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SUMMARY

The assessment of technelogy related to the nolse of
future Supersonic Transport Category Alrcraft is a most diffi-
cult and complex task. The difficulties result from the
plethora of data and opinlons which have come from a wide
variety of groups addressing an equally wide varilety orf engine
and alrframe design concepts and design time frames. The only
consensus of opinion and evidence appears to be that the Concorde
and 1fts forseeable derivatlives cannot be expected to meet the
FAR Part 36 Stage 2 noise limits.

For new designs initiated in the near future, opinions
diverge, although much of the opinion of USA technical personnel
1s that the Stage 2 noise limits can be met, perhaps with only
a small economic penalty. However, there i1s concern relative
to the adequacy of the design margins required to insure meeting
of guaranteed or certifilcated nolse performance: requlrements.

For new designs initiated in the mid 1980's there appears
little doubt that the Stage 2 neise 1imits can be met, agaln
with a small economic penalty, although the vehilcle would have
much better overall eccnomic potential than elther Concorde or
the best new design initiated in the near future. Such new de-
signs 1incorporate "future" or "Class 2 and 3" technology which
offer significant improvements in overall vehlcle aerodynamie,
engine, and nolse performance.

There 13 only a small amount of evidence and oplnion that
new designs of the mid 1980's could meet the Stage 3 noilse
limits. This lack of evidence and positive opinion results
primarily from three factors:
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1)

2)

3)

The majority of the deslign and conceptual development

studies have focused on Stage 2 limits as elther a goal

or constraint, and only a few studlies have examlned the
implications of meeting Stage 3 limits. Stage 3 limits impose
relatively more difficulty on 83T category alrcraft than

on the subsonle category alreraft, whose aerodynamic
performance and engine exhaust velocity requirements are

more conduslve to quieter operation.

The 3Stage 3 limits and test requirements, as currently

" stated, are based on the performance characteristilcs

{aercdynamic, engine, and noilse) of subsonlec aireraft

wlth high bypass engines. Thelr intent is to constrain

the noise of aireraft, not only within the measurement
boundary, but beyond, as well, to & much larger arsa when
the majorlity of the noise impact 1s experienced. However,
because of thelr origin they do not necessarily provide an
appropriate design constraint to minimize total noilse impact
of an aircraft category that has rather different perform-
ance characteristiles.

There appears to be no generalized conceptual nelse goal
for supersonic transport category aireraft which relates
88T noise performance (or impact) and its prohable opera-
tional time frame wlth the needs of the alrports from which
it might ope?ate.

Each of these three factors should be addressed, as appro-

priate, in the varlous R & D programs which are related to
superscnle crulse vehicles. The goal of thils effort should
be to produce the information necessary tc develop nolse rules

12
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which lead towards optimizatlion of the deslgn performance of
supersonic transport category alreraft with respect te the
environmental needs.

Unless these factors are addressed In a timely fashilon, the
possibillity of initiation of an alrcerarft deslgn that will cnly
meet Stage 2 limidts is increased., The result could easily be
the development of an alreraft which begins operation in the
1990's wilith a noise lmpact considerably in execess of any other
new alrceraft of Lits time frame. Operatlion of such an aircraft
could not only negate much of the progress made in reducing the
impact of alreraft noilse on alrport nelghbors, but alsc could
provide an obvlious foecal point for the public's concern for nolse
reduction. This possible outcome could lead to operaticnal re-
strlctions that would severely penalize the economlc and publie
transport service potentlal of the alrecraft.

1-3
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1. INTRODUCTION

This report has been developed in response té an Environ-
mental Protection Agency (EPA) task order requesting an evalua-
tion of noilise control technology applicable to Supersonic
Transport (SST) category aircraft. To date, SST category
ailrcraft have tended to be nolsier than subsonilc alreraft when
operating in the vicinity of an airport, particularly during
takeoff. The Federal Aviation Administration (FAA) has
recently amended 1ts noise regulations to Iinclude the exlsting
fleet of 16 Concorde SSTs under many of its provisions and to
control the nolse of any future new aircraft of that type to
the levels of the original rule for subsonic aireraft [192-1947.

It 15 generally agreed that the design goal for second
generatlon 3STs be to make them compatible wilth contemporary
future subsonic aircraft, but the means for stating this geal
quantitatively and in regulatory framework are eluslve and
without consensus. Under the Noilse Control Act of 1972, EPA
has the responsibility to recommend regulatory actlons to
the FAA for its consideration ([187], and the FAA also has the re-
sponsibility to develop regulations that will minimize alrcraft
noise for the benefit of publie health and welfare. However,
both organlizations are constrained by the Act's admonition
that any nolse regulations be subject to considerations of
"safety, economic reasonableness, technologlcal practicability,
and appropriaténess to type of alreraft." Some of these
aonstraints are particularly difficult to consider with respect
to future SSTs.

First, many people question the ecconomle viabllity of the
existing SSTs and thosge that were proposed in the past. The

1-4
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Imposition, through regulation, of any additicnal economic
penalties or risks could have a dlsproportionate slgnifilcance
in the event that the S3ST design was in fact economically
marginal; or could be a significant factor In preventing the
initiation or continuation of a truly viable SST program.

Second, technologleal practicabllity is often demonstrated
in full-scale flight certificable hardware. Such a Ffull-scale
demonstration is difficult with SST nelse control technolegy,
primarily because of the absence of a hardware develecpment
program, elther civil or military. Consequently, much of the
proven practicable technology appropriate to SST aircraft 1s
constralned to be that already in service. Proof of newer tech=
nolegy will require a hardware-orlented program for lts.
development and test.

These cbnstraints make 1t difficult to translate the
noise objectivés for future SSTs into regulatory language.
But unless some way is found, there can be no guarantée that
the next S3T design will produce an aireraft that willl be
comphtible with other aircraft at its time of entry into service.

1.1 Background

In the late 19505, the United Kingdom and France lnitlated
design studies for a civil SST airceraft. In 1962, they formally
merged thelr efforts and by 1865 had flnalized the design of
the Concorde. The first prototypes flew in 1969 and the
production aircraft entered ailrline service in 1976. Sixteen
aireraft have been produced and ne more are believed to be
planned for constructicn. The Concorde carries up to 128

passengers over a transatlantic range of up to 3450 nautical
with a cruise Mach number slightly in excess of 2.0 [188].

1~5
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During the 1960s, develepments were undertaken in both
the USSR and the USA. The USSR effort resulted in the design
of the TU-144 aireraft, which has entered limlited service
withln the USSR. This aireraft i1s similar to the Concorde
in its general size and performance characteristics [188],

The US effort to develop a civil SST alrcraft began in
1963 and was terminated in early 1971 by the Congress, for
a comblnation of reasons including:

* potential destruction of upper atmosphere ozone
layer which protects the earth from ultraviolet

radiation
. 'uncertainty of the economie viability of the design
when put 1n service

* concern over the precedent of Federal participation
and subsidy of a commerecial venture

* alrport nolse and sonic boom.

At the time the program was cancelled, the prototype aireraft
(Boeing B2707-300) was into final design désign stages and
Some hardware had been constructed. The design was intended
to carry 270 passengers over a range of 3550 nautical miles
at a cruise speed of Mach 2.7.

Some of the technology development items from the US
38T program were carried forward by the FAA, togather with
NASA and 1pdustry. In 1972, NASA developed a formal advanced
Supersonle Techn010g§ {AST) program, now called Supersonic
Cruise Alreraft Research (SCAR). Its overall objectives were
to provide:(s?)

Note: TFor addlitional information on Concorde and SST programs
see references 14,15,17,1825,31,46,50,137,165,172,203

and 207.

1.6
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» expanded technology base for future civil and
millitary supersonic alrcraft

» data needed to assess environmental and econcmic
Impacts on the US of present and future foreign
supersonic transport alrcraft

+ a sound technical basils for any future consideratlon
that may be given by the US to the development of
an environmentally acceptable and economlecally
viable commerclal 3ST.

This program has generated a large number of interrelated system
studies by both industry and NASA in the fields of propulsion
(inecluding noise) stratospheric emissions impact, structures

" and materials, aerodynamic performance, and stabillity and

(40,136, 151,152,208

control. 4 The propulsion and aerodynamice
studles are of particular relevance to technology assessment
of S3T nolse control technology.

The nolse goals for the Concorde aircraft development were
to not ereate a notae arceeding the level thenm acceptad for the
operation of subsonic aireraft, a resolution of the International
Civil Alrcraft Organization (ICAQ) 4in 1962 [177]. It did not
meet this generallzed goal, and, consequently, for takeoff 1t 1s
the noisiest aireraft in the eivil fleet. Further, by the time
it entered serwvice in 1976, new subsonic alreraft with high bypass
ratio engines were demonstrating significant nolse reductions over
the subsonic aireraft of 1962. Thus, the Concorde, by comparison,
appears relatively even nolsier than antlelpated or intended.
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The noise reductlon demonstrated by the new subsonle jets
was a result of the technology advances in the 1960s and the
promulgation in 1969 by the FAA of the flrst noilse standards
for the alreraft type certification for subsonic aireraft [186].
These standards were applied to the last version of the US SST
in 1970 by recommendation of the S3T Nolse Advisory Committee.
Thelr 1lmposition necessitated a2 major redesign of the ailrcraft
to ensure c¢omplilance,

The 1963 standards, now called Stage 2 nolse limits, were
superceded in 1977 by even more stringent limits, called Stage
3 limits, for new subsonic turbojet alrcraft applylng for type
certification after November 1975 [195]. Recently, the FAA has
promulgated a regulation which includes the existing Concordes
under several provislons and applies the Stage 2 nolse limits
to all other civil SST aircraft (1947,

The US is actively wbrking wlth the ICAC Committee on nolse
and 1ts working group E to develop internationally acceptable
standards for future design SSTs. Working group E has defined
a2 "common case" SST design objective for which the member
nations will conduct nolse and economlc tradeoff studles for
both current and future assumed technology. This infeormation
is of major relevance to this report [72-122].

It 1s recognized that if design of a new SST aireraft were
initlated now, 1t would not enter service until 1990. At such ‘
time, an 3ST meeting Stage 2 nolse limits would be nolsier than
the alreraft now in production, and much noisier than the aire
craft meeting Stage 3 limits expected to be in production in
the early 1980s. Therefore, the current regulation does not
ensure that the nolse characteristices of future design SSTs will
be compatible with contemporary alreraft at the date of entry
into serviees.
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1.2 Frame of Reference for Technology Definition

These are two sets of definitlions for the time fraﬁe
avallabllity which are used in this report, one used by the
EPA and the cther developed by ICAQ CAN working group E for
its studies.

The EPA definitions give three categoriles of technology;
current, avallable, and future. Thelr definitiocns are:

* Current technology Iincludes "shelf item" hardware and
commonly known {state of the art) techniques and pro-
cedures which have been used effectively by most manu-
facturers for many applicatlons.

» Aveilable technology lncludes "shelf items" hardware
and commonly known (state of the art) techniques and

»  procedures which have been used effectively by some
manufacturers for some applications. Also included
are the results of RD&LD which have not been put
intd practice but are avallable for implementation.
Some performance testing may still be necesgary but
thlis technology has been certified for airworthiness
or, by adeguate ground and/or flight testing, deter-
mined to be capable of belng certified.

* Puture techneology represents the outcome ¢f RDED
programs now in progress which have not been veri-
fied but the results to date indicate high potential
to a reasonable degree of confidence. Included are




-—amar W TINE SV LTIl

Ty

R

present AD&D programs which are being conducted with )
sufficient resources of'manpower, funding, and time

to carry to programs to concluslon. Definitive results
are expected Iin the relatively near future for
acoustical and operatlonal performance, economics, and
flight safety. The nature of the expectatlons is
positive because predictions of nonviable results
would have been cause for earller termination of the
RD&D programs.

The ICAC-CAN-WG-E definitions glve three classes of tech-

nolegy which are specified by the time frame that the technology
would be expected to be avallable for use in initial design (78].
The clasges are defined as:

The Class I technology 1s the technology which is
considered as established such that a2 manufacturer
might rely on it to start design and development of
a supersenic alrcraft between 1977 and 1980. For
some items, gqualification i1s needed and will be glven
in the text.

The Class II technology 1s the technolcgy which is
likely to be establlshed (i1f the ongoing works confilrm
today's expectations) such that a manufacturer might
rely on 1t to start deslgn and development of a super-
sonle aipcraft between 1980 and 1985,

The Class III technology 1s that which will probably
rnot be established before 1985 to the extent that

a manufacturer could rely on it for design and
development start of a supersonic alrcraft.

1-10
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A prelimlnary assessment by the working group gave the
following interpretation to power plant and aerodynamic
technology items relevant to thils report (see Table 1-1).

A compafison of the EPA and ICAC definitlons indicates

approximately that "current" technology would be contained
in Class I; avallable technology in Class I or II, depending on the
time status of the 1ltem; and future technology In Class II
or IIT, agaln depending on time status. It should be recognized
that the assessment of any item of technology depends to some
extent on the subjective viewpoint of those making the assess-
ment. For example, a manufacturer 1s likely to be much more
conservative in his assessment of avallability and performaice
of an ltem 1f his assessment 1s to be used in developlng a
regulation or performance guarantee. Conversely, a design

F‘} analyst conducting a system tradeoff to optimize the potential
of 2 new design is less likely to be conservatlve, because
excess safety margins lnconsistently scattered among design
elements tend teo result in optimization trends whiech may be
misleading; consequently, the "best estimate!" 1s often used
uniformly throughout the study process.

1.3 Organization and Time Frame of the Report

There are five sectlons in the body of thls report.
Sectlon 2 develops a basie perspective on the noise of sub-
soniec and supersonic aircraft and the general relationships
between thelir airframe and engine performance characteristics,
nolse certification standards, and noise impact. Sectlon 3
summarizes the statug of individual elements of nolse contrel
technolegy including engine, aerodynamics, and operational

l1-11
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procedures. Section 4 reviews some of the integrated alrframe-
engine noilse Integration studles, and Sec, 5 attempts toc sum-
marize where nelse and the SST stand with respect to technology.

This report ls based on information developed and made

’available prior to Fall 1978. Because the research effort for

improved supersonic cruilse aircraft 1s econtinulng, additional new
findings may be anticipated, many of which may bte expected to
provide improved potential performance relative to that of
"ayglilable" or Class 1 or 2 techhology.

l1-.12




TR MY MWW AT did

PRELIMINARY ASSESSMENT OF SELECTED ITEMS OF TECHNOLOGY FOR SST

TABLE 1.1,
BY CLASS {FROM ICAO CAN WGE [78]).
Class | Class i1 Class III
(1977-1980) {1980-1985} {Beyond 1985)
A. Poverplant
1. Engine cyele and other icems
~ Turhojec/fan Lov bypass patio Duct burning, variable
cycles epgine
= Turbina antTy taSpataturs 1450/15009K 1500/1600°K > 1600°%K
(in cruiga)
= Improved compressor/turbina ———— e COREiNUCUS THPIOVERENCSE ——————————
aarodynsnic efficlency
= Variabla geomacry Available for Excension of | Advanced as neadad for
nozzla or the cof= VCE
SEALOT Com= ceptc
ponenta
= Nozzle efficiency ————— e ae——— CONCINUOUR IOPIOVERENGS =——tr——rtre———t e
2. Engine toise reduction
~ Comprassor dsaign criteria Continuous IMprovensncs =—=eemeee—— oo
= Acogustical treat@ents ———— Continucus TUPIOVEMENES vt ovri s etteen
{low cemparscurs)
= Turbine design critaria Soma inprove= Furthar Ioprovenancs
. 7113
= Combuation noime peduction NiA Hfa Available
= ARousktical treatmants Lindited ————— TRETeASA] ULE —mme———
(high sempsratuce)
=~ Jat noises
4. Opening primary nozzle Available Available Available
b. Flows nixing Marginal Ingreaned ——amama——
¢. Ratractabla silencars N/A Available Available
d. Coannular f{lows H/A H/A Availabla
« Engine inscallation RIA N/A Availabls
= Ar intake acoustical —————etaen Continugus Izpro ta
troathenta
B. Alreraft Aprodynamic Parformances
s wnmitras e mamemirivenenes  SONE L NLLUS

Highar L/D (in ¢ruise and
at T.0.

Movabla L/E slata

low drag pods

GCV concapca

Luproved deaign methods
Variable swasp wings
Moustachas {(Catards)
T/E {laps

Eddy gensrated lift

mrwmugl Sl At
D ————————

Continuous Tmprovements

Continunus IRJTOVORENES =—ewr——eec e s ee——
Continuout IDPTOVERENTE v ————
Coneinuous IMPrOVENEINES =—w-mwmswemesnm m——

178 | N/A

Continuous IMPrOVEARANES eeor e e m————
Continucus TOPUOVENENLE et ——
t‘.‘laur.inunul IEprovenants —-———memmeo——o

et it 4 g s e

1-132
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2. PERSPECTIVE: SUPERSONIC VS. SUBSONIC AIRCRAFT

PERFORMANCE AND AIRPORT NOISE

The performance and nolse characteristiecs of alrcraft designed
for supersonic c¢ruise differ in many aspects frem the characteris-
tlies of aircraft designed for subsonic crulse. This sectlon sum-
marizes some of the most significant differences.

2.1 Performance

The aerodynamice and propulsion characteristics of supersotic
alrcraft are primarily diectated by the requlrements for supersonle
crulse. An 83T aircraft, such as the Concoprde 1llustrated in Fig.
2-1, has a slender fuselage and a highly swept wlng of quasi tri-
angular or delta planform. In comparison to the subsonic B-747,
illustrated in Filg. 2-1, the Concorde has a much lower aspect'
ratio (wingspan + /Wing area). It does not have leading edge
flaps for increased low speed 1ift as does the B3-747. Its engilnes
are afterburning turbecjets which have very high speed Jet exit
veloc;ty whereas the B~747 has high bypass ratio turbofan engines
with a prelatively low jet exlt velocity. These differences, re-
sulting from both misslon and design date of technology, directly
affect the nolse characteristics of these aircecraft.

The lifte-drag ratio (L/D) (1lift force : drag force)} of selected
subsonic and Superscnic cruilse alrcraft 1s i1llustrated in Flg. 2-2a.
In the subsonic regime the subsonic aircraft have significantly
better values than do2s the Concorde. Through the transonlc region
{Mach 0.9 = 1.1) the L/D of Concorde droprs by about one~third
because of the wave drag associated with transonic and supersonlc
fiight. The result of the varlation of L/D with Mach number is
that the cruise L/D of Concorde 1s less than one-half the value
obtalned by an advanced subsonle design such as the B-T47 and
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L-1011, Thus, at crulse the Concorde requlres over twice the pro-
pulsive net thrust per unlt alreraft welght than that required by
an advanced subsonlec airecraft.

The thermal effilclency of the Concorde‘engine is higher than
that of an advanced subsonic turbofan engine, 41% vs. 33%. This
lnecrease of power plant efflclency mitigates somewhat the poorer
L/D of the Concorde in determining the amount of fuel requilred to
achleve a stated misslon range. Figure 2-2b illustrates the range
parameter , which is the thermal efficlency times the L/D ratio,
for some of the alrcraft in Fig. 2-2a. Although.the Concorde's
range parameter performance 1s conslderably below that of advanced
subsonic aireraft, the potential performance of "future" super-
sonic cruilse alreraft 1s estimated to be much closer to that of
the advanced subsonle aircraft [28].

For its design range of 3150 nautical miles (n.m.), Paris to
New York, the Concorde's fuel load 1s about 50% of 1ts 400,000
los. takeoff weight. Of this 50%, 9% 1s reserve and 41% is con-
sumed. The passenger and baggage payload is 25,000 1bs or 6%
of takeoff welght (TOW) and the operating empty welght 1s 44% of
TOW. An early model 747 which had a maximum TOW of 775,000 1lbs
could carry a full passenger and baggage payload of 80,000 1lbs
{10% of TOW) for 5400 n.m. The fuel carried 1s approximately
hz% of TOW, and the operating empty welght is 48% of TOW. If
the payload of this model B-747 15 increased to 20% of TOW, the
range 1s reduced te 4200 miles, and the total fuel carried to

32% of TOW.

These comparisons clearly show the overall performance penalty
to the Concorde relative to the 747 that results from Concorde's
lower value of L/D. Additionally, for a transatlantic mission
Concorde's payloazd 1s Qery gensitive to any addition of ‘welght to
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the aircraft. For example, a 1% addlition to TOW caused by an in-
crease in elther operating empty welght or fuel carried would reduce
the payload from 6% to 5% of TOW, a2 reduction of 17% 1in payload.

Table 2.1 summarizes values of lift-drag and thrust-welght (F/W)
ratios for takeoff and cruise for the Concorde, B-TU47 and L-1011
alrcraft. The Concorde requires a higher F/W for takeoff and
has a much lower L/D than eilther subsonic alreraft. Both of these
factors tend to increase nolse, i.e. a larger power plant and a
lower angle of c¢limb. The ratio of crulse to takeoff thrust for the
Concorde 1s about twice that of either of the two subsonic alreraft.
This difference implles that the optimum engine cycles could be
expected to differ significantly betwaen the two types of alrcraft.

