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The Subsonic Fixed Wing Project of NASA’s FundamentaAeronautics Program has
adopted a noise reduction goal for new, subsonicjngle-aisle, civil aircraft expected to
replace current 737 and A320 airplanes. These soill “N+1" aircraft — designated in
NASA vernacular as such since they will follow theurrent, in-service, “N” airplanes — are
hoped to achieve certification noise goal levels 82 cumulative EPNdB under current Stage
4 noise regulations. A notional, N+1, single-aisléwinjet transport with ultrahigh bypass
ratio turbofan engines is analyzed in this study uag NASA software and methods. Several
advanced noise-reduction technologies are empiridglapplied to the propulsion system and
airframe. Certification noise levels are predictedand compared with the NASA goal.

Nomenclature

AFE = altitude above field elevation

EPNL = effective perceived noise level

FAR = federal aviation regulations

ISA = international standard atmosphere

LSWT = NASA Glenn Research Center Low Speed Wind Tunnel
OASPL = overall sound pressure level metric

PNL = perceived noise level metric

PNLT = perceived noise level with tone weighting metric

SIS = sea level static

UHB = ultrahigh bypass

[. Introduction

ASA sets aggressive, strategic, civil aircraft maisduction goals to improve the quality of life faillions of

people exposed to airport noise. NASA plays a aaitirole in reducing community noise exposure via
technology research and by providing an ambitiooisen reduction roadmap for U.S. aerospace indusinder
NASA’s Fundamental Aeronautics Program, the Sulesditked Wing Project has adopted a community noise
reduction goal for new, subsonic, single-aisle,l circraft expected to replace current 737 and @3&rplanes.
These so-called “N+1” aircraft — designated in NAS&rnacular as such since they will follow the eutr in-
service, “N” airplanes — are hoped to achieve fiegtion noise goal levels of 32 cumulative EPNd&ler current
Stage 4 noise limits.In noise certification parlance, the cumulative,atgebraic, sum of the three certification
EPNLs is often used to capture the range of operatonditions. NASA’s N+1 noise reduction goal fsnational
importance, having been accepted by the Federadtibvi Administration for their Continuous Low Emisss,
Energy, and Noise (CLEEN) initiative.
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NASA has set N+1 goals for other aircraft systenfqrenance metrics as well. Relative to B737-800/CGaM
7B performance levels, goals are set for 33% radustin block fuel burn and takeoff field lengthdditionally, a
goal for oxides of nitrogen reduction is set to 6B&tow the landing and takeoff emission stringenaiet in 2004
by the Committee on Aviation Environmental Proteat{ CAEP/6). Since these performance metrics ageeagive,
contrasting, and often conflicting, achieving gtealels for the noise, emissions, fuel burn, anttiflength metrics
simultaneously may not be possible. These goalefibre represent four distinct “corners” of thepdéne design
trade space. A balanced, profitable, business-aaptane design may satisfy one or more of thesasgdut is
unlikely to meet the goal of every metric at onEeen more challenging goals are set for future M#g8 N+3
aircraft.

The -32 cumulative EPNdB N+1 goal was set in 2088l on an earlier, unpublished, internal NASA wtud
using the best methods and information availablthattime. This paper documents a more rigorousstigation
conducted in 2008 for the Subsonic Fixed Wing Ribjesing the latest technology data and highetifide
analytical tools. It is an in-depth, self-consistesystems analysis study of an engine and airptyséem using
accepted NASA tools and methods. The intent ofshisly is to verify, document, and determine pregr®wards
the -32 EPNdB N+1 goal. This paper describes tladyais of a notional airplane located in the “lownise corner”
of the design trade space. The airplane design cie®g an inherently-quiet ultrahigh bypass rati¢iB)
propulsion system combined with innovative, advana®ise reduction technologies that perhaps waoldbe
used in a business-case design. This report isrmafodocumentation of three presentations made ASAN
programmatic meetings in 2068’ 4

This assessment leverages results from a separsEA Mystem concept study conducted in 2008, in fwhic
UHB turbofan engines were examined for a notioNaf]l, single-aisle transpottThe objective of the NASA UHB
engine concept study was to determine if the fslsamption and noise benefits of engines havingetofan
pressure ratios (and correspondingly higher bypatiss) translate into overall aircraft system-lelenefits for a
737 class vehicle. This internal study providedeipehdent guidance to NASA program management riegatie
new PurePower geared turbofans under developmeRtaiy & Whitney?

In Ref. 5, the propulsion system design trade spea® examined by designing a representative faofil$8
N+1 UHB engines, analytically installing them oncammon airframe model, and performing aircraft noiss
performance and sizing analyses. The independemqutgion design parameters investigated were aesdic
design point fan pressure ratio, overall pressat®fan drive architecture (i.e., direct- or gelsiven), bypass
nozzle architecture (i.e., fixed- or variable-gednyle booster compression work split, and cruisecMaumber.
Engine and airframe technology projections commeatsuwith a 2015 entry-into-service date were agsiim
Aircraft performance characteristics, including jpedties of the NASA project goal metrics (fuel buemissions,
field length, and noise) were analytically computtedeach vehicle and are reported in Ref. 5.

An interesting and important aspect of the aireesiine system not always considered in noisefication
predictions is the influence of airplane trajectanyd engine throttling on noise. UHB turbofans haigmificantly
different thrust lapse characteristics than othebdfans having higher specific thrust, resultimgtakeoff and
approach trajectories and throttle settings thastme modeled properly to correctly compute nolBetailed
takeoff and approach trajectory calculations weredenfor each of the airplanes in Ref. 5. The sawjedtory
modeling procedures are used to compute certifinaibise in this study.

One of the quietest propulsion systems investigaté®ef. 5 — a geared turbofan with an ultrahigpdss ratio —
is selected for further, refined study and is thsib of this report. It is important to note tHastUHB engine is not
the bestperforming propulsion system examined in Ref. 5. That isthef 48 engine designs studied, it does not
result in an airplane having minimum block fueltakeoff gross weight. Its low fan pressure ratid te a relatively
high engine weight and a large nacelle diametesyltiag in propulsion-airframe integration penadtiend poorer
overall mission performance. Instead, it is selkdtethis study because it represents the “lowaaisrner” of the
design trade space, noting once again that meeatiag the NASA goals simultaneously may not begiloe.

