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on Results of a study are reported in which the influence of noise reduction
onweight and cost of propellers used in General Aviation aircraft was evaluated.

Aircraft performance was not to be degraded by installation of the reduced noise
propellers. Only propeller modifications were permitted. Engine modifications,
such as introduction of a gearbox to reduce noise by reduction of RPM, were not
permitted in the study. Major factors in noise reduction found promising; in
the study were (1) optimization of performance by use of the best available
airfoils, (2) use of thin airfoils and a narrow elliptical tip blade planform, and
(3) increasing the number of blades consistent with maintaining aircraft per-
formance. For the three aircraft studied (a single engine, a light twin and a
heavy twin) the flyover noise reduction potential varied from 3 to 8 dBA with
no weight or cost penalty. Greater reductions in noise resulted in increased
weight and/or coat penalties. Also, in some cases, engine noise would have to
be reduced to achieve greater reductions. The progress by General Aviation
aircraft manufacturer's in reducing noise is indicated by the finding that the
most recent aircraft design had the smallest noise reduction potential.',
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SUAY

A study of the propeller weight and cost penalties associated with reducing

the noise of General Aviation aircraft has been conducted. In the study, the

basic assumption was that performance of the noise reduced aircraft would not

differ from the standard aircraft. Also, engine modifications such as intro-

ducing a gearbox for RPM reduction were not permitted in the study. Three

aircraft were studied; a single engine, a light twin, and a heavy twin. The

single engine aircraft (Beech 35-B33 Debonair) was studied in depth to develop

the most promising noise reduction concepts. Then these concepts were applied

to the light twin (Beech 76 Duchess) and heavy twin (de Havilland DHC-6 Twin

Otter) aircraft. For each aircraft the accuracy of the noise prediction

methodology used in the study was confirmed by comparing predictions with

flyover measurements. The most promising noise reduction concepts were found

to be (1) diameter reduction associated with optimization of performance by

use of the best available airfoils, (2) use of thin airfoils and a narrow

elliptical planform near the tip of the blades, and (3) increasing the number

of blades consistent with maintaining takeoff and cruise performance.

More complex modifications to the blade tips were also considered, which con-

sisted of bent tips or tip plates and blade tip sweep. The available perfor-

mance prediction methodology indicates that bent tips or tip plates have the

potential for some improvement in performance but this could be offset by

increases in drag. If performance improvements could be achieved, then noise

could be reduced by reducing diameter. Also, some limited work indicates

that noise might be reduced by cancellation of noise sources. However, bent

tips or tip plates are not considered promising until further analytical and
experimental work is conducted. Blade sweep tas also considered as a noise

reduction concept. Blade tips with sufficient sweep to produce substantial

noise reductions required structural design and cost studies which were be-
yond the scope of the present contract. With smaller sweep angles, the noise

reduction benefits were less than those which can be achieved with the modi-

fications mentioned above. If greater noise reductions are required than can

be achieved with the modifications described above, then further work appears

warranted to evaluate the potential of swept tips.
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Three noise reduction goals were established for the study: (1) the maximum

noise reduction chat can be achieved before engine noise suppression becomes

necessary, (2) the noise reduction that can be achieved without a weight or

cost penalty, and (3) the maximum noise reduction that can be achieved with-

out an aircraft performance penalty. The maximum noise reduction that can be

achieved before engine noise suppression becomes necessary is 11.1 dBA for

the single engine Debonair, 3.8 dBA for the light twin Duchess, and 5.5 dBA

for the Twin Otter. The low noise level of the turbine engines of the Twin

Otter allow reduction of propeller noise co the point where aircraft perfor-

mance would be degraded without engine noise becoming significant.

The maximum propeller noise reduction that can be achieved without a weight or

cost penalty is 11.1 dBA for the Debonair, 3.8 dBA for the Duchess, and 5.5

dBA for the Twin Otter. In every case, this reduction was achieved with a

reduced diameter propeller wich chin elliptical tips and 4ACA Series 16 air-

foils. For the noise reduction propellers, the number of blades was 2 for the

Debonair, 4 for the Duchess, and 4 for the Twin Otter.

The maximum propeller noise reduction that can be achieved without aircraft

performance penalty is 13.7 dBA for the Debonair, 8.6 dBA for the Duchess, and

5.5 dBA for the Twin Otter. In every case, this reduction was achieved with a

reduced diameter propeller with thin elliptical tips and NACA Series 16 air-

foils. For the noise reduction propellers, the number of blades was increased

to 3 for the Debonair, 4 for the Duchess, 4 for the Twin Otter. These configu-

rations generally weighed more and cost more than the existing propellers on

the aircraft.

The variation in noise reduction level found in this study indicates that fur-

ther evaluation of the complete General Aviation fleet would be required to

establish the cost and weight impact of any proposed reduction in current cer-

tification levels. Also, the noise reductions, costs, and weights calculated

for this report must be confirmed by further work both analytical and experi-

mental.
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SYMBOLS AND ABBREVIATIONS

A- Wing aspect Ratio (Wing Average Chord
2 /Wing Surface area)

1.0

AF - Propeller Activity Factor, 100,000 X3 dx
16 D

SC

b - Blade Section Width, ft

BPF - Blade Passage Frequency, Cycles per Second

CDc - Combined Drag Coefficient for Nacelle and Fuselage for Single Engine

Aircraft

CDe - Drag Coefficient for Aircraft Empennage

CDF - Drag Coefficient for Aircraft Fuselage

CDGR - Drag Coefficient for Aircraft Landing Gear

CDn - Drag Coefficient for Aircraft Engine Nacelle

CDw - Drag Coefficient for Wing

CDwo  - Drag Coefficient for Wing at Zero Lift

CL - Lift Coefficient 1.0

CLi - Propeller Blade Integrated Design Lift Coefficient, 4 CL x3 dx

D - Propeller Diameter, ft SCO

dB - Noise Level in Decibels, with a reference of 20 pPa (0.0002 dynes/cm2 )

dBA - A-Weighted Noise Level in Decibels, with a reference of 20 uPa (0.0002
*dynes/cm

2)

e - Airplane Efficiency Factor

EPNL - Effective Perceived Noise Level, Decibels

h - Maximum Blade Section Thickness, ft

h/b - Max Section Thickness/Section WidthI.

HSD - Hamilton Standard Division

Hz  - Hertz, Cycles per Second

MN - Mach Number

Pa - Pascal

PNL - Perceived Noise Level, Decibels

PNLT - Tone Corrected Perceived Noise Level, Decibels

qo - Dynamic Pressure Based on Forward Flight Velocity, 1/20 (Vo)'

qss - Dynamic Pressure Based on Slip Stream Velocity, 1/2p (V8s)
2

r - Propeller Radius, ft

Rt  - Propeller Tip Radius, ft

RPM - Revolutions per Minute

SCO - Spinner Cutoff or Hub diameter/Propeller diameter
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STMBOLS AND ABBREVIATIONS (Cont'd)

SHP - Shaft Horsepower

SHP/D 2 - Shaft Horsepower/Diameter
2

SPL - Sound Power Levels, dB

Vo  - Forward Flight Velocity, ft/sec

Vss - Slip Stream Velocity, ft/sec

x - Fraction of Propeller Tip Radius, r/Rc

- Density of Air, Ibm/ft
3
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INTRODUCTION

On February 7, 1975 Appendix F of Federal Aviation Regulations Part 36, Noise

Standards: Aircraft Type and Airworthiness Certification became effective.

This regulation prescribes the limiting noise levels and procedures for mea-

suring noise of General Aviation propqller driven aircraft up to 12,500 lbs.

gross weight. Noise measurements age made with a microphone mounted 4 ft above

the ground with the aircraft flying over at 1000 ft altitude at the speed asso-

ciated with highest power in the normal operating range. A performance correc-

tion is made which allows higher noise levels for aircraft with short takeoff,

roll and high climb rates. For aircraft certified after January 1, 1980 the

performance corrected A-Weighted sound pressure levels have been established.

The aircraft in ghe General Aviation fleet at the present time represent various

levels of noise control technology. Noise control was not given high priority

in aircraft designed prior to 1975. Since then, the General Aviation aircraft

manufacturers have begun to consider flyover noise level as one of the design

requirements both because of the noise certification requirements and because

of the concern expressed by the public around airports in Europe and the

United States.

In the past, the methodology for study of the impact of noise reduction on

weight and cost of a propeller was more or less limited. However, with interest

in the advanced turboprop (Prop-Fan) for application to large fuel efficient

high speed transport aircraft, new noise prediction methodology has become avail-

able. This has been used in conjunction with well proven performance prediction

methodology and weight and cost prediction methodology derived from existing

General Aviation propellers to conduct the study summarized in this report.

The basic requirements for the study were that noise reduction propellers were

to be defined which would not degrade the existing performance of the aircraft1being evaluated. No engine changes such as gearbox additions were permitted.

For various promising configurations, the weight and cost impact of noise re-

duction was calculated.