Examples of englne performance as a function of bypass ratlo
for supersonle and subscnizs crulse are presented in Flg. 2-3.
The speclfle thrust (net thrust ¢ mass flow) for the supersonlc
eruise mission at a2 zero bypass ratie is about 63% of that for the
subsonic englne, and at a bypass ratio of flve is about 47%. The
specific fuel consumption (SFC) (fuel welght consumption per hour
+ net thrust) for the subsonic engine decreases with increasing
bypass ratlo. Thls decrease of SFC 1s the major reason fer the
use of high bypass ratio engines (4 to 5) on subsonic Jets. How-
ever, for superscnic cruise, the SFC has a slight minimum a2t a
bypass ratlo of 1.3 and inecreases for higher values of bypass
ratlio. Thus, for supersonic cruise, only bypass raties in the
range of zero to 1.3 warrant deslgn consideration — the cptimum
determlined after considering the increase in engine welght with
inereased by-pass ratio and the savings of fuel weilght and other

factors.

2=5
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TABLE 2.

COMPARISON OF LIFT TO DRAG (L/D) AND
THRUST TO WEIGHT (F/W) RATIOS FOR
THREE AIRCRAFT

Max TAKEOFF CRUISE THRUST
RATIO
AIRCRAFT | Gross
Weight Mach Mach Cruise
(1000 1bs)| No. | L/D | F/W* No. | L/D | F/W | Takeoff
Concorde 400 0.30 4.0 0.38 2.0 7.4 0.14 0.36 (0.42
w/o A/B)
L1011 430 0.24 9.8 0.29 0.85| 17.0 0.06 0.20
B747 775 0.24 9.0 0.25 0.85| 18.5 0.05 0.22

*Takeoff thrust is sea level static (SLS); cruise thrust is actual required

net thrust.
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SUPERSONIC MIXED DUCTED FLOW ENGINES AND SUBSONIC UHMIXED DUCTED
FLOW ENGINES WITH TURBINE INLET TEMPERATURE QOF 1500°K
{From Ref, 29)
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2.2 HNoise

Current supersonlc airecraft are powered with zero bypass
ratlo jet englnes that have afterburning capability. When an
afterburner 1s used during takeoff the Jetr exlt veloclty 1s very
high, generally resulting in the highest noise levels per pound
of thrust develoved by an aircraft Jjet propulsion system.

Table 2.2 glves comparatlve nolse values at a slant
distance of 1000 feet between the observer and the aircraft for
three supersonlec airecraft and four subsonile cilvil alreraft. The
747=-200 and DC-10, which have high bypass ratio englnes, are
gulieter than the older design aireraft, T707-320 B and 727-200, that
have low bypass ratlo engines. All of the subsonle alreraft tend
to be quleter than the supersonlc alreraft when compared at grossly
similar weights and thrust. The most striking example 1s the
comparison of the Concorde with the DC-10; the Concorde 1s 22-25
dB noilsler at maximum takeoff power and 13 &B nolsier at approach

power,

The nolse differentilal between Cencorde and subsonice alpcraft
1s not limlted to maximum power engine nolse in the immediate
vicinity of the alrport. Its nclse differentlal extends far from
the alrport, after engine power has been cut back. Figure 2-l
1llustrates th nolse of several alrcraft measured directly under -
the flight path at distances up to 85,000 feet from the beginning
of takeoff roll. If the Concorde cuts back to the englne power
appropriate to a 3% climb gradient close to the airport, its
noise under the fllght path is decreased from that of full power,
but then becomes larger at greater dilstances from brake relaease,
For example, at 30,000 feet from brake release, Concorde with a
3% c¢limb gradient is 28 4B noisier than the DC 10-30, and at 60,000
feet 1t 1s 30 4B neisiler, see table 2-3, If it does not cut back




TABLE 2.2. COMPARISON OF TAKEQFF AND APPROACH NOISE (EPNL) FOR SELECTED
ATRCRAFT AT A 1000 FOOT SLANT RANGE.
Max
Gross , Takeoff Condition
Weight Engine
(1000 No./Thrust With Max
Afrcraft 1bs) (1000 1bs) Afterburner Dry Approach Ref.
Sugersndic
B=1 390 4/30.0 128 115 113 174
Concorde 400 4/38.5 127 124 111 189
SR=71 140 2/32.5 120 113 98 174
Subsonic
707-3208 328 4/18.0 NA 115 108 16
727-200 173 3/14.5 NA 111 100 16
747-200 775 4/48 NA 108 99 16
SE
. DC10-10 430 3/39 NA 102 98 16
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{XI000 FEET)

TAKEOFF PATHS FOR COMPARATIVE AIRCRAFT.
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TABLE 2.3 TAKEOFF NOISE {EPNL) DIRECTLY UNDER THE FLIGHT PATH AT 30,000 AND
60,000 FEET FROM BRAKE RELEASE AND ARFA ENCLOSED BY THE 100 EPNL
CONTOUR FOR AIRCRAFT IN FIG. 2.3. (From Ref. 189)
Distance From Brake Release
30,000 Ft | 60,000 Ft
Area Within
Weight AEPNL AEPNL 100 EPNL
(1000 { EPNL { Re Concorde | EPNL | Re Concorde Contour
Aircraft Tbs) | (dB) |@3% (dB) | (dB) | @ 3% (dB) | (Sq.N.Mi.)
Concorde 400 119 0 113 0 Not
(@ 3% climb) Available
Concorde 400 115 -4 105 -8 54.3
{ @ Full Power)
B707-320B 334 108 -11 99 .l4 7.5
B747-2008 775 99 -20 93 -20 2.9
DCl0~30 520 91. =28 a3 =30 1.0




~ MY BYAY AGUY LD

@,

povwer and climbs more rapidly, 1t is 24 dB greater than the

DC 10-30 at 30,000 feet and 22 dB greater at &0,000 feet. At
1ts best, full power takeoff and maximum tazkeoff gross welght,
Cencorde's area within the 100 EPNL contour is estimated to be
over 7 tlmes that of a B-707-320B and over 50 times that of a
DC-10-30. Concorde's relative noise performance during takeoff
shows the comblned effects of 1ts high veloclty jet nolse, and
its low lift-drag ratlo in the takeoff speed range.

In 1969 the FAA began to certlfy alreraft for nolse under FAR
Part 36 [1868]. This regulation has been amended several times to
inerease its coverage, make technical improvements and reduce the
maximum allowable noise levels. Three measurements are speclfiled:
approach, sldeline, and takeoff. The measurement conflguration
1s 1llustrated in Flg. 2-5 with both the original 1969 distances
and the most récent amended metric distances. The regulation spe-
cifles maximum allowable noise levels for each location as a fune-
tion of maximum gross takeoff welght, and for some locations as a
function of number of engines. The rule allows for trading of a
maximum of 3 dAB among the three locations wilth no more than 2 dR
at a single locatlon. Thus an alrecraft that was 2 dB over at one
location, 1 dB over at a second locatlon, and 3 or more dB under at
the third location would comply. ‘

Examples of the maximum allowable noise levels are given in
Table 2-4 for U-englne aircraft at 3 selected maximum gross takeoff
weight. The Stage 2 Limlts are the limlts originally promulgated
in 1969. The Stage 3 Limits were promulgated in 1977-8

The Stage 2 Limits apply to the operation of supersonic cruise
aireraft, except for the 16 Concorde aircraft that have flight time
prior to 1980. However, there 1s no certiflcation rule per se for
new design supersonic cruise aircraft. The Stage 2 Limlts apply
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*For 4-Engine Aircraft (0.25 NM for
2- and 3-engine aircraft and for 4-
engine aircraft in stage 3)
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FIGURE 2-5 FAR 36 NOISE CERTIFICATION MEASURING POINTS. (From Refs. 195 and 201)

(Note: Original nautical mile distances have been amended to new mettic distances
except for Stage 1 and 2 4-engine ailrcraft,)
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TABLE 2.4

COMPARISON OF FAR PART 36, STAGE 2 AND 3 NOISE STANDARDS
FOR AIRCRAFT TYPE CERTIFICATION OF 4~ENGINE AIRCRAFT AT
SELECTED GROSS WEIGHTS (EPNL in dB) (786, 195]

MEASUREMENT/ )
FLIGHT MAXIMUM GROSS TAKEGFF WEIGHT
CONDITION STAGE DISTANCE 400,000 1bs 600,000 1bs 800,000 1bs
Sideline 2  0.35 NMiles 106.8 l08.0 108.0
3 450 Meters 98.6% 100,1* 100.1%
A(2-3) 8.2 7.9 7.9
Takeoff 2%*% 6500 Meters 105.1 108.0 108.0
3 6500 Meters 101.6 104.0 105.6
A(2~3) 3.5 4,0 2.4
Approach 2%* 2000 Meters 106.8 108.0 108.0
3 2000 Meters 103.5 104.9 105.0
A(2=3) 3.3 3.1 3.0

*Corrected to 0,35 nautical miles by subtracting 1.5 dB.

WAORIGINAL FAR PART 36 1969 had the distanges for takeoff and approach at
3.5 and 1.0 nautical miles, respectively.
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to all civil airiine type alrcraft currently produced for use 1in
the United States, and in the 1980s will apply to those in air-
line use requiring, for example, retrofit to Stage 2 limlts or
dispeosal of old aircraft not certified under FAR part 36.

The 3Stage 3 limits apply to subsconic alrcraft for which
an application for an air worthiness certificate was made after

November 1975.

The numbers in Table 2.4 show that for 4-engine aircraft
the most significant reduction between Stage 2 and 3 limits 1s
about 8 dB, at the sideline location. Thils compariscn is made
at the original 0.35 n.m. distance by adjJusting the Stage 3
limits by 1.5 dB to approximate the expected difference. The
reductlions at the other two locatlons are of the order of 3 dB,
varying with aircraft welght.

The noise levels at the certificatlon locatlons for Concorde
and three subsonlc aircraft are given in Table 2.5 together with
the Stage 2 and 3 levels appropriate to a 400,000 and 800,000 1b
alrcraft. To meet Stage 2 requirements, the Concorde's noise would
have to be reduced by 5~14 dB, depending on location, and to meet
Stage 3, the reductions would have to be 13-18 dB. Such an aip-
eraft would be 4-5 dB noisler than an L=-1011 on takeoff, but be the
same on approach. Further, 1t would average about the same nolse
levels as does the 727-200,

An 800,000 1b supersonic cruise aireraft that met the Stage 2
nolse limits would be about 10 4B noisier than a B~T47 on sideline
and 1-2 dB nolsler at the other 2 locatlons. TIf 1t were to meet
the Stage 3 1imits, 1t would average to alightly less nolse than
the B-TU7,
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TABLE 2.5

COMPARATIVE VALUES OF NOISE AT FAR PART 36
4-ENGINE AIRCRAFT NOISE MEASUREMENT POINTS
FOR. SELECTED AIRCRAFT IN THE PQST 1985 FLEET
(From Refs. 186, 195, 196 and 197)

Max
Gross
Weight
AIRCRAFT 1000 1bs Takeoff Sideline* Approach
Concorde 400 119.5 112.0¢ 1l6.5
Stage 2 SST** 400 105.1 106.8 106.8
Stage 3 SST** 400 101.6 98.6 103.5
L1011-1 430 97.0 93.5 103.4
727=-200 208 102.4 102.7 100.4
i — 747 200B 770 107.4 97.8 106.2
i Stage 2 SST** 800 108.0 108.0 108.0
}
Stage 3 SST*™* 800 105.6 101.1 105.0

*Sidaline Data for 3~engine aireraft and for Stage 3, 4~engined aircraft
corracted to a constant reference distance of 0,35 nautical miles by

subtracting 1.5 di.

*#xHypothetical aireraft with assumed noise requirements for comparison with
other aircrafc.

2-16

!

T e e d T AL R R w



[ T S W T ¥ )

e o oy 2 L b m e S

P

Therefore, if a'design goal of an 800,000 1b transatlantic
supersonlic cruilse aircraft were to be "compatibility with the
existing fleet," the B~747 would probably be an appropriate
reference alreraft, leading ‘to a certification goal intermedlate
between Stage 2 and Stage 3 subsonle 1limits, However, 1f the de-
sign goal were to be "compatiblility with other new alrcraft enter-
ing service in the same time frame", say 1990, then the certifi-

-catlion goal for takeoff would be at lecst 5 dB lower than Stage 3

since the L~1011 which represents the best current technology has
already achleved this result.

The problems of achlewving Stage 2 certification levels for a
700,000-800,000 1b supersonic crulse ailrcraft are significant, but
are shown later to appear technlcally feasible., The solutlon depends
upen improved engine cycles, improved low-speed aerodynamle charac-
teristices, improved throttle-~flap managemnt control devices, to~
gether with application of nolse control technology to engine-
nacelle design. However, the difficulty 1n meeting Stage 3 limits
{or 5 dB better) 1s much greater and the probablllity of success
cannot be stated with any degree of certainty.

2=17
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3. TECHNOLOGY APPLICABLE TO NOISE CONTROL

The deslgn of a supersonic crulse aircraft to accomplish a
gliven mission — range, speed and payload — at an acceptable cost
involves the optimlzation of a large number of variable facters.
Many of these factors elther directly or indirectly affect the
nolse characterlstics of the alrcraft when it approaches or de-
parts from an alrport.

For example, improvements in mission L/D enable reductions
in engine thrust requirements and alrcraft silze and welght, thus
increasing the payload fraction of the total aircraft welght.
This reduction in engine slze may lead directly to noise reduction,
and/or the 1lncrease in payload fraction may enable addltlions of
welght f'or nolse suppression without acerulng as severe a penalty
as with a lesser L/D. Improvements in low speed L/D for approach
enable a reductlon in thrust during approach and a direct lower-
ing of nolse. For departure, the ilmprovement in low speed L/D
leads to the ability to eclimb at a higher gradient at given thrust,
decreasing the noise through a greater distance; or to lower cut-
back thrust, and hence neoise, while maintaining the same climb

gradlent.

Development of complex variable engine cycles that approach
optimum performance for takeoff, subsonic c¢limb and erulse, tran-
sonic acceleraticn and supersonic cruise tend to reduce fuel re-
quirements and engine drag, agaln leading to a smaller and lighter
alreraft for the given mission. This coptimizaticon in cyele also
gives possibilities for reducing aircraft neise 1in the vielnity
of the alrport, because to optimize the subsonlec englne performance
it 1s necessary to maximize the bypass ratlo, which then enables
direct noise reductilon.
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Thus, the technology applicable to noise control includes
not only direct nolse control technology, e.g., Jet suppressor,
duct 1ining and configuration, blade spacing, engine/airframe
conflguratlion, etc., but also inecludes many of the fundamental
technologles applicable to the overall design, e.g., aerodynamic,
structural and propulslon. Thls section summarizes the following
technolegles as applicable to noilse:

* aerodynamlc performance

* structural design and materials

= propulsion system and nolse performance
* propulslion system nolse control

+ contreol of propulsion/flight parameters

+ aerodynamlc {airframe) nolse.

3.1 Aerodynamic Performance

The L/D for supersonlc crulse for an aircraft designed today
would probably be in the vicinity of 9«10, approximately 30% bet-
ter than achleved in the Concrode. [28,40] Part of this improvement
results from improvement in wing planform,.as shown by some examples
in Fig. 3.1. Part comes fpom more sophisticated detailing, such as
optimized camber and twist [40] and wing body aerodynamlic blending
(22,118,169] 1llustrated in Fig. 3.2. These, and other improve-
ments resulting f{rom aerodynamic research ars often made practica-
ble by concurrent developments in materials and structural deslgn

concepts.

The subsonile L/D for optimum supersonic crulse alreraft will
generally be less than that of optimum subsonic alrceraft because of
both the high aweep angle and the typlcally low aspect ratio of
the supersonic alreraft. (See, for example, Fig. 3.3.) Some
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improvement 1s possible by extending the wingspan to a maximum
value consistent wilth the baslec wing planform as i1llustrated in
Plg. 3.4. However, such extensions may lead to complex structural
and flutter problems.

One of the most promising ways of improving the low-speed
subsonle performance near the alrepraft 1s the development of

variable contour leading edge flaps. A design such as that shown
in Fig. 3.5 achieves an lnerease In wing camber, hence 1lift, at

a constant angle of incidence. It also enables an lnerease in
leading edge radius. from the fairly sharp entry optimum for super-
sonlc flight at low angles of lncidence to a more blunt edge

which 15 less susceptlible to separation at the hlgher angles of
ineidence required for low speed flight.

The degree of Improvements for tweo deslgns are lllustrated
in Fig. 3.6, The results indicate a potential low speed L/D of
about 10 with optimized leading edge flaps. This is a signiflecant
improvement over Concorde whiech has an L/D of 4 during takeorff. [28]
The potentilal for noise reduction relative to Concorde 1is very
significant, since the change from about 7 to 10 for the delta
wing example of Fig. 3.6 pepresents a potential reduction of 10
dB under the takeoff flight path. [118]

There are other possible improvements for the takeoff and
low speed flight regimes currently under study. These 1lnclude:

® extendable wing tips with zctive controls to improve
aspect ratio; [123)

o variable geometry landing gear and center of gravity
management with active controls to improve 1lift coeffi-
eclent at takeoff; [118]

¢ control surface reflinements;
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¢ boundary layer control over flaps;

e upper surface blowlng for increased 1ift [33,118], and possi-
ble installation of engine above the wing [170].

It is clear that the results demonstrated above offer significant
improvement 1n nolse for a future design supersonic crulse aireraft
relative to Concorde and the former U.S. 33T, the B-2707.

Footnote: TFor additional information see references 3,7,9,11,13,21,33,41,.

; 47,64,143,144,145,146,151,163 and 171.
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3.2 Structural Designs and Materials

The technology for designing aircraft structure has advanced
significantly with the development of finite element modeling
techniques that utilize large high-speed computers. The analysis
process, including static and dynamic loads with consideration of
statlc strength, fatlgue and flutter can now be accomplished in a
week, 5-10% of the time formerly required. [40]

An example of a finite element model for an arrow wing super-
sonle ecruise alreraft is given In Fig. 3.7. The aircraft 1s a
Boelng derlvative of the NACA 3CAT 15F serles that was designed for
a maxlimum takeoff gross weight of 750,000 lbs., a paylcad of 49,000
lbs. (230 passengers) and a crulse mach of 2.7.

Table 3.1 compares twe independent weight estimates feor this
alrcraft; one by Boelng [19,20] which assumes 1575 materials tech-
nology, the other by Lockheed [168] which assumes 1380 technology.
The 1980 technology structural weight is estimated to be about 9%
less than that representing 1975 technology. In the example, the
resulting welght gain was translated into lncreased fuel welght
and a 200 mile, or 5%, increase in range.

Some of the welght savings of 1975 technology relative to
earlier designs result frem the use of these finite element pro-

" grams which enable optimization of welight and strength throughout

the structure. Additional savings are possible through improved
methods of defining aerodynamlec loads, bvoth steady-state pressure
distribution and nonsteady pressure f{luctuations due to turbulence
[35]. Further, potentlial exists by reducing landing and runway
loads, using hydraullc actuators to provide active control for

the landing gear. [40]
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TABLE 3.1 WEIGHT ESTIMATES FOR 750,000 LB., 230 PASSENGER,
MACH 2.7 NASA ARROW-WING SUPERSONIC CRUISE AIRCRAFT.
(From Ref. 34) ‘
ARROW-WING GROUP MASS STATEMENT IN Ibm.
ELEMENT Boeing (1975 Technolegy)l Lockheed {1980 Technology}
Weight (1bs) [ % GTOW Weight (1bs) |% GTOM
Structure 224,400 | 29,9 201,300 26.8
Wing 95,800 i 90,600
Horizontal tall 6,500 J 7,900
Vertical rail 5,800 5,400
Fuselage 56,100 42,000
Main gear 37,300 27,400
Kose gear 3,800 3,000
Nacelle 19,100 24,900
Propulsion 56,800 7.6 58,%00 7.8
Systems 77,100 | 10.3 54,400 7.2
OEW 358,300 | 47.8 313,800 41.8
Paylead (held
constank) 49,000 6.5 49,000 6.5
Fuel 342,700% 45.7 3g87,200% 51.7
GTOW (held 750,000 | 100 i 750.000 | 100
coanstant)

lRange of 4000 n.mi.

lRange of 4200 n.mi.

3=10
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The prinecipal factor for the improvement 1n the weilght
of 1980 technology relative to that of 1975 technology in Table
3.1 results from the increased use of composlte materials, [34,35,60]
Figure 3.8 lllustrates some of the advanced structural concepts
for the 1980 technoleogy study, and figure 3.9 1illustrates welght
savings which can be achlieved with composlites. Scome of these com-
posites were developed in the B-l program [169], as 1llustrated
in figure 3.10. Another promising development of the B-~1 program
[169] is a dlffusion process for bonding titanium to fabricate struc-
tural assemblles which have welght, strength, fatlgue and cost ad-
vantages for many parts such as those 1lllustrated in figure 3.11.

The combination of improved deslgn analysils computatlonal
methods for both loads and structure, actlve control devices to
reduce loads, and lncreased utilization of advanced composite
structures could result in an 8-10% reductlon in operating empty
welght. [40] These potential welght reductions can be translated
into increases in range and/or payload; or for the same range and
payload provide welght marginé for the addiﬂion of noise control
devices and/or margins for the reduction of engine thrust and size

regurements.
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3.3 Propulsion System Performance and Noise

The optimization of an engine for a supersonlc cruilse alr-
craft invelves the complex balancing of many factors, some of
which are in conflict. These factors include englne weight
and size, subsconicec and supersonic specifle fuel consumption, and
takeoff and landing noise. The deslign thrust depends on reequire-
ments for takeoff fleld length, noilse, climb and transonic aaccel-
eratlon, and supersonic cruise. Considerable progress has been

made in the SCAR program, [204,205,211], primarily through studies by

Pratt and Whitney [68,69,167] and General Electric [4,5,179] to-
wards developing new advanced englne concepts that begln to opti-
mize the various requirements., These new concepts are generally
based on 1980-1990 technology for design certification in the
early 1990's. Existing engines based on 1965-1975 technology

are more limlted.

