
6 62 67 67 63 51 |61 68
7 60 66 69 | 60 53 | 62 65
3 62 66 7 |60 52 | 63 64
i 9 54 64 70 |58 52 | 62 63
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TABLE XII

SUMMARY OF TONE LEVELS FOR THE 47X464 BLADES
IN A TWO-BLADED PROPELLER CONFIGURATION

1}
10,9 blade angle

Azimuth Angle
:
Tip Speed | Harmonic| 12°(80 fty| 20° 145° |67.5°| 90° | 112.5°| 135°
150 ft/sec 1 33dB | 38dB {42 dB{39dB| 38 dB| 37 dB 41 dB
2 46 51 50 49 42 41 48
3 44 48 49 44 36 38 42
4 42 50 45 40 37 38 43
5 41 47 46 40 32 37 39
6 46 49 47 42 39 31 42
7 44 43 33 41
8 43 41 35
9 45 45
10 44 45
r_ — — b
200 1 49 61 62 53 53 50 51
2 51 71 63 48 46 49 52
3 54 69 63 47 50 47 52
4 52 67 62 46 39 46 49
5 50 65 60 43 40 45 50
6 49 62 56 43 41 50
7 46 59 57 42 44 47
8 48 57 58 42 47
9 42
300 1 67 74 72 72 72 72 L 6m
2 64 80 76 60 57 63 1 63
3 65 79 76 61 50 ¥ 62
4 64 75 71 62 52 ! 5K |62
59 63 74 70 62 60 61
6 59 76 68 58 56 62
7 61 1 66 56 59 61
8 59 71 G 58 56 61
Y 5y 69 68 57 58 60
10 | 57 68 67 58 56 60
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TABLE XII (Concluded)

10, 9" blade angle
]
Azimuth Angle
Tip Speed | Harmonic | 12°(80 ft)| 20° | 45° 167.5° | 90° | 112.5°| 135°
3563 ft. sec 1 68dB | 77dB!76dB|74dB | 78 dB| 78 dB 72 dB
2 72 81 70 |61 63 | 67 66
3 72 82 68 |60 59 | 64 63
1 72 77 68 |59 59 | 63 65
5 70 77 71 60 56 | 62 64
6 67 74 70 62 56 | 61 66
1 7 67 74 72 62 62 64
8 70 70 |66 |61 61 65
9 68 72 67 |60 60 65
10 68 71 64 |60 63 64
151 1 73 82 84 84 88 88 85
2 82 86 82 71 76 78 79
3 82 86 82 74 69 72 81
1 83 83 |78 |74 68 71 82
5 80 83 79 |75 69 |69 81
6 78 82 78 | 72 70 70 78
7 75 83 176 |70 70 | 69 80
B 72 78 |72 67 68 80
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in which the 47X451 propeller was run in a pusher configuration; i.e., the propeller
wake was moving away from the rig rather than through it. The results, shown in

Table X, do not appear to be significantly different from those of the other propeller
configurations, A more detailed analysis of the data is discussed in Section VII, 2, a,

Another area of significance is in the directivity pattern of the harmonic
rotational noise. Figure 18 shows the directivity of the first, second, and tenth
harmonics of blade passing frequency for the 47X464, 4-bladed propeller at 300 ft/sec
tip speed. Whereas from theory one would expect the maximum to occur slightly
behind the plane of rotation with little or no tone noise ahead and behind the propeller,
the pattern shown in Figure 18 appears to be rotated 90°, with the maximum occurring
along the propeller axis and very little noise in the plane of rotation.

d. Broad-Band Vortex Noise

The 1/3-octave band vortex noise levels are presented in Tables XIII through
XV. The levels shown have been corrected for background noise and are adjusted to
equivalent free-field conditions.

The data from the fourth test, on the 47X464 blades in a four-bladed con-
figuration, were derived from narrow-band analyses as described previously.
Figure 19 shows a typical plot generated for this analysis. Of significance is the
width of the peaks. These are seen to be narrow and approximately equal to the
filter-response curve at the low-frequencies but are broader at the higher frequencies 1
indicating the presence of narrow-band random noise. Further discussion of this
figure is presented in Section VII. 2. c.

A comparison of the broad-band noise spectrum from the three blade
configurations tested is presented in Figure 20 for one particular microphone
location and operating condition. The 47X-464 blades were designed to reduce both
the theoretical loading noise and the broad-band noise predicted by the new method.
The predicted decrease in broad-band noise in the 250-1000 Hz frequency range is
3.3 dB relative to the 47X-451 blades and the average measured decrease is 3,4 dB
for comparable test conditions and microphone locations. This agreement between
prediction and measurement provides confidence in the validity of the new propeller
vortex noise method developed in Section V.3 in predicting broad-band noise of static

propellers,

Figure 21 illustrates the effects of blade angle on the measured broad-band
noise for one operating condition at one microphone position. The effects are seen
to be small,
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Figure 18, Typical Directivity Pattern of Rotational Noise

84




wnijoadg fousnbaaj jeotdLl ‘61 aan8id

ZH ~ ADN3NO3IY4
009 ovs 414 o2y 09t 00t ore 08l 114 09 ot

HLOIMONVE ZH S')

HLOWIZV <S€E}

— FIONv 3avi8 v b

Wdd 01§ ‘' D3S/L 4 00€
S30v18 v S3aV18 VoY X L¥ |

P S ———

8P ‘13AF 3uNSS3¥d ONNOS
85




wina}oadg astoN pueg-proagd uc uoneandguo) xofjadoad jo 9d *0Z dandrg

NdHOYeE °‘140S5=p ‘,S°C2lI =7t NOLLYDO1 JIN

v'iL voP XLy O

v'eL 1sYXiv v

L'El P6EX LV O
si'g 3avig

Z1¥3H "AINIATINS YILINDD

> v BOBIC OS0RL POSIL 0008 QO MSIC OeeZ St 08 Ok St R 1 s B sk W SH
NIY T 00r 00NST SBNSI L SRES 000y 0052 e oasl XY w81 &l " ] ” 4 )
ol 0t
W L
[] Ld
I [ : 4- -
v 7 .
+ T
v
L]
“ T - -
SO
I I T
IR ar <
M s g ) § Hrl [ L
L 1" .P “ - -4 4 s R 5 o
n 2 ™Y
¥ 1.1 v k4 “
s ¥ Lt T m
Y
T g g
[ - -
[] 14 \ 8 “
Y ¥ T 11 R
3 —k <+ 4+ 4+ - 11 o ~-
.I.“lu.':lﬂlj.ﬁ B . 4 + 4 S S -4 4 - - “
vy Y "7 1 1 . 1
: m .M L -4 - 4 4 UrT = T T3 u
7 4 Y - b - 4 -4 - - o - -+ -4 ¢Y! - o S -
" 3 T T 11 - T -+ 1 +—1+—4+ 4 —4 ”
it 09 3
— : ~-4-4 -+ +-4-4-4 NS Sy S - -
T vV 1 T .
F~—7v T+ T T 1" -
T |
T
” uultlﬁ T ~
[ 8 L R ”
i S B O o o e e s s
i . 1 -
o
r o ¥ 7 AN S
' SR . T B SR B 6 ) 41
. — -+ - 1T 1 ] LT —4— 444
.v|.”.._l|.|hv4\ v L o +— ‘l!xL”lﬁl vl‘AW. — -4 -4 4 - - 4 -+ -4 w,. mu”ii —4
I.»!LFI.H'_ “, FET-+ 1 -3 F T I 170§ hS S oy o
ﬁ " - d.l 4 34— - —4- —4 4
Y i
— i
i




wnajoadg pueg-peoad 1a[jadoid uo alduy apeld Jo opd ‘12 dan3g

WaH OVE * PO~ X Ly L40S=p ‘oS¢l =/ NOILVY D0 JIN

o8 O
N1l O
o0'Sh V
sL°8

ZIMIN "AININDIUS MILNDD )
Wi oL WL 0 o5 St W ®_m ® _su &

(Y]
[ §
3
-
2
g
i
%

N f  D00r OGNS GGE8l 8iti wO WM 6K e saet K3 e BS2 L1} 8 ] » Q .}
S W ¢
ooy
0
! > u ! 44+t
y ¥ I 1
[ T
T T
T
W T = ——t —]
- 4 -
0 v 3 AJ
N A LA
R AL OQ m m
- I R —4 — 4 —— o ——— -
LA R s [ [ 1 » o
Y + T +-4+ 1++ —4- - S DR MR T st - '
T X “
77 ¢ m
1 [ Tr I F 4 X
1 v AL ¥
v Y v ¥ J° . ¥ i
- | W 0S »
3 * ] L (]
“w 4 - - 3 1I-3 S S & -
. g T oP - 4 -1 ™
+—— T l._v;lr‘l S R S | 4 -4 -+ -+ +—4 — L l|¢ N S o -4~ - <
7 v lxﬁ — 1 4 & - St - -
- +—3 4 -1+ -
N | 4“ S VU .\uv.iuY T71 I P+ -4+ 4+-4 +- -4 -
i -4 13-} 4+ 444+ 1-% ”
s W +-—+ -} 4- $-- -4 _4 4 ° -
. [ 0 w -
— T + -+ 4 - - — - -4 y
SIS Ny R T
ro S S|
(I SRR S =
» 1] ¥ [
=== X
s 1 L]
,JllJ.l.ln—..lﬂn A B s i i sl 4 —_— u
il 2
s ] 0 Oh
T T T ]
v T
S Pr +—7 4 - 4+ - iMAY -4+ —4 L -4 4
L i . Y e + . AWllk .r|| + A - :vvln. b - lvltl.v’l.Y 3 —
ulxkr J—W M 4 -+—3—% 3 L4 4 -4+ 4+-4-+- 4
“ w h “ — + -+ - 4 P e
ruline i SE i