Initially the accuracy of the noise prediction methodology was evaluated by com-

parison of predictions with the available test data for the three aircraft

selected for study; the single engine Beech 35-333 Debonair, the light twin



engine Beech Duchess and the heavy twin engine De Havilland Twin Otter. These

comparisons confirmed the accuracy of the method. Then an in-depch scudy of

the Debonair was conducted to establish the most promising noise reduction

configurations. These configurations were the basis of studies of the Ducness

and Twin Otter. The results of the studies indicate that there is potential

for noise reduction of existing aircraft but the more recently designed air-raft

appear closer to the noise "floor" established by engine noise than older

aircraft.

-- 2-



DISCUSSION

Introduction

In conducting the General Aviation Propeller Study the initial task was the con-

firmation of the accuracy of the noise prediction methodology to be used. This

was done by predicting the A-weighted sound pressure level and peak noise spec-

trum (at flyover conditions similar to those used for noise certification) by

use of the new Far Field Propeller Noise Prediction procedure discussed in

Appendix A and comparing these predictions with the best available test data.

For the single engine aircraft study the noise predictions were compared with

measurements for the Piper PA28-20 Arrow II and the Beech 35-B33 Debonair. For

the light twin, the comparisons were made for the Beech 76 Duchess. For the

heavy twin, the comparisons were made for the De Havilland DHC-6 Twin Otter.

The levrels for these four aircraft are shown along with other General Aviation

.- aircraft as a function of gross weight in Figure 1. The single engine aircraft

are typical of well established dlder designs which might benefit from current

technology propeller designs. The light twin Beech Duchess is an example of a

recent technology design which should already incorporate much of the current

noise control technology. The heavy twin De Havilland Twin Otter is typical of

the earlier technology aircraft which are in wide use as executive transports

and commuter aircraft.

After the methodology was confirmed an in-depth study of noise reduction concepts

was conducted using the Beech 35-B33 Debonair as the reference aircraft. The

most promising concepts from this study were used then in studies of the light

twin Beech 76 Duchess and the heavy twin De Havilland DHC-6 Twin Otter.

In the studies of these three aircraft the propeller performance prediction

methodology (discussed in Appendix B), the propeller weight prediction methodology

(discussed in Appendix C) and propeller cost prediction methodology (discussed in

Appendix D) were used. One of the most promising noise reduction concepts studied
was the reduction in diameter (and resulting reduction in tip speed). This modi-

fication increases slipstream velocity and therefore aircraft drag. Consequently,

as diameter is reduced the required propeller thrust increases. The methodology

used in evaluating this increased thrust is discussed in Appendix E.

-3-
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DISCUSSION

Evaluation of Noise Prediction Method

The noise prediction method used in the study is discussed in Appendix A. In

order to confirm the accuracy of the method, the predicted A-weighted overall

noise level and noise spectra were compared with propeller noise measurements

for two candidate single engine aircraft, a light twin aircraft, and a heavy

twin aircraft considered in the study. Table I summarizes the comparisonF between the measured and calculated A-weighted overall noise levels.

As seen from Table I, the noise prediction method agreement with measured data

varies from a 2.5 dBA under prediction of the average noise level to a 3.9 dBA

over prediction. For the Debonair, the single engine aircraft used in subse-

quent phases of the study and for the Duchess, Table I shows that the noise pre-

diction method is in good agreement with data on an A-weighted overall basis.

The noise prediction method over predicts the A-weighted overall noise level

for the heavy twin, Twin Otter, aircraft. However, since the objective of the

study is to define a delta change in overall noise level, the tendency to over

predict is considered acceptable.

On a 1/3 octave band spectrum basis, the noise prediction method tends to match

or over predict the noise level for the blade passage frequency. For the reference

cases, the noise prediction method also tends to match or over predict the 2X

blade passage frequency noise level. Agreement for the higher blade passage tones

shows more scatter but is generally with t3 dB. The noise prediction method did

not correctly predict broad band noise levels wich the general tendency being to

under predict except in the case of the Debonair. Comparison of the calculated

versus measured 1/3 octave band spectra for the cases tabulated in Table I are

shown in Figures 2 - 11.

Generally, the noise prediction method shows reasonable agreement with measured

data for the overall noise level for the reference aircraft. The prediction

method also shows reasonable agreement with measured propeller tone levels. How-

ever, agreement between calculated and measured broad band noise levels is not as

good. The disagreement in broad band noise prediction is not considered signifi-

cant as the overall noise level is dominated by the propeller tones which are

generally well predicted. The comparison has also assumed that the flyover noise

-5-



for the reference aircraft was dominated by the propeller noise, i.e. engine

and airframe noise are not significant. Apparently, this is a valid assump-

tion for the aircraft being considered. Based on the comparisons shown, it

was concluded that the noise prediction method was accurate enough for the

parametric studies described in the succeeding sections of this report.
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DISCUSSION

Study of Single Engine Aircraft

The noise components calculated for the existing propeller on the Beech Debonair

as shown in Figure 12 indicated that the noise associated with the thickness (and

volume) of the blade was the major problem. It can be seen in Figure 12 that the

mid frequencies which are most important in A weighted levels are dominated by

thickness noise. Also, experience has shown that the outer quarter of the blade

produces most of the noise. Therefore, the primary emphasis in the Debonair

blade study was on reduction of thickness noise of the blade tips. Noise reduc-

tion modifications included: (1) optimizing tip shape, (2) reducing tip thick-

ness, (3) optimizing performance and increasing number of blades to allow a

reduction in diameter (and therefore tip speed), and (4) incorporating tip modifi-

cations.

Tip shape (planform) has been reported in the past to have a significant effect

on propeller noise. However, there have not been any recent studies of the

effect of tip shape which use modern noise prediction methodology capable of

establishing the influence of small changes in tip configuration. Therefore, in

the present study, noise produced by the thick tip configuration as shown in

Figure 13 was predicted and compared with the noise of the existing McCauley

(modified rectangular) propeller. The blade definitions for the tip shapes of

Figure 13 are presented in Figure 14. Note that the thickness and twist dis-

tribution of the blades was held constant for this comparison.

Figure 15 shows the difference in A weighted levels and 1/3 octave band spectra

for the different tip shapes relative to the existing McCauley designs. It can

be seen that the elliptical tip blade is lowest in noise Level relative to the

round and rectangular tip blades. The difference in propeller noise level

between the rectangular and elliptical tip blades was 3.2 dBA. Comparison of

the noise components for the elliptical and rectangular tip blades in Figure 16

shows that the improvement in noise level for the elliptical tip propeller was

primarily the result of a reduction in the thickness noise. There was also a

substantial reduction in quadrupole noise for the elliptical tip propeller. How-

ever, the level of the quadrupole noise did not have any significant impact on

the overall noise level. The majority of the noise reduction was caused by the

reduction in thickness noise resulting from the chord reduction in the tip of the

elliptical tip propeller.
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Also, it can be seen in Figure 15 that the noise of the McCauley propeller ex-

ceeds the noise of other designs. This is due to the higher thickness of the

McCauley design which is shown in the upper curves of Figure 14.

Since the tip region of the propeller is the important source of noise, the

reduction of lift coefficient, CL, or aerodynamic loading in this region was

investigated as a noise reduction concept. Lift coefficient was lowered by

modifying the radial twist distribution of the propeller. Two different CL

distributions were evaluated for the three tip shapes discussed above. Twist

distribution 42 produces a tip CL level that is consistent with normal pro-

peller design practice while twist distribution #1 produces a CL near zero at

the propeller tip. Twist distribution #1 was expected to have a lower level of

loading noise than twist #2 and consequently, lower overall propeller noise.

The CL and twist distributions used in the study are compared with those of the

McCauley propeller in Figure 17. It can be seen that the loading distribution

produced by twist #2 is closest to that of the McCauley propeller.

Propeller noise was calculated for both twist distributions for the rectangular,

round and elliptical tip shape propellers. One third octave band spectra were
shown earlier for twist #2 in Figure 15. Figure 18 shows the one third octave

band spectra for twist #1. Comparison of Figures 15 and 18 shows that the
twist/CL distribution has no influence on the relative effect of tip shape on

noise. The elliptical tip has the lowest noise level regardless of CL level.

Comparison of identical planforms indicates that reducing the CL level in the

tip region produces a small noise benefit. Propeller noise levels are reduced

in the order of 0.5 to 1.0 dBA by the CL reduction used in this study.

From Figure 19, it can be seen that reduction of the tip CL produces a reduction

in the steady loading noise. However, the overall noise level is dominated by

the thickness noise, which is unchanged.