II. Method of Analysis

The low-noise propulsion system singled out fronf. Befor analysis of the noise goal is comparablehirust
class to the CFM56-7B engines now in use on the A8Wever, it is a more advanced, geared, UHB tiarbavith
a lower design fan pressure ratio and lower farsgipeds than the CFM56. The engine also has arhigleeall
pressure ratio, better component performance leh@ber hot-section temperatures, lower exhausicitées, and a
higher booster compression split than the CFM56ceDexpected to enter service as early as 201ppieas the
737 replacement aircraft will be delayed for selenare years. Nonetheless, engine component and subsystem
performance, cooling levels, and material techniel®@ppropriate for an approximate 2015 serviceyetdite are
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assumed. Key computed characteristics of the psapubkystem at sea level Table 1. Key propulsion system
static and standard day conditions are shown inlerdb The overall characteristics (SLS conditions,
pressure ratio is aggressively high (42 at Macl35.800 ft, and 32 at sea maximum throttle, ISA+0).

level static conditions) for an engine of this stralass and comparatively [ Thrust 23000 Ib
small core. With the low-pressure fan spinning $jovat subsonic tip Airflow 1060 Ib/s
speeds (only 990 ft/s), a fan-drive gearbox is ssag/ to avoid low- -

pressure turbine design complications. Such lovedpéow-pressure fans | 70 Pressure ratio 1.30
may have relatively large diameters, presentingmiil integration issues. | Fan diameter 82in
Another consequence of the fan’s low pressure naguires the engine | Fan tip speed 990 ft/s
cycle to have some means of variable geometry énbiypass stream to | gypass ratio 16
maintain proper fan operability and safety margidszariable-area bypass Overall pressure ratio 2

nozzle is used to maintain a constant surge mahgirughout the operating
envelope. The thermodynamic engine cycle performas@analyzed using
the Numerical Propulsion System Simulator code (8f°%. NPSS is a variable-fidelity, object-oriented give
cycle analysis tool developed jointly by NASA andSU industry. It is currently the accepted, stdthe-art
software for airbreathing engine cycle performancalysis for U.S. aerospace industry, academia,Nghg8A. A
multiple design point analysis is performed on éimgine cycle in order to meet several performaecgirements
such as airplane thrust demand at rolling takeaff #p-of-climb conditions, as well as to set floates, cycle
temperatures, pressures, spool speeds, and cdelialy. The bypass ratio is a fallout of the faagsure ratio and
pressure levels in the bypass and core exhausst dicthe cycle’s aerodynamic design point. Aeroraadatal
design, flowpath, and engine weight analyses artoimeed with the Weight Analysis of Turbine Enginesde
(WATE™. WATE has been significantly upgraded since itiidl introduction in the 1970s and is currently
implemented as a suite of NPSS interpretive analgi®ments. At NASA, WATE is coupled with NPSS tovyide

a complete modeling capability of turbofan engiredditional details on the engine design may bentbin Ref. 5.

The notional N+1 airplane is based on an analygs@lution of the currently-in-service Boeing 73708with
winglets. In Ref. 5, a reference 737 analytical slaglas developed based on publicly-available 737-@fmetry,
weight, and performance information; proprietaryvispeed and clean-configuration aerodynamic data; @
NASA NPSS representation of the CFM56-7B enginee TFM56-7B was analytically modeled in NPSS using
data available from several public-domain sourcegsh as FAA type certification data sheets, marnufac
provided operating documents, technical reportse'3aAero Engines, and manufacturer’s websitescdiopany-
proprietary data were used. The reference 737 e=arfi62 passengers in a single-aisle, two-clasingeat
arrangement. The aircraft synthesis was carriedusimg NASA's Flight Optimization System (FLOBBScomputer
program. Minor calibrations to the FLOPS-computeanponent weights and aerodynamics were performed to
match published operating empty weight and rangalgitity of 3060 nm at a 32,400 Ib payload. The FSOmodel
was set up to perform a basic wing-engine sizirgjyais. Scaling the wing and engine sizes of tliereace model
for minimum takeoff gross weight subject to actia&craft performance constraints led to resultst thare
consistent with the actual 737 aircraft. The 73®tatavas further developed to include detailed, kpeed takeoff
and landing assessments using FLOPS's built-ine-8tepping trajectory analysis module. Compliandth the
airworthiness requirements described in Part 36 2hdof the Federal Aviation Regulations (Refs. M d®,
respectively) is observed. Takeoff and landing genfince datd
for standard day, dry runway conditions were uswdvilidation
of the FLOPS low-speed trajectory model. Takeoffl &anding
distances matched to within approximately one perad the
reported values.

To transform the reference 737 into the advancei Wehicle
model, the design cruise Mach number is increassd 0.785 to
0.800, with an appropriate increase in wing sweepeflect the
higher airspeed. The wing aspect ratio and tapéio rare
unchanged. The 162-passenger, mixed-class, sirgjée-eabin
arrangement is maintained, but the design rangkea82,400 Ib
payload point is increased from 3060 nm to 3250 fihe
performance improvements in airspeed and range@nsidered
appropriate for a future vehicle in this class. &touse of
composite structural materials is assumed reldtivhe all-metal
construction of the 737. Composite construction psfmary
structures is assumed to result in a 15% reductionthe Figure 1. Planform view of the N+1 airplane.
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component weights computed for the wing, fuselage, empennage. This is comparable to the struofutee new
Boeing 787, where as much as 50 percent of thegpyirstructure is made of compositéddditional technology
improvements similar to those found on the 787udel an increase in hydraulic pressure to 5000 pdisal%
reduction in drag due to trailing edge variable bamand drag clean-up. A Vehicle Sketch Paulanform
schematic of the N+1 vehicle (without engines)iswn to scale in Fig. 1.

Propulsion-airframe integration effects are impottdao address properly for large-diameter UHB emgin
nacelles. Low-speed, low-pressure fans — such @as8giinch diameter fan considered here — preseiguan
propulsion-airframe integration challenges. Naceltag, ground clearance, windmilling drag, vertital sizing,
thrust reverser operation, engine placement, aad lgagth and weight issues are considered. Thbadstused to
capture these effects are described in greateil deRef. 5. Like the reference 737 model, the Nsehicle model is
parametrically sized for minimum takeoff gross wejgand detailed takeoff and landing trajectories@mputed.

