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Abstract

This dissertation focuses on the ‘annoyance’ aspédtircraft noise and how it could be minimized
during early aircraft design. The annoyance in tisise corresponds to the acoustic annoyance, vgich
directly related to the quality of an aircraft sdum new approach is followed rather than the airre
common practice of assessing aircraft noise solelyA-weighted level (dBA) or Effective Perceived
Noise Level (EPNL) values during aircraft desigrtimization. Use is made of the advanced current
knowledge on psychoacoustics to optimize aircrasighs for optimal sound quality.

To consider aircraft noise impact during conceptiedraft design, a detailed parametric aircrafiseo
simulation and assessment software INSTANT was ldped during the course of this dissertation’s
research. To determine the annoyance aspect, INITWa$ appended with a capability to assess aircraft
noise in the psychoacoustics based sound qualityianeof loudness, tonality and sharpness. These
metrics capture several characteristics of aircrafise such as the intensity of overall noise and
individual noise components, ratio of high frequeno low frequency content and the perceived
unmasked prominence of tonal components.

Design sensitivity studies were performed for argepntative short-range commercial aircraft by
integrating INSTANT into the aircraft design envirnent MICADO. It was observed that a larger wing
can increase the loudness of aircraft noise antleasame time reduce the tonality, by reducingltona
prominence and increasing masking effects. It was aeen that a larger engine can be significantly
quieter than a smaller engine, although with a mbdaher tonality. To explore the optimization
possibilities, optimized designs for the EPNL, loads and tonality metrics were produced. It wasdou
that the minimal EPNL and minimal loudness desicastured the loudness aspect of aircraft noisea via
larger engine and a smaller wing, but didn’t sudiitly capture the tonal content. The minimal tigal
design minimized the tonality very effectively yducing the engine size and increasing the wirg siz

A conversion to synthesized audio of the simulatiectaft noise of the optimized aircraft designewsad

that reductions in tonal intensity could be perediaudibly. The fundamental fan tone for the mihima
tonality design was observed to have a reducedsittein excess of 10 dB in the spectrograms, eckat
at a sample ground location during a standard @gprprocedure. The results indicate that it is iptess

to modify the sounds of current aircraft towardssl@annoying or more acceptable sounds, by knowing
beforehand which design parameter can changentrafaisound quality in which way and form.






Zusammenfassung

Die vorliegende Arbeit konzentriert sich auf demjsktiven ,Belastigung‘ (annoyance, im Englischen)
Aspekt des Flugzeugldarms und wie dieser wahrendrllgzeugvorentwurfs minimiert werden kann. Die
Belastigung entspricht hierbei der akustischen &igjéng, die direkt mit der Qualitat des Flugzeagkjs
zusammenhangt. Ein neuer Ansatz fir die Bewertungn vFlugzeuglarm wahrend des
Flugzeugvorentwurfs und dessen Optimierung wirdweedet, anstatt der gangigen Praxis einer
Bewertung in A-bewerteter Pegel (dBA) oder Effe&tiempfundener Schallpegel (Effective Perceived
Noise Level, EPNL). Die fortgeschrittene heutigenktis von Psychoakustik wird verwendet um
Flugzeugentwirfe fir optimale Klangqualitat zu opéren.

Um die Auswirkung von Flugzeuglarm wahrend des Eéugvorentwurfs zu berlcksichtigen, wurde im
Rahmen dieser Arbeit eine detaillierte parametds€tugzeuglarm Simulationssoftware ,INSTANT*
entwickelt. Um den Belastigungsaspekt zu berickigieh, wurde INSTANT mit der Fahigkeit zur
Bewertung in ,Sound Quality’ Metriken von LautheRpnalitat und Scharfe erweitert. Diese Metriken
erfassen unterschiedliche Eigenschaften des Flgtiens, wie die Gesamtstarke des Schalls oder die
Starke der einzelnen Komponenten, das Verhaltnis Hochfrequenz- zu Tieffrequenzlarm und die
wahrgenommene unmaskierte Ausgepragtheit der toaerponenten.