19.7°  Hade Angle

TABLE X1l

1/3 - OCTAVE BAKRD LEVELS FOR THE 47x394 BLADES

150 tt/sec tip speed

200 ft/sec tip speed

Azimuth Angle Azimuth Angle
1/3 Octave Band
Center Frequency | 6° | 22.5° | 46° [67.8° | 90° | 112.5°) 135° 6% | 22.5°) 46° | 67.5%| 80° | 112.8°| 188°
5 He B | B 51| B B | B B L
12 B B B | 4 a8 | a0 | s2| 62 [ s0 | s2 52
40 B 3% [ 46 | B B| B 2 | 5 51| 60 80 | 80 54
50 B 4 B B | B 49 iﬂ l T T
63 B 47 B B | a4 49 E D T
80 B 53 B B | 48 B 57 52 | 49 52 | s3 58
100 B | 51 |4 | B 2| e 4 | [T T | [r T T
125 a8 | 48 | 45 | 42 4| 50 56 ' “
160 s1| 59 { 59 | B B | se B 56 | 64 60| B B | 8 a8
200 59 | 55 | 50 | 47 B | 57 50 58 | s9 57| se 53 | 56 61
250 541 55 | 52 | 51 56 | 54 56 58 | 58 56 | 84 56 | s2 59
315 50 | 54 | 51 | 49 47| 49 51 56 | &7 57 | s2 52 | 85 59
100 sa| 55 | 51 | 49 4 | 50 58 59 | 59 57 | 54 54 | 61 81
500 50| 5 | 54 | 49 50 | 53 55 55 | 60 57 | 86 53 | 62 64
625 50| s3 | s3 | so o | 54 54 55 | 59 57 | 53 51 | 58 80
800 47 50 49 47 44 48 47 52 54 53 62 51 54 56
1000 a8 | 50 | 49 | 48 6 | 51 50 54 | s7 55 | &3 53 | 58 58
1250 a5 | a8 | a7 | 49 “ | 48 83 | 55 58 | 61 51 | 64 55
1600 a1 | 41 | a5 | 44 43 | 46 42 52 | 54 52 ) 51 51| s2 54
2000 43| 44 | 43 | 90 40 | 43 43 0 | 5 50 | 48 48 | 81 51
2600 as | 43 | a2 | 30 3 | 43 42 50 | 51 5 | 49 8] 5 51
2150 41] 41 | 40 | 38 3 | 39 4 49 | 50 9| 48 8 49 50
1000 as | a | ss | a7 85 | 39 39 47 | 48 8] a7 8l a4 4
5000 | s | s | 87 37 { 39 3 1 | 40 ®| 48| 48 4
6250 39 { 3 | 39 | se 39| 40 38 48 | 40 ] so ! 48 48
3000 38| 39 | 38 | 38 99| 3 39 46 | 48 ®w| 81 47 i
10000 as | 88 { 38 | ar 38| 3 3 46 | a8 B a8 16 | 48 45
B indicates no data due to background noise
T indicates tones
48




TABLE XIIl (Cont)

19.7° Blade Angle (Concluded)

322 ft/uec tip spoed

AzImulk Angle

1/3 Octave Band

Center Froquenoy| 6° | 22.5°| 48° [87.5°| 00° | 112.5°| 186°
28Uz | 57 61 62 83 63 65 64
82 60 59 65 65 66 67 68
‘0
50 60 63 65 65 66 66 67
63 62 63 64 64 65 64 65
80 T T T T T T T
125 86 68 65 60 59 60 65
160 70 T Tl T T T T
200 74 Q B
250 74 61 70 66 60 60 67
318 70 69 69 65 60 51 €8
400 72 7 10 65 62 84 73
500 68 72 31 66 64 67 s
625 69 70 70 66 63 66 7
800 65 65 6 63 62 64 65
1000 66 61 87 65 64 65 67
1250 65 65 66 64 61 64 65
1600 68 65 65 64 64 64 65
2000 64 64 63 63 67 61 62
2500 63 64 63 63 63 62 62
3150 84 63 83 63 62 61 61
4000 62 63 | 63 63 62 61 61
5000 63 64 | 64 65 63 61 61
6250 64 66 66 e7 €5 62 62
8000 64 65 66 81 64 62 61
10000 63 65 65 66 63 61 60

T indicates tones
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o et e e e
S

A3 Ulade Angl

Conter Freguency
e

26 Ha

o0
1000
1250
1500
2000
2500
3150
1000
S0y
R
ROV

10000

T Octave tand |

¢

TABLF. XIit (Cont)

150 ft/sec tip spoed

200 ft/sec tip spoed

Azinwth Angle Azimuth Angle

o' ) 208 | 48° |ev5° | 80° m.s” 136° 6 | 22.6°] 45°| 67.5° | 90° [112.5° | 1s5°
w |l s [B|B |[B|B |B miE (@ @
@ m G|l e B “| B B | @ | B 44
| 4 |3 | B B B |9 46 | 48 B |46 46 | 48 56
s | [T B B B | B 9 59 | 60 B
B B B " B B 54 | 50 B a7 T
B 55 |45 | 49 | B 45 |81 54 52 | 53 81 | 82 63
50 | s4 | 46 | s0 a2 | 50 51 | 87 53 |57 50 t
56 | 54 | a5 | 42 | 45 | 42 |51 59 | 82 55 |68 8 | 51 66
56 | et |59 | 68 | e1 | 58 | 63 89 @ 8
55 | 57 | s2 | sa | B B |58 58 | 59 61 |58 4 | 83 63
s6 | ss [ s0 | 55 | 87 | 53 | 54 80 | 56 58 |56 9 | 5 59
s2 | 53 | 4 | 46 | 46 | 48 | 40 57 | se 57 |83 s | 6 60
55 | 52 | 48 | 46 | 44 | 45 | 48 59 | 58 587 |55 50 | 83 60
st ] 56 | s2 | 60 | 4 | 50 |5 55 | 61 59 |57 52 | 55 63
s1 ) s2 |49 | a8 | 47 | s2 |52 85 | 56 57 |52 s0 | 5 59
s6 | ac |46 | a8 ] 46 | a3 |as 51 | 51 62 |52 50 | 50 54
a5 | 47 | a6 | a4 | 46 | a8 |46 50 | 62 83 |81 51 | 66 54
43 ] 44 | 43 | 40 ) a1 | 4z a3 48 | 48 49 |48 a7 | s0 52
| 48 |4z | 37 |3 | 31 ]46 50 | 49 48 |48 46 | 50 50
39 | 39 |as | 35 |3 | s6 |87 a1 | 41 46 |45 42 | 4
0 | 40 |37 | 36 |33 | 35 |38 a1 | 47 46 |44 43 | 45 a7
as | 39 [ s | 3 {30 | o [ 46 | 46 4“4 |43 41 | 44 46
a9 | a8 | a7 | 36 sz | s |ar 45 | 48 44 |42 a1 | 43 45
37 | a7 | s | 35 |33 | s |7 45 | 46 “ | a1 | 44 16
37| ar bae | se | as | st |39 46 | 47 45 |45 a4 | 48 47
37 37 36 36 33 37 38 45 46 45 44 42 45 46
35 | a6 |as | 34 |34 | 81 |8 43 | 44 4y |43 a1 | s 35

B indicates no data due to background notlse

I indicates tones
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13.7° _Blade Angle (Concluded)

TABLFE X1l (Cont)

304 ft/sec tip speed

383 ft/sec tip speed

Arimuth Angle Azimuth Acgle
173 (etave Rand
Center Frequency | 6° | 22.5° | 45° | 67.5°] 90° | 112.5° | 135° 6° | 22.6%] 46°| 67.56° | 90° | 112.5° | 135"

25 Wz 58 | 54 | a8 | 60 |61 | 51 |59 57 | 50 62 | a2 66 | 64 64
32 ] 63 3] 56 | 61 63 | s 671 | o7 66
40 60 | 62 | 63 |60 |62 | 62 |64 @ | m|m
50 53 | 56 | 56 |57 |so | 60 |[T 65 | 69 |7 7 | 70 67
63 (£} [(@ |es (89 | 61 61 | 63 84 | 65 67 | 67
80 57 | 64 |64 | 59 |59 | 59 |70 70 | 74 76 | 73 66 | 66 70
100 65 64 |58 | 59 63 | 69 70 | 67 63 | 64 65
125 67 | 69 | 66 | 58 |54 | 66 |72 7 | 12 71 |63 59 | 62 65
160 69 & | 62 5 | ™ w |19 [ | [T}
200 70 | 713 |68 |67 [se | 57 |73 7| s 73 | 70 63 | 64 70
250 72| 67 |61 |61 |56 ! 81 |70 8| 7 70 |67 60 | 62 86
316 68 | 68 |68 |63 [s4 | 88 |70 73 | 72 73 | 68 59 | 62 69
400 n|l nn|n {6 |56 | 61 |72 7 | 7 75 | 70 61 | 67 71
500 67 | 14 |12 61 |e1 | &1 |75 73 | 76 |1 63 | n 74
625 68 | 69 {66 | 63 |[s8 | 61 |70 74 | 73 72 | 68 61 | €8 71
400 65 | 64 |6 | 61 |56 | 69 g5 7| e 71 | 66 61 | 63 67
1000 63 | 66 | 65 | ez |57 [ 62 |e7 70 | 72 70 |67 61 | 65 70
1250 62 | o3 |63 |61 [|ss [ 59 |65 68 | 8 6o | 66 s1 | 68 67
1600 62 | 61 [ 61 |59 |56 | 57 64 88 | 67 67 | 65 6 | 63 67
2000 59 | s8 58 [ 57 |52 [ 54 |60 65 | es 64 | €1 67 | 59 64
2500 59 | 58 |67 | 56 jse | 55 |eo 64 | 65 €s | 62 58 | 60 63
3150 58 | 57 |56 | 55 |53 | 54 |s7 64 | 63 62 | 60 58 | 60 62
4000 56 | 56 |65 | 53 |ss [ 54 |57 62 | es 62 |60 58 | 60 62
5000 57 | 57 |85 | 54 [s53 | 54 |s7 63 | 3 62 |61 60 | 61 63
6250 58 | 58 |56 | s5 |ee [ 55 |58 64 | 64 63 | 62 62 ! 62 64
4000 57 | 57 |55 | 55 |54 [ 55 |57 63 | 5 62 |61 60 | 62 63
10000 55 | 55 |84 | 54 |53 | s4 |se 62 | 82 61 |61 59 | 60 62

I indicates tones
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TABLE XIII (Cont)