The noise analysis approach, methods, assumptants,tools used in this study have been examined by
acoustics experts at NASA Glenn, NASA Langley, UrBlustry, and academia as part of a comprehensiuéj-
fidelity, NASA acoustic tool benchmarking activity.Efforts to benchmark the accuracy of NASA’s aiftra
system-level noise prediction code for airport camity noise are also leverag€dThis computer code — the
Aircraft Noise Prediction Program (ANOPP, Releaswdl 26¥% *°— is a systems-level code used in this study to
compute certification noise for the N+1 vehicle eT¢ertification noise predictions of the refere@& described in
Ref. 17 serve as a validation of the methods aold tssed in this N+1 vehicle study.

Freefield, lossless, 1f3octave band frequency component source noiseslerel computed using predictive
modules within ANOPP. The UHB engine’s thermodyrgamkeromechanical, and geometry data are usegatsin
to ANOPP’s propulsion source noise prediction mdthdAt NASA, the NPSS and WATE airbreathing compane
element libraries have functions, viewers, and di&s® coded in interpretive language to producgies data to be
used as ANOPP input parameters. These so-callggirerstate tables” are the preferred method tesfearengine
state data to ANOPP’s source noise prediction nesdUEngine state data — consisting of pressurepdasature,
flow area, spool speed, and fuel and air flow ratese computed by NPSS for a range of airspediitsides, and
throttle settings at standard acoustic day (ISAF)L&bnditions. As the airplane traverses its flighth, engine data
at the appropriate airspeed, altitude, atmosploamditions, and throttle setting are interpolatexhf the state tables
and are delivered to the source noise predictiodutas.

The UHB engine’s jet noise sources are predictédguthe Stone methdd. This method — implemented in
ANOPP’s “ST2JET” module — is perhaps the best sermpirical jet noise prediction method developedate. It
uses an innovative, physics-based, Bayesian regneskjet acoustic data that seamlessly spanswamozzle flow
and geometry regimes. It is calibrated againsagetustic data collected from several types of arisgtric nozzle
designs, such as single-flow and coannular nozpks and plugless nozzles, and convergent andergent-
divergent nozzles. The method is considered inabeustic tool benchmarking activity described abtwebe
accuraté! Coannular nozzles with bypass ratios of up to i @art of Stone’s calibration, and is therefore
considered quite applicable to UHB engines. Thehotktaccepts nozzle flow characteristics as inpuarpaters
from the engine state tables described above. TdwmeSnethod also captures the noise-reduction teffefcnozzle
perimeter-mixing devices, such as chevrons. Thatufe of the method is based on 1997 acoustic me@asmts of
chevron-equipped nozzles from NASA Glenn’s AeroatimuPropulsion Laboratory’'s Nozzle Acoustic Tesg R
freejet facility?” The Stone perimeter-mixing method predicts
reductions in large- and intermediate-scale jetimgixoise and
an increase in small-scale (high frequency) jetimgixnoise
near the nozzle exit plane. Some inaccuracies ef Stone
perimeter-mixing method for certain nozzle desigmsvhich
the method was not calibrated are noted in Ref.Hxwever,
since the N+1 UHB nozzle is coannular with an exaéplug,
and is much the same as the chevron nozzles us8tbire’s
regression calibration (i.e., the “3IB” and “3ICoa@nnular
nozzle configurations of Ref. 22), the method insidered
accurate for use here. Chevrons are assumed prisetite
UHB engine’s central core nozzle. However, chevrares not
applied to the bypass nozzle due to potential adnflith the
actuation system needed for the variable-area lsypagzle
design. The N+1 UHB nozzle is proposed to be simita
architecture to the 3IB nozzle test configurationitlf a Figure 2. 3IB chevron coannular nozzle model.
nominal bypass ratio of 5) shown in Fig. 2, buthwét much
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higher bypass ratio. The 3IB nozzle has 12 in-figwe
chevrons and — unlike the 3IC nozzle — no outerabgpf =
chevrons. % il
The UHB engine fan noise source is modeled us
experimental acoustic data collected from a scajdeh
fan test article in NASA Glenn’s 9 ft by 15 ft Lo8peed
Wind Tunnel (LSWTY? The fan tested is a 22-incl -
diameter model of Pratt & Whitney’s Advanced Ducte S §
" |

Propulsor, shown in Fig. 3. Ordinarily in an airtra
system noise prediction problem, fan source noiseldv g .

be computed using one of ANOPP’s built-in methoc

Indeed, in the study upon which our engine is bas ]

(Ref. 5), fan noise was modeled using ANOPP’s iraker I
General Electric empirical methd8hich is considered

to be generally accurafé.Using a built-in method is -
convenient in an aircraft systems study, sinceesgst =

effects such as fan operation, speed, scale, Figure 3. Scale model Advanced Ducted Propuls

convective amplification effects that vary with fa«gzn 17 test article installed in the NASA LSWT.
design, engine throttle position, and flight coimitare

properly accounted for by the model without needuser intervention. A built-in method is partictjahelpful
when performing a design space exploration of ajirenarchitecture such as in Ref. 5, where fangegarameters
such as pressure ratio are parametrically variedvé¥er, while the method described in Ref. 24 mawgjpropriate
to predict noise during a design space exploratiomany fans, greater accuracy may be obtaineldeiffan to be
analyzed is very similar to a fan already testedain aeroacoustic facility. Moreover, the Advancedct@d
Propulsor “Fan 1" tested in the LSWT is represewabf modern, contoured, wide-chord fans for higlpass
engines, whereas the built-in ANOPP methods aribresd to older, narrow-chord, straight-bladedsfalRan 1 is
an 18-blade, high bypass, scale-model fan withva design pressure ratio of 1.29. This stage pressatio
compares well with the 1.30 pressure ratio of thel NUHB fan at similar conditions, and the blade rdoig also
identical. Although the fan loadings are differéitie UHB fan of Ref. 5 and the scale model Fan $ Sbrrected
tip speeds are 990 ft/s and 840 ft/s, respectivslydol speed in thermodynamic cycle analysis Ig an artifice
when scaled component performance maps are useaselthe noise measured from the Fan 1 test ariedeacit
assumption is that the N+1 UHB fan is operatinghat lower, 840 ft/s, corrected takeoff tip speetiefe are, of
course, aeromechanical, flowpath, and weight inapiti;s that cannot be so easily ignored, but thgnencycle
performance is unchanged.