Sensitivitatsstudien wurden flr ein reprasentatideszstreckenflugzeug mittels einer Integration von
INSTANT in einer Flugzeugentwurfsumgebung MICADOrchgefuhrt. Als Ergebnis dieser Studien
wurde beobachtet, dass ein groRerer Fligel diehegudes Flugzeuglarms erhoht. Gleichzeitig wire di
entsprechende Tonalitat auf Grund reduzierter &rfalisgepragtheit und verstarkter Abdeckungseffekte
verringert. Es wurde ebenfalls bemerkt, dass eiif3gres Triebwerk mafgeblich leiser ist als ein
kleineres  Triebwerk, allerdings mit einer weseltlic héheren Tonalitat. Um die
Optimierungsmaglichkeiten zu untersuchen, wurdeimogerte Flugzeugentwirfe fir die EPNL, Lautheit
und Tonalitdt Metriken erzeugt. Die Ergebnisse tegig dass die EPNL- und Lautheit-optimierten
Entwirfe den Lautheitsaspekt mittels eines groRdmaebwerks und eines kleineren Fliigels erfassten
aber den tonalen Anteil des Flugzeuglarms nichteithend erfassten. Der Tonalitat-optimierte Enfwur
minimierte sehr effektiv die Tonalitat des Flugzwmms durch eine Wahl eines kleineren Triebwecks
und eines groReren Fllgels.

Eine Umsetzung des simulierten Flugzeuglarms ire aiynthetisierte Audioaufnahme zeigte, dass die
Reduzierung der tonalen Starke des Tonalitat-optiem Flugzeugentwurfs hdrbar wahrgenommen
werden konnte. Die Intensitat des fundamentalers d@s Fans, welche an einem reprasentativen Ort am
Boden fur ein Standard Anflugverfahren erzeugt wurgerringerte sich mit mehr als 10 dB in den
Spektrogrammen. Die Resultate zeigen, dass es c¢chogit den Klang der heutigen Flugzeuge in
Richtung weniger Belastigung beziehungsweise Hih&kzeptanz hinsichtlich der Vorkenntnis welcher
Parameter in welcher Art und Weise die Flugzeugldaalitat beeinflusst, zu modifizieren.
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Chapter 1. Introduction

1 Introduction

Aircraft noise is a very relevant modern problenthwesidents being exposed to a much more frequent
exposure than what was observed at the beginnitigeafommercial aviation age. Not just the freqyenc
of air-traffic but also the spread of air-traffiasireached wider parts of the world due to theicoatisly
increasing air-traffic demand and the resultingaase in air traffic volume. New avenues of growith
aviation are continuously being found by the afitcraanufacturers and airlines, with growth markets
currently being seen in Asia [1] and the demargki&n to continue to increase at roughly five perpen
year by both Airbus and Boeing [2]. Meeting thisrdad is going to require the construction of sdvera
new airports, both large and small, and also ammsipn of the current air transport infrastructikéth

the construction of new airports and constructibmore runways on existing airports [3], [4], [Bhore

and more people are beginning to be affected bythblem of aircraft noise than was the case in the
previous decades. This has led to aircraft andnengianufacturers to come up with quieter desigds an
noise reduction technologies to increase the aaneptof new aircraft by reducing their noise impact
the residents. The aircraft have over the pastdéscandeed become quieter [6] and the relevant
governing bodies such as the International Civila#ien Organization (ICAO) also continue to enforce
increasingly stringent noise certification requigstts [7].

A point however is close to being reached now, whigrbecomes physically difficult to achieve
increasingly quieter engines that can still be fically integrated onto conventional tube and wing
aircraft designs, as Ultra-High Bypass ratio (UHBines that may yield large noise reductions [#] w
have exceedingly large diameters and geared turberigines presently entering the aerospace market
can also only yield noise reductions to a certdigsjtal limit. This physical and practical limitati to
achieving endlessly quieter engines and also widewts’ expectations for aircraft that disturbaomoy’

them as less as possible has led to a need tastateduce the overall noise level, but to reduceadt
noise components that might individually be conttibg to the experienced annoyance. The latter
reduction may not necessarily lead to aircraft Hratquieter, but rather aircraft that sound léstsibing

and more acceptable to the residents, involvingrgmovement in the ‘quality of the sound'.

Conventional metrics that are used today for dfreraise certification and community noise assesgme
are the Effective Perceived Noise Level (EPNL) dimel A-weighted decibel (dBA) respectively. The
dBA metric has already been seen to be a pooratuiof actual subjective annoyance experienced by
residents [9], [10], [11] and the EPNL metric, altigh a comprehensive metric taking into account a
number of factors such as noise level, tonal pereaid effect of duration, still assumes a simmlisti
frequency division for allotting tonal penalties\lpbases the magnitude of tonal penalty on trengtest
protruding tone and lacks in providing informatiam the tonal content if is of low intensity althduthe
tones may still be audible. Different engines hguwifferent bypass ratios can have significantffedent
composition and magnitudes of broadband and tayatkeat. Larger engines such as the General Electric
(GE)-90 will sound noticeably different to a smallieternational Aero Engines (IAE) V2500 engine€eTh
deficiencies of the current metrics will be furtmeagnified for future unconventional aircraft amdjmes
such as Counter Rotating Open Rotor (CROR) engiwb&h not only have tones of much stronger
prominence at much lower frequencies, but alsaaifgiantly higher number of tones [12], [13]. This
understanding leads to the need for alternate netviaa that better capture differences in spectral
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content of aircraft noise, which in turn can leadat better prediction of annoyance as experienged b
residents.