* I .It has been observed earlier in this report that the McCauley propeller currently
I on the Beechcraft Debonair is thickness noise dominated. The best tip shape for

a replacement propeller was found to be an elliptical tip with a reduced chord

in the tip region relative to the McCauley propeller. Thickness noise can be

reduced through either a reduction of blade chord or blade thickness in the pro-

peller tip region or some combination of both. To evaluate the effect of blade

thickness the noise levels were calculated for an elliptical tip propeller for
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(h/

two levels of thickness to chord ratio. A reduction in tip thickness (h/b

of 50-100% from 80 to 100% diameter produced a reduction in propeller noise

level of 2.5 dBA. Figure 20 compares the one third octave band spectra of

the two different thickness elliptical tip blades with the spectrum of the

McCauley propeller. A reduction in mid-frequency noise is shown for the thin

tip. A comparison of the noise components for the three propeller configura-

tions is shown in Figure 21. This comparison confirms that the reduction in

thickness noise at mid frequencies is responsible for the overall noise re-

duccion. The geometry of the McCauley propeller is compared with that of

the two elliptical tip propellers in Figure 22. It can be seen that the

elliptical tip configuration significantly reduces tip chord relative to the

McCauley blade and that the thin tip blade is also significantly thinner

than the McCauley blade.

One of the requirements for the study reported here is that the replacement

propellers should not noticeably degrade the performance of the aircraft

under study. Two conditions were selected as being representative of critical

performance conditions for the study: (I) a takeoff climb condition, and (2)

a high speed 1,000 foot flyover typical of certification. The modifications

described previously were all of the kind that maintained the original air-

craft performance. However, one of the standard methods for reducing propeller

noise has been the reduction of diameter and therefore the reduction in tip

speed for a given RPM. This, of course, normally reduces performance unless

blades are added to the propeller. Figure 23 shows how the 2 blade elliptical

tip propeller performed in takeoff and flyover at various diameters. The

reference existing performance requirement shown at the right of each curve

was obtained by calculation using the McCauley blade definition which has been

discussed earlier. Of course, as propeller diameter is reduced, the slipstream

velocity increases for a given thrust. Therefore, the drag associated with this

higher velocity air passing over the aircraft components downstream of the pro-

1peller increases the thrust required for a given aircraft performance. Appendix

E describes the method used to establish the increase in thrust required at

smaller diameters.

Figure 23 shows one of the surprising results of the study. Here it is shown

that the elliptical tip 2 blade replacement propeller produces greater thrust

at takeoff and flyover conditions than the existing McCauley propeller. This
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is believed to be due to the better performance of the NACA Series 16 air-

foils used in the replacement design relative to performance of the RAF 6

airfoils in the McCauley design. The literature indicates that the improved

airfoil performance is caused by the laminar flow design of the NACA Series

16 as compared with the turbulent flow design of the RAF 6. Also, it appears

that the planform, twist distribution, and airfoil thickness of the replace-

ment propeller contribute to its performance benefit. With performance that

exceeds the requirement at the 7 ft reference diameter it becomes feasible to

reduce diameter and therefore reduce noise. Using the performance methodology

described in Appendix B, the performance with diameter reduction shown in

Figure 23 was established. It can be seen that reducing the diameter by 0.5

ft is feasible while still exceeding the thrust requirement curve both at the

j takeoff and flyover conditions.

Addition of another blade to the Debonair replacement propeller permitted an

additional diameter reduction of 3" as shown in Figure 24. The noise reduction

for the replacement 2 and 3 blade propellers is discussed later. Based on the

above study, performance optimization of the propeller was concluded to be a

critical step in the design of a low noise propeller. The best performing

airfoils available should be utilized and propeller performance should be

thoroughly optimized to produce the minimum diameter design that satisfies the

performance requirements.

Figure 23 showed that the takeoff performance was the critical design point

for the 2 blade propeller. The flyover performance requirement could be

achieved in a 6.25 ft diameter propeller but the takeoff performance required

a 6.5 ft diameter propeller. If takeoff performance could in some way be en-

hanced without degrading flyover performance, then the propeller diameter might

be reduced. Also, it is possible that a tip device could be added that causes

a cancellation of thickness and loading noise at some frequencies.

It is known that installing a shroud around a propeller enhances its takeoff

performance. However, there is a weight penalty for such a shroud. As an

alternative, winglets, end plates, or bent tips might be used to simulate the

shroud effect in the local area around the blade tips. These devices are be-

lieved to improve performance by reduction of the circulation of air over the

-21-



propeller tip. Calculations were made in this study where the performance of

tip modifications was approximated by assuming that they performed like a short

chord shroud. This study showed that the performance losses of the shroud

balanced the performance gains. However, a more precise analysis might show

that carefully tailored tip modifications provide useful performance gains.

Such an analysis was beyond the scope'of this study. Also, the structural

aspects of adding tip devices must be assessed.

It is known that bent tips are being considered for installation on several air-

craft at the present time. Reports indiate, however, that the existing bent

tip configuration provides no clear cut performance or noise reduction benefit.

Therefore, it appears that the potential of such devices will not be realized

until extensive analytical and experimental work is conducted.

Blade sweep was also considered as a noise reduction concept. Noise reduction

accomplished by this modification is due to phase cancellation of noise gene-

rated at various spanwise locations on the blade. This is discussed in Appen-

dix A. It was found that a substantial amount of tip sweep was required to

achieve worthwhile noise reductions. For example, the blade shown in Figure

25 has a 520 tip sweep and shows a 5.5 dBA reduction relative to the same blade

without sweep. As seen in Figure 26 the noise reduction for the swept blade

occurs at frequencies above 250 Hz. Figure 27 shows that this reduction is a

result of reduction in thickness, steady loading, and quadrupole noise. It

was concluded that the level of reduction achieved by sweep for the Debonair

propeller could probably be achieved with less cost and weight impact by alter-

nate noise reduction methods. Further study which includes structural evalua-

tion of the designs appears warranted if noise reductions are required which

are greater than can be achieved with the alternate approaches sumarized

below. Of course, such reductions would require engine noise reductions as

discussed below.

*Three noise reduction goals were established for the study: (1) the maximum

noise reduction that can be achieved before engine noise suppression becomes

necessary, (2) the noise reduction that can be achieved without a weight or

cost penalty, and (3) the maximum noise reduction that can be achieved without

a weight or cost penalty, and (3) the maximum noise reduction that can be
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achieved without an aircraft performance penalty. In achieving the first goal,

it was assumed for purposes of this study that engine noise suppression is re-

quired when propeller noise is within 2 dBA of the engine noise level. Although

the swept blades are included in Figures 28 and 29, the lack of cost prediction

and the requirement to further study the structural design of such blades

prevented their selection as fulfilling any of the goals. Where two configura-

tions in Figures 28 and 29 are within t .5 dBA the configuration with the lowest

weight and cost was selected as having achieved the goal.

The first goal, i.e. the maximum noise reduction that can be achieved before

engine noise suppression becomes necessary, and the second goal, i.e., the noise

reduction that can be achieved without a weight or cost penalty; were achieved

with configuration 15 of Figure 28. This propeller is a 2 blade, thin ellipti-

cal tip configuration with a smaller diameter than the original McCauley blade.

This propeller showed a propeller noise reduction of 11.1 dBA relative to the

McCauley design with a 20% weight reduction and 22% cost reduction. As shown

in Figure 29, the combined propeller and engine noise reduction for this con-

figuration, assuming an unmuffled engine exhaust is 8.3 dBA. The most important

noise reduction change for this design is the use of a thin elliptical tip. In

addition, the 2% better performance of the NACA Series 16 airfoils relative to

that of the RAF-6 airfoils used in the McCauley design permitted a 6 inch re-

duction in diameter and, therefore, a reduction in tip speed. This difference

in airfoil performance is supported by airfoil data from the literature. The

Series 16 airfoil is a laminar flow design while the RAF-6 is a turbulent

boundary layer design.

The propeller configuration noise reduction concepts investigated for the

single engine Debonair are sumarized in terms of configuration, noise reduction,

weight, and cost for the Debonair are summarized in Figure 28. The configura

tions have been ranked in increasing noise reduction from left to right. Con-

figuration 1 at the left is the existing McCauley propeller.

Two-blade configurations 2 through 12 show varying degrees of noise reduction

with no cost or weight penalties relative to the McCauley propeller. However,

these configurations do not attain the degree of noise reduction given by

Configuration 15 which also has two blades and all weigh and cost more than
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configuration 15. Configurations 13, 18, and 19 are swept configurations

which are required for this structural design and cost study. Configuration

14 is a thick tip, three-bladed propeller which does not provide the level of

noise reduction of configuration 15 because of the thicker airfoil sections.

Configuration 14 also has a cost penalty. Configurations 16 and 17 are three-

bladed propellers that provide larger noise reductions than configuration 15,

but have associated weight and/or cost penalties. The 13.7 dBA reduction ob-

tained with configuration 17 was the largest noise reduction for a straight

blade propeller. Swept blade configurations 18 and 19 have thick and thin

round tip blades. Configuration 19 shows a 2.7 dBA greater noise reduction

than the best straight blade propellers (configuration 17) but requires

structural design and cost studies to establish its feasibility as a quiet

replacement propeller.

To evaluate the impact of propeller noise reduction on the overall aircraft

flyover noise, the combined engine and propeller noise level was calculated

using Reference I to estimate the engine noise. The combined propeller and

engine noise levels for the configurations of Figure 28 are shown in Figure

29. It can be seen in Figure 28 that the best noise reduction for the pro-

peller alone is about 16 dBA for configuration 19, but because of the engine

noise contribution, Figure 29 shows that the noise reduction for the aircraft

would be about 10 dBA.