8. 7" Blade Angle
- 155 Tt vec iip apeed 208 ft/aec ilp speed
Aztinuth o Azimuth
1/3 Octave Band
Center Vroquency | 6° | 22.5° | 48° ) 67.5° | 80° | 112.5°] 138° 6" | 22.5° | 45°) 67.5° ; 80° | 112.5° | 188°
26 Mz 2| 8 |B | B |[B| B |{B m 1@
32 B 4 48 B B B B B | 60 55 | 44 8 | B 48
10 47 43 46 45 42 42 42 45 54 5% 49 46 45 48
50 # | 44 1B | B |D|B B 49 B | [T T
63 s2 | 57 |ss | s4a |4v | s0 44 5¢ | 64 57 | 81 a7 | T ;
80 57 | 60 {58 | s9 |52 | 31 | 48 8¢ | 85 52 |(T) | Iz 58 ]
100 46 | 54 |51 | s3 [|B 46 46 46 | 55 89 |54 48 | s3 59
126 an | 51 |4 | 49 |45 | 48 48 53 | 51 55 |61 % | 51 55
160 48 | 61 |59 | 85 B B B 55 | 59 6 |56 B B 59
200 a8 | s4 |50 | 41 |48 49 50 58| 85 61 |55 48 | 49 58
250 4 84 |50 | 4 48 | 49 50 58 | 55 61 |8 48 | 4 58
315 50 | 60 |48 | 46 | 44 | a2 48 54 | 54 57 | 52 47 | 50 56
400 s2 | s0 148 | 4 4“ | e 4 58 | 356 57 | 88 49 | 54 56
500 4 sz |s2 | 51 |49 | 50 51 55 | e 60 |55 52 | 64 58 |
825 49 | 51 |49 | 48 | 48 | &2 54 56 | &7 58 | 52 50 | 64 58
800 6 | 46 |48 | 47 48 | 45 44 53 | 83 54 | 51 51 | 60 58
1000 4 w7 a6 | 44 a5 | 50 46 62 | 54 54 |51 51 | 85 54
1250 42 49 48§ 42 |42 | a4 43 48 | st 53 | 48 471 | e 51
1600 90 40 {40 ] 9 |3 | s1 | B w | e 50 |45 43 | 48 48
2000 | a8 38 35 33 | s 33 46 | 45 a1 |48 41 | 48 44
2500 37 37 36 34 31 35 36 44 14 45 43 39 42 43
3150 96 | s6 |34 | s2 B 3 32 43 | 43 43 |40 35 | 40 40
4000 32 33 |s2| 0 |2n ]| s 29 3| u 41 |37 35 3 37
5000 38 31 29 27 27 | 30 20 38| s 38 |35 36 | 87 36
1 6250 a1 | 27 21 | 24 21 | 25 26 3 | s8 37 |84 a4 | 36 36
8000 B 20 B B B B B 32 | 85 36 |29 28 | 35 32
10000 B 16 B B B B B 24 | 20 2 |25 18 | 2 27

B indicates no data due to background noise
T indicates tones
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%, 7°  Muade Angle (Concluded)

TABLE XI1lIi (Concluded)

300 ft/sec tip speed

442 Tt/sec tip spe

ed

Azimuth Angle Azimuth Angle
1/3 Octave Band
Center Frequency | 6° | 22.5° | 46° ] 67.5° | 90° | 112.5°| 185° 6° | 22.5° | 45| 67.6° ! 90° | 112.5° | 135°
25 Hz 50 ] 53 |64 | 57 |58 | 57 54 57 | 89 62 | 63 é3 | 66 63
32 57 | 61 64 | 84 66 | 67 66
40 58| 63 |es | 60 |57 | 59 57 61 | 64 68 | 87 69 | 69 88
50 51| 57 |53 56 [5 | 60 | 55
63 ) 64 | 68 60 | 67 68 | 68 69
80 63| 60 |65 | 64 | 60 | 63 61 66 | 88 és |ee 68 | 70 71
100 65 59 66 G
125 70| 67 (63} 61 [ 8 [ 60 60 70 | 66 66 | 61 60 | 66 69
160 20| 73 |70 68 |63 | 68 | m
200 70 68 [ 68 | 67 | 58 | 61 66 7 | 76 7 |70 70 | 63 8
250 69| 61 | 67| 61 | 56 | 89 62 8 |71 73 | 66 83 | 67 72
315 69| 67 | 67| e71 | 53 | 60 66 75 | 72 73 |68 s2 | e 75
400 0| 68 | 67| 64 | 85 | 61 68 7 | 74 76 |69 s | w0 77
500 6| 69 | es | 65 | 62 | 63 71 74 | 76 7 | 66 | 712 84
625 68| 67 | 66 | 64 | 57 | &1 67 74 | 74 75 |eo 63 | 70 80
800 64| 64 | 64| 61 | 56 | 58 61 72 | 70 71 |67 63 | 67 72
1000 63| 64 | e | 62 | 56 | 61 63 71| 78 73 |68 64 | €9 75
1260 61| 62 [-63 | 60 | 66 | 58 61 %8 | 70 72 |68 63 | 67 72
oo 60| 60 | 61| 59 | 53 | 56 59 68 | 69 71 |61 62 | 67 72
2000 57/ s6 | 56 ] s5 | 50 | s3 55 67 | 66 67 |65 60 | 63 69
2500 s5) 56 | 66 | 54 | 40 | s2 54 66 | 67 66 |64 60 | 63 67
3150 s4| 53 | 52| 51 | 46 | 48 51 65 | 64 64 |61 56 | 61 65
4000 50| 51 | 50 1B | 45 | 48 43 60 | 62 61 |s8 55 | 59 62
5000 W] 49 | 0| a8 | 49 | a7 48 58 | 60 59 |88 54 | 67 60
6250 47 48 | | 47 | 44 | a7 47 57 | 58 58 |56 54 | 58 58
#000 43] 44 | 44| 44 | 40| 44 45 53 | 54 54 |51 51 | 52 54
10000 37 l a8 | | a9 | 36 | a9 l 43 16 |48 47 |45 45 | 4 47
T wdicates tones
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SECTION VII

CORRELATION OF TEST DATA WITH THEORY

1. INTRODUCTION

The test program described in the previnus section had three major objectives:
a) to provide harmonic rotational noise data to validate the propeller noise detec-
tability computer program calculation procedure for rotational noise, b) to provide
the 1./3-octave-~band noise data bank needed to determine values of the 3 empirical
coefficients in the new vortex noise prediction procedure developed under this
contract, and c) to demonstrate the reduction in ncise obtained from a propelier
with new blades designed for reduced detectability.

Earlier evaluations by Hamilton Standard of the rotational noise calculation
procedure for moderate- and high-tip-speed propellers had shown fair agreement
between predicted and measured harmonic noise levels. The evaluations were done
for field points both near and far from the propeller and for both static and flight
operation, However, the predicted rotational noise differed greatly from the low-
tip-speed data obtained during the test prog—ams described above. Not only were the
measured higher harmonics much larger than predicted, but even the fundamental
(first) harmonic was significantly larger than predicted. An extensive investigation
of possible causes of the lack of agreement and of ways to improve agreement was
undertaken and is reported in the following section,

The 1/3-octave band data bank obtained from the test program was used to select
the force coefficient Cp, the frequency coefficient Cf, and the Reynolds number expo-
nent which provide best agreement between the vortex noise predicted by the method
developed under this contract and data. This method is discussed in Section V.3. The
values of the three parameters selected are 8.0, 0.06, and -1.0, respectively.

The theories for harmonic and vortex noise were used to design new blades for
reduced detectability. The theory for harmonic loading noise indicates that increasing
Llade chord reduces rotational noise. Therefore, the propeller with the new wider
47X-464 blades should produce less rotational loading noise ithan the first two pro-
pellers tested at the beginning of the program. However, the increased chord
increases thickness noise sufficiently that it is predicted to exceed loading noise.

The measured data show no significant change in the harmonic noise levels. The new
vortex noise method predicts a reduction of 3.3 dB in vortex noise with the wider
blades. A comparison of the measured noise in the bands from 250 to 1000 Hz shows
a decrease of 3.4 dB.
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2. HARMONIC ROTATIONAL NOISE

At the start of the contract it was planned to use the harmonic noise data to
verify the accuracy of the rotational noise levels predicted by the computer program
and to permit small changes to improve correlation. However the first test period
showed significant differences between the test data and predictions., These
differences also were present in the data from the other four test periods.

The predicted harmonic noise levels had the following general characteristics:
a) the SPL of the fundamental (at blade passing frequency) harmonic noise increases
by about 37 dB per doubling of rpm, b) the harmonic fall-off is rapid, the first
overtone is about 60 dB lower than the fundamental, and ¢) the noise is loudest
slightly behind the propeller plane and drops to zero on the axis. In contrast, the
test data show: a) the SPL of the fundamental increases about 19 dB per doubling
of rpm, b) the harmonic SPL's, up to the 10th harmonic, are within 30 dB of the
fundamental, and c¢) the harmonic noise data shows a sharp dip near the propeller
plane and does not decrease near the axis.

A thorough study of possible noise sources which would explain the lack of
correlation with theory was undertaken. The results are presented in the next two
sections.

a. Correlation of Test Data with Theory

The significant differences between the harmonic noise test data and the
predictions are outlined in the preceding paragraphs. Some specific examples are
presented here, Also, several possible sources of the harmonic noise which were
investigated are discussed.

The variation of the fundamental measured harmonic noise level with rpm
{and tip speed) is shown in Figure 22 for a representative case at 12. 5° behind the
propeller plane, At the two highest tip speeds the theory for harmonic rotational
noise with uniform loading (see Sections IV.2 to 4) agrees fairly well with the
measured data, But at the two lower specds the agreement becomes poor.
Unfortunately, the propeller noise detectability program is expected to be applied
to low-tip-speed propellers where Figure 22 shows the harmonic noise prediction
with uniform loads is inaccurate. The curve for the predicted variation with loading
harmonics included in order to improve the accuracy of the prediction is discussed in
the following Section VII. 2. b,
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Figure 17 presents the measured rotational noise harmonics of four 4-bladed
propelley configurations at three azimuth angles. It can be seen that the harmonic
levels do not decrease rapidly with harmonic number (and frequency). Although there
are individual differences shown in the limited sample represented by Figure 17, a
study of all the harmonic noise data in Tables VIII to XII does not indicate any signifi-
cant difference between the various configurations tested. Figure 23 presents the
harmonic noise data for one configuration in Figure 17, The predicted noise levels
for the theory with uniform loading are also presented by square symbols. The
fundamental harmonic is much less than the measured value, as discussed above in
connection with Figure 22, Even more significant in terms of detectahility is the fact
that all predicted overtones are very much quieter than measured, by about 60 dB for
the second harmonic, for example, and even more for higher harmonics,

Figure 24 shows the measured directivity pattern of the fundamental and fifth
harmonics of blade passing frequency. The directivity pattern of the fundamental
harmonic predicted by the standard theory with uniform loading is shown by square
symbols and is dominated by thickness noise rather than by loading noise because the
chord of the 47X464 blades is large. Therefore, the directivity patlern predicted for
the fundamental harmonic has a maximum in the propeller plane, y = 90, rather than
the measured minimum shown.