Although some amount of research has been carngdon what characteristics of aircraft noise
contribute to the annoyance experienced by residant psychoacoustic surveys [14], [15], [16], [17]
hardly any research currently exists that correlatee annoyance causing noise characteristics with
aircraft and engine design parameters that actymthguce the noise at the source. The goal of this
dissertation is to provide a means with which neéhuction can be approached in an alternate wety su
that not just an intensity reduction is achieved father an improvement in the quality of the sound
produced by aircraft and their engines, so that daeise lower annoyance to the residents. Thidvago
detailed knowledge of the spectral characterigifcaircraft noise, how aircraft noise is generaaed by
what primary components, as well as what intermaists between the major broadband and tonal
components. This interplay between the broadbamntpoaents such as jet and airframe noise plus the
tonal components such as fan inlet and exhaussti@nanalyzed in this work to understand how each
design parameter affects both the overall levelvak as sound quality. Furthermore, it is investigh
how the aircraft and engine design parameters eanh o a redistribution of the spectral energyhef t
produced aircraft noise, with the goal of improviaigcraft noise sound quality and hence of reducing
annoyance at an early design stage, preventinty casse reduction measures at a later stage.

Designing aircraft that produce favorable sounds$ imiprove the acceptance of aircraft noise and thu
allow lower resistance from the residents to thestoiction of new airports and expansion of aiffita
Furthermore, by identifying any negative sound affeat an early stage, the need for expensive noise
reduction technologies such as fan acoustic lines later stage can be reduced. An attempt has bee
made in the current research work to assess diaeafgns for the annoyance they produce at ay earl
conceptual design phase and to see if currentaidgiaft could be optimized at an early stagertapce
minimal annoyance to the residents. In order ts, ttie use of psychoacoustic sound quality melréss
been made to assess aircraft noise for annoyart@ratiminary optimizations of aircraft designs for
minimal community noise impact in standard and sogumality metrics will be shown in this dissertatio
after a description of the noise modeling, assessmad aircraft design methodologies. To keep &lche
on realistic application of annoyance optimizingsida changes, the effect on aircraft performance by
following aircraft weight and fuel changes as wadl changes to certain top level requirements ssich a
takeoff and landing distance for each design hes ladéen considered.

The assessment of aircraft noise in the variougiesetfirstly requires tools with which noise can be
modeled for each aircraft and engine componenteasturce. This in turn requires models for theéreng
geometry and thermodynamics as well as aircrafigdesformation and the aircraft flight paths. The
noise thus modeled at the source must then be gaitgrh through the atmosphere before it reaches the
resident on the ground and can be assessed. Theimibiis dissertation has been divided into firgth
explanation of the motivation for alternate assesgnof aircraft noise in Chapter 2, followed by the
current state of the art in annoyance assessmdritsaaconsideration during conceptual aircraft gesn
Chapter 3. Chapter 4 gives a description of thecgnoise models used in the current work for each
relevant aircraft and engine noise component abaseh brief description of the physical theoryibhdh
the source noise generation. Chapter 5 descrileeimtibgration of the source noise models in a cetapl
simulation and assessment toolchain for simulativige impact from the source to the ground, anal als
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the toolchain’s integration in an aircraft desigvieonment for performing preliminary aircraft dgsi
parametric variations and optimizations. The soguality metrics and their implementation in thesgoi
simulation and assessment toolchain are explaimé&hapter 6, as well as some sample results for the
annoyance impact of current short range and lomgeaaircraft. Chapter 7 shows design parameter
sensitivity study results for individual aircraftchengine geometry parameters used in the souise no
models and how they affect the noise produced emgtbund as well as overall aircraft design vaoiati

of the aircraft thrust to weight ratio and wing-iidg. Chapter 8 shows optimizations for conventiona
and sound quality metrics and a comparison of tbleénges from reference design values, parallel to
performance considerations. Chapter 8 also showstl® metric optimized designs correlate with sound
via synthetic sounds of each aircraft and also @e®pthe noise reductions of the optimized desigtis

the reductions produced by the use of modern acoliser technology. Chapter 9 provides the
conclusions of the current work and outlook foufetapplications.