The measured noise levels of Fan 1 were colleatddeduced to lossless, freefield, "l /ctave band spectra by
methods described in Ref. 23. These spectra mustddfied further before they may be used in aorait system
noise problem. First, an atmosphere-dependent sa@frength correction is applied to bring the leviedbm facility
conditions to standard atmospheric pressure anghdeature. Sources other than pure fan noise (ssclove
frequency airflow scrubbing and facility noise soes, and high-frequency measurement anomalieuiteacted
from every spectrum. The levels are adjusted fromdehscale, 22-inch fan diameter to full-scale,i@&h diameter
by applying amplitude and frequency shifts. Finaltpnvective amplification Doppler effects are adides the
spectra are analytically “flown” at variable airggke ranging from static to Mach 0.4. The end reisudt database of
fan noise levels, with discrete independent parameetonsisting of 51 emission polar (yaw) anglesh&ft speeds,
and 5 flight Mach numbers. The source is assumdz teymmetric in emission azimuthal (roll) angléeTspectra
are tabulated for interpolation and fed into theraift system noise simulation via ANOPP’s Acoufliata Module;
a feature that allows users to create their owsengburces to be used instead of using ANOPP’maitsource
noise prediction methods.

— Sk = o =
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The acoustic data collected from Fan
are hardwall; i.e., no acoustic treatment
present. Conventional inlet, interstage, ai 0 ¢
aft fan duct liners are applied to reduce f¢
inlet and discharge noise. The benefits
these liners are modeled by applying ¢
acoustic suppression performance “map”
1/3% octave band sound pressure lev
decrements to the hardwall fan sourc
spectra. This approach differs from the 73
800/CFM56-7B validation study describe
in Ref. 17 — where ANOPP’s built-in
treatment suppression prediction modu -12
was usetf — since a more aggressiv 14 1 1 1 1
treatment configuration would likely be 0.0 05 10 15 20 25

used in an advanced UHB engine. The lin . . .
suppression map is based on measured w Logarithm of Inlet Diameter to Sound Wavelength Ratio

tunnel data from the 22-inch diameter Fangjg re 4. sample regression fit of acoustic liner performanc
rig in NASA’s LSWT? The most effective (emission yaw angle 95° from inlet).

treatment tested proved to be double degice

of freedom liners applied to the inlet
interstage, and aft bypass duct areas. Th
liners are tuned to attack the discre .
interaction tone’'s second harmonic
maximum takeoff-rated power. An initial

. e Suppression Data
——Regression Fit

Treatment Suppression, dB
)

- . Treatment
treatment suppression map is generat -5 Suppression,
based on the measured differences betwe dB

the treated and hardwall measuremen o -10
This simple map is scaled from the 22-inc
model dimensions to 82-inch diameter fu
scale using standard Part 36 regulatic Log of Inlet
frequencies. The data are smoothed with Diameter to o
regression technique to fit a modifier Wa‘é‘igggm Em'si'on Polar (Yaw)

. - . . 150 ngle, deg
Weibull probability density function as
shown in Fig. 4. A Welbqll-shape(_j CUVE IEiqure 5. Overall acoustic liner suppressiorperformanceman.
chosen since liner effectiveness is small at
low frequencies and increases to a maximum neduritsd frequency. Low-frequency liner self noiseatsed by
air flow and surface roughness, and can be segheirFig. 4 — is small and is ignored by this regiw@s. The
logarithm of the ratio of inlet diameter to waveig is an appropriate regression choice for theepeeshdent
parameter. The complete treatment suppression snstpoiwn in Fig. 5. Maximum effectiveness is apprately 12
dB at an emission polar (yaw) angle of 99 degrems the inlet.

Further adjustments representing fan noise redudgchnologies are made to the hardwall fan sonnise
spectra prior to propagation. In addition to corti@ral fan liners, two advanced technologies amgiag: soft vane
statord® and over-the-rotor foam metal treatm&hBoth of these technologies are applications ofiatio treatment
in areas of the engine which currently do not hiaeatment: on the surface of the fan vanes andeatiw/fan rotor
tips. Soft vane stators have small Helmholtz resonehambers inside the airfoils and are coveredalporous
surface material over a portion of the chord nearleading edge. This single-degree-of-freedontrireat reduces
the unsteady, noise-generating, pressure fluctustidkke other turbofan treatment panels, but agisctly on the
vanes. Over-the-rotor foam metal is a bulk sounsbdting material situated over the fan rotor where;mally,
conventional fan rub strips are located. The migtam is integrated with the fan casing containnstnicture and
provides a greater effective treatment area. Arsitation of these two technologies is shown in Big
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Satt Vane Stator

Ower-The-Rotor
Foam Metal Fan Case

E AL O Hallow Wane Interior Divided into Multiple Chambers
2 Candidate Foam Metal Matenials | Each Tuned to a Ditterent Frequency

Figure 6. Advanced fan noise reduction technologiesver-the-rotor foam metal bulk treatment (left) and soft
vane stators (right).

These technologies are anticipated to have matmedgh for incorporation in the UHB engine assutinetthis
study. These technologies are also assumed toldteveéy lightweight, inexpensive, low-maintenanesd free of
aerodynamic performance penalties such that amenganufacturer would be willing to make use ofhthen their
product. The treatment in these locations attesudteth fan broadband and interaction tone noise aued
anticipated to work together without conflict tooduce additive fan noise reduction benefits. Adeusssts of both
of these technologies were conducted at NASA GIer2008. Based on these tests, a system-level mecteof -4
dB is applied to the freefield hardwall fan sourmgse levels. Until these technologies mature ded impact is
better understood, this adjustment is applied sisnale constant to the fan sound pressure levalseady reduced
by the conventional liners — across all"i4&tave band frequencies, directions, and thrsttéings.