The lack of correlation between test data and prediction in level, harmonic
content and directivity pattern described above shows that the standard calculation of
propeller harimonic noise is inadequate for predictions of harmonic noise for the test
conditicns. This does not mean that the theory is inadequate for all conditions.
Indeed, it has proved to be generally adequate at higher tip speeds, both in flight and
statically. Because of the observed lack of correlation, other sources of harmonic
noise on the rig at low propeller speeds were investigated. The results are sum-
marized in Table XVI, The first two sources are expressed by the standard caicula-
tion, as in Equations (3) and (4), and, as the preceding discussion shows, do not
predict the measured data, With the exception of the last 3 items in the table the
sources of harmonic loads described were dismissed from further consideration dur-
ing the investigation for the reasons given in the table. The velocity field at the strut
due to the trailing tip vortex (item 13) was calculated by a Hamilton Standard computer
program. At 4 feet from the propeller axis the predicted velocity normal to the strut
varies from 10 tps to 132 fps as the propeller turns, High velocities near 132 fps
occur only over a small fraction of the distance between blades and therefore the force
on the strut would be rich in harmonics, The first 3 harmonics of the noise due to the
resulting oscillating force on the struts were calculated and compared favorably with
‘he datu, Therefore, test program 3 was conducted to verify that the rig support
struts were the source of the harmonic noise. The 47X-451 propeller blades were
rotated 180° in the hub and the direction of propeller rotation was reversed. Thereby
the propeller was opcrated as a pusher with the trailing vortex moving away from the
vig rather than towards ii., As Figure 17 shows, the harmonic noise did not decrease
significantlv. Also, an observer could reccsgnize that the noise source was the pro-
peller rather than the rig even in the normal tractor mode. Therefore, this noise
source was discarded as a cause of the observed harmonic noise.
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TARLE XVI

SUMMARY OF HARMONIC NOISE SOURCE STUDY

Harmonic Noise Source

Comments

-1

Axially-symmetric thrust and
torque loadings

Blade thickness

Radial blade loads

Blade vibration

Quadrupole sources studied by

Ffowes Williams and Hawkings(33)

Second-order sources studied by
Morfev(14)

Atmospheric turbulence causing
varying blade loading

Asyvmmetric blade loading due to
ground blockage inducing asym-
metric flow through the propeller

Theory (Eq. (3)) predicts a large varia-
tion with rpm, rapid harmonic fall-off,

and noise maximum near ¥ = 1050, As
discussed in text, these 3 trends differ

from those observed.

Theory (Eq. (4)) generally predicts lower
harmonic noise than does theory of load-
ing noise (Eq. (3)) and noise maximum in
propeller plane.

The theory(zz) predicts maximum noise
in propeller plane. Should be small be-
cause of small blade deflections, unlike
a helicopter rotor.

Not source because vibration frequencies
are not always multiples of blade passing
frequency.

Studies at United Aircraft Corporation
Research Laboratories show these sources
would produce less noise than that from
uniform loading (Item 1).

Believed insignificant because of low
axial Mach numbers and large spacing
between the propeller and stand support
struts, see Figure 10.

Turbulence believed to be small. Data
obtained during a wind gust, with pre-
sumably more turbulence, shows only
moderate increases in noise level,

Believed insignificant because the
propeller axis is over 3 propeller
radii above the ground.
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TABLE XVI (Concluded)

Harmonic Noise Source

Comments

9,

10,

1.

Wind producing asymmetric blade
loading

Asymmetric blade loading due to
non-uniform flow induced by
blockage of stand support struts

Boundary layer velocity wake
from blades causing an oscil-
lating force on struts

Bound vortex on blades causing
an oscillating force on struts

Trailing tip vortex from blades
causing an oscillating force on
struts

Asymmetric blade loading

. Narrow-band random

Most of data obtained with winds less than
1 knot (see Sect. VI 6b). Data obtained
during a gust show low-order harmonics
may increase by 10 dB and the higher-
order harmonics by less than 2 dB.

Velocity through propeller disc is reduced
.14% ahead of each strut. The resulting
asymmetric loading is insufficient to
produce the measured fundamental har-
monic noise level.

Calculated noise level is 15 dB below
measured data.

Calculated velocity change at struts of
.1 {ps is too small to cause significant
noise.

Calculated velocity change produces
harmonic noise similar to data but
observer hears noise coming from
propeller, not rig.

Source unknown, see Sect. VII 2b.

See Sect. VII 2c.
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The last 2 noise sources are discussed in the following 2 sections, respec~
tively, Harmonic loading (item 14) has been correlated and does provide improved
agreement with the test data, The last source, item 15, is shown to be present by
the 1.5 Hz bandwidth spectra obtained from test period 4 and illustrated in Figure 19,
None of the existing propeller noise theories predict the observed narrow-band random
noise. This noise is discussed further in Section VII, 2, c,

b, Derived Harmonic Loads

The effects of harmonic loads on harmonic loading noise are discussed in
Section IV, 5, where Equation (9) for the loading noise due to harmonic loads is pre-
sented, ‘The problem considered here is the inverse one, that of deriving the harmonic
loads which correspond to the meagured harmonic sound pressure levels. In order
to make this problem tractable it is necessary to use the far-field approximation, to
assume that the loads are concentrated at 80% of the tip radius (effective-radius
approximation), and to assume random phasing between each loading harmonic., Also
operation at zero forward speed, (static) is assumed because the noise data obtained
in the program is from a static test stand.

With these assumptions, the equation for the sound pressure level of order

m is:
-
dB_ - 124.572 + 10 log L > Z (m-—?m T)\)Z + (1'—“1'—2’9 Q)‘>2 ImBorZ
167° X= 0 (\ad .2dD
' 2
mB
v (__E Qy JmB-A (46)
.8xdD

This equation involves Bessel functions with an argument of ( #DBnY/75da)m
and order mB- A . On the propeller axis the argument is zero, because Y = 0, and
the only non-zero Bessel frunction is J_ (0) = 1,0, Therefore, only harmonic thrust
loads of order A = mB contribute to the harmonic loading noise on the axis. Equation
(46) can be solved for these harmonic thrust loads in terms of the measured harmonic
noise levels dBm:

_120ad (dB_ -124.572)/8,68589
—e m

e = 47
TmB A mBn 47
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In the propeller plane (V¥ = 900) only harmonic torque loads Q contribute in
Equation (46), which can be put in the form

[ -]
2
(mBQOJmB) K:Zl ;(mB-)‘)QXJmB-x (» DmBn/75a) 2

(48)

. 2
(.81rdD2e (dB  -124. 572)/8.08589)

Experience with helicopters (21) suggests that the torque harmonics vary inversely with
the harmonic order to some exponent. Therefore, the following trend is assumed, with
the factor C to be determined

Qa = C/n2.5 (49)

Substituting Equation (49) into Equation (48) results in the equation

s,r“"E"l 5 1,5 ; ,7DmBn 2 2

2 1
(mB) ljzl ] 3(755_-_3') +(m13+j)s j(—7§;—_) U * (mBQ,J; )

2

(dBm -124,5%2 /8.68589) 2 (50)
- [o. 8md D”e

Harmonic torque loads were derived from Equation (50) using harmonic sound
pressure levels measured in the propeller plane ( = 909), These harmonic torque
loads, expressed as a percentage of the steady (zero-order) torque are shown in
Figure 25. A least-squares fit to the data of 17%/ ) 1.34 j5 shown by the solid line.
The discrepancy between this slope of -1, 34 and the local slope of -2.5 assumed in
Equation (49) is not believed to make a significant change in the results shown. With
the exception of the derived torque harmonics at the higher harmonics from tesis of the
pusher propeller (diamond symbols) the rest of the solid symbols fall together. It is
noticeable that use of a pusher, rather than a tractor, test configuration reduced the
higher torque harmonics but did not change the lowest three torque harmonics. For
the same test conditions the correlation is 6. 8%/ \- 86 for tractor operation and 38%/

A 1-95 for pusher operation. Loading harmonics over the 5th are lower for a pusher
rather than a tractor operation with these correlations.

Calculation of harmonic thrust loads from Equation (47) requires that harmonic
noise data be measured on the propeller axis. Obtaining meaningful harmonic noise
data on the axis is difficult because some of the noise recorded does not come directly
from the propeller as agsumed but is reflected from the ground in front of the test
stand. Far the test stand, shown in Figures 9 and 10, with the axis 17 feet off the

109




CROER ~ TORQULE

JdC. ZER

!

f

ORQUE HAR'

-,

st

-
]

-
‘L )
|
L.
!
|
\=
t
7‘ 0
T \ AW ¥
- Voo
v
e - a8—a— 20 N
o | N o 22 N
— r + ©—© iz N
@ AVERAGE OF NUMBER OF CONDITIONS SHOWN
O EXTREMES Ll Ll l_l |
CONFIG BLADE  OPERATION | |
OFIRST 47 X =394 TRACTOR ‘
ASECOND 47 X —451  TRACTOR & =
O SECOND 47 x =451 PUSHER b h ,
(1 THIRD 47 X —464 TRACTOR 100":/)2.5
AFOURTH 47 X —464  2—WAY \
Y01 L. .. ..-J__...,L._LA_V l l L - &3 &
A 1 10 ) v = § = = 100

HARMONIC LOAD ORDER , A

Figure 25, Derived Harmonic Torque Loads

110

——

s



ground a microphone 50 feet ahead on the axis picks up reflected sound that is emitted
at 34° from the axis and, therefore, includes significant noise due to the torque forces.
The increased path length of the reflected noise reduces it by only 1.6 dB so that it

is significant, The first three test periods had been completed before the need to
derive harmonic thrust loads became apparent. Because the range of azimuth angles
for measured harmonic noise in these tests was only 45° to 135°, it was not possible
to extrapolate to 0° (on the axis) with any confidence. Therefore, no derived harmonic
thrust loads were calculated from the data from the first three periods. Several
approaches to the problem of obtaining valid on-axis noise data during tests of the
third blade configuration (47X-464) were investigated, It was decided to use the
approach of adding two microphones, at 50 feet and 20° and at 80 feet and 12°, and

to use these two additional locations to extrapolate to 4 -~ 0, For conditions where
this extrapolation of the harmonic noise data to ¢ = 0 appeared reasonable the results
are presented in Figure 26, The harmonic thrust loads derived from Eq. (47) are
expressed as a percentage of the measured thrust and plotted against harmonic load
order A mB. Aleast-squaresfitto the data of 8,4%/ A 1+ 38 js shown by the solid
line.

The derived harmonic torque and thrust loads are combined in Figure 27,
The slope of -1, 36 corresponds to a reduction in harmonic noise level of 2,2 dB per
doubling of noise order, or frequency. The combined curve is weighted towards the
torque curve hecause of the larger number of data points represented by the torque
curve, If only data points for which both torque and thrust harmonics are available
are included, the two curves are closer together and are fitted by the equation
12, 4%, » 1-46_ This linc is between the thrust and torque lines in Figure 27.