The third goal, i.e., the maximum noise reduction that can be achieved with-

out performance penalty, was achieved with configuration 17 of Figure 28.

The propeller is a 3 blade thin elliptical tip configuration with a smaller

diameter than that used in configuration 15. This propeller showed a propeller

noise reduction of 13.7 dBA reduction relative to the McCauley design with a

3% weight reduction, but a 24% cost penalty. As shown in Figure 29, the com-

bined propeller and engine noise reduction for this configuration, assuming an

unmuffled engine exhaust, is 9.4 dBA. It can be seen that further reductions

*1in propeller noise are possible with swept tip designs such as configuration

19. However, such designs require structural design and cost studies which
were beyond the scope of the present contract. If additional reductions beyond

goal 3 are of interest, then engine muffling should be considered and further

study of swept blades should be conducted.
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Important geometry and aerodynamic parameters of configurations 1 through 19

are summarized in Table II. Lift coefficient. b/fl and h/b are listed at the

75Z radius and blade tip stations for the 19 propeller configurations to

indicate levels relative to the McCauley propeller.
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DISCUSSION

Study of Light Twin Engine Aircraft

The Beech 76 Duchess was selected as the reference aircraft for the light

twin engine aircraft category. The Duchess was selected because noise data

was available for the verification of the noise prediction methodology. Also,

the relatively low level of flyover noise indicated that the Duchess propeller

should represent General Aviation aircraft with better than average noise

jcontrol.

For the single engine aircraft study, the promising low noise approaches were

found to include tip chord reduction (elliptical tip), tip thickness reduction,

optimized performance (to reduce diameter) and addition of more blades to ob-

tain the maximum diameter reduction. These approaches to reducing propeller

noise were applied to reducing propeller noise levels for Duchess replacement

propellers. Based on the above design approaches, a total of 10 replacement

configurations were evaluated for the Duchess. Figure 30 summarizes the noise

levels, weight, and cost for these 10 propellers. Detailed descriptions of

the propeller configurations of Figure 30 are presented in Table III. The

impact of propeller noise reductions upon overall aircraft flyover noise was

evaluated by estimation of a combined engine and propeller noise level by the

same method as used for the Debonair study discussed earlier. Combined engine

and propeller noise levels for the configuration of Figure 30 are shown in

Figure 31.

Configurations 2, 3, and 5 are two-blade propellers. Configuration 5 shows

the largest noise reduction for the two-blade replacement propellers, 3.8 dBA,

with a 12% weight reduction and a 13% cost reduction. From Figure 30, it can

be seen that configuration 5 provides the largest noise reduction with no

weight or cost penalty and is, therefore, the category 2 replacement configu-

ration. The 3.8 dBA reduction in propeller noise level was the result of

reducing airfoil tip thickness and propeller diameter. As shown in Figure 3:,

the base Duchess blade had a planform shape that was already very close to the

elliptical tip favored for reduced noise so that little tip chord reduction

could be accomplished. However, the Duchess propeller had a relatively thick

tip (h/b) as shown in Figure 33 so that a reduction in tip thickness could
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be incorporated in the elliptical tip designs which are also defined in

Figure 33.

As mentioned in the Debonair study, the replacement propellers all utilize

Series 16 airfoils. As in the case of the Debonair study, the Duchess pro-

peller did not use NACA Series 16 airfoils. Instead, Clark Y airfoils were

used in the Duchess design. Analysis of the Duchess and replacement pro-

pellers showed better performance for the replacement propellers at the same

diameter due to better airfoil performance and more thorough performance

*.. optimization. As shown in Figure 34, the better performance of the two-

blade replacement propellers allowed use of a smaller diameter. As in the

Debonair study, the increased thrust required when a smaller diameter pro-

peller is used was calculated as described in Appendix E. As seen from

Figure 34, a 0.4 ft. diameter reduction was acceptable. This is configuration

5 in Figure 30. A 3.8 dBA noise reduction for configuration 5 was found

which is due to the reduction in tip thickness and the 0.4 foot diameter re-

duction which reduces tip speed at equal RPM. Configuration 5 provided an

estimated 2.7 dBA reduction in combined engine and propeller noise as shown

in Figure 31. Figure 35 shows that further diameter reductions are feasible

for a 3 blade propeller.

Configurations 4 and 6 through 9 are three-blade propeller designs based on

the findings in Figure 35. Configuration 8 shows the largest noise reduction

of the 3 blade replacement propellers (6.5 dBA). Configuration 4 is a thick

tip 3 blade propeller and has a noise level 3.2 dBA higher than configuration

8, a thin elliptical tip design. This is attributed to the difference in

thickness. Configuration 7, a three-blade nominal planform propeller shows a

5.2 dBA noise reduction, however, the tip chord for this blade (as seen in

Figure 32 and 33) is slightly wider than the Duchess and the elliptical tip

replacement propellers. As shown in Figure 33, the blade is thicker than the

elliptical tip propeller. As in the Debonair study, the elliptical tip plan-

form was found to be the best low noise design. Configurations 8 and 9 show

the effects of reduced tip CL for a 3 blade Duchess replacement propeller.

As previously concluded, reduced tip CL does not appear to be an effective

low noise design approach for lightly loaded General Aviation aircraft pro-

pellers. The reduction in loading noise is offset by the noise caused by the
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increase in propeller diameter which is required to maintain the performance

of the low tip CL propeller. Therefore, as Figure 33 shows, configuration 9

offers no noise reduction relative to configuration 8 which is the nominal

tip laoding. Configuration 8 shows a 0.58 foot diameter reduction, the

largest obtainable with a 3-blade replacement propeller.. The 6.5 dBA propeller

noise reduction for configuration 8 was attributed to the reduction in tip

thickness and the 0.58 foot diameter reduction. The 3-blade replacement pro-

pellers all have cost penalties and all except configuration 7 have weight

penalties. Configuration 8 has a 2% weight penalty and a 20% cost penalty and is

the most cost effective of the 3-blade replacement propellers as seen from

Figure 30. Estimated reduction in combined engine and propeller noise was

3.8 dBA from Figure 31.

Figure 36 shows that 4 blade reduced diameter replacement propellers will meet

the aircraft thrust requirement. Configurations 10 and 11 of Figure 30 are

4 blade propellers. Configuration 11 showed the greatest noise reduction

(an 8.6 dBA reduction) of all the configurations evaluated. While no swept

blade replacement propellers were evaluated for the light twin engine study,

it is expected that they would show further reductions from that achieved by

configuration 11. The 8.6 dBA noise reduction obtained with configuration

11 was due to the reduction in tip thickness and the diameter reduction. As

indicated in Figure 30, a 0.68 foot diameter reduction relative to the existing

Duchess propeller was used for configuration 11. Again, the elliptical tip

blade was the best propeller noise reduction configuration.

The first and second noise reduction goals were achieved with configuration 5,

a thin elliptical tip 2 blade propeller with reduced diameter. A 3.8 dBA re-

duction in propeller noise was found for this configuration with a 13% weight

reduction and a 12% cost reduction. Figure 31 shows that the aircraft noise

reduction for this configuration is 2.7 dBA.

The third noise reduction goal was achieved with configuration 11, a thin

elliptical tip 4 blade propeller with reduced diameter. An 8.6 dBA reduction

in propeller noise was found for this configuration with a 13% weight penalty

and a 59% cost penalty. Figure 31 shows that the aircraft noise reduction

for this configuration is 4.4 dBA. The small reduction in aircraft noise for

this configuration is due to the large engine noise contribution. If noise.
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reductions like those achieved with configuration 11 are of interest, then

engine muffling should be considered.

in summary, it was found in the light twin engine study for the Duchess,

that the thickness noise dominated the existing propeller. However, the

Duchess planform is already very similar to the elliptical tip shape

found most promising for low noise in the Debonair study. Some noise re-

duction was obtained by reducing the thickness to chord ratio of the replace-

ment blades relative to the existing Duchess blade. A reduction in combined

engine and propeller noise level of 2.7 dBA was estimated for a 2 blade con-

figuration with reductions in weight of 12% per propeller and a reduction

cost of 13% per propeller. Further noise reductions required weight and/or

cost penalties. The low noise propeller configuration which provided the

maximum noise reduction for the least weight and cost penalties was a 3 blade,

5.75 foot, thin elliptical tip propeller. This low noise propeller provided

a 6.5 dBA reduction in propeller noise level for a 2% per propeller weight

penalty and a 22% per propeller cost penalty. However, this reduction in

propeller noise was estimated to give only a 3.3 dBA reduction in combined

engine and propeller noise level based on an unmuffled engine exhaust. To

utilize the full potential of the above propeller, the engine noise level

should be reduced. It appears that significant cost and weight penalties in-

volving redesign of both the propeller and the engine exhaust system are re-

quired to reduce the flyover noise levels of the Duchess by 5 dBA.
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DISCUSSION

Study of Heavy Twin Engine Aircraft

The DHC-6 Twin Otter was selected as the reference aircraft for the heavy

twin engine aircraft category. The Twin Otter was selected because of the

availability of flyover data for verification of the noise prediction

methodology. The Twin Otter also represents an aircraft designed in the

time interval between the Debonair and Duchess aircraft and should, there-

fore, represent a degree of noise control between their respective levels.