The remaining propulsion noise sources considered cambustion, turbine, and compressor noise; often
collectively known as core noise. Historically inise certification, core noise tends to be sigaiftconly at the
approach certification point. Core noise is revéad low, approach throttle settings when fan agtdnpise are
reduced due to lower fan tip speeds and lower eogxhaust velocities. A fundamental turbine discieteraction
tone may also fall under 10 kHz at approach treotthd may become problematic. In advanced UHB esgin
however, core noise may become significant at hitfimettle settings as well, since jet and fan aaise lower due
to increased bypass ratio, low fan tip speeds, randern, more effective noise reduction technolaghesurate
core noise modeling for UHB engines is essentiakeGoise is predicted using ANOPP’s built-in prhoe (the
“GECOR” module) developed by Emmerlifigand later modified by H&. Preliminary results from NASA’s
current acoustic tool benchmarking study (Ref. ib@ljcate that the ANOPP method agrees well withicsizore
noise separated from the overall acoustic signaifitke Honeywell TECH977 business-jet-class reseangine’
General Electric also evaluated the ANOPP coreenaigthod favorably in 1996 based on static acousst
comparisons to CF6-80C2, QCSEE, and E3 enginesjelisas comparisons with their own proprietary noeth
(Ref. 24). Like the Stone jet noise method, datafad into ANOPP’s core noise module via engingedizble data.
Key input parameters are maximum cycle pressurspéeature, and flow rate. A shortcoming of the ANO¢gbre
noise method is that the maximum overall pressat® rmallowed is 30. This is not unexpected since itiethod
dates to the 1970s and was calibrated againstengien having much lower overall pressure rafibe. N+1 UHB
engine produces a SLS pressure ratio of 32 (alreadyr the ANOPP Iimit; see Table 1), and increates
approximately 34 at an airspeed of 180 ktas; rougbkresponding to the flight condition just befdahe throttle
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cutback beyond the lateral certification obserdére core noise therefore may be under predictedrbynknown
amount. No core noise reduction technologies asarasd.

Like engine core noise, airframe noise sourcesnardly tend to be significant only during approaethen
engine throttle settings are reduced. With advanqgetet, UHB engines, however, airframe noise sesinmay be
expected to be more prominent at approach, an@yhehthrottle settings as well, since they maydmee audible
over the already-low fan and jet noise sourcesddition, for practical reasons and safety consititens, air traffic
on approach tends to fly over significant distaneescomparatively low altitude. This is in sharpntast to
departure trajectories, where the pilot’s intentaggain altitude rather quickly. Remarkably, désgiaving much
louder noise signatures on departure than on apprdhis behavior results in noise “footprints” theve roughly
equivalent enclosed areas on approach and depaftuese considerations point to the need for aggresirframe
noise reduction technologies for UHB-equipped aiitciFreefield, lossless, 1#3ctave band spectra for flap, slat,
landing gear, and trailing edge airframe noise sesiare predicted using a method developed in bB9™M.R. Fink
of the United Technologies Research Center for Fe\.>* The Fink method — programmed into ANOPP’s
“FNKAFM” module — accepts gross airframe dimensiensh as span, flap chord lengths, and gear coatign
and dimensions; all of which may be obtained frosimaple, open-literature, three-view aircraft dragi Scrutiny
of portions of the Fink method to date has notrgeealed any fundamental issifés.

The airframe noise reduction technologies appledhe N+1 airframe are aggressive and substantifalir—
game, since this study assesses the “low-noiseecoatfi the aircraft design trade space. These telcgies are
currently considered somewhat immature, but witlyragsive funding and development, they could become
available in time for the N+1 vehicle’s entry inservice. The high-lift flap arrangement on the Neifcraft is
assumed to consist of retractable, inboard- andaautl-segmented, slotted flaps. Unlike conventitradling edge
flaps, however, the N+1 flaps are assumed to bépgd with continuous moldline links. These linksate the
aerodynamic noise generated by airflow around tiseomtinuous flap side edge by extending and caotisly
fairing a flexible moldline into the wing trailingdge. A
flow analysig® illustrating the mechanism and the effe —
on flap side-edge streamlines is shown in Fig. fie T r .
ordinarily strong vortex system is diffused by tk >
moldline, thus reducing noise. The noise benefit
continuous moldline links is modeled by subtractig
dB from the conventional flap noise computed by t
Fink method. Until this technology matures and i
impact is better understood, the benefit is assun
constant across all 173 octave band frequencies
directions, and airspeeds.

Another source of aerodynamic noise radiates fr
the extended leading edge slat cove. Slat noisgtses ¢
from complex flow patterns in the slat cove regidi. Figure 7. Flow analysis for continuous moldline link
these turbulent, circulating, vortex-shedding floshowing surface pressure and side-edge streamlines.
patterns are largely prevented from developing, lavhj
still maintaining uniform flow through a slat slot
substantial noise reduction benefits may be actief&a B
example of a flexible material filling the cove @bench
top slat model is shown in Fig. 8. The noise benefi
slat cove filler is modeled by subtracting 10 dBnfrthe
conventional slat noise computed by the Fink meth
constant across frequency, direction, and airspeed.

The main gear and nose gear are assumed to |
spoilers for flow deflection and fairings to impethe §
aerodynamic shape while still allowing easy acdess
maintenance and inspection. In addition, trailirdges
treatment methods are assumed, such as serrates @d(
brushes, to reduce trailing edge noise. A graphhef
assumed benefits of these and the other airfrange nFigure 8. Example of a pneumatic slat cove fille
reduction technologies are shown in Fig. 9. technology concept (bench top model).
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Using an assumption of acoustic superposition, 2
the freefield, lossless spectra for all of the aois 8 0 Trailing edge treatments
sources described above are analytically summeg
in the vicinity of the aircraft. Real noise sourcesy 2 |-

are, of course, complex, distributed signals that a 4

affected by other acoustic sources, aircraft extern =3
surfaces, and the environment. No provisions are® g
made to adjust the component spectra for acousti§
near-field phenomena such as source interaction@ -8
reflections, refraction, diffraction, or other effs. 5 10
The summed spectra are propagated to th&
three certification observers on the ground in -12
accordance to the specifications for certification 0.1 1 10
measurements.  Noise  propagation effects 1/3 Octave Band Center Frequency, kHz
accounted for include spherical spreading, Doppler ) ) ) )
shift and convective amplification, atmospherf(::'gure 9. Airframe noise reduction technology benéfs.
attenuation, ground reflections based on data for
grass-covered ground, and extra ground attenuabitore complex propagation phenomena such as sicatter
weather effects, and terrain are not modeled. Tidaae trajectory, computed as described earigefed into the
ANOPP simulation. Vector geometry analyses for Higlane relative to the three certification michope
measurement locations — shown in Fig. 10 — areopadd within ANOPP as functions of source time. éNibiat in
the interest of international rulemaking termingtdgarmonization, the former “sideline” certificatidocation term
has been deprecated in favor of “lateral,” as iakeoff” to “flyover.” In any event, the propagatadoustic spectra
are predicted at half-second intervals at eachhef three certification locations. From these spec&NOPP
computes OASPL, PNL, PNLT, and other noise metdtsnterest as functions of observer time. The EPNL
certification noise metric is computed from the PINfime noise history at each observer as prescrifp&ef. 1.