A comparison of harmonic loads derived from the 2-bladed configuration noise
data with loads derived from the 4-bladed configuration with nearly the same hladc
angle shows that the harmonic loads for the 2-bladed configuration are over two times
larger. Most of this difference can be explained by assuming that the harmonic load
on each blade does not depend on the number of blades. Therefore, the percentage
harmonic loads of a 2-bladed propeller should be double the percentage loads of u
+-bladed propeller, ¥

Analysis of the harmonic loads derived from noise data obtained with the
ATN-164 blades shows o considerable variation of the pereentage harmonic loads
with rpm,  The purpose of this study of dervived harmonic loads is to develop a correla-
tion of harmonic loads which might be used to predict the harmonic loading noise of the
propelier of a quiet aireraft. These propellers are expected to operate at low tip speeds
of 300 tps or less, Therefore, only data from a 4-bladed tractor configurations with
tip speeds less than or equal to 300 fps were included in the data bank used to establish
the trend equation 21, 4% '\ 1-43, shown in Figure 28. Using the effect of number of
blades discussed in the preceding paragraph, the correlation of the harmonic loads
derived from the harmonic noise measured during tests conducted during this program
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Pns corvelation of harmonte borals woie used to eglealate the harmome ot
Honal nerse devels shown by triangles in Figvves 22 1 240 In Frpure 32 the covrela-
tion wath data at the two lower speeds s marnediv improved,  The improvement for
the averones shown in Figue» 22 0s even more significant, since the higher overtones
rather than the fundamental would be detected first, The improved correlation of
divectivity pattern s demonstrated in Figure 23, As discussed previously, for the
tundamental harmonic (shown on right of figurey in the propelier ptane the thickness
noise predominates and is not changed by adding harmonie loading.

The discussion of Figure 19 in the next section points out that the higher-
order harmonic noise is not a true tone noise but appears to be a narrow-band random
noise.  However, no distinction was made hetween these sources of hurmonice noise
in deriving the harmonice load correlations presented in this section, If, in fact, these
higher-order noise harmonies are not caused by harmonic loading, the derived
hivrmonice loads for orders of about 20 and above are not valid., The high-order
harmonice loads would he less than those derived and, therefore, the correlations
shown in Figures 25 to 28 would be steeper, perhaps with a slope of -2, rather than
near -1, Because the propeller noise theories which are represented in the computer
program do not predict this narrow-band random hiarmonic noise, and because the
aural detectability criteria approach selected does not differentiate between tones and
narrow-band random harmonic noise, use of the harmonic load correlation presented
in Figure 28 is believed to he proper for detectability studies.

¢. Discussion of {Harmonic Noise Sources

An intensive investigation of the ohserved harmonic noise characteristics was
undevtaken in an effort to explain, and thereby he able to predict, the harmonic noise
of a propeller operating at low tip speeds, Three approaches were pursued: a) listen-
ing to the propeller on the test stand, by a very narrow band analysis of some of the
data, and &) a literature search for theories which predict noise cnaricteristes like

those measured,

It was observed at the beginning of the test program that the propeller is heard
to be much quieter close to the propeller plane and about equally Joud elsewhere. 1If
one stands under the shaft, but slightly ahead or behind the propeller, one hears u
series of bursts of hissing noise,  The noise appears to come from about the 707
radius station of the blade approaching the observer. By moving to one side the source
appears to move arocund the axis so as to always approach the observer,  The frequency
of vepetition of the bursts of noisc is the blade passing frequency.  Thus, to the
ohscrver, it appears that the harmonic noise is due to a high-frequency sound source




o each Bladde whieh nas oot Uil oAt recative e the bilade, It
repiites that Bl monne te o nresfe e e ) toraard oran the rear hatf circle,
Theoreticaliv, aohipole oxetliating oo e v roal to s motion produces a
simitar noise puttern, However, thoareticain - up Mach number s too Tow to

produce the distortion required,

Recent high-speed movies of a tip vortex from a helicopter rotor on a test
stand have shown that both the blade and the vortex oscillate axially with a period of
one revolution,  The retative motion between the flapping blade and the tip vortex
also has a period of one revolution and induces large changes in angle of attack at
about 807 radius. These angle of attack changes result in a harmonic load change and,
therefore, in harmonic noise, It is not known if the same angle of attack changes
would occur if the blades were stiff, as in a propeller, so that they did not flap as in
a rotor, That is, il is not known whether blade flapping or vortex oscillation initiates
the observed effects, However, numerical studies by UAC have shown that the trail-
ing tip vortex is unstable, so that its position has a random variation, Consequently,
it is expected that oscillation of the tip vortex will occur even with stiff bizdes. In
forward flight, or with fewer blades, the effects of the oscillation of the tip vortex arec
vxpected to be reduced,

A frequency spectrum obtained with a 1, 5-Hz bandwidth filter is shown in
Figure 19, It illustrates several significant points, First, the width of the first
four spikes is very narrow and is known to correspond to the filter-response curve.
Therefore, these spikes represent a tone noise. Second, the level of these tones de-
creases with increasing frequency. Third, the widths of the spikes at higher
frequencies are considerably broader than the filter response curve, Therefore,
these spikes are not due to harmonic tones, but suggcst, instead, a narrow-band
rundom noise. Fourth, the higher-frequency spikes have an envelope which is a max-~
imuin at about the 9th harmonic, Lastly, the level of the broad-band noise between the
spikes follows the envelope of the spikes closely.

Hamilton Standard obtained some noise data from a DHC-5 aircraft with one
propeller replaced by a propeller designed for a quiet STOL aircraft, Data were
obtained during both static (on the ground) and 80-knot:, flyover operation with a tip
speed of 630 fps. The noise spectrumi shown in Figure 29 for static operation exhihits
many harmonics of rotational noise. The spectrum from flight operation exhibits fewer
harmonics of rotational noise. For static operation, the fundamental and the 4th
through the 7th harmonics would be detected whereas for flyover operation only the
2nd harmonic would be detected. Although thesc data were not obtained at the very luw
tip speeds typical of a quiet aircraft, they are cited because they demonsirate an effect
of flight spced on the harmonic noise content which may invalidate use of harmonic
loadings derived from static data for flight noise predictions.
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An investipation of the nropeller noigse data trom the 47 X-464 blades using
vierions low o and higho-pass filters and an oscilloscope ve,ealed that the nolse level
ts not steady, but has o apparently random variation, suggesting that turbulence
might be the source,  Mr. Ruwrnani Mani, vi the Depurtmernt of Mochanicua:s and Aero-
space Ungincerving of the University of Massachurotts, has studied the problem of
sound pencration due to free-stream turbulence incident on a rotor. He presents, in
an unpublished paper, predicted noise spectra which resemble those shown in Figure
19 at the higher frequencies, that is, that have broad rounded spikes which peak at
harmonics of the blade passing frequency. The ratio of the length scale of turbulence
to the spacing between the blades is a significant parameter in his analysis, As this
ratio increases above roughly unity, the shape of the spectrum is changed little but
the level decreases,  As this ratio decreases below roughly unity the spectrum
becomes smooth and the peaks at harmonics of the blade passing frequency disappear.
Extensive data on atmospheric turbulence, in the form of power spectral density plots,
show that turbulence power varies as the 5/3 ur large power of wavelength in the range
of wavelengths of significance here. Also, the wavelength for maximun, energy
decreases as the ground is approached. Therefore, turbulence may be present with
the length scale required to produce the peak in the spectrum predicted by Mr. Mani,
Reducing the number of blades in order to increase the ratio of turbulence scale length
to distance between Llades may not reduce the noise levels as much as predicted
because the turbulent energy at large scale lengths is greater. This was, in part,
confirmed during the last test at Hamilton Standard which showed that the shape of the
noise spectrum from a propeller with two blades removed is not significantly differ-
ent from that of the basic four-bladed configuration even though the spacing between
blades is more than doubled,

Griffiths (36) gtudied the spectrum of compressor noise due to small random
fluctuations in the amplitude and phase of the acoustic disturbances. The noise, which
he calls ""narrow-band random noise" has a frequency spectrum similar to that between
200 Hz and 500 Hz shown in Figure 19,

Studies of propulsion noise in the lagt decade have concentrated on com-
pressor and jet noise. The test data obtained in this program show that the conven-
tional sources of propeller noise do not explain the observed sound patterns. The
theoretical concepts which have been developed recently for compressors appear to
be able to explain the observed characteristics of propeller noise. Therefore, thesc
theorics should be applied to propellers and developed into a useable form, It is
anticipated that a unified theory can be developed to predict both the harmonic noise and
the broad-band noise.

3. BROAD-BAND NOISE
The 1/3-octave band noise data were obtained in this program primarily to deter-

mine empirically the best values of the coefficients in the new method for predicting
broad-band vortex noise developed in this p-ngram, The three coefficients are a
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celfiet nt U p o u Pregieney ot ent “g and o Rewnoidds aumber exsonont,
e comanendbd vadues of these three cocfficients are 5,0, 0,06 and 21,0, respee

Dby,

Frisure 30 e a plot of vortex noise SPL versus rpm, or up speed,  The fivst
attempt ot oo coveelation between theory and data did not include any Reynolds number
term o the theory, Predicted levels for o zervo exponent, therehy exeluding any
Reyunolds numbeyr factor, are shown by square svmbols, The relative levels of these
symbols s not significant becausce the other 2 coefficients used were seileeted 1o
correlate with the data using an exponent of 1,0, However, it is apparent that the
proedicted variation in noise with rpm shown by the squares does not mateh the data,
The measured vaviation is more like V4 than VO predicted by Yudin (13 Gp v 6 3
predicted by Shartand ™) o1 vortex noise. Therefore, a Reynolds nuniber term 3
wits micluded in Fe, ¢49) for the force and an exponent of -1 selected,  Correlation with
data shown by the (riangles in Figure 30 demonstrates the value of this choice, Data
fram the 37X-151 blades, which are about half as wide as the 47X-464 blades and,
therefore, have half the Reynolds number, confirm this selection uf the exponent,

The overall noise level in the seven 13-octave bands from 250 Hz to 1000 Hz was
sclected as the noise parameter in Figure 30 because studies showed that the broad-
hand noise 1s most likely 1o be detected in this range of frequencies,  The level of
hroad-hand noise generally decreases outside this range and the aural detectability
eriteria (see Pable 1ID are generally less eritical outside this range,

A change in the tr ney coefficient shifts the predicted {requency spectrum
along the frequency axis,  The recommended cocfficient of L 06 is near that obtained by
Chuan and Magnus (B2), 0 A change in either the force or frequency coefficient changes _-
the sound pressure level, sinee the sound pressure is proportional to both coefficients,

Figure 31 presents a comparison between measured and theoretical 173-octave
bhand spoctra at tip specds of 150 and 353 fps,  The effects of increased tip speed are
to increase both the measured and predicted noise levels and to displace the predicted
spocten towvards higher {requencies, The measured noise data shows considerable
uncyeness in contrast te the smooth curves of the two predictions,  The S1d option .
prediction 15 somewhtat more peaky and does not fall off as rapidly at the highest 3
frequencies,  The spectra predicted by option 1, the new method, appear to correlate
more closely with the data shown at the more significant middle frequencics than the
~pectra predicted by option 3, The third vortex noise option method is based on data
trom o propelier with blades like the 47X-394 blades tested in the first test period,
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Figure 32 presents a comparison hetween measured and theorctical divecuvity
patterns of hroad-band noise for two propeller configuratinns operating at a tip speed
of 200 fps,  The noise level shown is the overall SPL in the bands from 250 to 1000 Hz.
Although there is some apparent scatter, the agreement between the predicted and
measurced noise levels is good for both propellers,