The Rolls Royce Olympus engine ([28-30] which pcewers the
Contcorde is a very advanced design stralght turbojJet with after-
burner. Its thrust 1s sized for supersonic crulse without after~
burner, and the afterburner 1s used to provide the additiocnal
thrust required for transonic acceleration and taksoff. The
U.S8. S8T prototype B-2T707 aircraft was at one time designed to
use the GE-U4-~J5 series afterburning turbojet engine. It too
utilized afterburner for both takeoff and transonlc acceleration,
and, in additicn, required partial afterburner durilng supersonic
cruise. In the last year of the protytype program, the engine'
was resized so that the B=2707 could achieve FAR 36 Stage 2 noise
limits with B-12 dB nolse suppression. To decrease the Jet
veloclity (nolse) the englne alrflow was lncreased from 633 to
890 lbs/second, and the afterburner was eliminated. [12§,151]
(See Table 3.2 for other comparisons among these engines.)

FTootnota: For additional information on engines see references 2,10,23,52,
150,182,183,208 and 210.

3-15
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COMPARISON OF SELECTED CONVENTIONAL

TABLE 3.2

~

TURBOJET ENGINES FOR SUPERSONIC CRUISE

b b e e i AT M i =

AIRCRAFT
General +General
Rolls Royce Electric Electric
FACTOR 01ympus GE4JS GE4J6H
Status In Service Prototype Scaled "paper“
Tested engine
Application Concorde Boeing B2707 Boeing B2707-300
Cycle Afterburning Afterburning Turbojet
. Turbojet Turbojet
Mass flow SLS(lbs/sec) 425 633 890
Thrust SLS (1lbs) 38,200 70,000 73,900
Weighet (lbs) 6,750 13,243 17,670 approx.
SFC Subsonic Cruilse 0,93 1.08 NA
(lbs/hr/lb F) @ M.85 @ M.9 -~
SFC Supersonic Cruise 1.19 1.44 NA
(lba/hr/1b F) @ M2.0 @ M.262
Turbine Inlet Temp (°F) 2236 2300 2520
References 28 129,147 5,129
3=-16
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The welght increase, occuring with the change from the J-5
to the J6H, was approximateiy 18,000 1ibs for the four engines. This
translated into welght increase for the B2707 alreraft of many times
18,000 lbs, so that its range and payload could be maintained, al-
beit at greater cost. Later 1t was stated that the availlability
of a varlable cyele engine would have enabled a welght reduction
equivalent to the entire payload. [178] Such an engine would
combine the f{ollowing ldealized characterilstlcs:

*» For Takeoff: high mass flow for low Jjet velocity and
hence low nolse, providing the thrust reguired for
the fleld length objective,

* FPor subsonle ¢rulse: higher mass flow to attaln lower
SFC's assoclated with turbofan engines,

= For supersenic cruise: operation as a stralght turbojet
low bypass turbofan designed to minimize splllage, by-
pass and boat taill drag.

These characteristics would lead to minimum jet noise while opera-
ting near an airport and near minimum fuel consuption when opti-
mized for a mission containing both subsonic and supersonlc re-

quirements. i

In the eaprly 1970's Jet model tests indlcated that nolse
reductlon was possible with a co-annular exhaust neozzle 1in which
the outer flow had a greater veloeclty than the inner flow. A
full-scale test was made in the Ames Wind Tunnel usling a modified
JT8D engine with an air inverter which ducted the fan bypass
flow towards the center and the hot flow towards the periphery of
the engine. These tests demonstrated the abllity to inecrease the
mass flow up to 70%, varying the bypass ratio from 1.1 to 3.5,
and reducing the nolse by 4 dB {118, 1261, as shown in flgures

3.12 and 3.13.
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Several programs (see, for example, Refs. 61,71,128,131 znd 155)
developed an experlimental basils for predicting the magnitude of the
co-annular effect. The potential range of the nolse reduction
relative to a conilcal nozzle 1is on the order of 3-7 PNAB for a
range of possilble configurations, as 1llustrated in flgure 3.14,
Higher reductions are often quoted, but thelr reference condition
1s the old SAE prediction method of synthesis {172 (1965)] in
which the noise of the inner and outer flows were computed sepa-
rately on the basls of equivalent area conical nozzles and then
summed. This method tended to over-predict the nolse of all co-
annular flows, as well as over-predicting the nolse of a single
conical nozzle having the same thrust and mass flow as does the
co-annular nozzle. Conseguently, neolse reductlons based on
"synthesis" yield higher values than those based on an equivalent
single conical nozzle as may be seen in comparing figures 3.14
and 3.15.

The fundamental mechanism of the co-annular nozzle nolse
reduction 1s the rapid mixing accomplished by the higher speed
ocuter flow, much as in the case of the dalsy multilobe noise
suppressors [43]. Because of this mixing, the axial velocity
decays rapldly with axlal distance, and the low and medium fre-
quency nolse generated in the major portion of the Jet flow
{axial diztances greater than 2 diameters) is much less. Model
data comparing the axlal veloclty as a function of axial distance
for several configurations 1s shown in figure 3.16, Because the
flow 1s inverted, e.g., the high speed primary is in the outer
annulus, the equivalent downstream Jet is probably slower than
it would be if the flow were not inverted and the noilse genera-
tien correspondingly lower than in a conventional bypass engine
wlith the same area and veloclty rations [43].
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The "cocannular noilse reduction effect" was subseguently
utllized in the deslgn of several types of variable cycle englnes
{VCE) which were Intended to explore the possibility of meéting the
objectives stated above, using advanced techneoleogy variable geometry
components and materials with turblne inlet temperatures of 2800°F.
Two concepts of VCE's which can utllize the coannular effect
are illustrated in figures 3. 17 and 3.18 The duct burning tur-
bafan heats the outer fan flow with a duct burner teo provide
additional thrust and control the relative velocity of the two
streams. The double bypass varlable cycle englne uses flow invert-
ing passages to direct the slower stream to the center,

The General Electric engine [5,129] 1s termed a double by-
pass engine because the fan is separated into two blecks with an
cuter bypass between the blades and the normal bypass after
the second block [12%]. This arrangement, together with varlable
inlet gulde wvanes and overspeedling the front fan, enables the
engine to have increased airflew (high flow) through the oversized
front fan block and auxilliary inlet to meet takeoff thrust and
noise requirements without oversizing the entire engine. The
detalled sectlon of this engine in figure 3. 19 illustrates two
variable area bypass injectors (VABI). The forward VABI has
partial control of the amount of alr in the primary stream rela-
tive to the bypass stream. This contrel 1s used to achleve the
desired thrust-veloclty=-noise relationship. during takeoff, optimize
engine SFC during subsoniec crulse, and provide maximum air during
transonic accelleration and supersonic crulse. The rear VABT
allows independent variations of high and low pressure rotor
speeds, and together with the forward VABI, varles the MACH
number in the stream to the correct value for the mass flow and

3-22
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F1G. 3.17 PRATT AND WHITNEY LOW-BYPASS TURBOFAN CONCEPT —
DUCT-BURNING TURBOFAN {from Ref. 62}.
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|'h‘
?

3-23




te~t

Forward VARE Rear VAR

P

e {

s

v | CuCEY R TRET ITEY a AR AT """‘0
Split Fan

Variable
Low Prosuuro
Turbine

FIG. 3.19 GENERAL ELECTRIC GE 21 SERIES DOUBLE BYPASS VARIABLE CYCLE
ENGINE {(from Ref. 5).




iUy HYAY AGUJT LD

-
Nemot

[ e T T TP

ares et ok b2 2 e e £

total pressure to obtaln the required pressure balance for mixing
the flows. The variable area low pressure turbine increases
flexibility in variatlon of shaft speeds and accommodates the
large varleties 1n power required by the forward fan block. An
augmenter is provided for transonic acceleratipn and cllimb.

Parametric analysis of a wide range of dcuble bypass VCE's
were accomplished [5] using the 1973 NASA reference advance super-
scnic technology aireraft [134] and the mission profile 1llustra-
ted in Filg. 3.20. Pigure 2.21 shows the varlation of range and
noise which results from "high flowing." (The percentage of high
flowing is defined relative to 100% RFM for the front fan with
the nominal inlet area without auxiliary inlet.) The presumed
coannular nolse reduction effect was the only suppresslion assumed,.

" For this example, the range is maximum for an engilne with

approximately 700 1lbs/second airflow which 1s well matched to

the supersonle cruilse requirement. As alr flow 1s increased by
increasing engine size (and welght) to 900 1lbs/second, the range
decreases — in the supersonic mission from about 4050 NM to 3900
nautical miles, and in the mixed mission from about 3960 to 3730
NM. If the increased ailrflow is obtained by high-flowing the en-
Zine, the loss in range 1s much lower, because the welght Iincrease
is less, the alrflow cduring supersonlc crulse 1s better matched
to the thrust requirement, and the S5FC 1in subsonic crulse 1is

better.

An approximate scale of sideline noise level relative to PFAR
Part 36, Stage 2 requirements is also shown on Plgure 3.21. It
ranges between 4 4B greater than the limit at 900 lbs/second
to 1 dB less than the 1limit at 1170 lhs/second. For a given nolse
limit, and, hence in thils analysis a2 given airflow, the increase
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{From Ref., §)
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of range with percentage high-flow 1s significant, particularly

in the mixed misslon. Also, for a constant core size, the reduc-

tion of nolse as a function of high-flow 1s significant with little
range loss, €.g. 5 dB in the example shown for a change in percent

high-flow from 0 to 30 and a range loss of about 3%. Table 3.3

e

gives some typlecal values of engine parameters for the mixed

milssion.
TABLE 3.3
EXAMPLE FROM FAN HIGH-FLOW STUDY FOR MIXED MISSION B
{From Ref. 5)
Z Fan High-Flow
Engine Performance
Factorg at Rotation 102 202 } 30%
Airflow WvB/§ (lb/sec) 990 1080 1170
Primary w&e: hot(lb/sec) 806 690 637
Primary V&et hot(fc/sec) 2460 2420 2430
Secondary wjet: ct:}ld(lb/s‘:r.') 194 405 541
Secondary vjec c‘,":L':l(!:':/smu) 1570 1530 1510
Valocity ratio Vj cold/vj hot 0.64 0.63 0.62
Alr Flow Ratioe wj cold/wj hot 0.24 0.59 ’ 0.85
Installed Thrust (1bf) 57,250 56,860 57,500
Noise Level Relative to FAR 36 +1.5 dB 0 ~1.0 d8
Stage 2
Range (nmi) 3700 3670 36lo
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Pratt and Whltney carrled three engines into the Phase 3
SCAR englne concept study. [69] They are the Varilable Stream
Control Engine (VSCE-502B), the Rear Valve Cyecle Engine (VCE-112C)
and & non-augmented Low Bypass TurbojJet (LBE-430), The first two
of the above are variable cycle engines, the third is a reference
engine with the same level of technology. ’

The VSCE 502B, [70] illustrated in Fig. 3.22 contains a
variable geometry fan and compressor and both a primary and duct
burner. The fan 15 driven by the low pressure turbine and
the compressor by the high pressure burblne, both turbines driven
by the primary flow. Its capabllity to iﬁdependently vary the
temperature and veloclty of the bypass and primary streams 1s
used to maximize the "coannular nolse reduction effect" during take-
off and nearly mateh cptimum flow cbnditions for subsonic and
supersonic erulse requirements (see Fig. 3.23 for nozzle velocity
profiles for various conditﬁons).

The rear valve engine [70] differs from the VSCE in that the
low pressure turblne which drives the variable geometry fan 1s
split into two sectlons; the rear section beilng driven by elther
the heated bypass duct flow when the rear valve 1s inverted, or by
the mixed flow when the rear valve 1s 1In the mixing position. Thus
this engine 1s capable of two distinect ecyeles, a "twin turbcjet"
mode and a "turbofan" mode as depicted in Fig. 3.24. For takeoff
it 1=z operated in the "twin turhojet'" mode with the primary burner
and peripheral exhaust stream at maximum temperature and the duct
burner at intermediate temperature to control the lnner exhaust
stream. However, because the peripheral airflow for this rear
valve engine 18 a smaller percentage of the total, as compared to
the VSCE 502B in Fig. 3.25, the "coannular nolse reduction
effect™ 1s much lower than that estimated for the VSCE 502B.
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The specifie fuel consumption of these three engines 1s com-~
pared 1n figures 3.26 and 3.2 7 for supersonic and subsonic crulse,
respectrdlly. The low bypass turboJet 1s slightly better than
the varlable -cycle engilnes for supersonic cruilse and slightly
worse for subsonic crulse; and the VSCE-502B 1s slightly better
than the VCE 112C for both condltions. PFigures 3.28-3,31 i1llus-
trate the range potential for these engines as a funetlion of the
sideline noise relative to the FAR Part 36 Stage 2 noise limits
for the mlssions described in Pigure 3.20and for two values of
thrust to welght ratic. These range results are probably not
directly quantitaﬁively comparable with those of figure 3.18
because assumptlions and prediction methodology probably wvary be-
tween the two studles. However, the baslce trends are similar;
inecreasing range with increasing sideline noise on takeoff.

The VSCE Study [69] also showed that approximately 4 dB
additional reduction could be obtained by high-flowing an oversized
fan and 1lnlet. This reductlon is the same as that found by General
Electric for an englne of similar size shown in the curve labeled
"example of approximate econstant core size" in Figure 3.21

It 13 clear from these parametric studles that variable cycle
engines wilth advanced technology approprlate to certification in
the early 1960's offer improved performance relative to current
technology turbojets, as well 23 the advanced technology LBE, in
terms of both alreraft range and takeoff noise [65). The range improve=-
ment comes from a more efflelent matching of alrflow and fuel flow
to the various thrust requirements for the engine. This improve=~
ment in range 1s more significant in the mlxed mission B than Iin
the all=-supersonlc mission A because the wvariable-cycle engine's
improved subsonlc SFC gives a greater range potentlial. The im-
proved noise performance of the VCE 1s dependent upon 1ts abllity
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3-34

B Ak e T L Fes L i e b



v ¥ sanaW L Ladadl)

Pl

()

Mixed m;ssion {1110 km {800 n. mi.} subsonic leg)
TOGW = 345640 kg (752000 Ibm), Fo/TOGW = 0.275

4300~

4500

4400}~
E 4200
o

4000f-

3a00f YCE-112C
1500 ¢oannular noise

3400 3 1 1 1 ]
=10 =3 FAR 36 +5 +10 15
Paak sideline noise - EPNd8

FIG. 3.l30 MIXED MISSION B RANGE COMPARISON FOR PRATT & WHITNEY
PHASE III REFINED ENGINES (From Ref. 69).

¥SCE-5028
ceannuiar nojse

LBE-430
w/0 supprassor

RANGE

Mixod mission {1110 km (800 n, mi.) subsoric lag)
TOGYW = 34560 kg (762000 !bm) Fn/TOGYW = 0.32

SQ00~ -
4800 VSCE-5028

toannular noise . '\‘.?/E;f‘? ressor
< 4600 i
:*’ 4400}~

SAE predictian
4200

40001

1800}
YCE-1120
J6o0 = coanauiar noiso

3400 1 : Y y g
=10 ~5 FAR 36 o5 «i0 o135
' Peak sideline naisg ~ ephas
F1G. 3.317 MIXED MISSION B RANGE COMPARISON FOR PRATT & WHITNEY
PHASE III REFINED ENGINES (From Ref. 69).

RANGE

3-35




to take advantage of the "coannular effect" together with 1ts
ablllty to have a higher airflow (hence less noise per lb. of
thrust) for no significant welght penalty.

3.4 Propulsion System Noise Control

Propulsion system nolse is generated by many sources, inclu-
ding: Jet mixing, turbulence-shock-interaction, combustion, fan
(both forward and aft radiation) and turbine. The {fan and turbine
generate noise comprised largely of a series of discrete tones;
the other sources generate noise that has primarily brcad band
random nolse spectra. The jet mixing and shock turbulence inter-
actlion occur in the flow behind the engine and are determined by
flow parameters and nozzle geometry. The other sources are inside
the englne and can be controlled by a combination of design for
minimum nolse generation and application of sound attenuation

technology.

For englines considered for superscnic cruise, noise from jet
mixing and shock turbulence interaction generally dominates during
takeoff, whereas a more complex combination of prepulsion sources, as
well as alrfranme noise, are important for the nolse at the lower
power settings assoclated with landing.

Prediction of the nolse during ailreraft operations is a very
sophisticated, but inexact, art. [There are a wide range of methods
used in industry both in the U.S8. and abreocad as 1llustrated in
Table 3.4, An example developed by an ICAC subcommittee on SST
noise prediction methods [106] of the varilation of results amengst
these methods 1s glven in Table 3.5. This example is for 100%

; power where Jet and shock noise domlnate. Greater varilation in

i the total EPNL occurs at part power where the greater variability
of prediction of the other sources has more effect on the total
noise, see Table 3.8, The "reference — modified strawman"
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3.6

EXAMPLE OF APPLICATION OF VARIOUS PREDICTION METHODS TO
AN SST TYPE ENGINE AT 100% POWER. (From Ref. 106)
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TABLE 3.6

SUMMARY OF APPLICATION OF VARIOUS PREDICTION METHODS TO _

AN SST TYPE ENGINE AT VARIOUS POWER SETTINGS. (From Ref. 106)
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prediction procedure [106] together with the current SAE pro-
cedure [173] appear to repressnt the current consensus for pre-—
dieting propulsion system noise for supersonié englnes.

The primary noise condition of concern for S3T design 1s takeoff,

\
because 1t is generally consldered that the nolse control potential

for nolse during landing is suffieient for FAR 36 Stage 2 requlrements,

and the control potential probably is sufficlient for Stage 3
requirements as well. The variable 1lnlet geometry required for
supersonic flight coffers potential of using a near sonic throat [59]
to reduce all forward radiated fan noilse during landlng, and the
sophisticated aircraft control system enables coptimization of a
decelerating approach, as has been proved to be effective by the
Concorde [190]. Airframe noise which provides a threshold during
landing 1s discussed later, as 1s the relative nolse at the side-
line and takeoff nolse measurement lécations which are affected

by how the aircraft 13 operated.

The amount of noilse generated in the Jet flow, as well as 1ts
frequency and directional characteristics 1s primarily a functlon
of nozzle geometry in combination with the spatial distributilion of
flew (pressure, temperature and velocity) in or near the effectlve
nozzle plane. In the development of new englne concepts, pre=~
viously discussed, nolse control was cconsidered and integrated in
the selectlion of engine cyele, bypass ratio, flow inversion, stream
veloclties for coannular effect, fan high flow for takeoff, etec.;
2ll together with crulse and e¢limb performance requirements.

If additional noise reducticon 1s required for the design, 1t may be
obtalned by altering nozzle geometry, 1.e., 2 nelse suppressor

with or without an acoustlecally treated exhaust ejector, or by
reslzing the englne to attaln the required thrust with higher
alrflow and lower combustion temperatures, thus reducing exit

Footnote: For additional information on noise generation, see references 1,12,
24,27,32,36,45,55,56,57,58,66,124,127,130,132,133,135,138,140,141,
142,148,149,156,157,158,159,169,175,176,180 and 181.
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veloelty. These two techniques have been applied in integrated
alrframe-propulsion studies to the wvarious candidate engine fami-
lies developed in the SCAR program for the purpose of studylng the
tradeofrs between varicus performance parameters, such as nolse

and range. (See Section 4.) Additilonally, up to 3 dB reduction
can be attailned by confilguring the alreraft so that the engines

are over the wing; or, as in the case of the Lockheed study (110,
212], in an over under cenfiguration, so that the lower Jef shields
{or refracts) the noise of the upper Jet from observers under the

alrcraft.

Noise suppressors for turbojet engines were developed 1n the
1950's. The early B=707s had the cirecular conilcal nozzle replaced
with 21 smaller tubes; the early DC-8 had 2 multilobed daisy
nozzle with retractable ejector. These suppressors effectively
spread the jetstream over a2 larger clrcular area, reducing 1its
downstream veloclty and low and middle frequency noise, but in-

" ereasing slightly its high frequency noise generated by the initlal

mixing of the smaller jets on the perlphery of the flow [43]. The
thrust losses wlth the better early suppressors were typlecally of
the order of 1% per PNdB.

Little improvement 1n technoleogy occurred untll the late 1960's
when Boeilng and General Electric attempted to reduce the nolse of
the afterburning GEUJS engine which was developed for the B2707
S3T., Considerable progress was made, both in maximization of sup-
pression and in minimization of thrust losses through better
base ventilatlion. This work was continued after the cancellatlon
of the U.S. 83T program with development of hardware that could
be tested in flight, and led to a major FAA program wlth General
Electrle to investigate almost all aspects of hilgh velocity
Jet nolse suppression [119].
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The performance of a suppressor is affected by the nozzle
flow conditions, pressure ratic and velocity, and by the flight
conditions. Figure 3.32 1llustrates the effect of flight speed
on the suppression characteristies of several model nozzles
evaluated in the Ames 40 x 80 ft wind tunnel, and includes two
B727 flight test polnts. In all of these test conflgurations
the suppression decreases with an inecrease in forward velocity,
as found for the Concorde spade suppressors [63].