The research work in this dissertation has beefomeed at the Institute of Aerospace Systems (laR)
RWTH Aachen University and was partly sponsoredhzy Exploratory Research Space Boost fund of
RWTH Aachen’s excellence initiative via the intexdplinary project VATSS — Virtual Air Traffic
System Simulation [18], [19].
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2 Motivation for alternate assessment of aircraft nise

The first sound of the jet engine came with theemdlwf the jet age, which was and still is recogdias
one of the loudest sounds known to man. The exietrigh levels of noise produced by these aircraft
flying over populated areas which were not useduoh sounds, led to research specializing in the
understanding and abatement of the noise prodUdefield of aeroacoustics was developed [20], [21]
to understand the physics behind the noise geoaraiind operational constraints were placed on air
operations to alleviate the noise impact on comtiemin airport vicinities [22]. The first jet engs that
flew were considerably fuel inefficient and extrdyneud with their noise signatures being dominabgd
the broadband jet mixing noise due to the very hahexhaust velocities they produced. The high jet
velocities were produced due to the early engiraagopure turbojet engines. Eventual research into
improving the fuel efficiency of the jet enginesl l® the discovery that lowering the jet veloaityloser

to the aircraft velocity would yield considerable improvement in the engipeopulsive efficiency (cf.
Eqg. 2.1), which is proportional to the engine’slfefficiency. This led to the development of enginéth
bypass ratios, that allowed a part of the air nflagsto ‘bypass’ the primary engine core, lowerihg jet
velocity as well as improving the propulsive efficcy and with it, the fuel efficiency. A useful sid
effect of introducing bypass or secondary flow et with the reduction in jet velocity, the jetis®
was also reduced.

Jet noise acoustic power varies theoretically wtite eighth power of jet velocity for subsonic jets
according to Lighthill's acoustic power law from0] shown in Eq. 2.2. The relation is seen to holé
for cold jets with a temperature rati®;/{l ) of close to unity, with a relation between sixtheighth
power of jet velocity observed for actual jets, @hare hotter in practical situations [6], [23].Hn. 2.2,

is the acoustic powekK is the acoustic power coefficiem, is the speed of sound addis the jet
diameter, which indicates that an increase in ¢helipmeter or jet area would also increase thagete
intensity produced. Much of the focus till the 196@as put on the reduction of jet noise producelbly
bypass ratio turbofan engines of that time, whiomuhated the other noise sources. Many of the other
aircraft noise components such as fan and turldnest combustor noise as well as noise from the
airframe such as slats, flap trailing edge anditandear were seen to be of secondary importaneetal
their lower prominence in the observed aircraftsecspectra of that time. It was only when the bypas
ratio was continuously increased and jet noise dgitbaown to lower levels that the other components
started gaining audible prominence.The increaggaminence of fan noise with reduction in jet ndse
for instance shown in Fig. 2.1, reproduced from.[23

The high to very high bypass ratio engines of topiaduce relatively low jet noise, particularly ohg
the approach phase where the fan and airframeaaveypically the dominating noise sources. Jet@ois
still remains dominant during takeoff for most a#ft and engines, although the larger high bypatis r
engines such as GE90 variants can produce morendatrfian noise also during takeoff [24]. The noise
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signatures of current aircraft and engines areetbes very different from their counterparts ofyfifiears
ago, with components such as fan rotor-stator astem tones, buzzsaw noise and fan broadband,noise
low-pressure turbine tones, combustor noise asagdlirframe noise being clearly identifiable dejieq

on the aircraft engine thrust setting and flighagh This change in the noise signature has lached

for a more focused approach to noise reductiorerattan just of overall levels.

For larger engines with dominant fan noise, a cwati increase in bypass ratio is therefore noidbal
solution. Other technologies such as acousticditiave thus become increasingly essential on modern
high bypass ratio engines, which absorb or favgrabilect individual frequencies, with most effegti
reductions of 6-10 dB typically in the range of Q8600 Hz. The use of acoustic liner material haavev
increases the costs and also adds additional wgighe engines, which in turn partly reduces tiheraft

level fuel reduction obtained by using a high bygpidio engine.