Figures 30 to 32 are a small samgle illustrating the ability of vortex noisce
option 1 of the propeller noise detectability program to predicet the measured noise
data. In order to better evaluate the accuracy of the predicted noise levels, 654
individual 1/3-octave band levels were compared. 'The probability distribution of
the errors in the predicted levels is shown in Figure 33, The average error is nearly
zero, demonstrating that the coefficients recommended are satisfactory. The standard
deviation of 5.2 dB is largely due to an apparently random unevenness in the measured
1/3-octave band data, as shown in Figure 31, A detailed study of the errors might
reveal some trends with blade angle, rpm, microphone location, propeller configura-
tion, and band-center frequency which would permit a reduction in the errors.
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SECTION VIII

PROPELLER NOISE DETFCTABILITY COMPUTER PROGRAM

1. INTRODUCTION

The prime objective of the contract was to develop a computesized propeller
design technique which would predict propeller performance as well as predict pro-
peller harmonic and broad-band noise levels and compare these levels with a selected
auril detectability criterion to determine minimum undetectable flight altitude. This
technique consists of two parts: a propeller performance program and a propeller
noise detectability program which is called by the propeller performance program.
The propeller performance program was developed by {amilton Standard and made
available to the Air Force Aero Propulsion Laboratory,

The propeller noise detectability program was written as ten subroutines and
debugged as part of this contract. A detailed discussion of the program and how to
use it arve provided in the user's manual (7). This report includes a general discus-
sion of the major options available to the user and a demonstration of the program
capabilities by four sample cases in the following two sections,

2. CALCULATION OPTIONS

In order to enhance the value of propeller noise detectubility computer program
to the user, a number of input and calculation options have been provided. These
options are described in detail in the user's manual (37). The 6 most important
options are also described here. The input to the program is summarized in
Figure 34, which presents a capsuled outline of all the options and their significance.
This figure should be consulted in connection with the following discussion. Se:ecral
of the options and input parameters were used for developing the program and their
use for production runs is not recommended.

The input forniat was selected so that options most likely to be desired and
recommended values of parameters will be used by punching a "0." in the appropriate
field of the input data card or by leaving this field blank. The consequences of this
possible simplification in input card punching are demonstrated by the fourth sample
case. In Figure 34 a ' --" means any nonzero negative number (e.g.. '"'-1."") is
punched and a '"=+'"" means any nonzero positive number (e.g. ''1.'") is punched in the
columns indicated.

The first major option described here is the calculation type option controlled by
columns 25 to 30 of input card 14, This option also controls the significance of the
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14
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TODE TN LR CUMPUTED HARMONIC KM ER IN COLS, 19~24 OF THIS CARD

CARGUE ST O HARMAUNTE NUMBIR PERMITTE D o NUMODEZR (059 THAN IN COLS. 123-16 OF

TH! . CARDL FCQUIVALENT TO NUMDbiz [N COLSe 13~18 o PROGRAM LIMITS TO MAX M

OF %0

CALCULATION TYPE OPTION

= = CALCULATE NOISE AND DETECTABILITY wlTH X=Y I1NHPUT

= . CALCULATE NOISE AND DETECTAUSILITY WITH X-Y INPUT o« VARY X UNTIL FOUNG

MINIMyM UNWVETECTADLL ¥

s ¢+ CALCULATE NUISE AND DETECTABILITY wlTH ANGLE-DISTANCE INPUT

PRINTING OPTION

=~ MAXes PRINT CONDITION; HARMONIC NOISE AND PRESSURE COMPONENTS VO T

NOISE, MINIMUM UNDETECTABLE VALUES OF v

= L PRINT CCNDITIONs HARMONIC AND VORTEX NOISEs MINIMUM UNDETECTABLL !

= + MINes PRINTY CONDITION, MINIMUM UNDETECTABLE VALUE OF Vv

INITIAL VALUE OF X (UISTANCE FORWARD FROM PROPELLER PLANE. FT) TC FI1ELD
PUINT IF COLS e 25-30 OF THIS CARD = = OR 04 s OTHERWISE

INITIAL ANGLE (FROM FORWARD AXISe DEG) TO FIELD PCINT IF COLSe 25-3C = +
INCREMENT [N X OR ANGLE + IF COLSe 29~3C OF THIS CARD =0e PROGRAM wIlLL
REPLACE 0, By sulTasLE vaLUE
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FORMULA TO CALCULATE FACTOR FOR AIRFOIL NUMBERS les 269 3e¢ Tee 8Berv AND
1ae¢ (CARD @)

CARC 26 FOLLOWING CARD 24 IF NOISE CALCULATION REQUIRED

2¢€

NUMBER OF PROPELLERS + PROGRAM RERPLACES Oe OR BLANK SY 1.
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= BLANKs U, OR ls + USE VORTEX NOISZE CALCULATION DEVELOPED UNDER THIS
CONTRACT

= 2+ USE HsD VORTEX NOISE CALCULATION DATED 3769

= 3s yUsE HgD VORTEX NOISE CALCULATION DATED 7/69

AURAL DETeCTABILITY OPTION

= BLANK o+ 0o OR 1e¢ FOR NIGHTTIME JUNGLE

= 2¢ FOR DAYTIME JUNGLE

PROPELLER LOADING OPTION

= PBLANK OR 0o o USE MAIN PERFORMANCE PROGRAM VALUES

=+ o USE ALPHABETATHETALCL3DCP/DXsDCT/DX+CTA AND CPA READ FROM 7
CARDS

~ Figure 34, Summary of Input Dat» ‘~r Propeller Noise Detectability Program
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Figure 34, --- Continued
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Bk

numbhers deseribing the locations of the field points which are also vead from card 14,
If this option control is 4 nonzero negative number the program will interpret these
numbers as out-of-plane distuances (X) and away-from-axis distances (Y) and caleulate
propeller noise and aural detectability at a series of field points defined by a rectan-
gular matrix in X-Y coordinates, If, on the other hand, the option control is 4 nonzero
positive number the program will interpret the input ordinates as angles from the
axis (p) and distances (d) to the field point and calculate noise and detectability at a
series of field points defined by a rectangular matrix in ¥-d coordinates. For the
third calculition option, selected if the control is a zero, the program will calculate
minimum undetectable altitude, The undetectable altitude is calculated for enough
ralues of X at the given Y to be able to interpolate for the largest vualue, the minimum
altitude above the observer at which the propeller noise would not he heard. The
three caleulation type options ave represented in the sample cases of Figure 36 dis-
cussed in the next section.

Another major option is the selection of the aural detectability criterion against
which the predicted propeller noise levels are compared (o determine minimum
undetectable altitude. The option is controlled by the number punched in columns
to 30 of card 26. The two available criteria are discussed in Section II.

25

The harmonic loading and thickness rotational noise levels may be calculated by
cither the near-field procedure, based on Egs. (3) and (4), or the far-field procedure,
hased on Eqgs. (5) and (6). It is recommended that the control code, punched in
columns 37 to 42 of card 26, be zero, thereby letticg the computer program select
the far-field procedure whenever it i8 warranted,

The harmonic load noise calculated from Eq. (3) or (5) is less thap the rotational
noise measured during the test program. The addition of harmonic loads is shown in
Section VII.2.b to make a significant improvement in agreement with the dutu at the
higher harmonics, which are most significant in terms of aural detectabilitvy, A
correlation of harmonic loads is presented in Figure 25. [t is recommended that this
correlation be used. Therefore, a number equal to (0.86/number of blades) should be
punched in columns 31-36 of card 27 to include harmonic loads in the calculation of
harmonic noise, Harmonic loads will not be included in the calculation of harmonic

loading noise of this field is 0. or blank,

The last option discussed here, the selection of a method of predicting broad-
hand noise, is controlled by the number punched in columns 19-24 of card 26,
Options 2 and 3 are the two methods developed by Hamilton Standard in 1969 and
deseribed in Section V. 2, Option 1. (or 0.) is the new method whose development is
presented in Section V.3, The 3 empirical coefficients in it, selected to corvelale
with the test data obtained under this contraet, will be used unless other cocfficients

are read from columns 55-72 of card 26,
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Lasting ol Iipac Data Cards for Four Sample Cases
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Figure 35, --- Concluded
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A dhiscussion of all the input data required by the propeller noise dctucluhilil’;’
program 1s shown in Figure 34 and is presented in detail in the user's manual (1)

3. SAMPLE CASES

In order to illustrate the results which are produced by the propeller noise detee-
Lability program, several sample cases were prepared. The input data required for
cach casce and the resulting printed output ohtained are discussed in this section. The
sample cases were selected to demonstrate the versatility of the program and its use
tor representative types of calculation,

Figure 35 is a listing of the input cards for the four sample cases whose computer
output is presented in Figure 36. The first case demonstrates the use of several
options which would not he employed normally, The input is discussed in the following
table.

Card Input

11 Compute at least 2, but no more thuan 4 harmonics.
Field point loeations are punched in angle-distance coordinates.
Maximum printing option selected.
4 field points at 1052 and 120° and distances of 75 and 150 ft.

1h Thickness noise doublet strength proportionality factors are
loaded,

23 One performance condition, static,

2 SHP input,

26 One propeller.

Vortex noise option 1,

Daytime jungle aural detectability option 2,

Read propeller loading data after card 30.

Use near-field harmonic noise option.

Read atmospheric sound absorption coefficients from cards 28,
29 and 30,

Te calculate broad-band noise use force factor of 8.0. frequency
factor of 0.6, and a Reynold's number exponent of ~1.

te
<3

Add an empirical correction of 3 dB Lo the harmonic noise

levels.,

The second sample case, for which the input cards are listed in Figure 35, is for
a different propeller configuration so that new cards 4 to 12 are required. Other
features of the input are discussed in the following table:
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Cuard Input

14 Compute at least 1. but ne more than 5 harmonics,

IField point locations punched in X-Y coordinates.,

Ihree field points located at X = =300, 0 and +300 ft and Y -
¢ 1500 ft,

15 Usc area formula for thickness noise doublet stresgth propor
tionalitv fuctors.

26 Two propellers,
Vortex noise option J,
: Nighttime jungle aural detectability option 1.
Use propeller performance program values.,
Use far-field harmonic noise option,
Calculate atmospheric sound absorption coefficients for 80%
relative humidity and 90°F.

27 Calculate harmonic rotational noise with no empirical adjust-
ment of the fundamental and a -6 dB rolloff. That is, each
harmonic SPL is 6 dB less than the SPL of the next lower
harmonic, Include a harmonic loading of 0.215/2 1.43
calculating the fundamental loading noise.