Flgure 3.33 L1llustrates the suppression characteristies of
a 32 spoke=-plug and a 12 chute-plug nozzle over a range of jet
veloelities, both statle and 1n low speed flight. In both cases,
the suppression increases with jet veloclty tending to reach a
maximum at the nozzle deslgn condition. For these examples, the
peak PNL tends to decrease in flight relative te L1ts statie
condltion., The Installed gross thrust coefficlent for the 12
chute-plug nozzle was about 0.93 when measured statlecally, and
0.89-0.92 when in flight at nozzle pressure ratios in excess of
2.0. The installed gross thrust coefflclent for the 32 spoke
nozzle was approximately 0.89-0.92 statically, and 0.81-0,.84 in
flight at nozzle pressure ratios over 2.0 [24]).

Examples of suppressor confilgurations studied in the FaA
high veloeclty Jet nolse suppression program [119] are illustrated
in figures 3.34 and 3.35. Simulated flight data for a 40 shallow
chute dual stream suppressor and a2 32 chute single stream sup-
pressor are glven in figure 3.36. The noise reduction in the
forward quadrant 1s thought teo result from the suppressilon
of shock noilse as 1llustrated in filgure 3.37a. The EPFNL sup-
pression for the 32 chute single stream suppressor ls estimated
to be 10 EPNAB for a weight penalty of approximately 1150 1bs, and
a thrust loss of 6% (see Fig. 3.37b). TFor the 40 shallow chute
coannular plug nozzle the reduction is 8,5 EPNAB for a weight
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a) SUPPRESSOR CONFIGURATION TYPES INVESTIGATED

ARPLICATION
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3.34 SUPPRESSOR CONFIGURATIONS AND GEOMETRICS IN

FAA-GE PROGRAM.

(From Ref. 119)
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- 4.37 SELECTED CHARACTERISTICS OF TWO EXAMPLES OF CHUTE
Fie. s NOISE SUPPRESSORS. (From Ref. 119)
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penalty of apoproximately 550 lbs and a thrust loss of 8%. The
factors influencing the thrust less for a typiecal chute suppressor
the shown in Flg. 3.38a and for the base pressure losses of a tube
suppressor in Pig. 3.38b.

Thls FAA program has not only investigated systematically
a large range of designs for suppressors, but has also developed
more sophistlcated analytlcecal methods for predicting their
verformances. One example of predicting the detalled noise per-
formance of a 104 tube suppressor in flight i1s illustrated in
figure 3.39. The agreement is very close. The comparison of
measured and predlcted in-flight EPNL over a variety of suppressor
types 1s illustrated in figure 3.40. The data have a correla-
tion ccefficient of 0.98, 807 confldence of prediction within *
2.1 EPNdB, 95% confldence of prediction within = 3.2 EPNJB.

Table 3.7, prepared for ICAO CAN Working Group E [102],
summarizes the suppression characterilstics of several types of
suppressors applicable to the high jet velocities applicable to
engines for supersonic crulse aireraft. <Configurations such as
the 32 chute-plug and the 57 tube treated ejector are shown to
give statlec suppresslon of 12 and 15 dB, respectively, with less
than 1/2% thrust loss (flight) per dB suppression (static).

For these data, the amount of flight suppression tends to be
equal or less than the amount of static suppression, as illus-
trated in figure 3.41, with some of the multi-tube suppressors
showing maximum promise of good flight performance. As might bhe
antlcipated, the number of PNdB reduction (statlie) per % thrust
loss (static) is highly variable, varying from 5:1 to 0.5:1
in the data 1llustrated on figure 3.42 Even greater variabllity
ecan be found in c¢omparing the number of PNAB reduction in flight
with the thrust loss in flight as illustrated in figure 3.43.
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BASED ON MEASURED PRESSURES ON:
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Lo}
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[==1
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e . CHUTE BASE S 96
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INNER
s = M
[=]
: &
o CHUTE BASE ORAG CONSTITUTES & 92k
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o DESIGN PREDICTION METHOD REQUIRED
.90

b) MEAN BASE PRESSURE CORRELATION FOR MULTI-TYBES
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Lo » Py/Pg=3.0 o
3 A//‘3'3}’
a2 95) SCATTER £,007  SCALE MODEL
= orfor AR 3,0, DATA SOURCE
= aCp, 2,005 4 BOEING
o o GE
£ .90k
3 —] bt Po
o i ‘
= 507
2 85}- 1 Vs °

. —_—l
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| 1. ] 1 1 | I 1
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SUPPRESSORS. (From Ref.
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FIG. 3.39 COMPARISON OF MEASURED AND PREDICTED NOISE CHARACTERISTICS OF
104 TUBE SUPPRESSOR IN "AEROTRAIN," FLIGHT. (From Ref. 119)
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TABLE 3.7 NOISE SUPPRESSION/AERO PERFORMANCE POST SST STATUS
(From Ref. 102) SHOWING TYPICAL SIDELINE APNL‘S RE CONICAL

STATIC AND THRUST COEFFICIENT (Cpg) @ Va/c = 240 KNOTS

MASS AVERAGED

: APNL APNL/ACE
SUPPRESSOR TYPE VELOCITY, fps (Static) (Flight) 9
Turbojet/Mixed Flow Turbofan
Single Flow
8 Lobe Daisy ~2200 ~ 5.7 ~ .9
32 Chute/Plug ~2500- 2550 ~12.0 ~ .4
48 Spoke/Plug ~2500» 2550 ~16.0 ~ .8
57 Tube/Treated Ejector ~2500* 2550 ~15.8 ~2.2
85 Tube/Treated Ejector ~2500—+ 2550 ~20.8 ~1.2
104 Tube ~2200 ~13.2 ~1.1
Annular Plug/High Radius ~2400 ~ 2.0 ~3.3
~~ Ratio
Low Bypass/Dual Flow
Coannular Nozzle with Plug ~2200 ~5 -6 ~2.9
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These data summaries lllustrate that there have been many
suppressors deslgned that have exhibited a wide range of perform-
ance characterlsties with regard to both noilse and thrust in
both flight and static conditlions. Some have very useful charac-
teristlices; others are unsatisfactory in one or more aspects.
Although many of the devices tested were dndoubtedly designed to.
eXplore the range of individual parameter variations, there
have been many designs whilch were thought %o be promising for nolse
suppresslon which have failed In fllght nolse suppression per-
formance. As a result, test faclilitles, free Jet, aerotrain,
flight test bed and wind tunnel, have been developed for use in
testing suppressor performance, The use of these facllities,
together with the advanced prediction methodolegies developed in
the FAA program [119] and elsewhere, should enable the design for
supersonic crulse alreraft of practical suppressors in the 8-12
EPNAB reductlon range at modest thrust penalties.

Footnote: For additional information on suppression see references 26,37,
38,44,125,139 and 166.
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3.5 Control of Propulsion/Flight Parameters

A supersonilc crulse alrcraft is expected to have a very
sophisticated computer flight control system which may be pro-
grammed to continuously vary both alrcraft and englne controls
during landing and takeoff. Consequently, it is anticipated that
beoth englne thrust and alrcraft control surfaces can be managed
to achleve a variety of flight conditions which would not be
concelvably under manual control within the normal cockplt workload

limitations.

Flgure 3.44z 1llustrates a Boelng concept [118] of the range
of possibllitiles that deviate from exlsting FAR 36 rules. The
range of tradeoffs for this example indilcate as much as 9 EPNJB
reduction of community nolse when contrels are used to minimice
community noise, or a 4 EPNAB reduction in both sideline community
noise when controls are used to minimize sideline nolse.

If the aircraft engine 1s overslzed for noise or other flight
conditions, a programmed thrust- reductlon during takeoff will
enable the alreraft to use maximum thrust when ground attenuation
1s high, and decreased thrust after becoming alirborne. Pigure
3.45 L1llustrates the potential of this technique on a Lockheed
study alrcraft [121). The results in this example are a 2.7
EPNAB reduction in sideline, 0.7 EPNAB reductlon in community
nolse for a 1.8 4B reduction in traded noise.

The acoustic considerations used by Pratt and Whitney ([69]
in developlng optimized programmed thrust during takeoff are
1llustrated in Flg. 3.46. When the aireraft 1s on the runway
the combination of shilelding and excess ground attenuation 1s
estimated to be 13 PNAB at the sideline distance. The excess ground
attenuation reduces with altitude, becoming zero PNdB at 600 ft
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FIG. 3.44 NOISE REDUCTION POTENTIAL OF ADVANCE TAKEQOFF SYSTEMS
AND PROCEDURES.
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a) Takeoff Thrust Comparison
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FIG. 3.45 COMPARISON OF FIXED AND PROGRAMED THROTTLE AND NOISE
LEVELS WITH CL1611-1 AIRCRAFT AND VSCE 516 ENGINE.

) (From Ref. 121)
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altitude. PFor higher altitudes the combined effect of shielding
and increased distance 1s estimated to provide zpproxlmately
5 PNdB reductlon.

The range of throttle schedules investlgated for twe examples
of programed throttle ls compared with constant throttle in Fig-
ure 3.47, together with the sideline noise estimates for each
example. For the constant throttle case, the thrust welght ratio
(Fn/TOGW) required for the fleld length of 10,500 £t 1s 0.275
prior to cutback where i1t 1s reduced to 0.20. For the programed
throttle cases, the entlre avallable F /TOGW of 0.328 1s utilized
for the ground roll, and 1s reduced conslstent with sideline nolse
requlrements as the alrceraft galns altltude. Because of the
higher thrust during ground roll, the alrcraft can attain a higher
velocity with its asscclated improvement in L/D such that the
cutback thrust welght ratio can be 0.17, less than that possible
in the constant throttle case.

Examples of elimb profiles with programed throttles are com-
pared wilth the constant throttle case in Fig. 3.48. In this exam-
ple the engine is sized {mass flow 780 lbs/sec) to achleve with
constant throttle 108 EPNAB at both sideline and community (108/108).
The possible tradeoffs between community and sideline nolse are
1llustrated in Fig. 3.48. Throttle schedule B enables achlevement
of a 5 EPNAB reduction at the community measurement point when
holding 108 EPNdB along the sideline. Throttle schedule C keeps
bath community and sideline levels equal, but 3.5 dB less than
the 108 asscciated with the constant throttle schedule A. The
range loss esgstimated for throttle schedule ¢ 1s approximately
40 nautical miles (approximately 1%), as 1llustrated in

Flg. 3.50.
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FIG. 3.47 TYPICAL THROTTLE SCHEDULES FOR THE VSCE~-502B FOR CONSTANT SIDELINE
NOISE. (From Ref. 69)
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(From Ref. 69}
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EFFECT OF PROGRAMMED THROTTLE SCHEDULE ON RANGE/NOISE
LEVEL TRADES. (From Ref. 69)
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Thrust management can be used to increase range for con-
stant nolse as well as reducling both range and nolse, as shown
in a tradeoff study on the GE dual bypass engine [5]. Table
3.8 1llustrates the potential for increasing range by reducing
engine size (airflow) and weight, keeping sideline noise con-
stant at 110 EPNdB through applicatlon of programed throttles.

In thls example the increase 1in -jet velocity, required for con-
stant thrust at takeoff wilth smaller englnes, results in both
lower altitude and higher jet veloclties at cutback. Consequently,
the nolse over the community 1s higher during climbout after cut-
back resulting in larger footprint areas, yet still meeting the
same certlfication requirements.
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TABLE 3.8 NOISE CHARACTERISTICS FOR ENGINE SIZED FOR TAKEOFF (From Ref. 58)

Exhaust Jet Velocity,
Vy - ft/aec

Adrflow for 61400 1bf
7.0 Thrust - 1lb/gec

Peak Sideline Noise
(Constant throttle climbout) EPNL 4B

Pealt Sideline Noise
(Power Management) EPNL dB

ARange (Mission A) N.mi.
ARange (Mission B) N.ml.

Estimated Alticude at
Community Point, ft.

Estimated Community Noilse
{(Cutback Thrust) EPNL dB

Traded Noise EPNL 4B

Effects of Varying Exhaust Jet Velocity and Varying

Amount of Thrust Mananement

2442

1164

110.0

110.0
(hase)

(base)

1870

101.9

108.0

2500 2550
1077 1029
110.7 111.5
110.0 110.0
+150 4200
+180 +230
1843 1782
102.8 103.6
108.0 108.0

2600
994
112.6

110.0
+220

+270
1716

104.3

108.0
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3.6 Aerodynamic (Airframe) Noise

The turbulence created by the aerodynamlc flow of air over
an alrcraft and the wakes beyond the alrcraft structure radilate
nolse often referred to as alrframe nolse. The absolute mag-
nitude of the total airframe noise radiated is approximately the
same during both takeoff and landing, the noise increase due to
the higher speed during takeoff approximately offset by the nolse
radiated from the landing gear, doors and wheel wells during
landing. However, since the propulsion system nolse is much
greater durlng takeoff{ than during landing, airframe nolse 1is or
importance only in landing.

Some of the sources of airframe noise are illustrated in
Flg. 3.51, and a comparison of measured and calculated noise
for two configurations of the BTY47 1s shown in Fig. 3.52. For
this case, the extenslon of landing gear adds about 3 dB to the
breadband nelse of the alrecraft with only flaps down. The com-
parlson between FAA prediction and measurement [48] seems rela-
tively good for this case.

The baslc prediction method [48] is based on summing the
noise of_the clean ailrframe together with the nolse generated by
individual components, e.g., flaps, spollers, landing gear, etc.
The nolse of the clean alrframe follows the fifth power of velo-
elty for a wide wvarlety of alreraft types as shown in Fig. 3.53.
In these data the clean F-106 delta wing fighter aircraft may be
seen to follow the lower line of quieter configurations. How-
ever, 1ts nolse i1s not as well predicted by the FAA method as by
the NASA ANOPP drag element method; compare Pigs. 3.52 and

3.54.
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FIG. 3.57 SCHEMATIC DIAGRAM ILLUSTRATING POTENTIAL SOURCES OF
AIRFRAME NOISE. (From Ref. 62)
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FIG. 3.52 COMPARISON OF MEASURED & CALCULATED FLYOVER NOISE SPECTRA FOR BOEING

747 WITH TRAILING EDGE FLAPS EXTENDED, & WITH FLAPS & LANDING GEAR
EXTENDED, AT 204 KNOTS AIRSPEED. (From Ref. 48)
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The increase 1n noilse for the V(10 aircraft, "dipty'" vs.
"clean", 1s shown in Pig. 3.55, together with the englne noise
and 1ts compressor tone at 2.5 killohertz. The estimated con-
tribution of leading edge slats, flaps at various angles, land-
ing gear, landing gear doors are shown in Fig. 3.56. The com-
binatlon of all of these factors adds 11 dB to the coverall sound
pressure level of the nolse radlated by the "eclean alrecraft.™

An 0.015 scale model of the AST 100 was tested in the Langléy
freejet anechoilc facility (262] to determine 1ts airframe nolse.
The model was tested at several speeds iIn both a clean and an
approach flaps (without landlng gear) configuration., The data
shown in Fig. 3.57 show good agreement with predictlion for the
clean configuration. The data for the approach flaps condition
are about 2=3 dB below the predilcetion for landing configuration,
which might be expected because no landing gear were lIlncluded in
the model. An approximate scallng of these data to full-scale,
170 knot approach‘at 1 nautical mlle altitude and conversion to
PNL by adding 7 dB to the OASPL (48] gives an EPNL of 88 EPNAB
for the "elean" conflguration and 98 EPNdB for the approach

flap condition.
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These results are consistent with the estimates by Logk-
heed {116] rfor variocus welghts and models of 1ts CL 1611 advanced
supersonlc transport. The CL 1511 series data given in Table 3.9
show predlcted alrframe. noilse ranglng between 96.7 and 99 EPNAB
and total estimated approach noise ranging Between 103.1 and 105.9.
For this example all of the configurations meet the FAR-36
Stage 2 1imits, and some meet the Stage 3 limits. However,
assuming that the alrframe nolse predictions are correct, and of
the order of 99 EPNAB, to achleve a reduction of the total nolse
to 102 EPNAB would require the total propulsion noise (fan and
Jet) to be no greater than 99 EPNdB, and to achieve a total noise
of 100 EPNAB would require total propulslon nolse to be no
greater than 93 EPNAB.
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{Preliminary Results) {(From Ref.

TABLE 3.9 APPROACH NOISE LEVELS OF LOCKHEED CL 1611

SERIES

-1 -1 -3 -4 -1 -7 -9

DESCRIPTION MIN. MIN. MIN. MIN. MIN. MIN. MIN.

DOC pacC pocC doc NOISE poc DOC
Landing Weight

(1bs) 375,000 (395,000]397,000|406,000(400,000)416,000[400,000

Thrust Required
{1bs) (4 Engines)| 42,268 48,660] 41,325 49,797] 495,148 47,798] 48,852
Jet Noise (EPNdB) 0.7 89,6 102.4 100.6 101.8 94.9 93.9
{No Credit for
Mechanical
Suppressor)
Fan Noilse {(EPNdB) 97.0 93.3 97.3 93.8 97.4 96.4 98.4
Airframe Noise 96.7 98.56 96.2 98.7 98.8 99.0 98.6 .
{EPNdB)
Total Approach 104.8 104,2 106.9 104.8 105.9 103.5 103.1
Noise (EPNdB)
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4, AIRFRAME-PROPULSION INTEGRATION AND NOISE

The NASA SCAR program has utllized a series of reference
alrcraft designs to provide a basis for evaluating the overall
effectlveness of technological developments in improving AST per-
formance [40], Table 4.1 summarizes some of the characteristics
of three verslons of the NASA reference AST, together with the
reference . designs of McDonald Douglas and Lockheed, and the Con-
corde and the prototype Boeing 2707 which was cancelled in 1970.

The filve U.S. reference designs have a deslgn range of
3850 to 4400 nautical miles. A nominal 4000 nautical mile range
satisfles the requlrements for many key city pair routes, as
shown on figure 4.1, It covers the major North Atlantic routes,
including New York-Rome. Arguments have been forwarded for de-
sign ranges up to 6500 n. miles [46] which would include most
of the routes amongst the industrialized naticns. An estimate of
the traffic on overseas routes in the year 2000 [51] indicates
that a range of 3500 n. miles would satlsfy 53% of the world over~
water route; a range of 4000 n. miles would satisfy 77%, and a
range of 4500 would satisfy approximately 85%, including San
Francisco-Tokyo. Additionally, a range of 4000 n. miles would
give one stop service amongst 95% of the world's population [46].

Figure 4.2 indicates three specific markets for an advanced
SST which require ranges between approximately 3300 and 4500 n.
miles, and 1t illustrates the kind of range — payload tradeoff -
which might be antleipated in a family of aircraft for two
values of takeoff gross weight. The aircrarft described in Table
4.1 essentially cover this range of markets.
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TABLE 4.1

CHARACTERISTICS OF SELECTED 4-ENGINE SUPERSONIC AIRCRAFT DESIGNS*

AL RNURAMET

.. U.K,<France |Booing B2107  |HASA (Ref. HASA AST- MAGA 1976 Bebonuld Locklisod
CNARAGTERISTIC Congurde (1970) AST (1973) 100 (1976) AST 102 Douglug AST
e . Protatypa _ I 96y AST (1975} (1975
Tuchnaluogy Cureent Currant Coert.1g 199s |Cert.in F9900 | Cert.1in 1990u | Start des. Start deas.

lato 19708 early 1980w
Tukeuf[ Crogs Welght (1000 tha) 400 750 162 718 Hu 150 592
Hunber of Pasacngery 108 261 202 292 242 21 290
Cxulnue Hach Ha, .02 2.7 2.2-2,7 27 2.7 2.2 2,58
funge (nautical miles) 350 3650 4000 39ng 4400 L4100 1850
Fnglne {refercnce) Holln Hoyce [ Gen.Eloc. Qen, Blea. Gun. Elee. Cen, Eloe, Gun,Elec, Pratt & Whltney
{Hympuu Turbujot & Turhojet Turbojet Turbojet Turhojet VSCE (Ref.)
Al (et} (Rel.) (lef.) (Ref.}
5.k, Statle thrwat (1000 Lhs) .o 67.8 13,5 b6, 0 55.7 That
8.0, Liftaff Het Thruat (1000 Lbep 33.6 52.9 54,5 54.3 44,0
Stat le Thruat-telght Rutio 0,38 0.36 4.39 0.37 .31 0.40
Aurn Efficlency Max Crutiwo L/D 1.4 1.95 8,7 9.1 9.1 9.6 9.0
Rolue Eatinmatea (EPNL): Gonls Goulu GCualn
Sidal Ine 12,2 119.54{112) M11.6 (l0d)s  }LO9.3 (108) Alot- DS Mects FAN 36
Takaol f 119,5 108. (108) 119.7 (108) F109.5 (108) Constralned |108
Approach 116.7 109  (108) 108,55 (108) 108 (108) 107
Neferencey 206,63 51.147 B,134 i) 49 53 54,213
FOOYHOTES 3 R N A "
AThoge obinly designn way he lintendud to be|later version |Hegnices §1.7 ‘hlth 4.9 b Would requlre [Esployo HDG
found 10 many veralonas and no wore upiny |was caleula- AN suppresslon| suppreanion suppresslon ta] suppresslon
mntad with wany englue dealgng than B-707 & ted to moet to muet FAR cuequires 1,5 fmoer FAR 36 BYHLew to
el alreroft FAR-1G 36, more for a mont FAR 36
total of
[
sapproesalan
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The crulse deslgn mach number for the aircraft in Table
4.1 varies between 2.0 and 2.7. The Concorde utilized a mach
number slightly above 2.0, enabling 1t to be constructed primarily
of aluminun. MceDenald Douglas [50] selected a c¢rulse mach number
of 2.2, as appropriate for an alrcraft intended for immediate
initiation of detalled design, because of 1ts reduced technical
risk, lower operating costs and increased range. Lockheed [54]
selected a crulse mach number of 2.55 for an airecraft intended
for detailed design initiation in the early 1980s and for con-
sliderable use of composlte strﬁctures. The NASA Reference AST,
Intended for certification in the 1990s, was utlllzed for a
variety of tradeoff studles in the mach number range of 2.2-
2.7. However, 1ts derivative ailrcraft, the AST 100 and 102 were

optimized for mach 2.7.