Based on the Debonair and Duchess studies, the Twin Otter should represent

General Aviation aircraft with an average level of noise control.

The low noise approach of tip chord reduction, tip thickness reduction, op-

timized performance (to reduce diameter) and addition of more blades to

obtain the maximum diameter reduction was applied to designing low noise re-

placement propellers for the Twin Otter. Based on the above design approaches,

a total of six replacement propellers were evaluated for the Twin Otter. Figure

37 summarizes the noise levels, weight and cost for the Twin Otter and replace-

ment propellers. Details of the configurations of Figure 37 are presented in

Table IV. As for the Debonair and Duchess, levels of combined engine and pro-

peller noise were estimated. Estimates of the turbo shaft engine noise level

for the Twin Otter were obtained from an unpublished Hamilton Standard analysis

of Twin Otter flyover noise. Figure 38, which shows the estimated ;ombined

engine and propeller noise levels for the Twin Otter propeller configurations,

was used to evaluate the impact of propeller noise reduction upon overall air-

craft flyover noise level.

Configurations 2, 3, and 5 of Figure 37 are the three blade replacement pro-

pellers for the Twin Otter. As shown by Figure 37, configuration 4 provided

the largest reduction in propeller noise level of the three blade propellers,

3.2 dBA, with 17% reductions in weight and cost. The configuration 4 planform

shown in Figure 39 was based on a quiet propeller by Hamilton Standard designed

for the North American Rockiiell OV10 several years ago. Configuration 4 showed

an estimated 3.1 dBA reduction in combined engine and propeller noise, as

shown in Figure 38. The 3.2 dBA noise reduction of configuration 4 was achieved
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by a substantial reduction in tip chord as indicated by the geometry compari-

son in Figures 39 and 40. As shown in Figure 40, the Twin Otter propeller

had a small tip thickness ratio (below 0.03) so that no reduction in this

parameter was possible for the replacement propellers.

Performance differences between the Twin Otter and configuration 4 OV1O replace-

ment propeller were insignificant so no diameter reduction was possible. As

shown in Figure 41, the mid and high frequency noise of configuration 4 causes

the reduction in A weighted level relative to the reference Twin Otter propeller.

Figure 42 shows that the reduction is due to a reduction in thickness and quadru-

pole noise.

As in the Debonair and Duchess studies, Figure 43 shows that diameter can be

reduced if performance if the replacement blade design is better than the

reference blade. Configuration 3 of Figure 37 is an elliptical tip performance

optimized reduced diameter design- which shows a 2.8 dBA reduction

Figure 44 shows that reduced diameter propellers with 4 and 5 blades can be

designed to meet the performance requirements. Configurations 5 and 6 of Figure

37 are four blade designs. Configuration 7 of Figure 37 is a five blade design.

Configuration 6 showed the largest propeller noise reduction for a four blade

replacement propeller, 5.5 dBA. The 5.5 dBA reduction was due to a reduction

in tip chord for the elliptical tip blade used in configuration 6, as shown by

the planform comparison in Figure 39, and a 0.4 foot diameter reduction. The

large reduction in tip chord for configuration 6 was partially offset by

extremely low thickness ratio level distribution of the Twin Otter propeller

as shown by the geometry comparison in Figure 40. The improved performance

gained by use of a four rather than a three-bladed propeller was traded off for

a 0.4 foot diameter reduction as shown by the four blade performance-diameter

characteristics presented in Figure 44. Configuration 6 achieved a 5.5 dBA

propeller noise reduction with a 16% weight reduction and 2% cost reduction.

Configuration 6, which is a four blade propeller, shows weight and cost re-

ductions are a result of the narrower blade used in configuration 6 which off-

set the addition of a blade. Since configuration 7 showed a substantial cost

increase, configuration 6 is the category 2 replacement propeller for the

Twin Otter.
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Configuration 7 is a five blade replacement propeller that satisfies the

Twin Otter performance requirement. However, the estimated diameter reduc-

tion, shown on Figure 44, is not significantly greater than that of the

best four blade propeller, configuration 6. The addition of another blade

does not show a significant noise reduction, 0.4 dBA, as shown in Figure

37. Configuration 6 was, therefore, selected as the category 3 replacement

propeller consistent with the category definitions established.

From Figure 38, the impact of propeller noise reduction on the combined engine

and propeller noise can be seen. For all configurations, the estimated

engine and propeller noise continues to decrease with reduced propeller noise

at almost a one to one ratio because the turbine engine noise level of the

Twin Otter is low. The engine noise "floor" which was reached in noise reduction

studies of the Debonair and Duchess were not reached for the Twin Otter.

The first and second noise reduotion goal was achieved with configuration 6, a

four blade, thin elliptical tip, reduced diameter propeller. A 5.5 dBA reduc-

tion in propeller noise with a 16% weight reduction and a 2% cost reduction was

estimated for this configuration. Combined propeller and engine noise was re-

duced by 5.1 dBA by this design.

The maximum propeller noise reduction of 5.9 dBA was achieved with configuration

7, a five blade thin nominal tip reduced diameter propeller. A 26% increase in

cost and 0.4% weight reduction were estimated for this configuration. Combined

propeller and engine noise was reduced by 5.5 dBA for this design. Since the

noise reduction for configuration 6 was within t .5 of that for configuration 7,

configuration 6 (because of its estimated cost reduction) was selected as

achieving the third noise goal as per the guide lines previously established.

The Twin Otter propeller noise level was found to be thickness noise dominated.

Applying the low noise approaches of narrow chord, thin tip, reduced diameter,

and optimized propellers, a three blade propeller configuration was found that

provided a 3.1 dBA reduction in propeller and engine flyover noise level. A

four blade propeller provided a 5.1 dBA reduction in combined propeller and

engine noise level. Both configurations provided reductions in weight and

cost which were due to the large reduction in activity factor relative to the
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Twin Otter propeller. No reduction in engine noise level was found necessar7

to achieve a 5 dBA reduction in flyover noise.
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CONCLUSIONS

The basic objective of the General Aviation noise trade off study was to de-

fine changes in weight and cost associated with noise reduction for three

representative General Aviation aircraft in the single engine, light twin and

heavy twin classes. The underlying assumption for the study was that General

Aviation aircraft noise is dominated by propeller noise. While an in-depth

engine noise evaluation was beyond the scope of the study, engine noise cal-

culations made by use of existing methodology showed propeller noise to be

the dominant factor in General Aviation aircraft. However, it was found that

any substantial reductions in General Aviation aircraft noise would require

suppression of existing engine noise.

The reader is also cautioned to consider that the noise reduction/cost/weight

trade-offs obtained in this study are applicable only to the aircraft evaluated

and not to the whole class of aircraft from which they were selected. Obviously,

existing General Aviation aircraft represent a spectrum of airframe, engine,

and propeller design technology which will result in a range of aircraft noise

levels within each class. Conclusions are presented for the aircraft, not the

aircraft category. Also structural adequacy of the low noise replacement pro-

pellers was considered in general but not evaluated in depth in the present

study. Estimated noise reductions for the reference aircraft are believed to

be attainable in structurally adequate blades but are considered only indica-

tions of the noise reduction potential for that aircraft category. In general,

the noise of all existing propellers studied was thickness noise dominated.

Therefore, the narrow, thin, elliptical tip configurations produced the best

reductions with minimum impact on weight and cost. The dominance of thickness

noise also prevented any substantial reductions by unloading the propeller tips.

Reduced tip loading showed a reductioi of i dB or less for the aircraft studied.

Three goals were established for the study: (1) The maximum noise reduction

that can be achieved before engine noise suppression becomes necessary, (2)

the noise reduction that can be achieved without weight or cost penalty, (3)

the maximum noise reduction that can be achieved without an aircraft perfor-

mance penalty.
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The following conclusions were drawn from the study of the single engine

Beechcraft 35-B33 Debonair:

1. The first and second goals were achieved with identical, 2 blade, chin

elliptical tip propellers. This configuration showed an 11.1 dBA re-

duction in propeller noise with a 20% weight reduction and a 22% cost

reduction. Propeller noise reductions beyond this level included

weight and cost penalties and approached the estimated engine noise

level.

2. The third goal, maximum propeller noise reduction, was achieved with a

straight blade 3-blade, thin, elliptical tip propeller configuration

which provided a 13.7 dBA reduction in propeller noise with a 3% weight

reduction but a 24% cost penalty. At this level of propeller noise

reduction, the engine ncise was estimated to be a significant factor in

the overall noise level.

3. Blade sweep was effective for achieving reduced noise of the Debonair

but blades with sweep sufficient to produce substantial noise reductions

require structural design and cost studies to define potential weight

and cost penalties. If sweep is limited, then other straight blade de-

signs show similar noise reduction benefits.