The third sample case illustrates a representative case in which the minimum
altitude at which the aircraft can fly overhead without the propeller noise heing
detectec is computed. Features of the input for this case are:

Card Input
11 Compute no more than 10 harmonics,

Vary X with increments of 150 ft at Y = 1500 ft to find minimum
undetectable altitude.

24 Thrust rather than BHP is read from the preceding card.

26 One propeller.
Vortex noise option 0, with recommended coefficients.
Program selects near-or far-field option,
Use stored values of atmospheric sound absorption coefficients
for 707 relative humidity and 770F,

27 Do not use an empirical increment, rolloff or harmonic loadings
to compute harmonic rotational noise.

As discussed previously, it i8 not necessary to punch a "0." since a blank will be
interpreted as a zero. Also, for most cases several input ficlds may be Tett blank
hecause the noise program will repliace the zero read by the proper vidue, For
exsmple, the program will change a 0, read as the number of propellers in columns

[P,
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L bs of cond 26 tooac 1 Therefore, many of the helds punched in cards 14, 26 and 2%
of sample case 3 may be et blank without changing the cesults obtained from the
notse prosoans, Phe fourth sample ease is included to demonstrate this sinplification
monput card punching which is possible if the veconmmenided options and input
coctlicients are to be used. This sample case o cloris the same cateulations as the
ihird sample case. The only difference is in the printed output which is minimized in
the fourth sample case by punching a "1, in columns 31-36 of card 14, A 25 card
follows the 27 card because sample casge 4 is the last case.

The four sample cases for which the input cards are listed in Figure 35, were
rin oty the UAC UNIVAC 1108 computer and they produced the printed output shown
in Figure 36,

The printed output of the propeller noise detectability program follows the outpul
ol the propetler performance program and begins with the heading '"Computerized
Propelter Design Technique Program Written by Hamilton Standard Under Contract
N0, FS3615-70-C-15683 for Aero Prop. Lab'. The next three lines list the 10 thick-
ness noise doublet strength proportionality factors used and the 20 (only the first 156
ire used) parameters read from cards 26 and 27. For the first sample case, the
petformanee data loaded from the 7 cards following card 30 are printed next. Conse-
queatly the mitial horsepower of 600 shown on the first page of Figure 36 is replaced
by o value of 650.2 printed on the second page. Any alterations made by the program
to the aumbers loaded have been made before printing. The rotational noise option
used 1s shown by the number in the column headed "AZI": o "'0." indicates that the
tar=ficld approximation is used, a number '"'100." or larger indicates thal the near-
ficlkd caleulation is used, and a "~1." indicates a specified rolloff loaded from columns
10-24 of card 27 is used. The first sample case includes extra printing which weuld
not normally be required. The vector components of the loading and thickness noise
pressures are printed tor cach noise harmonic, After the last set of these pressure
components, but before the harmonic noise summation, ten lines of data relating to
vortex noise are printed if vortex noise option 1 is selected. The columns are, in
order from the left, an index, vadius, blade thickness, blade chord, sectional velocity,
torce per foot radial increment, frequencv, and a parameier proportional to sound
power,

The rest of the output for the cases in Figure 36 is self explunatory.

Because of the several options available a very large number of combinations are
possible. It is obviously impractical to demonstrate all of these combinations. How-
ever, the cases selected are believed to be representative and to demonstrate the
major options available. For production runs to determine the minimum undetectable
flight altitude of a propeller, it is recommended that the input be in the form of the
fourth sample case in Figure 35, Only one change is suggested: harmonic loads
should be included by punching 0.%6/number of blades in columns 31-36 of card 27.
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The propeller performance should be computed for a pressure altitude which is the
sum of the observer altitude and the expected minimum undetectable altitude above

the ohserver,

The computer outputs shown in Figure 36 were obtained from a UNIVAC 1108
computer, I'he output on another computer, such as the CDC 6600, will not be identi-
cal to that in Figure 36 because of differences in word length, However, these
differences are not expected to he significant to the user.,
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SECTION IX

PROPELLER NOISE DETECTABILITY TREND STUDY

1. INTRODUCTION

The major purpose of this contract is to develop a computer program which would
predict propeller noise and compare the predicted noise spectrum with an aural
detectability ceriteria. The program then provides an estimate of the minimum flight
altitude which would avoid aural detectlion,

With this propeller noise detectability program available, one can investigate
various propeller configurations and operating conditions to determine combinations
which will permit lower flight altitudes withoui detection, A study was made of the
effects of scveral propeller configuration parameters and of tip velocity on minimum
undetectable altitude over a jungle at night, An acceptable propeller configuration
was required to be able to meet the fellowing 4 operating conditions:

Condition Thrust Indicated Airspeed Altitude
1 1600 1b 0 knots 0 ft
2 1300 50 0
} 250 120 10000
4 225 75 1500

Aural detectability was evaluated only at the last condition,

The results of this study are summarized in Table XVII and Figure 37. The pro-
peller rpm and blade angle are permitted to vary to achieve optimum performance at
¢iach condition, Recommended harmonic loads derived from data required in this
program are included in the calculatiens.

It should be pointed out here that the harmonic load noise and the broadband noise
predictions used by the propeller noise detectability program involve empirical
coefficients derived from the data obtained for static conditions in this program. The
accuracy of these coefficients has not been established for flight conditions such as
number 4 in the table above. Indeed, the two spectra in Figure 29 suggest that the use
of static data for predicting propeller noise characteristics in flight may lead to sig-
nificant errors in predicted minimum undetectable altilude.
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Figure 37, Propeller N« ise Detectability Trends
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20 BEPEECT OF TIP SPEED

As would be expected, the minimum undetectable altitude decreases with decreas-
ing tip speed. Figure 37 shows that the minimum undetectable altitude decreanses
about 1600 feet for a decrease of 100 fps in tip speed. The minimum tip speed is
determined by the ability of the propeller to produce the thrust of 225 pounds required
for condition 4. The horsepower is generally a4 minimum at a tip speed over 200 fps.
Therefore, depending on the tradeoff between range (horsepower) and flight altitude,
the tip speed should be near 200 fps.

3. KIFFECT OF PROPELLER GEOMETRY

The effects of four geometry parameters on minimum undetectable altitude are
shown in Figure 37. The top left sketch in the figure shows that increasing propeller
diameter from 8 feet to 11.25 feet reduces the minimum undetectable altitude slightly
and permits 4 lower tip speed. The top right sketch shows that increasing activity
factor by increasing the blade chord reduces the altitude. Sketches of the blades are
shown on the left of Figure 38, The bottom left sketch shows that increasing the num-
ber of blades from 4 Lo 6 increases altitude. This change is due to increased broad-
band noise. A further increase in altitude is shown if the blade chord is reduced to
maintain total activity factor. On the other hand, if the number of blades is reduced
from 4 to 3 the harmonic loading noise increases considerably and increases the
minimum undetectable altitude. Therefore, 4 blades appears to be the optimum.

The effect of radial distribution of blade chord is shown in the bottom right of
Figure 37, Sketches of the 3 blades are presented on the right of Figure 38. The
A-shaped blade configuration is quieter than the square- or V-shaped blade configura-
tions but requires slightly more horsepower.

The last two lines of Table XVII are tor two of the propeller configurations tested
during the experimental phase of this contract. A study of the test data shows that
the broad-band noise in the 250-1000 Hz range is 3.4 dB less from the new wide
47X~464 blades than from the narrower 47X-451 blades. The predicted reduction in
minimuwm undetectable altitude shown in Table XVII is 14%. It is not known how much
of the measured reduction in broad-band noise is due to the change in airfoil family
from NACA 64A to 66A and how much is due to the change in planform. The computer
program cvaluates only the latter change. However, it i8 encouraging that the
47X-161 blades, which were designed to be quieter, are measured to be quicter,
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4. OPTIMUM PROPELLER DESIGN

The trends discussed in the two preceding sections may serve as a guide to
designing a quiet propeller:

a.  The propeller must be large enough (diameter, blade activity factor, number
of blades) to achieve all required operating conditions.

b, The largest diameter evaluated is least detectable.

¢. Deteetability is reduced by increased blade activity factor (or chord). How-
ever the weight increases with diameter and activity factor and, thercfore, a complete

mission trade-off study is required to select an optimum propeller configuration.
Of course advanced technology composite blades allow larger diameter designs to be

used withou: undue weight penalty.

d. The tip speed in the quiet mode, condition 4, should be a minimum consistent
with achiceving the required thrust. A trade-off study to consider the increased horse-
power required at low tip speeds may be required to select an optimum tip speed.
Also, a thrust margin is required for flight safety reasons.

e¢.  Four blades seems to be optimum. More blades increase detectability of
broad-band noise and fewer blades increase detectability of harmonic noise.

f.  The blade chord should decrease towards the tip. Probably a rounded tip is
better than the A" shape shown in Figure 38.
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SECTION X

CONCLUSIONN

The following conclusions were derived from the analytical and experimental
study described in this report,

1. The propeller noise levels measured during static tests conducted in this
study are predicted within acceptable accuracy by the propeller noise detectability
computer program using an experimentally-derived correlation of unsteady blade
loads and the vortex noise strip-integration procedure developed in this study.

2. The presence of a narrow-band random noise source has been revealed by a
detailed evaluation of the static test ncise data, This noise appears as broad peaks at
harmonics of the blade-passing frequency and is not explained by current propeller
noise theories,

3. Although no suitable low-tip-speed propeller data was available during this
study to show the cffect of forward speed on propeller noise, data from a moderately-
iow-tip-speed propeller show a significant reduction in mid-frequency harmonic
noise and in high-frequency broad-band noise in forward flight compared to static
operation, Therefore, the ability of the propeller noise detectability program to pre-
dict noise spectra of a flving quiet aircraft with a low-tip-speed propeller requires
further investigation,

1. A trend study using the propeller noise detectability program developed in
this study shows that for minimum detectability, a propeller must a) operate at the
lowest practicable tip speed, by have a wide blade chord, c¢) have a larger diameter
thin required for performance, and d) have three to five blades. A reduction in
broad-band noise due to an increase in blade chord predicted by the new vortex noise
procedure was confirmed experimentally, A theoretical study of the effect of airfoil
shape indicates that little change in vortex noise should be expected for different
airfoils with good aerodynamic performance,
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SECTION XI

RECOMMENDATIONS

As a result of the study reported here, the following recommendations are made:

1.  The effect of forward flight on low-~tip-speed propeller noisc and on the
correlations between measurements and predictions by the propeller noisc detecta-
bility program should be investigated.