Relative Perceived Noise Level vs. Bypass Ratio
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Figure 2.1: Variation of fan and jet perceived proisth bypass ratio reproduced from [23]

Two primary reasons can be identified for an al&gror improved approach to noise reduction and its
assessment during conceptual aircraft design.\ginssing metrics that better capture aircraft aois
annoyance, an approach can be attempted towardsitgnthe annoyance experienced by the residents
and making aircraft noise more acceptable. Secobglysing metrics that better capture differeranes
changes in spectral content, focused reductionpamicular noise components can be achieved by
adjusting the spectral distribution of aircraft smiwhich can reduce the later need for noise tiauc
technologies such as acoustic liner material ovicrenozzles.

The goal of any attempt to reduce the impact afraft noise on the community has to be to incre¢lase
acceptance of aircraft noise such that no seriesistance to current and projected growth in affitris
posed. Since the societal benefit is strongly cediplith an economic benefit, this makes the sibmati
one of considerable concern and interest currd8}ly[4] and of major concern when projected to the
future [25]. To increase aircraft noise acceptatioe,annoyance aircraft noise causes thereforéohas
reduced. This implies those components of aircreffise that particularly contribute to listeners’
annoyance have to be able to be identified andttieghso that aircraft, engines and flight procesiu
can be designed that ultimately produce minimalogance. The societal benefits of this approach will
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result in economic savings as well, both at artrainsport level — by allowing air traffic to expatal
meet the projected worldwide demand, but also atil@naft level by aiding in identifying and prevamy
adverse sound effects at an early stage inhereniliesign.

The issue of increasing aircraft noise acceptasciiréctly connected with how aircraft noise isegsed.
Changes in individual aircraft noise spectral cbemastics can affect its perceived annoyance tging
extents. As such, improved metrics are requiretidhpture the various characteristics of aircrafta in

a superior way to the currently used metrics. bteoto do so, it is firstly necessary to clearlgritfy the
deficiencies in metrics currently used to asseszadi noise such that other improved metrics can b
suggested which correspond better to the annoyaxmerienced by residents and may be more suitable
for designing low annoyance aircraft in the futuke.such, a brief analysis of the currently usedricse

in the aerospace industry is presented next, feltbvoy an identification of some aspects where
improvements might be necessary.

2.1 Currently used metrics in the aerospace industry

Several metrics have been used in the aerospacstipdor aircraft noise assessment and different
approaches over the years led to different metbing developed that would better reflect human
response to the aircraft noise signatures [26]haf time. These metrics range from loudness based
weighted Sound Pressure Level (SPL) metrics, amuzydased Perceived Noise Level (PNL) metrics
and average level metrics both for single evenés §ingle aircraft movements) as well as for rpleti
events taking into account cumulative aircraft mogats over a certain time period.

2.1.1 Loudness based weighted Sound Pressure Lenwdtrics

The most commonly used weighted SPL metrics usdldraerospace industry are the A-weighted and
C-weighted sound pressure levels.

1. dBA or A-weighted SPL

The A-weighted SPL, also referred to as the dB(Asimply dBA metric, has been widely used for
community noise assessment of all forms of outéemironmental noise including noise due to différen
forms of transportation such as road, rail andraftcIts widespread use in the noise and acoustic
community in general and the various measuremesttuments available which measure A-weighted
SPL values (such as simple sound level meters)latsto the use of the dBA metric in the aerospace
industry. The A-weighting of the dBA metric was ééped to approximate the fact that the human
hearing system perceives high frequencies as lotidar low frequencies. As such, the A-weighting
applies a large reduction to low frequency nois¢hst the higher frequencies are more highly weidht
than low frequencies below 500 Hz when assessiigg nmpact. The weightage is applied to individual
frequencies and is shown for the 1/3 octave fregesrin Table 2.1 for both A-weighting as well as C
weighting.
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Table 2.1: A- and C-weighting for 1/3 octave fregeye bands

1/3 octave A-weighting C-weighting 1/3 octave A-weighting C-weighting
center correction [dB]| correction [dB] center correction [dB]| correction [dB]
frequency [HZz] frequency [Hz]

5C -30.2 -1.3 80C -0.€ 0

63 -26.2 -0.€ 100(¢ 0 0

8C -22.t -0.E 125( 0.€ 0

10C -19.1 -0.3 160( 1 -0.1
12t -16.1 -0.2 200( 1.2 -0.2
16C -13.4 -0.1 250( 1.2 -0.3
20C -10.¢ 0 315( 1.2 -0.E
25C -8.€ 0 400( 1 -0.€
31t -6.€ 0 500( 0.5 1.3
40C -4.¢ 0 630( -0.1 -2.C
50C -3.2 0 800( -1.1 -3.C
63C -1.¢ 0 1000( -2.E 4.3