Main gear spoiler, fairing

p
IN

Nose gear spoiler, fairing\

Continuous moldline links

Slat cowe filler

Approach
reference
-~ -~ -
Lateral - ‘/, -
reference - -
o >
\ _ - 2000 m
_- - & (6562 ft)

6500 m
(21 325 ft)

Flyover (with cutback)
reference

Figure 10. Noise certification observer arrangemerrelative to hypothetical combined takeoff and lanling
aircraft trajectories.

Ill. Results and Discussion

As noted, the UHB engine selected from those stlididRef. 5 for refined study here represents tb&-hoise
corner” of the airplane design trade space. As silidias a very low design fan pressure ratio, eghaelocities,
and it has quite different specific thrust chargsties than the turbofans used on contemporans.78fie CFM56-
7B series turbofan, currently used on the 737-6000, -800, and -900 models, has a runway grouhahet thrust
lapse (i.e., from zero to 170 ktas at sea leve§hafut only 20%. The UHB engine analyzed here haswaay thrust
lapse of nearly 30%. Note that not all UHB engimesild lapse this much in thrust; it may be thatldBJengine
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design enabling a better business-case airplarigndesght not lapse much more than the CFM56-7Bweleer,
our low-noise UHB engine behaves significantly @iéint, resulting in takeoff and approach trajeetordnd throttle
settings that must be modeled properly to correctipnpute certification noise. This is in contrastnhany other
certification noise estimates in the conceptualsphaf aircraft design, where fixed trajectories #mwttle settings
are often assumed based on previously-collecteal fiatn other representative aircraft. Trajectoryadeomputed
for the N+1 airplane and the 737-800 for altitudespeed, and throttle setting are shown in Fig.Fig. 12, and
Fig. 13, respectively. The trajectories shown aesented as “analytical touch-and-go” operatiorth Wwoth takeoff

2.5 250
--B737-800/CFM56-7B26 ----B737-800/CFM56-7B26
W 2.0 [—N+1Aiplane ) » 200 |——N+1 Airplane i
[0
: <
o 15 | T 150 |
8 9]
= &
g 10} Z 100
2 7 0
p= 2
< 05 | = 50
0.0 L A " 2 A LA 0 . A A LA
-15 -10 5 O 5 10 15 20 25 30 15 -10 -5 O 5 10 15 20 25 30
Distance from Brake Release, 1000 ft Distance from Brake Release, 1000 ft

Figure 11.  Altitude: 737 and N+1 trajectory  Figure 12.  Airspeed: 737 and N+1 trajectory
comparison. comparison.

and landing data shown simultaneously. For preienta 1.2
purposes, the touchdown point on landing is cokeid

with the point of brake release on takeoff. Caltiales § 10 :
are made for a sea level runway at standard acotsyi < \‘.
(ISA+18°F) conditions. The airframe noise reductlor)E 08 I
technologies noted above are assumed to have mctmpz | |  Toeeaeeaoes

on the low-speed aerodynamic performance of th§ 06 ¢
airplane. The triangular markers on each plot detioe =

noise certification measurement locations. = 04 1

Th

The approach microphone markers are shown in tf@ 0.2 I EEEEEEEEET e ..-..B737-800/CFM56-7B26
figures at 6562 ft (2000 m) behind the runway thodd F —N+1 Airolane
(i.e., behind the location of the 50 ft landing taioe), 0.0 LA il

and 7518 ft from the touchdown point on the runway
centerline. Note that in Fig. 13, the UHB engineotthe
setting must be set higher than the CFM56-7B (in

percent thrust) in order to maintain a 3-degreer@® rigre 13, Throttle setting: 737and N+1 trajectory

glide slope. omparison.
The lateral microphone markers are shown in tﬁe P

figures at 14,000 ft from brake release, on a #teideline displacement distance of 1476 ft (450from the
runway centerline. The 14,000 ft location corregpoito the distance from brake release where tiaaie has
reached 984 ft (300 m) AFE, as permitted — wherr@apma — by regulation B36.3.a.1 (Ref. 1). A cheélother
lateral locations less than and greater than 14f00m brake release confirms that peak latef@NE does in fact
occur approximately at the 14,000 ft location. Nibtat in Fig. 12, the airspeed of the N+1 airplen#?2 ktas slower
than the 737 at that point, leading to a longerlttivee for the N+1 airplane and causing the dunattomponent of
the lateral EPNL to increase somewhat.

The flyover microphone markers are shown in theurég at 21,325 ft (6500 m) from brake release @n th
runway centerline. A noise abatement throttle ceitia used. The engine climb thrust at this pameiduced to the
minimum level permitted by regulation (i.e., Refrélquires a minimum climb gradient of four percevith both
engines operating, or level flight with one engineperative.). The throttle cutback takes placeveen 16,000 ft
and 17,000 ft from brake release. Note the pow#rauk takes place at approximately 1200 ft AFE sTikiabove
the minimum altitude permitted (i.e., 984 ft, orG3t AFE for a twinjet), in an attempt to gain aduigal altitude

-15 -10 -5 0 5 10 15 20 25 30
Distance from Brake Release, 1000 ft
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and minimize the noise at the flyover observer.eNiftat the UHB engine throttle cutback is shallotvem the

CFM56-7B (in percent thrust) in order to maintdie hecessary minimum cutback climb gradient. Ttieude that

the N+1 airplane is able to reach at the flyovesesber is 80 ft lower than the 737, resulting indése increase of
perhaps 0.4 EPNdB. The N+1 airplane’s lower acegtan reduces flyover airspeed (by 16 ktas) andrimries to

an increased flyover EPNL duration component.

If the trajectory and throttle settings had beesuased from previous experience rather than caled)athe
effects noted above may result in under predicagh of the three EPNLs. If 737 trajectory and tttecsettings
had been used for the N+1 UHB airplane, its cestfon noise would have been underestimated bylyn@ar
cumulative EPNdB.