The following conclusions were drawn from a study of the Light Twin Beechcraft

Duchess 76:

1. The first and second goals were achieved with identical, 2 blade, thin

elliptical tip propellers. This configuration showed a 3.8 dBA reduction

in propeller noise level with a 13% weight reduction and a 12% cost re-

duction. Propeller noise reductions beyond this level included weight

and cost penalties and approached the estimated engine noise level.

2. The third goal was achieved with a 4-blade, thin, elliptical tip propeller

which provided an 8.6 dBA reduction in propeller noise with a 13% weight

penalty and a 59% cost penalty.
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The following conclusions were drawn from a study of the Heavy Twin DHC-6

Twin Otter:

1. For the Twin Otter, all of the noise reduction goals were achieved with

identical propeller configurations, a 4-blade, thin, elliptical tip

propeller. This configuration showed a reduction in propeller noise

level of 5.5 dBA with a 16% weight reduction and a 2% cost reduction.

From the above conclusions, it appears that the most productive currently

available approaches to reduce noise levels of General Aviation propellers

are to:

1) Use an elliptical tip shape

2) Use the smallest tip airfoil thickness consistent with struc-

tural integrity and manufacturing technology

3) Optimize propeller performance to reduce diameter to the

minimum required for acceptable aircraft performance

4) Use the largest number of blades consistent with perform e

requireme'ts, weight, and cost.

The noise reduction obtainable with revised propeller design varies greatly.

On the newer aircraft, such as the Beech Duchess, the reduction will probably

be smaller than for older aircraft, such as the Beech Debonair.

A
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RECOMMMNDATIONS

An ability to reduce noise of General Aviation Aircraft by replacing their

propellers is indicated by studies summarized in this report. The noise

reduction potential was found to be a strong function of the existing pro-

peller design for the particular aircraft. The problem still remains to

relate the results for 3 aircraft of the current study to the wide spectrum

of existing General Aviation aircraft. Therefore, the following recormmen-

dations are made:

1. One of the most important concepts in reducing the level of propeller

noise was the design of propellers with thin-narrow chord tips to reduce

the thickness related noise level. The scope of the present study did

not permit in-depth evaluation of the structural and life Limits associated

with thinning propeller tips. Therefore, such an evaluation is recommended.

2. Since the RAF-6 and Clark Y airfoils of the existing propellers studied

did not appear to perform as well as the NACA Series 16 airfoils used

in the quiet replacements, it is recommended that experiments be performed

to verify that performance can be improved and therefore noise reduced
by reduction of propeller diameter (tip speed).

3. Analytical and experimental work is recommended to establish the noise

reduction potential of tip modifications including bent tip, winglets or

tip plates. Performance of such modifications must be established in

these studies. If good performance/noise trade offs are found for such

modifications, then cost and weight evaluations should be conducted.

4. There is an apparent noise benefit for swept blade General Aviation pro-

pellers which was not utilized in this study because the structural de-
sign, weight, and cost studies required were beyond the scope of the

contract. Blade sweep appears to be the next step in noise reduction

technology, if noise reductions greater than those found in this study are

required. It is therefore recommended that such studies be conducted.
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5. Establish a simplified system to correlate General Aviation aircraft

flyover noise with propeller design and operating parameters. This

method could be used to evaluate the noise reduction potential of the

current General Aviation Fleet. This would greatly facilirate in

bracketing the flyover noise envelope for existing General Aviation

*aircraft, identifying the current level of propeller design technology

for General Aviation aircraft, and would provide a tool for comprehen-

sive application of the low noise propeller design approaches developed

in this report.
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Appendix A

Noise Prediction Methodology

The noise prediction methodology used in the General Aviation Propeller Study

makes use of the latest methods for predicting tone noise components and

existing methods used for many years for prediction of broad band noise

components.

Noise produced by a propeller consists of several components which must be

summed to predict total noise. The components which result in the characteris-

* tic tone noise components of a propeller at harmonics of blade passage frequency

(RPM x number of blades x an integer) are monopole (thickness) noise, dipole
60

(steady loading) noise, unsteady loading noise and nonlinear (quadrupole) noise.

Thickness noise is a function of the chord and thickness of the airfoils making

up a propeller blade. Steady loading noise is a function of the pressure loading

distribution on the surface of a'propeller blade. Unsteady loading noise is

primarily caused by flow disturbances such as atmospheric turbulence and ground

vortices and is generally low in level at flight conditions. Quadrupole noise

is caused by the disturbances in the air surrounding the propeller blades

which is generally important at higher tip speeds for the thicker and more

highly loaded blades.

In addition to tone noise components, a broad band propeller noise component

is also part of the propeller noise operation. In flight, this noise component

is believed to be associated with vortex shedding from the trailing edges of

the propeller blades.

The theory used for predictions of tone noise in the General Aviation Pro-

oeller Study was first developed in 1976 (ref. 1). This theory was developed
primarily for prediction of near field noise (at locations within one propeller

diameter) of advanced propellers (Prop-Fans) operating at high subsonic speed.

This work was based on the Ffowcs-Williams Hawkings "acoustic analogy" in which

the equations of fluid motion are cast into a wave equation for acoustic

pressure. Two components of noise are calculated in the theory: (1) monopole

Sthickness) noise; and (2) dipole (loading) noise. A third, second order tern

in the Ffowcs-Williams Hawkings equation (the quadrupole source term) was

ignored in th.is early theoretical development because it was believed to be

small relative to the monopole thickness term. In the formulation of this
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theory, Hanson assumed that the propeller blades travel along helical surfaces

defined by the forward flight speed of the aircraft and the angular velocity

of the propeller. This method does not treat the nonlinear quadrupole source.

Of course, the lack of the quadrupole source should not be surprising as none

of the propeller and rotor noise prediction procedures which existed in 1976

had ever included this source. This method is a time domain method, i.e.,

the acoustic pressure wave form generated by blade is calculated and then the

frequency spectrum of the noise is obtained by Fourier analysis.

The basic output of the program which incorporates the time domain method is

the acoustic pressure waveform at a specified point in space assumed to be

moving forward at the same speed as the propeller. The harmonic components of

noise obtained from a Fourier analysis of this waveform are also an output.

Thus, it is possible to calculate the noise at the location of a fuselage near

a propeller as the aircraft is flying at cruise speed.

In 1977, a Frequency Domain Method was developed for predicting Prop-Fan noise.

This Frequency Domain Method offered several advantages over the Time Domain

Method. First, in order to calculate the noise of a swept blade at supersonic

tip speed, the computation time of the Time Domain Method is high because the

acoustic pressure waveform must be accurately defined. Unless the span of

the blade is divided into very small strips near the point where the flow over

the blade reaches Mach 1, substantial numerical noise is generated in the

numerical differentiation procedure. This results in an unacceptable error

in the acoustic pressure waveform generated by the program.

Second, in the Time Domain Method the acoustic pressure waveform of the blade

must be calculated precisely if accurate levels of blade passage frequency

harmonics are to be generated by Fourier analysis of the waveform.

Late in 1977 Hanson developed a quadrupole prediction theory and was able to

show at the end of 1977, by use of a simplified nonlifting aerodynamic model,

that the quadrupole noise is an important noise source in Prop-Fans with un-

swept or slightly swept blades operating at transonic tip speeds (ref. 2).

The addition of the quadrupole component to the linear monopole and dipole

components calculated by the Frequency Domain MIethod was shown to improve the

correlation with Prop-Fan acoustic test data.
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Throughout 1978, the major Prop-Fan Kethodology development consisted of

establishing a working procedure for including the quadrupole component

in the Prop-Fan Acoustic Design Procedure.

Early in 1979, a far field version of Frequency Domain Method was combined

with the portions of the existing Hamilton Standard Propeller Noise Pre-

diction Procedure to allow calculations of far field noise at the takeoff

* and landing conditions required for certification of large propeller air-

craft and at the high speed flyover conditions required for certification of

small propeller aircraft. This combined method includes the broad band

noise and unsteady loading noise prediction procedures from the previous

Hamilton Standard Propeller Noise Prediction Procedure. Also the routines

for calculating Perceived Noise Level (PNL), Tone Corrected Perceived Noise

Level (PNLT), Effective Perceived Noise Level (EPNL) and A-Weighted Sound

Pressure Level (in dBA) which were included in the previous Hamilton

Standard Propeller Noise Prediction Procedure are included in the new com-

bined program.

In contrast to the earlier procedure, the non-compact or distributed character

of the noise generated by the blades can be accurately calculated by the new

method. Also, in the new method, the blades are placed on the helical surface

swept out by the blades as they advance through the air. Of most importance

for advanced propellers, the new method handles the effect of blade sweep.