2.  Further analytical and experimental studies should be undertaken to define

the sources of the propeller noise observed in this study and to develop the computer
program to establish correlation with measured flight data.
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APPENDIX I

DERIVATIONS OF KQUATIONS FOR HARMONIC ROTATIONAL NOISE

Kemp and A rnuldi(w) derive and present cquations for the near-field pro-
peller harmonie loading sound pressure, In these equations (numbers 10 to 13 in
Ref,  18) all distances are nondimensionalized by dividing by the propeller tip rad-
ius D/2, Equation (3) in this report is obtained by substituting Equations (12) and
(13) into Kquation (10) and by adding Equations (10a) and (10b) together, Also, the
following replacements are made because of changes in nomenclature;

1. Replace Rg by D/2, s by 25/D, x by 2X/D, 6 by ¢ ,
mBM; (Mx+s)/82 by ko , and mBM,/g 2 by kD/2(1-M2),

2. The local blade chord (A in Ref, 18) is replaced by the projection of the

chord onto the propeller plane, b cos 6 in the nomenclature of this report.
Therefore, replace aby b cos 6/2r,

i 1
3. The derivatives of the two force coefficients, Cp and Cp, in Ref, 18 are
replaced by (D/2)dCp/dr and by (D/27 r)dCp/dr, respectively, The thrust
coefficient CT in Ref. 18 (see Equation (5)) and in this report have the same
definition and the power coefficient Cp = 27 rCg/D,

Alternatively, Equation (3) may be derived from Equations {21) and (23) of
Ref, 17 by replacing 8 2 by 1-1\12, 0 by ¢, T and Q by corresponding terms involv-
ing the coefficients Cr and Cp, respectively and by noting that because of symmetry
S(=¢) =8 (¢) and, therefore,

2 n T

ff:-;)o"“‘n‘”(w - zf £(S) cos mB ¢ do
0 0

o~

Equation (1) for thickness noise in this report is derived from Arnoldi's(")"’)
Fquations (1) and (2), The parameters defined by his Equation (2) are substituted
into Equation (1). These two equations are added together and multiplied by the
factor e~iMB QL The resulting equation for P, is rearranged, 6 is replaced by
0, 32 is replaced by (1-1\12), (Mx+S)/ g8 2 is replaced by o, and mBMT/R is re-
placed by k to derive FKquation (4) in this report.

Equation (5) for the far-field loading noise may be derived from Equation (3)
by a similar process to that used by Kemp and Arnoldi(18) to derive their Equa-
tion (16) from their Equation (6). In doing this, a phase term imB+1 i5 jgnored
hecause 1hsolute phase is not important, Terms of order 1/s2 are neglected
relative to terms of order 1/s, the substitutions listed above in connection with
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the derivation of Equation (3) are made, and s, is replaced by ;‘SO/’D. Also the
Bessel function d g,y is replaced by the terms inside thel  } brackets of Equation
(7) of this report, which is a corrected version of the cquation derived by

(28)
Araoldit'™),

Equation (6) for the tar-ficld thickness noisc is derived from Equation (15) in
Ref. (38) by adding a factor e‘i"‘IMt, replacingwby mQB and g4 by (1-1\12)2.
As lor Fquation (5), the J,3 term is replaced by the terms in the[ ] brackets,
Numerical calculations show that the relative phase between the loading and thick-
ness noise sound pressures is the same for the far~field and near-field equations.,

Equation (8) is obtained from Equation (36) of Ref, 20, Equation (2) of Ref. 21
or Fquation (10) of Ref, 22 by eliminating the radial load terms ay ¢ and by c
which are small for propellers, replacing n by mB, replacing ag by a, replacing
ry and r by d, replacing ay by a)\Q/r, and by replacing bp by bag/T.

Eyuation (9) is derived from Equation (8) by ignoring all terms with J, 4 A,
which is small relative to J;;g- A, a8 a factor, replacing ia AT ~ Pag by Ty, and
replacing in A~ bJ\Q by Q , because of the assumption of random phasing, and
substituting S, for d.
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APPENDIX 11
ALTERNATE METHOD FOR CALCULATING UNCORRECTED DETECTION RANGE!
INTRODUCTION

‘The received noise from an aircraft during flyover is from multiple sources and
is non-stationary and random in character. The magnitude and apparent frequency
associated with each source continually changes as the aircraft approaches and passes
4 microphone making the separation of pure tone and broadband noise very difficult if
not impossible.

An approach for determining the detection range from sailplane flyover measure-
ments has been applied in Ref. 29. These results are discussed below and are fol-
lowed hyv step by step procedures for obtaining the uncorrected detection range using
only a pure tone detection spectrum for the case where flyover data are used and for
the case where predicted noise spectra are used.

AURAL DETECTION OF SAILPLANES

Reference 29 reports the results of measurements of the noise radiated from
three sailplanes. The reported results are in the form of overall sound pressure lev-
cls and one~third octave band spectra obtained from a microphone located five feet
above the ground and directly under the sailplanes as they passed overhead. Measure-
ments are reported from each of the sailplanes flying at various altitudes and speeds.

Also included in the report are the results from a subjective determination of the
altitude at which two of the sailplanes could just be heard. One of the sailplanes, the
Schweizer 2-33 was aurally detected by four observers at approximately 2000 feet
altitude and 80 degrees clevation while flying at 50 miles per hour. The other sail.-
plane, the Libelle, was auvrally detected by three observers at approximately 2600 feet
altitude and 80 degrees elevation while flying at 69 miles per hour. The aural detec-
tion range was also predicted {rom noise measurements of the sailplanes {lving over-
head. The predicted aural detection range, corrected for atmospheric absorption,
was 1300 feet for the Schweizer 2-33 and 2100 feet for the Libelle.

These predicted ranges were obtained by comparing the spectrum level of the
received noise to an aural detection spectrum for pure tones. The values for the
spectrum levels were determined using a Hewlett-Packard 5450 Fourier Analyzer
with an equivalent 50 millisecond averaging time. This averaging time is within the
range of 20 to 250 milliseconds given for the integration time constant of the ear as
reported in Ref. 39. The spectrum levels were arrived at by decreasing the bandwidth

PO S

* Does not include the effect of atmospheric absorption

167




of the analvsis until the level remained constant. This procedure resulted in levels
which were 9 to 12 dB greater than the constunt energy spectrom level obtained from

SPLgy,  SPLysg - 10 log Af  (dB) (51)
where,  SPLg, - Constant energy spectrum level, (dB)
SPLy 4 = 1/3 octave band level, (dB)
Af = Bandwidth of 1/3 octave band, (Hz)

I'rom the results of the sailplane measurements it appears that the ear responds
to rapid changes in amplitude and frequency and a detailed spectral analysis of the
reecived noise is required in order to determine the aural detection range of an air-
craft. ‘This analysis should be conducted with an averaging time in the range of the
car's integration time constant. When equipment is not available to conduct narrow
band analysis, the sailplane results indicate that the spectrum level from those portions
of the spectrum where pure tones do not dominate may be obtained from

SPlgy, = SPLy /g ~ 10 log Af +10  (dB) (52)

These results have led to the following procedures for obtaining the uncorrected
detection range from measured flyover data and from predicted noise spectra.

UNCORRECTED DETECTION RANGE FROM MEASURED FLYOVER NOISE

The following procedures are given for determining the uncorrected detection
range of an aircraft flying directly over a microphone whose output is tape recorded.
Also included in Figure 39 is an example taken from Ref. 29 where these procedures
were followed,

1. Irom the hearing threshold and ambient noise measurements made at the test
site, determine the pure tone detection spectrum as shown in Section II. An example
is plotted in Figure 39.

2, Determine the maximum sound pressure level which oceurs in each one-third
octave band during the flyover. An alternate approach is to determine the one-third
octave specira when the signal has reached its maximum overall value. The time
constant (averaging time) used in the data reduction should not exceed 0.3 seconds. An
example one~third octave band spectrum is shown in Figure 39.

3. Determine the maximum difference between the one-third octave band spectrum
and the detection level spectrum and note the frequency band at which this occurs. In
the example in Figure 39 this difference is 30.5 dB and occurs in the one-third octave
band centered at 315 Hz,
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o Conduct a narrow band analysis over a frequency rungy including this one-third
octave band., The averging time for this analysis should not exceed 0, 1 seconds. This
analvasrs should be repeated with narrower bandwidths until the peak spectrum level
remitins essentially constant,  Note this spectrum level and the frequency at which it
occeurs, Determine the difference between this level and the detection level spectrum.
In Figure 49 this spectrum level is 37 dB at 285 Fv resulting in a difference of 20.5
dB.,

5. In the event that the received signal is not dominated by pure tones (which
should appear in step 2) the spectrum level may be determined by substituting the level
of the one-third octave band noted in step 3 in Equation (52).

This level is applied at the center frequency of the one-third octave band and the
diffe rence between this level and the detection level spectrum is noted. In Figure 39
this level is 38 dB at 315 Hz resulting in a difference of 22 dB.

6. The uncorrected detection range is then determined from

20 log :—:-l—l-‘:‘SPLSL f) - Ld (f) (IB) (53)
o _
where, Ry Uncorrected detection range, (ft)

R, = Aircraft altitude above microphone, (ft)

SPLgy, (D = Spectrum level of received signal !
from step 4 or step 5, (dB)

Lg (D = Pure tone detection level from step 1, (dB)

The differences in Figure 39 found from step 4 and step 5 resulted in uncorrected
detected ranges of 1340 and 1585 feet respectively.

Nete that this detection range does not include corrections for atmospheric and
terrain atlenuation effects.

UNCORRECTED DETECTION RANGE FROM PREDICTED AIRCRAFT NOISE

The following procedures are given for determining the uncorrected detection
range from predictions of aircraft noise,

1. For a given ambient noise environment, determine the pure tone detection
level curve as shown in Section II.
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2. Detrrmine the power level and frequency of the fundamental and several of
its harmonics for cach pure tone noise source, using appropriate prediction methods,

3. Determine the power level and 1/3 - octave band spectrum of all broad-band
noise sources associated with the aircraft configuration using appropriate prediction

methods,

1, Obtain the combined 1/3 - octave band power level spectrum {or all broad-
band noise sources.

5. Determine the approximate power spectrum level of the combined broad-
band noise sources by use of the following expression;

PWLgy, = PWLj /30t = 1941 + 10 (dB) (54)
where, PWLgy, = Power spectrum level, (dB)
PWL1/30ct = 1/3 - Octave band PWL, (dB)
Af = Bandwidth of the 1/38 ~ Octave band, (Hz)

6. Compare the power level of all pure tones and the power spectrum level of
all broad~band noise sources with the pure tone detection level spectrum. Determine
the maximum difference hetween the power level or power spectrum level and the
detection level spectrum, and note the frequency at which this occurs.

7. 'The uncorrected detection range is then determined from

20 log Ry = PWL (f) - Ly (f) (dB) (55)

where, Ry = Uncorrected detection ranges, (ft)

PWL (f) = Power level or power spectrum level at point
of maximum difference from step 6, (dB)

Lq (f) = Pure tone detection level at point of maximum
difference {rom step 6, (dB),
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