The sea level static thruste-welght ratio for these airecraft
desligns varlies between approximately 0.3 and 0.4 with the higher
values 1n some of the U.S. study deslgns resulting partially from
oversizing the englnes to attain takeoff thrust requilrements at
lower Jet exlt veloclty and neclse. The AST-102 represents an
iteration of the AST100, optimized for range at filxed TOGW and
payload, without a nolse constraint.

The aerodynamlc efficlency (L/D at crulse) is between 9
and 10 for the U.3. study desligns, considerably greater than the
7-8 range of the earlier aireraft. This aercdynamic improvement
is a majJor factor in the range increases ghown.

The AST study alrcraft and the B2707 have been used for the
development of many derivative designs, speclalized for particu-
lar study oblectives. Thelr performances are varlously quoted,
depending upon the speciflec study in which the data are derlived,
its assumptions, methods, and constraints. Thils statement

4.i
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applies particularly to the estimated noise levels, the earller
studles utillzing a variety of assumptlons and methods, some of

" which are at variance with current practice. Therefore, the quo-

ted nolse levels should be considered as those believed at the
time by the developing organizations, and not necessarily compara-
ble amongst organizations or currently validated.

The followilng suhsections examine some of the aspects of the
NASA AST reference designs, the noilse studies accomplished with
both NASA and airframe manufacturers designs, and the relation-
ship between potentlal impact and noilse levels at certification

measurement locations.
4,1 HNASA Reference Aircraft Designs

ﬁircraft Characteristica

The 1973 MASA Reference AST [134] was derived from earlier
Boelng study alreraft whilch evolved from the B2707 and the NASA
development of aerodynamically advanced AST concepté with arrow
wing planforms. The propulsion system parameters were hased on-
scaled data from the GE4 engine series designed for the U.S. S8T
program [129]; but without afterburner, and with improved component
technology, including an increase of 450°F in turbine inlet tem-
perature. Similarly, the welght estimates for the reference AST
were based cn.design data from the U,S. SST program, and later
verified by Boeing in a detalled structural analysis {19,20].

The NASA reference AST was refined and updated in early 1976
by the development of the AST-100 design [8), which 1s illustrated
in Fig. 4.3. Some of lts characteristics and deslgn mission per-
formance are summarized in Table 4.2, TITts improvement in maxi-
mum L/D relative to the reference aircraft, see Fig. 4.4, enabled
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TABLE 4.2 AIRCRAFT CHARACTERISTICS AND MISSION PERFORMANCE OF NASA AST-100

FROM REF. &8
AIRCRAFT CHARACTERISTICS

. Takeoff pross weight 1bm
Operating weight empty lbm
Payload-No. Passengers
Cargo
Total Weight 1bm
Wing area - reference frt
- actual fr?
$.L. statiec Installed thrust per
engine (std, day + 8°C), 1bf
Initial installed thrust to
weight ratio
Initial wing loading - reference lbm/ft?
- actual, lbm/ft?
Takeoff field length 34
INITIAL CRUISE CONOITIQNS
~ Lift Drag Ratio
- Specific Fuel Consumption {(1lbs/hr/lb

Altitude (feet)

DESIGN MISSION SUPERSONIC CRUISE MACH 2.62 (2.7 Std.

713000
3284746
292

61028
9969
10996

65978

.37
72,0
65.3

10, 500

? ‘ OPERATIN

! G

| WEIGHTS

: Takeoff 718000
Start Climb 708400

i Start Cruise 644631

| Eand Cruise 458550

J! End Descent 455000

Taxi-In

Block Fuel & Time
! Reserve Fuel
| Trip Ranga

4 FUEL

lbm

9600
63769
186081
3550
_2578

265578
654491

3968

NOTES: 1. Taxi-in fuel taken out of reserves at destination.
2. C.A.B. range corresponding to block time and fuel equals trip

4 TIME

min.

11
22
134
20

152

range minus traffic allowances as will be specified for supersonic

aircraft.

P T PURPINU
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a reductlon in englne slze and fuel consumption leading to a
reduction of aircraft takeoff gross weight from 762 to 718 thou-
sand 1lbs., whlle still achleving the same payload and range per-
formance c¢apability.

The range capabllity for various combinatlons of takecoff
gross welght and payload for alreraft with the AST-100 thrust-
welght and wing loading values 1s illustrated in Fig. 4.5. The
values to the left of the maximum rower crulse line are not
possible because of insufficient or lnefflcient engine thrust.
The results show that the payload-gross weight fraction is a de-
creasing furctlon of range and silze and that for a constant
passenger payload the aireraft slze Increases approxlmately
proportional to aireraft range.

The effect of technology improvements (+) (regressing (-))
on both range (for flxed takeoff gross welght) and talkeoff gross
welght (for fixed range) are shown in Fig. 4.6. Drag and specific
fuel consumptlon are the most impeortant terms, followed by strue-
tural and totalengine weight. Thus small changes in engine
welght, such as a stowable suppressor, would not necessarily have
great significance, as long as they did not cause penalties in
elther drag or specific fuel consumption.

Subsequent to the development of the AST-100 NASA applled
a new design sizing and performance optimization program to a
family of AST derivative alrcraft with the same takeoff gross
welght, passenger payload, mission and crulse mach number as that
of the AST-100. The independent variables for this optimization
were wing loading (W/S in lbs/sq.ft.} and sea level statle in-
stalled thrust weight ratio (F/W). The object of the optimiza-
tion was to maximlze prange, subject to a set of fixed constraints

4-9
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derived from other conslderations; such as takeoff field length
of 10,50C ft; crulse and climb thrust margins of 0.1 and 0.2, res-
pectively, and takeoff speed not exceeding 200 knots.

The results of thils study are presented in Fig. 4.7 which
shows contours of constant range vs. F/W and W/S, together with
superimposed constraints. The allowable reglon 1s on the side of
the constraint lines that 1s away from the shading. The optimum
alrecraft, neglecting constraints, has a range of 4861 n. miles,

a wing loading of 110 1lbs/sq ft and a thrust welght ratio of 0.25.
Such an aircraft has a relativély small wing, with minimum struc-
ture and engine empty welght, enabling a reductlien of thrust re-
quirements for part of crulse, and an increase in the amount of
fuel carrled for flxed gross takeoff and payload welghts. This
increase in fuel weight carrying poﬁential 1s the primary reason
for 1ts range potentlal. However, such an alrcraft design would
probably not have the physical volume to sﬁore the allowed fuel
welght. Further, its takeoff field length is estimated at over
16,000 feet, takeoff speed is about 225 knots, and elimb thrust
margin 1is about 0.06; all three factors viclating the fixed con-

stralnts.

The aircraft that does meet all constraints (except fuel)

1s designated as the AST-102. This alrcraft was found to have a
range potential that is approximately 13%7 greater than that of
the AST-100, after modifying the design of the wing so that it
can carry the required fuel. However, its noise problem would
be greater than that of the AST-«100 bhecause its takeoff thrust
margin is less (lower P/W) and 1ts low speed climb ecapabllity is
lower (less wing area for same TOGW and approximately similar
L/D). Consequently during takeoff, its engine must be operated
nearer to maximum thrust; 1.e. maximum Jet velocity and noilse.
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Low-Speed Aerodynamics and Noise

The low-speed aerodynamic L/D performance of the AST-100 is
summarized in Fig. 4.9 for approach, takeoff and initial climb with
20° flaps, and climb out with 5° flaps. The effect of various
flap angle settings on L/D i1s shown in Fig. 4.10. For takeoff and
e¢limbout, the L/D of the AST-100 is about 0.82 greater than that
estimated for 1ts predecessor reference alreraft as shown in com-
paring the data given in Table 4.3. The improvement for approach
L/D 1s about 0.26. These improvements in L/D are attributed to
updated test data and the application of newly discovered lead-
ing edge scaling effects [8,33]. The resulting takeoff-climb
values of 7.5-8.5 are conslderably in excess of the Concorde's
L/D of 4.0 [28]. This improvement, about doubling the Concorde's
low-speed aerodynamlc performance, means that an AST has signi-
ficantly improved potential for climbing over the community at
nolse levels significantly lower than those of the Concorde.

The nolse analysis of the AST-100 [8] indicated that suppres-
slon would be required because the tradecffs between oversizing’
the engine for noilse and range were less attractive than those
between suppression and range. They also ilndicated that 1t was
deslirable to accelerate the aircraft prior to cutback for the
3.5 n. mile takeoff measurement location, such that the flaps
could be reduced from 20 to 5 degrees 1ln accordance with the re-
duced Cp requirement assocliated with the higher speéd. The solu~
tion found, was a takeoff at approximately 209 knots with an
acceleration to 281 knots at 700 rt altitude (minimum allowed al-
titude for cutback for FAR-36 certification) 19,500 feet from
start of takeoff roll. Note that thls speed 1s Jjust below the
250 knot FAA maximum speed limit for operation below 10,000 feet
altlitude. With thils proflile, the CL required 1is reduced from
0.44 to 0.38 and the L/D for climbout 1s increased from 8.63

4~13
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TABLE 4.3 COMPARISON OF LOW SPEED LIFT-ORAG OF REFERENCE (1973) AST WITH AST-100.

{From Ref. 8)

FLIGHT FLAP C GRD. L/D MAXTMUM
FIG. CONDITION CONFIG. ANGLE GEAR L EFFECT AT CL L/D
Takeoff &  Reference  20° M b In 6.70 . 6.75
1 Initial .
Climb (Ap-
prox 208 AST 100 20° DN 44 In 7.52 8.09
Knots)
Reference 59 up A4 Sut 7.80  10.87
2 CLIMBOUT* g
{Approx. o
220 knots) AST 100 5 upP A Qut 8.63 13.53
]
3 APPROACH Reference 20 DN .55 Out 5.75 6.75
(Approx. o i
159 knots) AST 100 20 DN 55 Out 5.91 8.00

#Note: Climbout condition developed for AST-100 optimum noise

at a apeed of 241 knots a c,

takecff profile was

of approximately 0.38 and an L/D of 10.1.
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te 10.1 (see Fig. 4.9). Because of the higher L/D in climbout the
engines could be throttled back in cutback by a greater amount,
leading to reduced noise while meeting the 4% climb gradient and
one engine out level flight requirements of FAR Part 36 certi-
ficatlon regulations [186].

The engine was sized for cruise thrust, whlch for this design,
gave 1t an ample thrust margin for meeting the desired 10,500 ft
takeoff fleld length and attaining 700 feet altitude prior te cut-
back. Consequently, 1t was possible to operate the englne at
constant part power thrust durlng the takeoff roll and initial
climbout. The thrust was chosen by finding an engine Jet velo-
elty (within the allowable thrust range) at which both the sideline
and takeoff nolse suppression requirements were thought to be
equal, see Flg. U4.1l. This condition occurred with a 2470
ft/sec Jet exlt veloelty and a thrust of 50,433 lbs on a standard
+10°¢ Day. This thrust 1s only 77% of the avallable engine thrust
and provides an operating thrust to welght ratie of about 0.28.
Note: for this design the application of an advanced controlled
throttle takeoff procedure (section 3.5) would probably increase
slignificantly the altitude of the aircraft prior to cutback, and
enable its acceleration to 250 knots, both outcomes reducing the
community noilse under the takeoff path.

The suppression requirement found in this analysis was 8.9
dB, allowing for a +1.5 dB trade at both slidellne and takeoff
measurement locations using the margin of at least 3 dB pre-
sumably achieved relative to the approach requirement. The es-
timated unsuppressed EPNL values along the centerline and side-
line are shown in Flgs. 4.12 and 4.13, respectively.
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FIG. 4.12 AST-100 EFFECTIVE PERCEIVED NOISE LEVEL WITHOUT SUPPRESSION
ALONG RUNWAY CENTERLINE DURING TAKEOFF. (From Ref. 8)
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FIG. 4.13 AST-100 EFFECTIVE PERCEIVED NOISE LEVEL WITHOUT SUPFRESSION ALONG
SIDELINE DURING TAKEOFF. (From Ref. 8)
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4.2 Integrated Airframe-Propuision Noise Studies

FAR Pant 36 (1988)

The design optimlization program used to evolve the AST-102
was applied to analysls of the range changes resulting from im-
poesition of nolise constralnts on the range of the AST, when 1t is
eguipped with one of four engine type {147]. The engines. studied

were:

GE-U4 turbojet with afterburner from US-SST program
Pratt and Whitney varizhle stream control engine {VICE)
in 502 series

Pratt and Whitney rear valve engine (RVE) in 112 series

General Electric double bypass varlable cycle engine (DBE)
in GE 21 series.

For each engine design the aireraft thrust-welight ratio (engine

size) and wing loading were selected to maximize range, holding
gross takeoff welght and payload at 718 and 61 thousand pounds,

respectively, and cruise mach number at 2.62.

The flve cases Investlgated included the no constraint case
together with four cases that lncluded the constraints on fleld
length, takeoff and apprecach speed, and ¢limb and crulse thrust
margin utilized in the AST-102 study, together with

no noilse constraint

108 EPNL without suppression (assumes co-annular effect -
unknown)

108 EPNL with suppression

108 EPNL with suppression and 12500 £t fielding.

4=20
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The nolse was calculated in accordance wilth the methods of
‘Reference 8 with the following suppression allowances:

GE4 - 8B dB mechanical suppressor (5% thrust loss and 7%
inerease in engine welght),

V3CE up to 10 EPN EB coannular effect at maximum throttle

RVE up to 5 EPN dB coannular effect at maximum throttle

DBE - up to § EPN dB coannular effect at maximum throttle.

The takeoff was generally censtralned to initiate cutback and
flap retractlon to 5% at 700 ft altitude and 19,500 feeft from
start of roll, after accelerating to maximum speed consistent
with this profile, the other constraints and the avallable takeoff
thrust margin. For each nolse constrailnt case the sldeline and
takeoff EPNL was calculated as a function of absolute partlal
power thrust used and an engine scale factor (ESF), see the
example in Fig. 4.14. The partial thrust and ESF values that
waere estimated to result in meeting the 108 EPNL reguirements at
each of the two measurement locations were then compared to
determine the values of both partial power takeoff thrust and ESF
which uniquely meet both requirements, see example in Fig. 4.15,

The resulting engine slze for the conflgurations 1s an englne
whose maximum installed sea level takeoff thrust on a standard
+10°C day 1s the value of the derdved englne scale factor times the
full power thrust assoclated with an ESF of 1.0. FPFor the example
shown in Figs. 4.1l4 and 4.15, the selected ESF is 0.90, and the
engine 1is sized at 57,887 1lbs (0.90 x 64,319 1lbs preference for
ESF = 1.0).
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Partial Poweyr Thrust
STD «0*°C DAY

(50426 Iby)
(48882 lb-f)
(47338 1)
(46303 Iby)
(45280 lbf)

SIDELINE NOISE (0.35 n. miles)

FAR 36 LlMlT-/

. SLTO FULL POWER REFN
_ STD -10*C DAY
ESF=1.0
. |TOTAL THRUST 64319 1b¢

P

Js Lo 85 20 85 : 100

ENGINE SCALE FACTOR ~-ESF

Partial Power Thrust

TAKECFF NOISE (3.5 n. miles) STD . +10°C DAY
(‘OSZBOIbf)

(48309 Ibg)

(47338 1bg )

. (&GSBZlb )

(50426 lbf}

\

\—FAR 38 LIMIT

SLTO FULL POWER REFERENCE
STD +10°* C DAY
ESF=1.0
TOTAL THRUST 64319 1bg

- i I 1 1

100

. F1G. 4.14

75 80 85 80 S5 1.00

ENGINE SCALE FACTOR=ESF

VARIATION OF SIDELINE AND TAKEOFF CENTERLINE EPNL WITH ENGINE SCALE
FACTOR FOR AST-100 FAMILY AIRCRAFT, 12,500 FT FIELD LENGTH, AND
P & W VSCE ENGINE WITHOUT SUPPRESSION. (From Ref. 147).
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The varlation of sidellne noise at constant partial power
thrust as a function of ESF in Fig. 4.14a represents the effect
of the change in jet exit velocity wilth a change in the ratic of
partlal thrust to installed thrust (ESFX reference thrust). Thus,
at a constant partial powér thrust, the noise decreases as ESF
inereases because the requlred Jet exit velocity reguired to
attain the constant partial thrust decreases.

The varlatlon of takeoff noise at ceonstant partlal power
thrust as a function of ESF shown in Fig. 4.14b behaves in the
same manner as that on the sideline. However, unlike the sideline
case, higher values of constant thrust result in lower noise levels.
The higher values of constant thrust during the initial takeoff
enable a greater aircraft speed at cutback, hence lower CL re-
quirement, higher L/D and a resulting lower value of thrust after
cutback with 1ts lower value of nolse.

The englne sizes chosen from these analyses are shown on the
thumbprints for each engine type shown in Fig. 4.16. The optimum
ranges for an all supersonlc mission are summarized in Table
4,4, These results indicate 2 significant range penalty to meet
the 108 EPNL requirement for the older afterburning GE-4 engine,
particularly when noise control is accomplished by oversizing
the englne to reduce jet veloelty rather than including a suppres-
sor. For the assumption of thig study the results suggest that
the imposition of a 108 EPNL FAR Part 36 (1969) rule impose little
or no penalty in range for the AST-100 family airecraft derivatives
when powered with advanced technology variable cycle engines.

A similar conclusion can be drawn from a McDonnell Douglas study
[117] of various 1978-82 technology engines in their study AST
aireraft. The alreraft 1s confilgured teo carry 225 passengers at

a crulse mach number of 2.2 over ranges in excess of 4000 n. miles
with a takeoff gross welght of 705 thousand lbs.
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SLTO FULL POWER REFERENGE
STD +10° C DAY
ESF =10
TOTAL THRUST 286091 N (542319 lbf)

TAKEOFF
CENTERLINE NQISE
LEVEL=108 1B

MINIMUM ESF TO MEET
FAR 36 NOISE LIMIT

S5

ENGINE
SCALE
FACTOR
~ 90
85 SIDELINE NQISE
LEVEL=108 8
b - ] 1 ] } p—
80 48 47 48 49 ) 51x103
1b,
PARTIAL POWER SLTO THRUST

F1G. 4.15 VARIATION OF ENGINE SCALE FACTOR WITH TAKEQFF THRUST

e

FOR AST-100 FAMILY AIRCRAFT, 12,500 FT FIELD LENGTH,
AND P & W VSCE ENGINE WITHOUT SUPPRESSION. (From Ref.

147).
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TABLE 4.4 RANGE SUMMARY - ENGINE STUDY ALL SUPERSONIC MISSION (From Ref. 147)*

Condition . Cruise
Thrust
Margin
No‘Rgstrnint None
Ho Nolse Restraint 1.1
108 EPNdD, Mo Suppression 1.1

108 EPNdB, With Suppression 1.1
108 EPNdB, With Suppression 1.1
108 EPNAB, With Suppression None

*For the VSCE, RVE and DBE engines the "suppression'
and the "no supprecssion’ is based on the caleculated

effect wore unknown.

Climb Field
Thrust Length
Margin Restraint

None llone

1.2
1.2
1.2
1.2

Non

(10500 ft)
{10500 ft)
(10500 ft)
{12500 ft)

e (12500 ft)

GE4

224
3oon2
19469
2601

N/A

/A

VSCE
4067

3625
3543
3625
3812

3812

RVE
4270

3752
3490
3714
3/52
3934

DBE
3611

3329
3108
3247

3329

3475 -

ig the coannular noise reduction
noise, assuming the coannular
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The engines used in the study are shown in Fig. 4.17; the
1978 engines are minli or low bypass turbojets. The 1982 engines
include the 1978 engines uprated te¢ an assumed 1982 technology
status, and two varlable cycle engines derated from nominal 1985-
9 technology to assumed 1982 technology. The nolse estimates

‘were based on manufacturers' suppressed and unsuppressed data,

except that where the MDC suppressor was utillzed 1t was assumed
to provlide a peak suppression of 13 PNAB.

Figure 4.18 presents the range vs engine size summary with
the selected size for each engine indicated with a symbol. The
symbol used indicates the controlling cecnstraint; elther takeoff
field length of 11,000 ft, climb thrust-drag ratlo of 1.1 or
maximum rangé. These results indicate that whille all objectives
can be met with 1978 technology englnes, significant range im-
provements are anticipated with later technology engilnes.