The A-weighting was chosen to approximate the 4@npéqual loudness curve from the equal loudness
contours shown in Fig. 2.2. Since the equal louslreemtours show that different SPL values will be
perceived to have different loudness dependingheir frequencies, a simpler approach was sought by
the industry to be able to express the overallha@sd of a spectrum with a single number and thghé@
curve was chosen as a reference for this purpdss.rélatively easy single value estimation of tieta
loudness was readily accepted by the industrylfauadoor noise assessment purposes, includintpdy
aerospace industry. Another reason for the populafithe dBA metric is the fact that it shows rois
impact in numbers that are always lower than vaBresvn in dB [27]. As lower numbers correspond
better to the feeling of lower loudness psycholaliyc the industry is hesitant to depart from ites0
easily.
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of 40 phon loudness curve with A-weighting usedtfer dBA metric (right)
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2. dBC or C-weighted SPL

The C-weighted SPL or the dBC metric has also lnsed for the assessment of community noise around
certain airports [28], [29] especially to focus lomwv frequency noise during takeoff operations. The
weighting does not penalize low frequency noiséighkly as the A-weighting and rather gives a small
penalty to high frequency content above 4000 Hacé&ihe dBC metric does not reduce low frequency
noise values, it has been found to better corresportommunity annoyance when the noise signatures
are dominated by low frequency components suchhaset emanating from the jet. Furthermore,
vibrations experienced in houses in airport vigdsitare caused solely by noise below 250 Hz [2€]] an
the dBC metric hence also corresponds better thardBA metric in estimating noise induced house
vibration thresholds. The C-weighting was developedapproximately follow the 100 phon equal
loudness contour and was thus envisioned for assegsand measurement of louder noise levels than th
dBA metric.

3. Sound Exposure Level (SEL QL

Another metric used to describe the noise impactidle aircraft movements is the Sound Exposure
Level (SEL), which integrates the noise impact BAdfor a single aircraft movement over the duration
for which the noise impact is within 10 dBA of theximum dBA value. A normalizing time constdnt

of 1 second is then used according to Eq. 2.3ltmlede the SEL value in dBA:

-
Ly $%& ()r,s $ 0124 5

Here, Lae is the SEL valuel(t) is the time-varying noise impact in dBA during theurse of a
movement and; and t, specify the time-interval during which noise impas 10 dBA below the
maximum dBA valueLama The SEL value is thus intended to corresponchéodonstant sound level
which has the same amount of acoustic energy ec@rsl as the whole noise event. The SEL metric has
been used not just for aircraft noise but alsmfber forms of transportation noise such as roadraih

2.1.2Annoyance based Perceived Noise Level metrics

1. Perceived Noise Level (PNL)

The perceived noise level metric was developed Iy, Kryter [30] in the 1960s as part of effortstioé
Federal Aviation Authority (FAA) of the US to dewgl a metric describing the annoyance experienced
by residents living in airport vicinities [31]. Thgoal here was to develop a means of certifyingrafit

for noise, an aspect which till then had not besm @f the aircraft certification process [32]. Approach
similar to the development of equal loudness cast@kig. 2.2 (left)) was followed and it was reasdn
that listeners perceive complex sounds containigd frequency components as more annoying than
solely pure tones [33]. As such, a new annoyanate sanalogous to the loudness scale was developed
using psychoacoustic tests carried out on listeimertgst environments for the ‘noisiness’ of aiftra
sounds. This annoyance scale when described nead given the unit afioy (analogous to the linear
loudness unit sone) and the overall noy value cbelcconverted into the logarithmic perceived noise
level PNL in units of Perceived Noise decibel, PNdBalogous to the logarithmic loudness unit phon).

The equal noisiness curves developed for the PNtrieneshown in Fig. 2.3) correlate the perceived
noisiness or annoyance experienced by listenertgsn environments to the level and frequency of
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complex sounds. A sound with random variation &spure over time centered at 1 kHz in the 1000 Hz
1/3 octave band with an SPL of 40 dB was chosehesgeference sound for creating the equal noisines
curves. The goal was to obtain a single value feogiven spectrum (1/3 octave or octave) represgntin
the annoyance in PNL, which was performed quitgkimsing Eq. 2.4 and 2.5.