The computed trajectories and throttle settingsused to determine engine and aircraft state indion. This
information in turn is used to predict componentirse noise spectra as described above for halfrsetione
intervals along the trajectory. The spectra arepgated, and the OASPL and PNLT noise-time higaie plotted
in Fig. 14, Fig. 15, and Fig. 16 for the approdekeral, and flyover observers, respectively. Obsetime relative

84 94
m 82 | <-Fan m 92 | - Fan
© 80 [ -T-Jet 2 gg [T Jet
a 78 | -a-Core o 88 | & Core
@ 76 | *All Airframe 5 g | X Al Airframe
O 74 | -e-Total £ "-@ Total
S 72 < 84 r—10PNdB
S g 82 X
© 70 8 :
66 < 78 T
5 | 7 P S Y SR N
-45 -40 -35 -30 -25 -45 -40 -35 -30 -25
Observer Time, s Observer Time, s
Figure 14.  Approach observer OASPL noise-time histies (left), and PNLT noise-time histories (right).
78 86
—-Fan 84 |- Fan
m
@ 76 I o Jet S - Jet
. Z 82
i 74 | &Core o -4 Core
% - All Airframe I: 80 | All Airframe
S 72 + -e-Total z 78
s 70 | s /6
£ e 74
-1 68 | < 72
66 70 | Y ]
60 65 70 75 80 85 60 65 70 75 80 85
Observer Time, s Observer Time, s
Figure 15. Lateral observer OASPL noise-time histdes (left), and PNLT noise-time histories (right).
80 88
—-Fan ge |~ Fan
% 78 O Jet %‘ -+ Jet
5 76 | -&Core Z 84 - Core
& 24 =¥ All Airframe = 82 (=¥ All Airframe
< | -&-Total 2’ 80 |-@ Total
© 7 o
o 5 78
g0 3 76
L 68 T 74 \
- RV AN :
66 \ 72 bl Vo<, S N . N
85 90 95 100 105 110 85 90 95 100 105 110

Observer Time, s Observer Time, s
Figure 16.  Flyover observer OASPL noise-time histaes (left), and PNLT noise-time histories (right).
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to the point of brake release (or touchdown) isduse the independent parameter in each figure. ANG&s the
ability to compute each noise source separately filte others. Plotting the levels of each sourca asction of
time provides additional insight to the overall lplem. The OASPL metric is shown at the left in edigure
because of its simplicity and its ability to clgashow the smooth rise and fall of each noise sooker time. The
PNLT metric — shown at the right in each figure asqualities that capture level, frequency weightisnd tone
annoyance penalties. Its time histories are thezeftuch more irregular than the OASPL historiesthesairplane
approaches and recedes, Doppler and convectiveifenaijbn effects have an effect on the PNLT mesric
frequency-weighting and tone penalties. The PNIgiethistories within the integration region of 10dB\from the
maximum PNLT (shown as a horizontal line in eaahtihand figure) are the regulatory bases for tRNEs
shown in Fig. 17.

The noise at the approach g
observer seems to be clearly O Approach
dominated by the several airframe  gg o Lateral M
noise sources on an OASPL basis =
(Fig. 14, left), with core noise 80
apparently making a significant @
contribution as well. However, =z 75
when the higher-frequency fan i
noise and fan interaction toned 7qg |l
contributions are considered viao
the PNLT metric (Fig. 14, right), “ &5 | -
fan noise becomes the dominant
approach source. Another reason go |
for the fan's strong showing is
that the acoustic signature of the 55 [L | [ 1 | 1|
Advanced Ducted Propulsor “Fan N
1" is dominated by strong aft- & P 00@ & &
guadrant noise levels (See Ref. OQO\ S o PR
23.). This results in two PNLT &8 >
peaks within the area of <9
integration. The first peakFigure 17
consists of fore-quadrant fan
noise increased by convective amplification, white second, aft-quadrant fan noise peak rises tdespe
favorable convection effects of the receding aficrhe strong aft fan noise extends the PNLT triweseveral
seconds beyond the airframe noise sources andasesethe approach EPNL duration component. Theaisief
noise sources — effectively muted by their noisguction technologies — make a secondary contributio the
approach EPNL. Core noise becomes a minor contibath a PNLT basis, and jet noise at the approacsiep
setting is insignificant relative to the other steg with any metric. The overall approach EPNLG&EPNIB.

The noise at the lateral observer is dominatecebngise, and — perhaps surprisingly — core naisksast on an
OASPL basis (Fig. 15, left). But fan noise agases to prominence on a PNLT basis when discretzaiction
tones and spectral content are considered (Figridlt). Fan noise is once again enhanced dueststibng aft-
guadrant noise and twin PNLT peaks within the HEtebserver area of integration. Jet noise and noige, owing
to their low-frequency, broadband content, are faddy the PNLT metric. Even so, the levels ofri@teore noise
are notable, rivaling even fan noise. Somewhat lprobtic — as discussed earlier — is the core npiséiction
method’s inability to predict core noise at ovegakssure ratios in excess of 30. The overall presstio at lateral
power and 180 ktas is approximately 34, resultingpérhaps an under prediction of lateral core ndigean
unknown amount. The contribution of jet noise te thteral EPNL is very small. If the core nozzlewlons are
analytically removed, lateral noise is predictednizrease by only 0.1 EPNdB. This suggests that this design —
the core nozzle chevrons may be omitted if thainghperformance penalty is unacceptable. The ibarions of
the airframe noise sources to the lateral EPNLragligible. Gear are retracted after use, and thegaps are
effectively sealed on their departure setting, ltéggiin no contribution to lateral noise at allap and trailing edge
noise is present, but makes no significant contidiouto the lateral EPNL. The overall lateral EPNI81.5 EPNdB.

The noise at the flyover observer has significadt P contributions of aft fan, core, and even ainfitrailing
edge noise (Fig. 16, right, and Fig. 17). The theatutback effectively eliminates jet noise altihgge. The overall
pressure ratio at the noise abatement cutbacktlthrsetting is less than the core noise model mamimso core
flyover noise may reasonably be expected to be ratmuaccording to early results from the acoustiol

W Flyover

Predicted N+1 airplane certification noise leve.
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benchmarking study (Ref. 16). That core noise douties at all is a source of concern, however, sashée
unexpectedly high level of airframe trailing edgdse. The overall flyover EPNL is 81.6 EPNdB.