The nolse levels predlicted for sideline and cuthack positions
for these six cases are given in Table 4.5. .The P & WA LBE 435
(1978) engine has a margin of 6 4B on sideline and 2 dB at cut-
back, both relative to the FAR 36 (1969} requirement of 108
EPNdB. However, it does not guite meet the FAR 36 Stage 3 re-

_quirements of approximately 100 EPNdB on sidelline and 105 EPNdB at

cutback.
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FIG. 4.17 DESCRIPTION OF ENGINES USED IM McDONKELL DOUGLAS STUDY.
(From Ref. 117)
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FIG. 4.18 SUMMARY OF RANGE VS ENGINE REFERENCE AIRFLOW FOR ENGINES IN
McDONNELL DOUGLAS STUDY FOR A MACH 2.2 AIRCRAFT WITH A 225
PASSENGER (46,000 LB8) PAYLOAD, 705,000 TAKEOFF GROSS WEIGHT
MEETING FAR Part 36(1969) TAKEOFF NOISE REQUIREMENTS. (From Ref. 117)




TABLE 4.5 PREDICTED TAKEOFF NOISE LEVELS (EPNdB) AT FAR PART 36 MEASUREMENT
LOCATIONS FOR McDONNELL DOUGLAS STUDY WITH MACH 2.2, 705,000 LB
AST WITHOUT TOLERANCES FOR AIRCRAFT PERFORMANCE OR NOISE,
(From Ref. 117)

DE-¥

FE Ry nvidy AuWUVY Agldd

ASSUMED ALTITUDE AT
ENGINE TECHNOLOGY SIDELINE CUTBACK 3.5 NAUTICAL MILES

DATE (Feet)

GE21/01083 1978 108 108 1391

GE21/310B4 1982 106 110 1168

P&WA LBE 435 1978 102 106 1234

PAUA LBE 431R 1982 104 106 1165

GE21/J11B16

(DB VCE) 1982 106 110 1378

PAUA VSCE 511D 1982 106 107 1192
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Reduc{ng Noise to FAR 36 ~ § EPNAB

The SCAR program objectives in nolse included investigating
the effect of two assumed possible goals: FPAR Part 36 (1969) and
FAR Part 36 (1969) - 5 EPNAB. The engine manufacturers' studies
(4,5,68 and 69] developed engine and noilse data for integrated
alrframe-englne deslgns to assess the effects of varicus noisge
goals and these data were also applied by NASA to various air-
eraft designs (208, 211].

A 1976 NASA study [208] assessed the effect of varying FAR
takeoff fleld length and sideline nolse goals on the range per-
formance of the NASA reference AST aircraft [134] and a derivative
of the Baoelng 2707-300 aireraft for four engine types. Pertinent
alrcraft and engine characteristics are glven in Tables 4.6 and
k.7, The two alrcraft were chosen to represent the range between
"optimistile" advanced design (Reference AST) and conservative
"older" design (B~2707). The engines were from the Phase II study
results [B,68], but without the manufacturers' nermal margins in
quoting performance and welght.

The effect of engine sizing without either fleld length or
nolise constraints 1s given in Fig. 4.19. As would be expected, the
"older" conservative alreraft design exhibited less range than that
of the advanced deslign, regardless of engine type. The low bypass
engine (LBE 405B) showed poorer range than the three variable cycle
engines because of its greater welght, poorer subsonie SPC and mare
conservative assumed technology. In general, the optimum SLS
corrected alrflow was near T00 lbs/second, which would yleld rela-
tively low thrust to weight ratlos on takeoff with consequent long
fleld lengths and high velocity jets and nolse.
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TABLE 4.6 MAJOR AIRPLANE CHARACTERISTICS FOR FIELD LENGTH/SIDELINE NOISE

STUDY. (From Ref. 208)
AMcalane
Characiecintic

NASA/LANG. LIV |Bgeing B2707-

11973 .Reference '900 Qgrivative
Takeoll jioas weigat, 1D 762 3c0 780 arn
Teahnr of pagssagacsa %2 273
raplead, 1b 431 G20 97 0%7
Ifocesce wiug acea, £t? %48 7700
‘Opucating espty leam podded

pcugulation velqht, 1ib 259 "l 271 920

i re=oft o 9.13 9.70

ENGINE CYCLE, WEIGHT, AND DIMENSIONAL CHARACTERISTICS FOR FIELD-

— ABLE 4.7
‘ i LENGTH/SIDELINE NOISE STUDIES (PHASE II PERFORMAMCE [4, 68].

PP sl FunlWnd dndadid

i)

(From Ref. 208)

Cheractar Astic révA PEEA $ 11 1Y GE1/39
ag 4asa frscx sa23] vop 112n | sredy 81
fan poessuce rtatia 4.1 1.3 3.8 3.1/8.0
S1paan tatic 0. 1.1 2.3 0.7/0,8
Overall pisngace ati 17 20 2% 22.4
daxe. GoRbwstor agit T
tecpetature, P 800 28000 | 280871900 2028
Total carcsgRwd
sizflow, ibsseq %Q0 300 100 900/Th0
Adjoscad esagine
mighi, iacliading
I9ET. /Tet., b 15 200 13 0ns 13 1934 11 350
Towl weight
per pod, 10 946G 18 724 1% ons 17 A%0
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Figures 4.20 and U4.21 show the effect of the two takeoff field
length and nolse constralnts on the Boelng and NASA AST reference -
aircraft. The ranges are less than the maximum values found for
the unconstralned designs of Flg. 4.19, reflecting the higher
values of corrected airflow required to meet the constraints. The
same reason explains the reduction of range resulting from re-
ducing. the fleld length at constant noise.

The percentage reduction in range for a 5 EPNdB reduction
for each fleld length constraint and aircraff and engine type are
summarized in Table 4.8. These percentage range reductlions are,
in most cases remarkably consistent between the two alrplane de-
signs. They are hilgher with the 10,500 ft fleld length, probably
because this shorter fleld length requires higher takeoff thrust,
and thus more inherent noilse. The princilpal variation in these
reductions occurs among engilnes with the GE21 double bypass show-
ing the least effect (0 to §.4% reduction) and the low bypass en-
gine the greatest effect (6.6-1C.%% reduction).

The results of a more recent study [211] which compared the
ranges for several engine types and an AST-100 type alreraft are
given in Fig. 4.22. These results indilecate that the variable
cyele engines, 5028, DBE and DCE, have signiflcantly more promise
than the turbojets, CTJ and GE4, in providing useful range while
meeting the combined constralnts of 10,500 f't fleld length and
sideline noise of FAR 36-5 EPNAB. Unfortunately, the effect of
the 5 dB reduction in noise cannot be separated from the combined
aeffect of the two constraints to compare directly with the pre-
vious study data glven in Table 4.8.
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FIG. 4.21
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PASSENGER PAYLOAD. (From Ref. 208)
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TABLE 4.8 PERCENTAGE REDUCTION IN RANGE RESULTING FROM REDUCING SIDELINE
NOISE FROM 108 70 103 EPNL FOR TWO VALUES OF TAKEQFF FIELD
LENGTH, TWO AIRCRAFT AND 4 ENGINE TYPES. (From Ref. 208)

TAKEOFF FIELD LENGTH

AIRPLANE 12000 Feet 10500 Feet
NASA* | Boeing** | NASA Boeing

Takeoff Gross Weight
(1000 1lbs) 762 750 762 750
Cruise Mach Number 2.32 2,32 2.32 2.32
Passenger Payload 292 273 -292 273

ENGINE TYPE

" P&W LBE 405B 6.6 6.8 10.2| 10.8
GE21/J9B1 1.1 0 .2 WA
. PSW VSCE 502B 5.1 3.8 .0 .7
P&W VCE 112B##* 6.7 6.3 .7 .9

; * NASA Reference AST with Arrow Wing, most Advanced AERO #1341,
? Range: 3750-4725
#*% Boeing Derivative of 2707, most conservative AERO, Range: 3400-3975

*x% Tha nolse estimates may be quite overoptimistic for this engine
because of coannular effect assumption. [208].

L~
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a) Pratt & Whitney Engine Comparison b} General Electric Enigne Comparison
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FIG. 4.22 RELATIVE RANGE COMPARISONS FOR VARIOUS ENGINES IN AST-100 TYPE AIRCRAFT AS A
FUNCTION OF ENGINE AIRFLOM, TOGETHER WITH THE EFFECT OF COMBINED FIELD LENGTH

AND SIDELINE NOISE CONSTRAINTS. (From Ref. 211)
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A summary [119] of the predicted tradeoffs between range and
noigse of the NASA reference AST [134] and a post 1985 version of
the G.E. double bypass engine is shown in Fig. 4.23. The AST
was operated at a cruise mach number of 2.4, For the study the
payload remalned constant while the nominal gross takeoff weight
of 762,000 lbs and range varled with engine configuration. The
results indicate that mechanlecal suppressors offer good potential
in reducing noise at a low cost in range. Thelr use at a con-
stant range of 4000 miles produces benefits of 5~9 EPNdB depend=-
ing upon complexity. Alternatively, attaining 5dB reduction at
the sideline for the two unsuppressed englnes costs a range
penalty of approximately 11%.

The unsuppressed coannular nozzle just meets the 1969 side-
line requirements at a 4000 mile range and 1s almost 2 dB in
excess of the requirement at cutback., With the most complex sup-
pression analyzed, the sideline level can be reduced about & EPNdAB
below the requirement and the cutback level about 4 EPNAE below
the requirement, not quite meeting the FAR 36 Stage III require~
ments.
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4.3 Potential Impact vs. Flight Procedures

The basic nolse certification procedures in FAR Part 36
apply to subsonle transport category alrcraft. Both the flight
procedures and the certification levels have resulted from de-
tailed study of the performance characterlistlies of subsonlc air-
crafft. If the certification procedures were %o be revised to .
include supersonle transport alrcraft, they would probably in-
corperate some new procedures approprlate to the performance char-
acterlstics of such aireraft. However, the exact form of these
pesslble changes 1s not known at this time.

Supersenlie alrcraft have a higher thrust-to-welght ratio, and
poorer 1lift drag ratic than subsonic alreraft, and more sophis-
ticated computer control capability. Furthermore, thelr englnes
are designed for contilnuocus operatlion at high power settings,
whereas engines for subsonlce alrecraft are designed for only short
durations at full power, These differences have significant im-
plications for the relationship between the noise level under
the flight path, the levels at the certification locations and the

procedures used to fly the aircraft.

MeDonnell Douglas studied ([39] the effect of various procedures
on the nolse characteristics of the MDC AST. All employed con-
stant throttle prior teo cutback, and did net include the additional
potential possibly available from programed throttles (see See,3.5}).
The wvarlation of nelse level directly under the flight path is
1llustrated for several procedures 1n Pigure 4.24 fopr a turbojet
engine with MDC's stowable suppressor. In four of the cases (3,1,
6 andf?] the full suppressed power 1ls resumed shortly after passing
the takeoff monltor so that the cutback ls for a short duratlon.
With this procedure, the certification levels may be attalned,
but the nolse subsequently increases further down the flight path.

b1
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However, because of the short duration of cutback, there 1ls not
much loss of altltude relatlve to a full suppressed powern take-
off, and the levels at greater distances down the path become
comparable to those for the full power takeoff, Case 1. VWhen
cutback 1s malntained and climb proceeds at.a 4% gradient, Case 2,
the noise level monetonlcally decreases with distance after cut-
back along the flight path. Buf, because of the slow c¢limb

rate and the higher drag assoclated with speeds less than 250
knots, the nolse level beyond approximately 30,000 ft. from start
of roll 1s greater than that associlated with 2 full suppressed
power takeoff. This result 1ls similar to that shown for Concorde
in Fig. 2.4, The %0, 100 and 11C EPNL contours associated with-
the procedures studled for both takeoff and approach are illustrated
in Fig. 4.25. ' :

Table 4.9 presents the areas assoclated with the seven contour

~ sets for takeoff and the estimated certification levels for each

of the procedures. From this study it 1s clear that there 1s no
absolute relationship between certification levels and contour
areas. However, there ls a suggestilon that an inve:se relation-
ship may exist, if.e., higher certification levels (no cutback)
produces the smallest contour area. Compare the results for
Cases 1 and 2. MTable 4.9 also presents similar data for the three
approach procedures studied.

The study results for takeoff indicate the desirability of
accelerating to 250 knots (maximum allewable c¢limb speed below
10,000 ft) as soon as possible so that flaps can be retracted as
appropriate, and their drag minimized. If cutback 1ls utilized to
achieve the 3.5 n. mile takeoff levels, power should be reapplied
gradually with a programed throttle schedule designed to ensure
that the nolse does not increase after the takeof'f measurement
location point, and to minimize the length and area of the contours
and thus, the probable magnitude of the impact.
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TABLE 4.9 SUPERSONIC CRUISE CONFIGURATION TAKEOFF CONTOUR AREAS (SQ.N.MI.) AND ESTIMATED

CERTIFICATION LEVELS FOR VARIOUS TAKEOFF AND APPROACH PROCEDURES, WITH MDC-AST, (from Ref.39)

PROCED-
URE
_NUMBER

PROCEDURES

AREA (50. N.Mi.)

CERTIFICATION NOISE in EPNAB

90 EPNdB | 100 EPNdB

110 EPNdB

Sideline
0,35 N.Mi.

Takeoff
3.5 N.Mi.

1

2

TAKEQOFTF
Full Suppreased Power

Cutback at 1100 ft, Speed at
Vo+10 knots, climb at 4%
gradient at cutback power

Cutback ac 700 f&, Climb at max.
suppreased power after monitor

‘Cutback at 1100 ft., climb at
max. suppressed power after
monitor

#Cutback at 1300 £r, Suppressor
retracted at 5000 ft, c¢limb at
max. unsuppressed power after
monitor

Cutback at 1100 ftr, with air-
craft aspeed held at Vy, climb at
maximum unsuppreased power after
monitor

*Cutbaclk 3 sec. before monltor,
aireraft speed max. prior to
moni.tor [Vy+37 knots], climb at
max. suppressed power after
monitor,

[APPROACH

Standard (3%)
%2 Segment (6°) & (3°)
*#20 KEAS Decelerating Approach

21.94 6.25
35.96 6.34

22.88 6.65
22.88 6.59

36.40 11.26
23.08 6.83

21.17 5.96

6.74, 0.73
2.56 0.67
3.65 0.46

1.24
1.15

1.21
1.17
1.22

1.13

1.34

.04
04
.02

104

104

103

104

104

104

112

107

110

107

107

107

CERTIFICATION
Approach 1 N.Mi.

in EPNJB

108
107
107

*Not in conformance with Part 36 Procedures.

Ty Memial it b b g % aemd

Ao it bs

e ke e s 14 e s



T TERERE SN W ubl el

by,

o

5. CONCLUSIONS

The noise design goal that has recelved the greatest attention
in the NASA program 1s the FAR 36 Stage 2 certification require-

ments. The preponderant evidence in thils report from the NASA
program and the engine and airframe manufacturers is that this
goal 1s achievable. The technology required for a Mach 2.2 AST
meeting this noise goal with an immediate initiation of detalled

design (Class 1 technology by ICAC definition), is primarily
"eurrent" and "avallable" by the EPA definition, although some

might be considered "future."

For an initiation of detalled design in the mid 1980s, 2

" Mach 2.55~2.7 AST could be developed, utilizing primarily Class

2 and 3 or M"avallable" and "future" aerodynamic, structure, en-

gine cycle and noise control technologles. Such an alreraft
would be expected to have higher performance margins, and lower

risk in terms of meeting the Stage 2 nolse limits. However, if

i1t were to just meet the Stage 2 noilse limits it would be nolsier
than new subsonie ailreraft introduced in a comparable time period.
Such subscnic aireraft would be expected to meet at least the
Stage 3 noilse limits. Airframe manufacturers [55,60] recog-

nize that this situation may not be tolerable, and that Stage 3
or more restrictive nolse certificatlion limlts might have %o

be faced in the 19803 in the design of an acceptable AST.

The FAR Part 36 certification regulations were developed
for suhsonie category alrcraft. Thelr certification flight test
procedures and nolse limits were based on the performance char-
acteristics of subsonic alreraft. Conseguently, they de not

necessarily serve as an appropriate design goal for an AST, and
were never intended for such use. However, because they exist

they become the de facto AST design guldelines and constraints.
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Thelr application to AST deslgn, as shown in some of the
studles reported here, often led to oversizing engines to operate
at part power takeoff and a climbout profile that has a minimum
climb gradient which, in effect, stretches the neolse contours
for much greater distances along the flight track than those of
subsonie alrcraft of comparable size and range. Thus, the poten-
tial impact on people of the AST 1s often greater than that of the
subsonic aircraft even when 1t meets the same certification

limits.

Because of its Inherent design requlrements an cptimum AST
wlll probably have a greater nolse potentlal than a comparable
subsonic aircraft. However, 1t willl also probably have the capa-
bllity to accelerate to the 250 knot speed limits 1in a relatively
short distance after rotation and to thereafter climb in a clear
aerodynamic confilguration. This potential capability would be
enhanced 1f 1t is allowed to use optimum power management during
takeoff [40]. The use of these potentlally avallable positive
noilse contrel characteristics should be encouraged to achleve an
optimized minimum noise impact AST, ,

In order to promote the design of an environmentally accep-
table AST a set of goals should be established for the deslgners.

These goals should be stated in terms of lmpact potentlal, such

as footprint areas and tolerances on the gross dimensions of
specific contours [39,55], rather than the levels at the current
measurement locations. The numbers assligned to the goals should
be selected to obtain a desired level of compatiblillity between
superscnlc and subsonle alrcraft of comparable size, route struc-
ture and time of entry into service. Further, the goals should
allow a maximum latitude in developing takeoff and landlng flight
and power management procedures, consistent wilth proper flight
and alr straffic control safety requirements.
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With the development of design goals that relate directly
to environmental impact potential, and the relaxation of subsonic
derived flight procedures, it should be possible for the designer
to optimize AST design for the real world environmental require-
ments, as well as for range, payload and economlc viability.




o RERE R RERIAE AN VW Al

10.

11.

LIST OF REFERENCES

Abdelhamid, A.N., et al., "Nolse Characteristics of Combus=-
-tion Augmented Hlgh-Speed Jets," Paper 73-189 pres. at
AIAA 1lth Aerospace Sciences Mtg., Washington, D.C., 10-
12 January 1973.

Agard, 'Variable Geometry and Multicycle Engilnes," pres. at
UB8th Mtg. of AGARD Propulsion and Energetics Panel, held
at the Ecole-~Natlonale Superieure des Tech, Avancees,
Paris, 5-9 Sep 1976, AD/AQH0189.

Agard, "Flight Test Techniques," Proc. of Flight Mechanics
Panel Symp., PORZ Wahn, W. Germany, 11-14 Oct 1976,
AGARD CP-233, N77-24107.

Allan, R.D., "Advanced Supersonic Propulsion System Tech-
nology Study, Phase 2: Final Report," Dec. 1975, NASA
CR~134913.

Allan, R.D. and W. Joy, "Advanced Supersonic Preopulsion
Study, Phase 3 and 4: Final Report,™ Nov. 1977, NASA

CR-135236.

Amiet, R.K., "Correction of Open Jet Wind Tunnel Measurementé
for Shear lLayer Refraction,” AIAA Paper 75~532, Mar. 1975.

Arnaiz, H.H., "Flight Measured Lif%t and Drag Characteris-
tlecs of a Large, Flexible, High Supersonie Cruilse Alr-
plane," May 1977, NASA TM X~3532.

Baber, H.T., Jr. and E.E. Swanson, "Advanced Supersonic
Technology Concept AST-100 Characteristlces Developed in a
Baseline Update Study," 16 Jan. 1976, NASA TM X-72815.

Baber, H.T., Jr. and C. Driver, "Advanced Supersonlc Cruise
Alreraft Technology," Aeta datronautiea, Vol. U, Jan.-Feb.
1977, prp. 11li-129.

Balsa, T. and P.R. Gliebe, "Aercacoustics Axisymmetric Single
and Dual Flow Exhaust Nozzles," Paper 77-924 Pres., at
ATAA/SAE 13th Joint Preopulsion Conf., 1l1l-13 July 1977,
Crlando, Fleorida.

Barra, V., 8. Slutsky, and S. Pannunzio, "Ambient and Induced
Pressure Fluctuations in Supersonic Jet Flows,'" Paper 75~
482 Pres. at AIAA 2nd Aercacousties Conf., Hampton, VA,

24-26 Mar. 1975.



AT BVIAY AUV DA D

14,

15.

16.

17.

18.

19,

20.

21.

22.

23.

Benzakein, M.J., et al., "Supersonie Jet Exhaust Noise,"
‘Report No. USAF APL-TR~-72-52, 1972.

Berrier, B.L., "A Review of Several Propulsion Integration
Features Applicable to Supersonic Crulse Pighter Alrecraft,”
NASA TM X-73991, Deec. 1976.

Besseon, P., "Intreductlen to Concorde," Paper 73035 Pres.
at SAE Ailr Trans. Mtg., Miami, 24-26 Apr. 1973.

Bibllography of SST Reports, Noise Regulation Reporter, No.
89, 10 Oct. 1977, pp. A=27-A-29.

Bishop, D.W., J.F. Mills and J.N. Beckmann, "Effective Per~
celved Nolse Level Versus Distance Curves for Civil Alp-
eraft,"” BBN Report 2T4TR, February 1976.

Blume, John A. and Assoclates/Research Divislon, "Structural
Reactlion Program, Natlonal Sconlce Boom Study Project,"
Report FAA-SST-65-15, Vol. 2, AD 474799, Prepared for PAA,
Apr. 1965.

Blume, John A., and Assoclates/Research Divisien, "The Effects
of Sonlc Boom on Structural Behavicr - A Supplementary
Analysis Report," Report FAA-SST-65-18., ADLTS662, Prepared

for FAA, Oct. 1865.

Boeing Commerclal Alreraft Co., "Study of Structural Design
Concepts for an Arrow Wing Supersonlc Transport Configura-
tion, Vol. 1: Tasks 1 and 2 Final Report,'" NASA CR-
132576-V.1, Aug. 1976.

Boeing Commercial Aireraft Co., "Study of 'Structural Design

Concepts for an Arrcw Wing Supersonic Transport Confilgura-
tion, Vol. 2: Tasks 1 and 2 Final Report," NASA CR-

132576-V.2., Aug. 1976.

Boelng Commercial Aircraft Co., "Oblique Wing Transocnic
Transport Configuration Development: Final Report," NASA

CR-151928, Jan. 1877.