Sweep has been used in Prop-Fan designs to reduce near field noise at high

speed cruise conditions. This sweep optimization utilized the concept of

destructive interference of noise from different spanwise stations of the Prop-

Fan blade. This concept is based on the fundamental assumption of linear

acoustics that the acoustic pressure at any observer position can be calculated

as the sum of contributions from each element of the source volume and surface

area. To be done correctly, the summation (or integration) process must account

for the amplitude and phase of the elemental contributions. If source dimensions

of the blades are greater than about 1/2 the wavelength of interest (i.e., if

the source is "acoustically non-compact"), then at some observer positions,

elemental signals from different portions of the source will arrive out of

phase. The net noise will then be reduced by self-interference below the level

which would be obtained if the source dimension were very small ("acoustically
compact"). Although the term "acoustically non-compact" is relatively new, the

principle has been known for many years. For example, in Gutin's original
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theory for propeller noise, the appearance of Bessel functions and the polar

directivity pattern result from phase variation around the propeller circum-

ference. For most conventional propellers, chordwise and spanwise phase

variations can be neglected at blade passing frequency (number of blades times

rotation speed). However, for the Prop-Fan, the combination of high Mach

number, many blades, and large chord require that chordwise and spanwise phase

variations be included.

The phase interference concept is most clearly illustrated with reference to

the effect of sweeping a blade planform as suggested by Fig. IA. At blade

* passing frequency, the noise from any strip of the blade is simply a sinusoidal

wave with an amplitude and phase angle. The noise from one propeller blade is

i* simply the vector sum of the contributions from each strip and the noise of

the total propeller is the product of the vector sum and the number of blades.

The effect of sweeping the tip back is to cause the signal from the tip t3

lag (increased phase angle) the signal from the mid-blade region, thus causing

partial interference and reduction in net noise.

In the methods developed for design of Prop-Fans and incorporated in the far

field noise prediction procedure used for the General Aviation Propeller Study,

a graphical version of the concept discussed above has been included. In this

graphical procedure the strip noise contributions are treated as vectors in

the complex plane having amplitude and phase angle. Then, the summation of

the contributions from the strips is performed by adding the vectors head-to-

tail, as shown at the right of Fig. Lk. It can be seen that a lack of variation

in phase angle in the individual contributions from several spanwise locations

on the blade would vectorially add up to a value no different from the total

length of the vectors (analogous to the resultant noise.) This is the general

result for unswept and slightly swept blades. However, by varying the ampli:ude

and phase of the noise produced by the various spanwise stations on the blade,

reductions in the resultant amplitude can be achieved, as shown in the phase

plot at the right of Fig. L1. This is the result for a Prop-Fan blade at

cruise conditions with substantial blade sweep. At takeoff conditions in the

far field, the reductions in noise due to sweep are less, particularly at lower

harmonics of blade passage frequency. However, worthwhile reductions at higher

frequency harmonics important in General Aviation noise certification do result

from blade sweep.
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In summary, the new far field Propeller Noise Prediction Method which has heen

used for the general Aviation Pr-peller Study is a powerful new tool fir nrc'-

pellet noise analysis. In contrast to earlier methodoloay, it incor-,orates

all important tone and broad band noise components and is capable of analvzin4

the effects on noise generation of planform (including sweep) and airfoil

changes.

References

1. D.B. Hanson, "Near Field Noise of High Speed Propellers in Forward Flizht,"

AIAA Paper No. 76-505, 1976.

2. D.B. Hanson and M.R. Fink, "The Importance oC Ouadrupole Sources in

Prediction of High Speed Propeller Noise," J. Sound and Vibration, V 1. 62,

No. 1, 1979.
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PERFO.ANCE PREDICTION METHODOLOGY

The aerodynamic analysis included in this General Aviation propeller study was

based on the well proven Hamilton Standard Propeller Performance Method. This

method has been used for the design and performance prediction of all propeller

designs produced by Hamilton Standard in the past few decades. This vortex

theory was derived from the work of Goldstein (ref. i) and Locke (ref. 2).

Goldstein obtained the exact closed solution for the induced flow field around

an optimum, lightly loaded propeller with a finite number of blades. His wake

model was defined as a rigid helicoid moving at a constant displacement velocity.

Locke then combined Goldstein's solution to the radial distribution of induced

velocities with the propeller vortex theory to formulate an accurate propeller

design and performance theory including the axial and tangential components of

induced velocity. Moreover, Locke established that the theory could be applied

without the limiting assumptions of optimality and light loading.

The method utilizes two-dimensional, empirical airfoil data to compute the lift

and drag distribution on a series of blade elements along the blade radius.

This is accomplished by an iteration process at each radial element between the

lift established by the induction analysis and by the empirical 2-D airfoil data.

The corresponding spanwise thrust and torque loadings are then calculated from

the vector resolution of the lift and drag forces and then integrated to define

the propeller efficiency at the operating velocity.

The Hamilton Standard Propeller Performance Method developed from this basic

theory has been continuously improved over the years and has been correlated with

wind tunnel test data on many different propeller configurations ranging from

small models to full scale propellers tested in wind tunnels of various sizes

and types. Moreover, the basic two-dimensional airfoil data packs have been

built up with data from over 20 wind tunnel tests. About 100 airfoil sections

representing six airfoil families have been tested over wide ranges of angle-of-

attack, Reynold's numbers and Mach numbers. For each airfoil family, the test

airfoils covered the ranges of thickness ratio and camber of interest for pro-

peller blade design. Thus with these extensive data packs incorporated in the

method, the aerodynamic performance for any propeller configuration may be

accurately computed for the complete operating spectrum of interest.
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Today, the method is programmed on the IBM 370 comnuter permitting nearly 250

performance points per minute to be computed. Thus the extensive propeller

parametric design analysis and performance prediction required for this stdv

may be accurately calculated in a short run time.

References

i. Goldstein, S., "On the Vortex Theory of Screw Propellers," Proceedings of

the Royal Aeronautical Society, Series A, Vol. 123, 1929.

2. Locke, C.N.H., "Application of Goldstein's Airscrew Theory to Design,"

British ARC R&M No. 1377, November 1930.
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W4EIGHT PREDICTION METHODOLOY

The weight prediction method was based on an KSD 1971 study of Ceneral Aviation

propellers (ref. 1) based on 1970 O.E.M. catalog single unit weights. The 1979

generalized weight equation was checked against propeller weight data. Using

a 21 propeller sample, the weight from the generalized weight equation was

compared to the actual weight. The results of this comparison are shown in

Figure lC which shows a t 12% band for the weight estimates from the generalized

weight equation. The generalized weight equation applies to 1978 General Aviation

solid metal propeller manufacturing technology only. Conclusions and discussions

of weight contained in the report are confined to 1978 solid metal propeller

technology unless specifically stated otherwise. Table IC shows the 1978 genera-

lized propeller weight equation.

Reference

1. Worobel, R. and Mayo, Millard G., "Advanced General Aviation Propeller Study,"

i NASA CR114289, April 1971.
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Table Ic,

Generall:ed Propeller Wrthc EquaLtfo
for

Airctaft Prop~llerd uinufactured in 1978

V [ (2_,.or + ,r" (Ad.' ' U / 'D ,)oVs0.12

0.Wer0e,00:~ 02 105• Uhere:

WT - Prop. Wee WeiShc, lbs. (excludes spinner, deic ng & sovernor)

D - Prop. Dis, Ft.

5 - No. of Blades

A.. a Blsde Activity Factor

1 3 - Prop. Speed, L4 (take-off)

SI a Shaft Horsepower. H? (tzke-off)

N a Mah No. (Design Corition: Hs: Pover C uise)

(o'~ (~AF' 2 ~o'~':'0.3
Cg a - Counter-ea.hr Wt., lbs.

.:, u. v and y values foe use in the above equations are found from table beao :

Aircraft Class 1978 Technology KW !L z .

I Single Engine (1) • (1) L70 0.9 0.35 0
Fixed Gear

Ur Single Engine (2) (2) 200 0.9 0.35 2
.Retractable Gear

112 Light tina (3) (3) 220 0.7 0.40 5.0

XT Nudlm Wvins (3)

V am" TVis (3)

Phreeller types associated vtth above XgW are as follows:

Ai) All fixed-pitch props

(2) He Cauley non-counte' elghted, non-featherin,. constant stoeg vroov

(3) All l.•'all. all,. . ;"4;d, 3n

Jt" Wj t.rS8'MI'QUALZjZppY



APPENDTX DI ~ COST PRMhICTION 4!ETHODOLX(Y

D-1



/

COST PREDICTION METHODOLOGY

The basis for the propeller cost prediction method was also the cost generali-

zation from the 1971 HSD General Aviation propeller study (ref. 1). To update

the 1971 propeller cost generalization to the 1978 level single unit O.E.M.

propeller cost per pound for 1978 were compared with the 1970 levels. Based

on the comparison, a recomended generalized 1978 cost equation was derived.

Since the single unit propeller cost is a function of yearly unit production,

the generalized cost equation reflects only the 1978 rate of production. Evalua-

tion of the impact of production rate upon propeller cost was considered beyond

the scope of the present study. Table ID, attached, shows the 1978 generalized

cost equation. The generalized cost equation reflects 1978 solid metal propeller

technology. Conclusions and discussions of propeller cost contained in the

report are based on 1978 solid metal propeller technology unless specifically

stated otherwise.

jReferences

1. Worobel, R. and Mayo, Millard G., "Advanced General Aviation Propeller Study,"

NASA CR114289, April 1971.
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Table ID

cner.lttud Cosc rqua:tion Fr
General Aviation Aircraft Propellers :t.nuiaccured in 1978

C1 a F (330.75 + E)

where:

C1  a Single unit O.E... propeller cost $/lb.