The margins relative to the Stage 3 and 4 noisestingency limits are computed based on an aieplaving a
maximum takeoff gross weight of 159,200 Ib (See. Bgf The approach, lateral, and flyover EPNLs patad for
the N+1 airplane are plotted in Fig. 18, Fig. 18d &ig. 20, respectively. Also plotted in the figarare the

100 98

S os ,/Stage 3 limit o 96 /tage 3 limit

g 96 | 838&’ All certificated 737s Soaf $ S B

W equipped with CFM56-7Bs & 92 | 8§8 O% All certificated 737s

S 9% F : g ipped with CFM56-78

> 90 | %gg equipped wi S

o 92 | z $8

| B.J 88 |

5 90 | woee |

© ©

o 88 |- . g 84 |

S g | - N+1 airplane; 86.2 EPNdB, = g2 | N+1 airplane; 81.5 EPNdB,

< o -14.2 EPNdB below Stage 3 - 80 M _15.2 EPNdB below Stage 3

100 1000 100 ) . 1000
Maximum Takeoff Gross Weight, 1000 Ib Maximum Takeoff Gross Weight, 1000 Io

Figure 18.  Approach certification noise Figure 19.  Lateral certification noise

published EPNLs of all currently-certificated 73baels 93
equipped with CFM56-7B series turbofans, as wethas Stage 3 limit (twinjets)
maximum takeoff gross weight-dependent Stage 3enoig 91

limits (defined in Ref. 1 and denoted by red lines) . 89

The FAA's new Stage 4 noise regulations are basegl g7 | o 2 All certificated 737s

on the Chapter 4 noise standard approved by ICAO equipped with CFM56-7Bs
2001 in Annex 16 of their International Standardsla W 85 | §
Recommended Practices. The Stage 4 noise stand@d3 |- °°° _
applies to any new subsonic aircraft type applcati £ °§ N+1 airplane; 81.6 EPNdB,

: , o 8l 8 -9.7 EPNdB below Stage 3
submitted after January 1, 2006, for countries ¢ oo 9
Annex 16 as its noise certification basis. Loossited,  /° ‘
the FAA interprets Stage 4 limits to be: 1) thepkine 100 000

1
may not exceed the Stage 3 limits at any of theethr.. Maximum Takeoﬁ.Grofss We'.ght’ 100016
measurement points (Stage 3 rules allowed smaleg " '9ure 20.  Flyover certification noise
2) the cumulative margin relative to the Stagendts must be 10 EPNdB or greater; and 3) the suangftwo of
the Stage 3 margins must be 2 EPNdB or greater.

The N+1 airplane’s computed margins relative to 8tage 3 limits for the approach, lateral, and o
observers are -14.2 EPNdB, -15.2 EPNdB, and -9NdBR respectively. The predicted cumulative mangiative
to Stage 3 is -39 EPNdB; making the cumulative &tagnargin -29 EPNdB. The N+1 airplane has conalaer
margin at the approach and lateral locations, aalheevhen compared to the 737/CFM56-7B models entty in
service. The margin at the flyover location, howeigless, and even lies within the lower rangéhef737s. This is
attributed to the behavior of the Advanced DuctedpBlsor Fan 1: its overall noise does not dromificantly
when rotational speed is reduced from maximum éoctiitback condition. In the future, improved degigactices
for UHB fans may more greatly reduce fan noiseutback power and improve the flyover margin.

IV. Conclusions

An in-depth, self-consistent, systems analysisystfcin engine and airplane system using accepfgsldNools
and methods is presented. Progress is measureditttveaNASA Subsonic Fixed Wing Project’s N+1 nojsml of
-32 cumulative EPNdB relative to Stage 4 limits.isTknalysis places the notional N+1 airplane’'s &tdg
cumulative margin at -29 EPNdB; or 3 EPNdB shortted earlier 2005 study that established the gbaladd
perspective, the Stage 4 cumulative margins ofecuiri737-600, -700, -800, and -900 models range dsiwl
EPNdB to -8 EPNdB, making the N+1 airplane consilbr quieter than its predecessors in that veltldss. As
another point of reference, the new PurePower PWW&QD7,000 I1b-23,000 Ib thrust class geared turhofkated for
the CSeries twinjet, is currently projected by P€awWhitney to have a cumulative Stage 4 margirasf EPNdB*

The 3 EPNdB discrepancy between the -29 EPNdB margiculated in this assessment and the earlieb 200
study that established the -32 EPNdB goal may Ipéaged by any or all of the following: 1) the imparation of

13 of 15
American Institute of Aeronautics and Astronautics



new thrust lapse, trajectory, and throttle modeliay the unexpectedly high level of fan noise a ftyover
condition; and 3) the use of improved analyticall$p methods, and assumptions. Despite this newtréke -32
EPNdB N+1 noise reduction goal remains the samis. JIEPNdB shortfall indicates that a slightly gezaeliance
on noise reduction technologies will be neededctieve the goal. Some technologies under considartiat may
be used to close the gap may include scarfed jri@iscount stator technologies, and advanced ditolisers,
such as 3-degree of freedom, zero-splice, or ripdmérs.

As shown by this study, as the once-historicallynd@mnt noise sources such as jet noise and fare rasis
pushed lower by way of ultrahigh bypass ratio eagiycle design and innovative noise reduction teldygies,
other noise sources become important and requgatain. For example, airframe trailing edge nagsseen here to
perhaps now be a contributor to flyover noise. Amgine core noise, in this case exacerbated bygime design
incorporating a high overall pressure ratio, cdnites to lateral and flyover noise. A need is feegsfor improved
engine core noise modeling methods at NASA thdecethe high overall pressure ratios of modernirees

Lastly, this airplane represents the “low-noiseneot of the design trade space, and it may notHagacteristic
of a balanced, profitable, business-case airplasigd. In the interest of noise reduction, it haseagine cycle
design that would not result in minimum block futdkeoff gross weight, or cost. This design alsesukighly
advanced engine and airframe noise reduction tdobies to come within reach of NASA’s aggressivalgdn
actual 737 replacement aircraft may not be as casethe N+1 vehicle studied here. However, thiglystiioes
indicate that if an aggressive, noise-focused aeisigursued, it is possible to come within reatthe noise goal.
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