Bower, R.E., "The Promise of Advanced Technology for Future
Alr Tpansports,”" Pres. at SAE 1978 Internatlional Alr
Transport Meeting, Boston, l-4 May 1978.

Boyer, E., 8.J. Morris and W.E. Foss, "Assessment of Variable-
Cycle Englnes for Supersonic Transports," Pres. at UL8th
Propulsion and Energetic Panel Mtg., AGARD, Sep. 1976.




R il

24,

25,

26.

27.

28.

29.

30.

3I.

32.

33.

34.

Brausch, J.F., '"Flight Veloeity Influence on Jet Noise of
Conical Ejector, Annular Plug, and Segmented Suppressor
Nozzles," NASA CR-120961, Aug. 1972.

Burgess, E.H., "The Concorde Manufacturing Consortium — An
-Exercise in International Englneering Collaboration," SAE
Paper No. 730350 Pres. at Ailr Trans. Mtg., Miami, 24-26

Apr. 1973,

Burley, R.R. and R.J. Xarabinus, "Flyover and Static Tests to

Investigate External Flow Effect on Jet Nolse for Non-
Suppressor and Suppressor Exhaust Nozzles," NASA TM X-68101,

1573.

Burrin, R.H., et al., "The Generation and Radla. of Super-
sonic Jet Noise Turbulence Mixing Regicn Noise Data, Vol.
5, Append. 1, Report No. USAF APL TR 72-53, Jul. 1972.

Calder, P.H. and P.C. Gupta, "Future SST Engines with Particu-
lar Reference to Olympus 593 Evolutlon and Concorde Exper-
-lence,” SAE Paper 751056 Pres. at SAE Nat. Aerospace Eng.
and Manufactur. Mtg., Culver City, CA, 17-20 Nov. 1975.

Caider, P. and F. Gupta, "Application of New Technology for
Performance Improvement and Nolse Reduction of Supersonlc
Transport Alrcraft,”" Paper 77-830 Pres. at AIAA/SAE 13th
Propulsion Conf., Orlando, FL, 11-13 July 1977.

Calder, P.H. and J. Hoch, "Olympus 593 ExXxperience 1in Firsat
Year of Commercial Service," SAE Paper 760888, Pres. at
SAE Aerospace Eng. and Manufactur. Mtg., San Diego, CA,
27 Nov.=2 Dec. 1976,

Carlson, H.W., et al.,"Application of Sonic Boom Minimlza-
tion Concepts in Supersonic Transport Design," NASA TN D=
7218, June 1973.

Chalupnik, J.D., ed., Transportation Noises, Unlv. of Wash=-
ington Press: Seattle, 1970.

Coe, P.L., Jr., et al., "Low Speed Wind Tunnel Investigation
of an Advanced Supersonic Crulse Arrow-Wing Configuration,”
NASA TM-77043, July 1977.

Ceooper, P.A. and R.R. Heldenfels, "The NASA Research on
Structures and Materials for Supersonic Crulse Alreraft,"

NASA TM X-72790, Jan. 1976.

R=3




=T OTAY AMVW LDO0

36.

37.

38.

39.

4o.

k1,

42.

L3,

By,

45,

46.

Cooper, P.A. and R.R. Heldenfels, "The NASA Structures and
Materials Program for Supersonic Crulse Alreraft, Astro-
nauwtiecs & Aeronautics, Vol. 14, May 197&, pp. 26-37.

Doak, P.E., "The Generatlon and Radlation of Supersonic Jet
Nolse, Vol. 3: PBrogress Toward a Unified Theory of Jet
Engine Nolse," USAF APL TR-72-53, July 1972.

Dosanjh, D.8. and A.N. Abdelhamid, "Reductilon of Nolse from
Supersonic Jet Flows," Paper No. 70-236 Pres. at ATIAA .
8th Aerospace Sclences Mtg., New York, 19-21 Jan. 1970.

Dosanjh, D.S., et al., "Some Recent Developments 1in Super-
sonic Jet Nolse Reduction," Paper No. 75-502 Pres. at
ATAA 2nd Aerocacoustiecs Conf,, Hampton, VA, 24-26 Mar. 1975.

Douglas Alreraft Co., "Alrcraft Community Nolse Impact Stu-
dies," NASA CR-145152, Jan. 1977.

Driver, Cornelius, "Progress in Supersonlc Crulse Alrcraft
Technology," NASA TM 78695, May 1978.

D'Sylva, E., "Flow Fluld Analysis of Aircraft Configurations
Using a Numerilcal Solutilon to the Three Dimensional
Uniflied Supersonic/Hypersonic Small-Dlsturbance Equation:
Part 2," NASA CR-1327, Boeing Co., Feb. 1972.

Eldred, K.M., "Far Flield Noilse Generation in Coaxlial Flow
Jet Exhausts, "FAA RD-71-101-1, Nov. 1971.

Eldred, K.M., et al., "Suppression of Holse with Emphasis
on the Near Fleld," Report ASD-TDR 62-578, Wright Patter-

son Alr Foree Base, Ohla, 1963,

Farquhar, B.W., DI, Sloan, and R. Purves, "Investigation of
Refracting Flows for Acoustlec Suppression," Paper 77-920
Pres. at AILAA/SAE 13th Joint Propulsion Cenf., Orlandc,

FL, 11-13 July 1977.
Fergusen, D.R. et al,, "Supersonic Jet Exhaust Noise Inves-

tigation, Vol. 3 - Computer User's Manual for Aerocacoustic
Predictions,”™ Report No. USAF APL-TR-76-68, Vol. 3, July

1976.

Ferrit, A., "Possihillities and Goals for the Future S8ST,"
J. Aiveraft, Vol. 12, No. 12 (Dec. 1975), pp. 919-929.



57. . Ferri, A., "Selected Papers on Advanced Design of Alr
Vehilcles, "AGARD AG-226, AD/AO48875, Aug. 1977.

L8, Fetterman, D.E., Jr., "Preliminary Slzing and Performance
Evaluation of Supersonic Cruise Aircraft," NASA TM X-73936,
Sept. 1976.

4g. Fink, M.R., "Alrframe Noise Prediction Methed," U.S. Depart-
ment of Transportation, Federal Aviation Administraticn
Report FAA-RD-77-29, March 1977.

50. Fitzsimﬁons, R.D., "The Advanced Superscnic Transpert ~
What It Is and How It Compares," Adeta dstonautica,
Vol. 4, Jan.-Feb. 1977, pp. 131~-143.

.51, Fitzsimmons, R.D. and W.C. Hoover, "AST — A Fifth Engine for
Environmental Consideration," SAE Paper 730849 Pres. at
SAE Nat. Aerospace Eng. and Manufactur. Mtg., Los Angeles,

52. Fitzsimmons, R.D. and W.T. Rowe, "AST Propulsion Comparisons,"
SAE Paper 750631 Pres. at SAE Air Transp. Mtg., Hartford,
CT, 6-8 May 1975.

53. Fitzsimmons, R.D. and R.L. Roensch, "Advanced Supersonic
Transport," SAE Paper 750617 Pres. at SAE Air Transp.
Mtg., Hartford, CT, 6-8 May 1975.

54, ﬁoss, R.L., "Supersonic Transport Development Consideratlons,"”
SAE Paper 750632 Pres. at SAE Nat. Air Transp. Mtg.,
Hartford, CT, 6-~9 May 1975.

55. Foss, R.L. and E.L. Bragdon, "Fropulsion Technology Advarnces
Needed for a Quiet Superscnic Transport," SAE Paper
730898 Pres. at SAE Nat. Aerospace Eng. and Manufactur.
Mtg., Los Angeles, 16-18 Cet. 21973.

5E. Foster, (C.R., "Noise Regulations of the PFederal Government,"
AIAA Paper 77-995 Pres. at AIAA/SAE 13th Propulsion Conf.,
Orlande, FL 11-13 July 1977.

57. General Electrie Corp., "Nelse Data Accumulation, Analysis
' and Prediction Information for GE/ANECMA Technleal Exchange,"
GE Report U4DDO006A0L1. Contract: FAA: FAA-3S-67-7, 15
Qet. 1870,

58. Goldberg, J.L., "The Concorde S8T: Can Its Landling and Take~
off Nolse Be Reduced?" Search, Vol. 3, Nos. 11-12, Nov/Dec

rruT Feu NN L

1972, pp. 427-43h,



=T RYVIAY AUV JLDJ0

4,.- N

(

59.

60.

B1.

62.

66.

67.

8.

69.

70Q.

Goodmanson, L.T. and A. Sigalla, "The Next SST — What Will
It Be?" Paper 77-T97 Pres. at AIAA/SAE 13th Propulsion
Conf., Orlande, FL, 11-13 July 1977.

Goodmanson, L.T. and B. Williams, "Second Generation S37,"
SAE Paper 730349 Pres. at SAE Alr Transp. Mtg., Miami,
24=26 April 1973.

Gutlerrez, Q.A., "Aerocacoustic Studies of Coannular Nozzles
Suitable for Supersonic Crulse Applications," PBroc. of the
SCAR Conrf., MASA CP-001 Part 2, Nov. 1976, pp. 471490,

Hardin, J.C,, "Alrframe Self Noilse — Four Years of Research,"
MASA Langley Research Center, Technical Memorandum,
NASA TM X-T73908, July 1976.

Hay, J.A., "Concorde-Community Noise," SAE Paper 760898 Pres.
at SAE Aerospace Eng. and Manufactur. Mtg., San Diego,
29 Nov.=2 Dec. 1976.

Henderson, W.P., "Studiles of Various Factors Affecting Drag
Due to Lift at Subsonic Speeds," NASA TN D=3584, Oct. 1966.

Hines, R.W., "Advanced Supersonic Transport Propulsion Re-
quirements," AIAA Paper 77-831 Pres. at AIAA/SAE 13th
Propulsion Conf., Orlando, FL, 11-13 July 1877.

Hoch, R.G. and M. Berthelot, "Use of the Bertlin Alirtrainer
for the Investigation of Fllght Effects on Alreraft Engine
Exhaust Nolse," Pres, at the 3rd ATAA Aerocacousties Conf.,
Palo Alto, CA, July 20-23, 1976.

Hoffman, €., "Bibllography of Supersonic Cruisé Alreraft
Research (SCAR) Program from 1972 to mid-1977," NASA
Reference Publication 1003, N78-12895, Nov. 1977.

Howlett, R. A., "Advanced 3upersonle Propulsion Study, Phase
2 Final Report," NASA CR-134904, Pratt & Whitney Report

5312, Sept. 1975.

Howlett, R.A. et al., "Advanced Supersonlc Propulsilon Study,
Phasze 3 Final Report," Pratt & Whitney Alrcraft Report
5461. MNASA CR-135148. NT77-15041, Dec. 1976.

Howlett, R.A. and H. Kozlowski, "Variable Cycle and Engines
for Advanced Supersonle Transports," SAE Paper 751086 Pres.
at SAE Nat. Aerospace Eng. and Manufactur. Mtg., Culver
City, CA, 17-20 Nov. 1875.

R-6




FEEARY Sl e el bl

71.

72.

73-

4.

75.

76.

77.

78.

79.

80.

8.

82,

Kozlowskl, H., "Coannular Nozzle Nolse Characteristics
and Applicatlion to Advanced Supersonic Transport Englnes,"
Proc. of the SCAR Conf., NASA CP-Q01, Part 2, Nov 1976,
pp. 491-504.

Internatlional Civil Aviation Organization (ICAQ) Committee
on Alrcraft Nolse (CAN) 5th Meeting, Montreal, 15-30
Nov 1976, "Nolse Certification of Future Supersonic Aero-
planes (SSTs)," {(Pres. by the Secretary) WP/2.

International Civil Avi tion Qrganlization (ICAO) CAN/S5-WR/17,
Montreal, 15-30 Nev. 1976, (Pres. by Mr. Albert H. Odell).

International Clvil Aviation Organization (ICAQ) CAN/S5-WR/26,
Montreal, 15~30 Nov. 1976, (Pres. by Mr. A.L. McPike).

International Civil Aviation Organivation (ICAQ) CAN/S5-WP/51,
Montreal, 15-30 Noy. 1976, (Pres. by B.N. Melnikov).

International Civil Aviation Organization (ICAQ) CAN/S-WP 59,
Montrial 15-30 Nov. 1976, (Pres. by J. Balazard and G.
Smith

International Civil Aviation Organization (ICAQ) CAN/5-WP/60,
Montreal, 15-30 Nov. 1976, (Pres. by C.R. Foster, USA).

International Civil Aviation Organization, Committee on Air-
eraft Nolse, Working Group n, Initlal Meeting Mar 7 to 10,
1977, Wash. bC, U.S.A .

International Civil Aviation Organization (ICAQ0), Committee
on Alreraft Noise Working Group E, "A Proposed Work Program
for the Development of SST Noilse Standard," Working Paper
of US Representative Mtg. 7 March 1977. W/P-1.

Internaticnal Civil Aviation Organization (ICAQ), Committee
on Alreraft Noise Working Group E, "Synopsis of U3 Super=-
sonic Transport Englne Nolse Reductlon Technology Program."
W?rking paper of US Representative Mtg. 7 March 1977.
W/P-2.

International Civil Aviation Organization (ICAC) Committee
on Alrcraft Noise Working Group E, "Comments on SST Noilse
Technology and Certification Geals," Working Paper of US
Representative Mtg., 7 March 1977. W/P-3.

International Civil Aviation Organization (ICAO), Committee
on Aircraft Nolse Working Group E, "Nolse Levels of Super-
sonle Transports Current Alrceraft and Developed Versions,
Working Paper of UK Representative Mtg., 7 Mar. 1977. WP/u




~ IUY HYILWY ATUW 1D

83.

gy,

85.

86.

87. -

88.

89.

90.

91.

92.

Invernational Civil Aviatlen Organization (ICAQ), Committee on

Aircraft Noise Working Group E, "Constraints on the Appli-
cation of New Technology for the Reduction of Nolse from
Supersonic Transport Alrecraft," Working Paper of UK Repre-

sentative Mtg., 7 Mar 1977. WE/5.

International Civil Aviatlon Organization (ICAC), Committee
on Alreraft Nolse Working Group E, "Technlical Possipill-
ties of Limilting Noise in Supersonic Transports of New
Conception,”" Working Paper or French Representative Mtg.,

7 Mar. 1977. WPB/6.

International Civil Aviation Qrganizaticon (ICAO), Committee
on Aireraft Nolse Working Group E, "Translation of Memo
“dated 27 Jan. 1977, French Representatlive, Mtg. 7 Mar.

1977. WP/9.

International Civil Aviation Organization (ICAQ), Committee
on Alrcraft Nolse Working CGroup E, "Overview of US Super-
sonie Cruise Alreraft Research Program (SCAR)," Mascitti,
US/NASA Representative, Mtg., 7 Mar. 1977. WP/l0.

International Civil Aviation Organization (ICAOQ), Commlttee
on Alrecraft Nolse Working Group E, "Working Outline of
AIA Presentation by US/AIA Representative, Mtg. 7 Mar.

1977, WP/11l.

International Civil Aviation Organization (ICAQ), Committee
on Alrcraft Nolse Working Group E, "Nolse Compatibillity
of Supersonic Transports," Working Paper of US/EPA Repre-
sentative, Mtg. 7 Mar. 1977, WP/12.

International Civil Aviatlon Organization (ICAQ) Committee
on Aircraft Noise Working Group E, "Development of a
Unit to Quantify Effects of SST Nolse on Public Health
and Welfare," Working Paper of US/NASA Representatlve,

Mtg. 7 Mar. 1977, WP/l4.

International Civil Aviation Organizatlion (ICAQ), Commlttee
on Alrcraft Nolse Working Group E, Industry Presentation
by US/Douglas Representative, Mtg. 7 Mar. 1977, WP/15.

International Civil Aviatlon Organlzatlon (ICAO), Commlttee
on Alreraft Nelse Working Group E, Industry Presentation
by US/Beeing Representative, Mtg. 7 Mar, 1977, WP/L6.

International Civil Aviatlon Organization (ICAQ), Committee
on Aircraft Nolse Working Group E, Industry Presentatlon
by US/Lockheed Representative, Mtg. 7 Mar. 1977, WP/17.



TR OFRVERE S Jewled S

93.

94.

95.

96.

97.

98.

9s.

100,

101.

102.

International Civil Aviation Organization (ICAQ), Committee
on Alrcraft Nolse Working Group E, Industry Presentation
by France/SNECMA Representative, Mtg. 7 March 1977, WEB/18.

International Civll Aviation Organization (ICAC), Committee
on Alrcraft Nolse Working Group E, "Human Response to
Alreraft Nolse," Presentatlon by US/NASA Representative,
Mtg. 7 March 1977. WP/19.

International Civilil Aviation Organization (ICAQ), Committee
on Alreraft Nolse Working Group E, Presentation by US/
NASA Representative, Mtg. 7 Mar. 1977, WP/21.

International Civil Aviation Organization (ICAO) Working
Group E, Mtg. of Silencer Panel (29 Apr. 1877) dated
18 May 1977. Submitted by J.A. Hay.

Internaticnal Civil Aviatlon Organization {ICAQ) CAN WG/E,
Mtg. June 1977, General Principles for Preparaticn of
Acoustle Requirements Appllcable to Supersonle Alrecraft.
(France) W/P-2.

International Civil Aviation Organization (ICAD), Committee
on Alreraft Noise, "Evaluation of Jet Nolse Suppression
Potentlal," Working paper prepared by the Silencer Pane
for Working Group E, June 1977, W/P=3. :

International Civil Aviation Organization (ICAQ), Committee
on Alreraft Noise (CAN), Working Group E, "US Parametric
Studles of SST Noise Reductilon Designs," Working Paper of
US Representative, Mtg. 29 June 1977, WP/4,

International Civil Aviation Organization (ICAGQ), CAN WG/E,
Report of the 2nd Meeting of the ICAO/CAN WG (London)

29 Jun.-1 Jul. 1977.

Interagency Group on International Awviatilon/Ad Hoe Group
on Aviation Noilse (Wash., D.C.): Informal Memorandum
(NOISE/8-7) of 19 July 1977. Werking Papers submlitted
by Committee on Alreraft Nolse Working Group E at 29
June-1 July 1977 Mtg.

Interagency CGroup on International Aviation/Ad Hoc Group
on Alrerarft Noise (Wash., D.C.}: Informal Memorandum
(NOISE/15~77) 5 Aug. 1977. Draft reports of Working
Group E, Pres. at 29 June~l July 1977 Mtg. of Committee
on Alrcraft Nolse,

R-~9



FEFIAE SVl ndolC)

103.

104,

105.

106.

107.

108.

109.

110.

111.

112,

113.

Interagency Group on Infernational Aviatilon/Ad Hoe Group
on Alrcraft Noise (Wash., D.C.): Informal Memorandum
(NCISE/19~-T77) 29 Oct. 1977. Preliminary Draft of Report
of Working Group E Belng developed for consideration at
6th Committee on Alrcraft Nolse Mtg.

International Civil Aviation Organization (ICAD) CAN/S5-

WP/62. Report on Agenda 7, Appendix C: Terms of Refer-
ence of Working Group E (S3Ts). Attachment to letter from

Rellly to Myers 31 Oct. 1977.

International Civil Aviation COrganization (ICAD) CAN WG/E,
Report of Meeting of Parametric Design Study Subgroup and
of the SST International Technical Experts, NASA Langley
Research Ctr., Hampton VA, Jan 9-10, 1978.

International Civil Aviation Organization (ICAO) "PFinal
Report on Subcommittee on S8T Nolse Prediction Methods,"

15 June 1978.

International Civil Aviation Organization (ICAQ) CAN WG/E,
Report of Meeting of Parametric Design Study Subgroup
and of the SST International Technical Experts, Washlngton,
D.C., July 11-13, 1978.

International Civil Aviation Crganization (ICAO) CAN WG/E,
Common Case Study (French Representative) 9-10 July 1978,

W/P=1.

International Civil Aviation Organization (ICAC) CAN WG/E,
Commeon Case Study, British Aerospace/Alrcraft Group,

9-~10 July 1978, W/P=-2.

International Civil Aviation Organilzation (ICAO) CAN WG/E,
Common Case Supersonice Alreraft Study Status Report,
US Lockheed, 9-10 July 1978, W/P-3.

International Civil Aviation Organlzation (ILCAC) CAN WG/E,
"Results of a Study to Design a Common Case Alrplane for
Calibration of Parametric Design Studies in Use for ICAOD,"
9-10 July 1978, w/P-i.

International Clvil Aviation Organization (ICAO) CAN WG/E,
Common Case Study (USSR), 9-10 July 1978, W/P=5.

International Clvil Aviation Organization (ICAO) CAN WG/E,

Parametric Study (Class 1 Technology), (France), 9-10
July 1978, W/P-8.

R-10




LLEFEY BFATNTV IV ES L )

114,

115.

116.

117.

118,

119.

120.

121,

i22.

123.°

124.

125.

International Civil Aviation Organization (ICAQ) CAN WG/E,
"Advanced Superscnic Transport Parametric Studles 2nd
Progress Report," (United Kingdom), 9-1C July 1978, W/P-7.

International Civil Aviation Organlzation (ICAQ) CAN WG/E,
Parametric Study M2.7 Crulse Arrow Wing (Class IITI) (U.S.
NASA), 9-10 July 1978, W/P-8. .

International Civil Aviation Organlzation (ICAO0) CAN WG/E,
Parametric Study M2.7 Crulse Arrow Wing (Class III),
U.S. Loeckheed, 9-10 July 1978, W/P-9.