I a Number of blades

F - Single unit cost factor (see cable below)

E a Empirical factor (see table below)..

Category F 9

- I Single Engine 7.56 1.0

Fixed Gear

11 Single Engine 5.99 1.5
Retractable Gear

* III Light Twins 5.02 3.5

IV Medium Wins 6.08 3.5

V Heavy Twins 3.14 3.5
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REQUIRED THRUST-PROPELLER DIAMETER DETERMINATION

One of the approaches to reducing propeller noise is to reduce propeller diameter
and therefore reduce tip speed. However, as the propeller diameter is reduced,
the slip stream velocity increases causing an increase in drag for the aircraft
components bathed in the slip stream. Therefore, the thrust required to main-
tain a fixed level of aircraft performance increases as the propeller diameter
is reduced. To define allowable reductions in propeller diameter, the effect of
reduced diameter upon drag must be estimated.

For the General Aviation propeller noise study, a method based on information
from references 1 and 2 was used to evaluate changes in drag with propeller

diameter reductions. This method is outlined below:

Step 1 - The propeller thrust was assumed to be equal to the aircraft drag at a
level flight cruise condition. Drag coefficients were estimated for the aircraft
components from available information in technical literature sources, references
1 and 2.

Step 2 - The average slipstream velocity was estimated from performance calcula-
tions. Drag for the components in the slipstream was calculated using a q based
on the slip stream velocity (qss =  p VssI2). The total aircraft drag was calcu-
lated from the sum of the aircraft component drags. Calculated aircraft drag was
compared to the calculated propeller thrust. To obtain agreement of the calcu-
lated aircraft drag to within t 3% of the calculated thrust, the aircraft com-
ponent drag coefficients were varied within the range indicated by the literature
until agreement is reached. This is the reference set of drag coefficients used
to evaluate aircraft performance.

Step 3 - The propeller diameter was reduced and cruise propeller performance plus

average slipstream velocity were calculated at an assumed thrust level. Based on
the new slipstream velocity, a new aircraft drag was calculated. When the increase
in assumed thrust level was equal to the increase in calculated drag, this point
was considered to be the aircraft thrust requirement for the reduced propeller
diameter. Thrust requirements for 3 or more propeller diameters were determined
to define a thrust required versus propeller diameter curve for the cruise

condition.
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Step 4 - The same procedure as outlined in Steps 1-3 was used to define thrust

required versus propeller diameter curves for the take-off and 1000 foot fly-

over conditions. For these conditions, the wing drag coefficient was assumed

to be represented by a parabolic polar approximation and a turbulent Reynolds

number was assumed in order to scale the drag coefficient determined at the

cruise condition to the new flight conditions. At take-off, where the aircraft

thrust requirement is determined by the aerodynamic drag, resistance of rolling

friction, and the thrust needed to accelerate the aircraft; only the aerodynamic

drag was assumed to vary with propeller diameter.

In the following discussion, the influence of diameter reduction on propeller

thrust required to maintain reference aircraft performance is discussed for the

single engine, light twin, and heavy twin aircraft. These results are based

on general procedures and assumptions described above.

Single Engine Aircraft - Beech Debonair 35-B33

For the single engine Debonair with a nose mounted engine, the total aircraft

drag was broken into two components, the wing drag and a combined fuselage/en-

gine installation drag. The wing drag coefficient was assumed to be equal to:

(CL)
2

-CDW - + (-L) where the airplane efficiency factor, e, was assumed

to be 0.9 and the effective aspect ratio for the Debonair was 6.07. Therefore:

Cow - CDwo + 0.0582 (CL)2

At the maximum cruise condition for the Debonair, CDW0 was calculated to be 0.0088.

Drag coefficients for the wing and combined fuselage/engine installation were

determined based on the calculated propeller thrust of 346.3 lbs. For take-off,

the portion of the total thrust due to the aerodynamic drag was calculated from

the scaled drag coefficients and subtracted from the calculated propeller thrust
to define the portion of the propeller thrust due to rolling friction and air-

craft acceleration which was assumed to be constant with propeller diameter.

Table IE summarizes the calculations used to define the Debonair performance re-

quirement with varying propeller diameter. Flyover thrust was estimated using

the scaled drag coefficients. The flyover performance requirement vs propeller

diameter was estimated from the calculated propeller thrust at 7 foot diameter

and the estimated delta drags for the 6.5 and 6.0 foot diameters. The take-off
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aerodynamic drag calculation also included a constant drag added for the

landing gear, elevator, and flap drags which was equal to 88 lbs. Estimated

propeller thrvsts labeled (1) in Table tE were based on calculated delta aero-

dynamic drags at 6.5 and 6.0 foot propeller diameters.

Liaht Twin Aircraft - Beech Duchess 76

For the Duchess aircraft in level flight, the aerodynamic drag was considered

to be the total of the fuselage, wing, engine nacelle, and empennage drags.

The wing drag coefficient was assumed to be equal to:

CDW - CDWO + (l)' where the airplane efficiency factor, e, was assumed toIrAe
be 0.9 and the effective aspect ratio for the Duchess was 7.98. Therefore:

CDW = CDWO + 0.0443 (CL)2.

At the recommended cruise condition, CDWO was calculated to be 0.0048. Drag
coefficients for the fuselage, wing, engine nacelle, and empennage were deter-

mined based on a calculated propeller thrust of 454 lbs for recommended cruise.

Takeoff was handled in the same manner as for the Debonair aircraft. Table IE

summarizes the calculations used to define the Duchess performance requirements

with propeller diameter.

Flyover thrust was estimated based on scaled drag coefficients from the recom-

mended cruise condition. Thrust estimated for the 1000 ft flyover point was 5.5%

lower than the calculated propeller thrust at the nominal propeller diameter.

Estimated performance changes were based on calculated delta drags for each

propeller diameter. The aerodynamic drag calculation for the takeoff conditions

also included a constant drag for landing gear, elevator and flap drags which

was equal to 92 lbs. Estimated propeller thrusts labeled (1) in Table lIE were

based on calculated da.ta aerodynamic drags at 6.0 and 5.5 propeller diameters.

Heav Twin Aircraft - DHC-6 Twin Otter

For the twin engine Twin Otter, the total aircraft drag was the sum of fuselage,

wing, landing gear, engine nacelle, and empennage components. The wing drag

coefficient was assumed to be equal to:
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CL2
CDW - CDW0 +

(al where the airplane efficient factor, e, was assumed

co be 0.9 and the effective aspect ratio was 10.06.
CDW - CDWO + 0.03516 X (CL)

2

CDWO was calculated to be 0.0056 at cruise for the Twin Otter. Drag coefficients

were determined based on a calculated thrust for 2 propellers of 1963 lbs. The

take-off condition was handled in the same manner as for the single engine and

light twin aircrafts. Drag levels calculated for flyover were in the order of

15-20% less than the calculated propeller thrust. A comparison of cruise and
flyover conditions indicated that flyover was not a level flight condition;

therefore, the aerodynamic drag would not equal the propeller thrust. For pur-

poses of defining the flyover thrust requirements, only the aerodynamic drag

portion of the thrust requirement was considered to vary with propeller diameter.

Table IIIE summarizes the calculations used to define the Twin Otter performance

requirements with propeller diameter. The required flyover and take-off per-

formance versus propeller diameter was estimated by applying the calculated delta

percent aerodynamic drag to the calculated propeller thrust levels. Values

labeled (1) in Table IIIC were based on calculated delta aerodynamic drags at

7.5 and 8.0 foot propeller diameters.

General Comments

Agreement between calculated propeller thrust and calculated thrust levels could

not be attained in all cases of presumably level flight. Flyover thrust for the

single engine Debonair was overpredicted by the drag calculation while flyover

thrust for the light twin Duchess and heavy twin Twin Otter aircraft were under-

predicted. The effects of induced drag due to body interference were ignored

except in the case of the wings and fuselage where a 5% increment was added for

mutual interference. The drag of protuberances such as antennas, tabs,

etc., was ignored for the single engine Debonair and light twin Duchess which

were considered as reasonably clean configurations. For the heavy twin Otter

arcraft a 7% allowance was made. Drag caused by engine inlet and cooling
flow were not evaluated separately, but included in the nacelle or engine in-

stallation drag coefficients.

Based on the methodology outlined above, thrust requirements as a function of

propeller diameter were defined for the single engine Debonair, the light twin

E-5



engine Duchess, and the heavy twin engine DHC-6 Twin Otter. As seen from the

above referenced figures in the discussion section of this report, the limiting

flight condition is takeoff for the reference aircraft used in the study. If

the required thrust had been assumed to be independent of diameter, the ob-

tainable diameter reductions would have been greater than those actually used.

Neglecting the effect of propeller diameter upon required thrust would have

resulted in an optimistic prediction of the obtainable propeller noise reduction.

To obtain the most realistic estimate of potential propeller noise reduction,

the effect of propeller diameter upon required thrust was included in the study.
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