International Clvil Aviation Organization (ICAOQ) CAN WG/E,
Parametric Study M2.7 Crulse Arrow Wing (Class II), U.S.
MeDonnell Douglas), 9-10 July 1978, W/P-10.

International Clvil Aviation Organigation (ICAO) CAN WG/E,
Parametric Study M2.7 Cruilse Arrow Wing (Class III)
(U.S. Boeing), 9-10 July 1978, w/P-11l.

"Summary of FAA/GE High Veloelty Jet Nolse Suppression
Program," prepared for WG/E Mtg. of S8T International
Technical Experts, Washington, DC, 11-1h4 July 1978, W/P-12.

International Civil Aviation Organization (ICAQ) CAN WG/E,
Report of the Economic Subcommittee, 11-13 July 1978,
W/P=13.

International Civil Aviation Organization (ICAQ) CAN WG/E,
Automated Nolse Abatement Overational Technlques-Status
Report (U.S. Lockheed) 11-14 July 1978, W/P-14,

International Civil Aviation Organization (ICAQ) CAN WG/E,
Presentation of Parametric Study Results for Advanced
Supersonic Transports (United XKingdom), W/P-15.

Ishimitsu, K.K., "Design and Analysis of Winglets for Miili-
tary Alreraft, Final Report," Report FFDL-TR-76-6
AD/A029345, 3 Feb. 1676.

Jones, I.S.F., "Flnite Amplitude Waves frem a Supersonic
Jet," AIAA Paper Tl1l-151 Pres. at AIAA 9th Aerospace
Sclences Mtg., New York, 25-27 Jan. 1871.

Kantola, R.A., "Jet and Suppressor Correlatlion Measurements,"
AIAA Paper 75-504 Pres. at AIAA 2nd Aeroacousties Conf.,
Hampton, VA, 24-26 Mar. 1975.

R-11




IR P Ll iL)

126.
127.

128.

129,
130.
131.

132,

133.
13“!

135,

136.

Kless, G.W. and A.D. Welliver, "Prospects for Variable-
Cycle Engines for the Second Generation SST," SAE Paper
750630, Air Transportaticn Meeting, May 1975

Knott, P.R., "Supersoniec Jet Exhaust Noise Investigation,
Vol. 1: Summary Report. Vol. 2: Technical Report,"
Report USAF APL-TR-76~68, June 1976.

Kozlowsky, H., A.B. Packman, and 0. Gutierrez, "Aeroacoustic
Performance Characteristles of Duct Burning Turbofan Ex-
haust Nozzles," Paper 76-148 Pres, at AIAA lUth Aerospace
Sciences Mtg., Washington, D.C., 26-28 Jan. 1976.

Krebs, J.N. and R.D. Allen, "Supersconic Propulsion 1970~
1977," Paper 77-832 Pres. at AIAA/SAE 13th Joint Propul-
sion Conf., Orlando, FL, 11-13 July 1977.

Laufer, J., R. Schllinker, and R.E. Kaplan, "Experiments on
Supersonic Jet Nolse," Afd4 J., Vol. 14, No. 4 (aApril 1976),

pp. 489-497.

Lee, R., "Coannular Plug Nozzle Noise Reductien and Impact
on Exhaust System Designs," Proceedings of SCAR Conf.,
NASA CP=-001l, Part 2, Nov. 1976, pp. 505-524,

Lilley, G.M. et al., "The Generatlion and Radliation of
Supersonic Jet Noise. Theory of Turbulence Generated
Jet Noise, Nolse Radlated from Upstream Sources and Come-
bustion Noilse," Report No. USAF APL TR-72-53, Vol. 4,

July 1972.

Lilley, G.M., et al., "On the Theory of Jet Noise and Its
Applications," Paper 73-987 Pres. at AIAA Aeroacoustlcs
Conf., Seattle, 15«17 Oect. 1873

LTV Aerospace Corp., HTC: M"Advanced Supersonic Techhology
Concept $tudy Reference Characteristics," NASA CR 132374,

Dec. 1973.

Lush, P.A. and R.H. Burrin, "The Generation and Radlatlaon
of Supersonic Jet Nelse: An Experimental Investigation
of Jet Nolse Variation with Velocity and Temperature,"
Report USAF APL TR-72-53, Veol. S5, July 1972,

Macittl, V.R., "System Integration Studles for Supersonilc
Cruise Alrcraft," NASA TM X-72781, Sept. 1975.

R-12



FAaFrIsT Fiuwros Lwdulild

v

TR S

139.

140.

141,

142,

143.

144,

1h47.

Macitti, V.R. and F.E. McLean, "Recent Developmen:ts in
NASA's Supersonie Crulse Alrcraft Research (SCAR) Program,"
Paper Pres. at Princeton Univ. Conf. on the Future of
Aeronautical Transp., 10-11 Nov, 1975.

Maestrello, . L., "On the Relationshlp hetween Acoustic
Energy Density Flux near the Jet and Far-field Acous-
tic Intensity," Paper 73-588 Pres. at AIAA Aerocacoustics
Conf., Seattle, 15-17 Oet. 1973.

‘Maestrello, L., "Apparatus and Method for Jet Noise'Suppression
Patent Application," NASA Case LAR-11903-1, N77-15036,
23 Dee. 1976.

Maestrello, L. and E. McDaid, "Acoustilc Characteristics of
a High Subsonic Jet," Paper 70-234 Pres. at AIAA 8th
Aercospace Sclences Mtg., New York, 19-21 Jan. 1970.

Maestrello, L. and E. McDzild, "Nearfield Characterlstices of
a High Subsonic Jet,”" AIAA Paper 71-155 Pres. at AIAA 9th
Aerospace Sciences Mtg., New York, 25-27 Jan. 1971.

Maestrelle, L. and Pao, S.P., "New Evidence of the Mechanisms
of Neolse Generation and Radiatlon of a Subsonic Jet,"
J.6 Acoust. Soe. Amenr.,Vol., 57, No. 4 (April 1975), pp. 958~
960 .

Manro, M.E., "Supersonic Pressure Measurements and Compari-
son of Theory to Experiment for an Arrow-Wing Configuration,"
NASA CR-145046, Nov. 1976.

MclLemere, H.C. and L.P. Parett, '"Low-Speed Wind Tunnel Tests
of a One-~Tenth Scale Model of a Blended-Arrow Advanced
Supersonic Transport," NASA TM X~-72671, Mar. 1875.

Morino, L. and C.C. Kuo, "Subsonlc Potential Aerodynamics
for Complex Configurations: A General Theory," ATA4 J.
Vol. 12, No. 2 (Feb. 1974}, pD. 191-197.

Morris, O0.A., "Subsonic and Supersonic Aerodynamic Charac-
teristics of a Supersonic Crulse Fighter Model with a
Twisted and Cambered Wing with 74 Deg. Sweep," NASA
™ X-3530. Aug. 1977.

Morris, 3.J. et al., "Assessment of Varilable-Cycle Englnes
for MACH 2.7 Supersonlec Transports: Status Report,"
NASA TM X-73977, Nov. 1976.

R-13



AR AN L St 1Y)

O O UV

148,

149.

150.

151.

i52.

153.

154,

155.

156.

157.

158.

Mortlock, A.K., "Comparison of ARP 876 Noise Predictions
with Measured Concorde Nolse Levels," British Alrecraft
Corp. Ltd., Commercial Alrcraft Div. Acoustic Memo: 388,
28 June 1977.

Nagamatsu, H.T. and G. Horvay, "Supersonic Jet Nolse,"
Paper 70~237 Pres. at AIAA 8th Aerospace Scilences Mig.,
New York, 19-21 Jan. 1970.

NASA, "Aeronautical Propulsion," NASA SP-381, N75-31068.
NASA Conf. held Cleveland, 13-14 May 1975.

NASA Proc. of the SCAR Canference, Part 1, 9-12 Nov. 1976.
Langley Research Ctr., VA. 2 Vol. NASA CP 001-Pt. 1,

N77-17996-18018.

NASA Proe. of the SCAR Conference, Part 2, NASA ¢P-001-
Pt. 2, N77-18019, N77-18044, 1976.

NASA/Langley Research Center, "The Helatlve Annoyance of
S8T Nolse Exposure," Task Assignment No. 7. NASA Tech-
nical Inidtiator: D. Stephens. BBN Contract: K. Pear-
sons, PFinal Report in progress.

NASA, "Concorde Nolse-Induced Bulldlng Vibrations Interna-
tional Airport Dulles - Final Report," NASA TM-740873,
Staff, Langley Researeh Ctr., Sep. 1977.

Packman, A.B., H. Kozlowski, and 0. Gutierrez, "Jet Noise
Characteristics of Unsuppressed Duct Burning Turbofan
Exhaust System," Paper 76-149 Pres. at AIAA l4th Aero-
space Sciences Mtg., Wash., D.C., 26-28 Jan. 1976.

Pao, 5.P., "Analytlcal Proberties of Noise Generating
Mechanisms in a Supersonic Jet Exhaust Flow," NASA CR-
1848, Wyle Laboratories, May 1971.

Plumblee, H.E. and P.E. Doak, "The Generation and Radiatlon
of Supersonic Jet Nolse. Vol. 1: Summary of Supersonic
Jet Nolse Studles,” Report USAF APL TR-72-53, V. 1,

July 1972.

Plumblee, H.E. and R.H. Burrin, "The Generation and Radliation

of Supersaonlec Jet Noilse. Vol. 2: Future Studles for
Definition of Supersonlc Jet Nolse Generation and Reduc-

tlon Mechanisms, Report USAF APL TR-72~53, V. 2, July 1872.

R-14




R OMVIIY NV Lol

s

159.

160.

161.

162.

163.

166.

167.

168.

169.

170.

Plumblee, H.E., Jr., "The Generation and Radiation of Super-
sonic Jet Noilse. Vol. 1: BSummary," Report USAF APL TR~
76-65, V. 1, Sept. 1976.

Plumblee, H.E, Jr. et al., "The Generation and Radiation
of Supersonlec Jet Nelse. Volume 2: Studles of Jet
Noise, Turbulence Structure and Laser Velocimetry,"
Report USAF APL TR-76-65, V. 2, 23 June 1976.

Powell, C.A., "Judgments of Relative Noisiness of a Super-
sonle Transport and Several Commercial-Service Alrcraft,”
NASA TN D-8434, June 1977.

Preisser, J.S., "Results from an Exploratory Study of Alir-
frame Nolse on a Small-Scale Model of a Supersenic Trans-
port Concept," NASA TM X-~7402, April 1977.

Radkey, R.L., H.R. Welge, and R.L. Reensch, "Aerodynamic
Design of a Mach 2.2. Supersonic Cruise Aireraft," Paper
T6-985 Pres. at AIAA Aireraft Systems and Technology
Mtg., Dallas, 27-29 Sept. 1976.

Rellly, Jr., Letter to Milton F. Myers (FAA)} from J.D.
Rellly 31 Oet. 1977.

Roberts, L., "Directions in Civil Aviatleon, 1980-2900.
National Aeronautics and Space Administration," Adcta
Astronautica, Vol. 4, Jan./Feb. 1977, p. T7-14.

Rowe, W.T., E.S. Johnson, and R.A. McKinnon, "Technology
Status of Jet Nolse Suppression Concepts for Advanced
Supersonic Transports,™ Paper 77-833, Pres. at AILAA/SAE
Joint Propulsion Conf., Orlando, FL, 11-13 July 1977.

Sabatella, J.A., "Advanced Supersonic Propulsion Study:
Final Report," NASA CR-134633, Pratt & Whitney Alrcraft
Report 4671, Jan. 1974,

Sakata, I.F. and G.W. DRavis, "Evaluatlion of Structural
Design Concepts for an Arrow~Wing Supersonie Crulse Air-
eraft," NASA CR-2667, N77-25581, Aapril 1977.

Schnakenburg, E.O., "B-1 Technology Applications to Advanced
Transport Deslgn," SAE Paper Pres. at SAE Alr Transp. Mtg.,

Miami, 24-26 Apr. 1973.

Shivers, J.P., L.C. MclLemore, and P.L., Coe, "Low=Speed W/T
Investigation of a Large-Scale Advanced Arrow~Wing 3SST
Conflg. with Englnes Mounted Above the Wing for Upper
Surface Blowing,'" NASA TM X-7276, publlcly released

2 Aug. 1977.

R-15



AT DEFSAE WY LOoOa

171.

172,

173.

174,

175.

176.

177.

178.

179.

180.

181.

Shrout, B.L., “Aegodynamic Characteristiliecs at Mach numbers
from 0.6 to 2.15 of a Supersonic Crulse Fighter Conflg.
with a Design Mach Number of 1.8," NASA TM X-3559, Sen.

1977.

Sigalla, A., L.J. Runyan and E.J. Kane, "The Overland
Supersonle Transport with Low Sonic Boom - A Feasibility
Study,” deta Astronautica, Vol. U4, Jan. Feb. 1977, pp-

163~179.

Soclety of Automotilve Engineers, "Gas Turblne Jet Exhaust
Nolse Prediction, Aerospace Hecommended Practlce,"
ARP 876, March 1978, and previous edition, July 1965.

Speakman, J.D., R.G. Powell and R.A. Lee, "Community Noise
Exposure Resulting from Alrcraft Operaticns, Vol. 2.
Acoustle Data on Military Aircraft: Air Force Bomber/
Cargo Aireraft," AMRL-TR-73-110, Vol. 2, November 1977.

Stone, JR., "Interim Prediction Method for Jet Noilse,"
NASA TM X-71618, 1974.

Stone, R., "An Emplrical Model for Inverted-Velocity-Profile
Jet Noise Prediction,”" NASA TM-73838, Technical Paper
Pres. at 94th Mtg. Acoust. Soec. Amer., Miaml, 13-1l6 Dec.

1977. .

Strelow, R., Formal Testimony Submitted for the Record by
R. 3Strelow, Asst. Adminlstrator for Air & Waste Mgmt.,
EPA, at Concorde Supersonic Transport Hearings (DOT),

5 Jan. 1976.

Swan, W.C. and Klees, G.W., "Prospects for Varlable Cycle
Englnes," JANNAF/AIAA/SAE Paper CPI-228, Nov. 1972.

Szeliga, R. and R.D. Allan, "Advanced Superscnic Technolagy
Propulsion System Study Final Report," NASA CR-143634,

July 1974.

Tanna, H.K. et al., "The Generation and Radlatlion of Super-
sonlc Jet Noilse. Vol. 3: Turbulent Mlxing Nolse Data,"
Report USAF APL TR~76-65, V. 3, Sep. 1676.

Tanna, H.K. et al., "The Generation and Radiation of Super-
sonic Jet Noise. Vol. U: Shock Associated Nolse Data,"
Report USAF APL TR-78-65, V. 4, Sep. 1976,

R-16



= T TR Ay Awtudid

.
\

ke Y P

182.

183.

184,

185.

187.

188.

189.

150.

191.

192.

193.

Trucco, H., "Study of Variable Cycle Engines Equipped
with Supersonic Fans," NASA CR-134777, Sep. 1975.

Tysen, R.M. et al., "Metheds for Comparative Evaluatilons of
Propulsion System Designs for Supersonic Aircraft,"
NASA CR-135110, N77-181%6, June 1975.

US Council on Environmental Quality, "Environmental Quality
197%: The Sixth Annual Report of the Council," pp. 88-89.

US Council on Environmental Quallty, "Environmental Qualilty
1976: The Seventh Annual Report of The Council,”

pp. 53-54.

U.S. Dept. of Transpeortation, FPAR Part 36, "Noise Standards:
Alrcraft Type Certification," Federal Register, 34,
F.R. 18355, Nov. 18, 1969,

U.3. Dept. of Transportation/FAA, Clvil Supersonic Airplane
Nolse Reguirements Submitted to FAA by EPA (14 CFR Parts
36,91): (Docket No. 10494; Notice No. 75-15) L40O FR 14093,
No. 61, Fri., 28 Mar. 1975.

U.S. Dept. of Transportation, FAA, "Concorde Supersonic
Transport Aircraft, Final Environmental Impact Statement,
Vol. 1," Sep. 1975.

U.S. Dept. of Transportation, FAA, "Concorde Supersonic
Transport Alrcraft, Final Environmental Impact Statement,
Vol. l-Addendum," Feb. 1975.

U.S5. Dept. of Transportation/FAA, "Concorde Monitoring
Summary Report, Dulles International Airport, May 1976~

May 1977," Sep. 1977.

U.S. Dept. of Transportation/FAA, "Concorde Monitoring
Summary Report, John F. Kennedy International Alrport,
Nov. 1977-Nov. 1978," Jan. 1979.

.8, Dept. of Transportation, FAA, "Final Environmental
Impact Statement Noilse Regulation and Type Certification
Alternatives for Civil Supersonic Alrcraft," June 1978.

U.S. Dept. of Transportation, FAA, "Nolse Regulation and
Type Certiflcation of Civil Supersonic Alreraft, Final
Environmental Impact Statement-Vol. II, Appendices and -
Substantive Comments," June 1978.

R=-17



- AT HVIAIY AUV AJAd

S

194,

195.

196.

197.

198.

199.

200.

201.

202.

203.

U.S. Dept. of Transportation/FaA, "Civil Superscnie Air-
plane Nolse and Sonic Beoom Requlrements and Declsion on
EPA Proposals,'" (14 CFR Parts 36 and 71) (Docket Nos.
10494 and 15376) 43 FR No. 126, Thrus., 29 June 1978.

.U.S. Dept. of Transportation, FAA, "Subsonle Transport

Category Large Airplanes and Turbojet Powered Alrplanes -
Nolse Limlts and Acoustical Change Requirements: Air-
craft Nolse Measurement and Evaluatlion Specifications,
Federal Register, Thurs., Mar. 2, 1978 Part II; and

Amendment 7, Federal Register, Thursday, Mar. 3, 197T7.

< U.8. Dept. of Transportation, "FAA Advisory Circular No.

36-1B," Dec. 5, 1977, '"Certified Airplane Noise Levels.'

U.S. Dept. of Transportation, "FAA Advisory Clrecular No.
36-2A," Dee. 6, 1978, "Measured or Estimated (Uncertirfi-

cated) Alrplane Noise Levels."

U.S. Environmental Protection Agency, "Noise Measurement
of Concorde 02 Approach and Takeoff at Dallas-Ft. Worth
and Dulles International Ailrports,'" EPA Report 550/9-74-

013, Aug. 1974,

U.8. Environmental Protection Agency, "Naticnal Measure
of Aircraft Nolse Impact through the Year 2000," EPA

Report 550/9~-75-024, June 1975.

U.S. Environmental FProtection Agency, Additional Materlal
submitted to W.T. Coleman (Secy. Transportation) in
.Response to DOT's Post-Hearing Statement and Substantive
Points made by Witnesses at Hearlng, dated 13 Jan. 1975.

U.S. Environmental Protection Agency, "Alrcraft Noilse
Certification Rule for Supersonie Clvil Aireraft,”
Project Report 24 Jan. 1975.

U.8. General Accounting Office, "The Concorde: Results
of a Supersonic Alrecraft's Entry into the United States,"
Report CED-77-131, PB-272006/8, General Accounting Office
Community and Economlc Development Div., 15 Sep. 1977.

7.8. Senate/Committee on Ccmmerce, Oversight Hearings on

the §87. 20 Feb. 1976. Hearing before Committee on
Commerce, 94th Congr. 2nd Session.

R-18



TR RN NUWWWY uiadbd

)

\

Pt o R e e i o1 e s e s

204,

205,

206,

207.

208.

209,

210.

ell.

212,

213.

Weber, H.J., "The NASA Research Program on Propulsion for
Supersonic Cruise Alrcraft," NASA TM X-71666 Proposed
Pres. at Nat. Transp. Mtg., Hartford, CT, 6-5 May 1975
sponsored by SAE.

Weber, R.J., "NASA Propulsion Research for Supersonie Cruise
Alrcraft," 4gtronautics and Aevonauties, May 1976.

Wesler, J.E., "Comparatlve Noise and Structural Vibration
Levels from Concorde and Subsonie Alreraft," Noilse Expo:
Procs. of the Tech. Program held Atlanta, GA, 30 April-
2 May 1975, pp. 344-350.

Wetmore, W.C., "Nolse Seen Affecting Next SST Design,"
Aviation Week & Space Technol., 15 Jan. 1978, pp. 45-54,

Whitlow, John B. Jr., "Effect of Airplane Characteristics
and Takeoff Nolse and Fleld Length Constraints on
Engine Cycle Selectlon fer a Mach 2.32 Crulse Application,"”
NASA TM X=71865, January 1976.

Wiggins, J.H., "Sound and Vibration Measurements for Con-
corde Supersonlc Transport and Subsonic Jet Aircraft,”
Report DOT-TST-75-21, July 1974,

Willis, E.A. and A.D. Welllver, "Superscnié Variable-Cycle
Engines,” NASA TM X-73524, 26-29 July 1976.

Wlllis, E., "Variable Cycle Englnes for Supersonic Cruise
Aircraft," Paper No. 7 in "Variable Generating and Multi-
¢yele Engines,” Proceedings of 48th meeting of AGARD Pro-
pulsion and Energetics Panel, 6-9 Sep. 1976, AD/AOQLQLEY9.

Wilson, J.R. and B.R. Wright, "Airframe/Engine Integration
with Variable-Cycle Engine," Paper 77-798 Pres. at AIAA/
SAE 13th Joint Propulsion Conf., Orlande, PL, 11-13

July 1977.

Wright, B.R., "Rationale for a Second Generation Supersonic
Transport," decta Astronautica, Vol. 4, Jan./Feb. 1977,
pp. li45-1p2.

R-19