6 7 g0 ;$< =8575?7 g0 A
. (CDE+o F
B6! A$, w <

Here, nmay is the maximum noy value in the spectrumis the noy value of thé" band andm is the
number of 1/3 octave bands, which together prodoeeverall noy valud\. In Eq. 2.4, a multiplication
factor of 0.3 instead of 0.15 is used for octavedsaEq. 2.5 indicates that when the overall nessror
annoyanceN in noy doubles, then the PNL value increases bi?N@B. Furthermore, depending on the
spectral distribution, two sounds with the same r@VeSound Pressure Level (OSPL) value, or A-
weighted OSPL (OASPL) value in dBA, can have veaffetent annoyance values expressed in PNL [6].
This observation indicates that the PNL metric wasmprovement over previously used metrics when
trying to capture spectral influence on annoyance.
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Figure 2.3: Equal noisiness curves used for PNtutation

2. Tone-corrected Perceived Noise Level (PNLT)

After comparing the PNdB values with listener testults, it was reasoned that certain aspectsabéi
sounds hadn'’t been fully captured by the PNL metrid further improvement of the metric was sought.
The human hearing system is very sensitive to teegmce of discrete tones in a sound and can neglec
broadband sounds in neighboring frequencies iftangs are detected in a particular band. The Featt t
the presence of discrete tones in otherwise broablsmunds makes the sound perceptually more
annoying [34], led to the addition oftane correctionto the calculated PNL value. The Tone-corrected
Perceived Noise Level (PNLT) metric was intendedpproach the annoyance caused by aircraft noise in
an improved way than the PNL metric and a tonahftgrwas added to the PNL values if the presence of
a strong protruding tone in the spectrum was detiecthe tone correctiol is added to the PNL value

to obtain the value in PNLT according to Eqg. 2.6:

B6!G B6!;H I
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The PNLT metric is based on 1/3 octave speatta=(24 bands) and the value G6fdepends on the
frequency as well as level of the strongest pratgidone found in a 1/3 octave band, considering
frequency bands from 80 Hz to 10000 Hz. The Effectterceived Noise Level (EPNL) metric, which
involves a time integration of the PNLT values aitd for each time-step of 0.5 seconds, is used for
certification of noise and combines the individugffects of broadband and tonal aircraft noise
components. The unconventional sound quality netiiso attempt to do the same (as will be explained
in detail in Chapter 6) but in an alternate mortailed manner. In order to identify the areas whbee
EPNL metric could be improved and to allow a cleamparison with the alternate sound quality metrics
the procedure for calculating the PNLT values Wwél described in detail in this subsection. The PNLT
and EPNL calculation involves ten steps in totddial will be explained now.

The first step in calculating PNLT values is toccdhte the changes in SPL or the slopesf the
spectrum in the 1/3 octave bands, starting witl8thelz frequency band € 3):

5 6& IJK%LM
N OB N?OB! N? P N AP<PQP A R

wheres is the change in SPL or the slope in dB aistthe third octave frequency band index. The séco
step involves identifying and encircling (or marwgirthose slope valuesfor which the change in slope
swhen compared to the previous third octave bamges{i - 1) is greater than 5 dB:

I NS SN? N? SU< \%

Three checks are then made for the encircled slajpess, based on which the origin@PL(i) values are
marked or encircled:

i. If the encircled slope valugi) is positive and algebraically greater than thevimus slopes(i - 1),
thenSPL(i) is encircled.

ii. If the encircled slope valugi) is zero or negative argfi - 1) is positive, theiSPL(i - 1) is encircled.
ii. For all other cases than i. and ii., 8BL(i) or SPL(i - 1) values are encircled.

In the fourth step, new adjusted sound pressureld&PL(i) are obtained according to the following
three sub-steps:

i. For the non-encircled sound pressure levels, thestdl sound pressure levels are set equal to the
original sound pressure levels i.e. they remairhangedSPL(i) = SPL(i).

ii. For the encircled sound pressure levels, the ngustdi sound pressure levels are set equal to the
arithmetic average of the preceding and followiagral pressure levels i.e.:

OBIWN ->OBIN? ;0OB! N; Y Y4

iii. If the SPL value in the 24(i.e. 10 kHz) third octave band is also encirclémn the adjusted SPL
value is calculated according to Eq. 2.10:

oBl A OBl 5 ; 5 $
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The fifth step in the calculation involves recablting the slopes &, including a slope for an imaginary
25" third octave band:

W5 WA \
[N OBIWN ;0OBILN? PN AP<PQP A ]
[ < OBW A A

In the sixth step, an arithmetic average of thjacent recalculated slopsgsis calculated according to
Eq. 2.12 for the 1/3 octave bands fror8 to i=23:

N -XWN;WN; ;WN; Y

In the seventh step, the final background 1/3 @ctaPL valuesSPL"(i)) are calculated starting from
bandi=3 toi=24 using Eq. 2.13:

OB!WSV OB! 5 5\
oBllN OBIIN? ; N? P N AP<PQPA 5]

The eighth step involves the calculation of théedédncesf(i) between the original SPL values and the
final background SPL values i.e. the so-calledrp=ion level:

N OB! N? OBIWWN A

The maximum tone correction factor from all theg@orrection factor€(i) computed for the protruding
tones, is then the final tone correction fac@othat is added to the overall PNL value to obtag RINLT
value according to Eq. 2.6. Only differend€s) greater than 1.5 dB are considered as relevarthéor
annoyance computation (this value used to be 3JldiBa 1970s [6]) and the tone correction factG(g
are calculated according to Table 2.2 in the nabép.

Table 2.2: Tone correction factofs depending on frequency and protrusion lekel,

Frequencyf Level difference | Tone correction
[Hz] F [dB] C [dB]
50 f<50( 15 F<3 F/3- 0.t
3 F<20 F/6
20 F 3.333
500 f 500( 15 F<3 2F/3-1
3 F<20 F/3
20 F 6.667
5000 <f 15 F<3 F/3-0.E
10000 3 F<20 F/6
20 F 3.333
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3. Effective Perceived Noise Level (EPNL)

Another factor that could affect the annoyance ggpeed by residents due to aircraft noise was éeem
to be the effect of duration [35]. It was reasobgdhe industry experts and FAA representativesttiel
effect of annoyance would be enhanced the longerasidents were exposed to close to maximum PNLT
values in the event of an aircraft flyover. Incaigtmn of a duration correction was then the faddlition

to the PNL metric that would ultimately yield a gia value measure for the annoyance caused bya#iircr
noise for a single event (single departure or agpgrdlight movement). Fig. 2.4 describes how theeti
integration for the duration correction is carrimat, with PNLT values 10 PNTdB below the maximum
PNLT value integrated for the aircraft movement anein normalized for a 10 second interval, in a
similar way to the time integration performed fhe tSEL metric.

Noise (PNLT)

% Noise Noise
radiated radiated

forwards rearwards

T T T T Top 10dB of
7 total energy
by accounted in

EPNdB unit

Aircraft
overhead Background

A -

Time

Figure 2.4: Duration correction for final EPNL calation [6]

The duration correctio® is calculated according to Eq. 2.15, leading ftnal EPNL value using Eq.
2.16.

a $%& (Feq$FTef( g?B6IGh? 5 <
iB6! B6!Gh;a |

In Eq. 2.15k is the index for each time-step, given a standatde of 0.5 seconds for the certification
processd is the time-interval for which the tone-correcteerceived noise level value is 10 PNTdB
below the maximum valuBNLTM for the movement in consideration. The value 18htained due to
normalization for the 10 second interval i.e. 1Q§@5/10). It can be mentioned here that for takeoff
procedures, the duration correctiorat the flyover location 6.5 km from the point ake release will in
general be positive due to a longer flyover duratiban the 10 seconds used for normalization. For
approach movements at 2.3 km before touchdown¢dhection will usually be negative as the flyover
duration over the approach point is usually shdttan the 10 seconds due to the much closer locatio
the runway.

-13 -
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2.1.3 Multiple event average level metrics

In addition to the single event noise metrics mumihmonly used in the aerospace industry, certain
multiple event metrics are also prevalent in mako@mmunity noise assessment due to aircraft
movements over longer durations of time. Theseiosetre intended to focus on residents living near
airport vicinities and how they are affected bye&ied aircraft movements over a specific time plerio
commonly 12 hours or 24 hours. The goal of usirdnsuetrics is to take into account, besides thecedf

of level, spectrum and duration also the effecthef background or ambient noise level, which varies
over the course of the day and can also affectiaeh the residents are annoyed.

1. Average or equivalent A-weighted sound levgl{$

The SEL values mentioned in Section 2.1.1 for esiolgle event can be summed energetically for a
specified time period to obtain an average or equivalent sound leveltfat period of interest. Eq. 2.17
shows the relation used for thg., multiple event metric calculation:

!"jkP* $%&' ( :E@$d.l mf( ? $%&'( G R

whereN is the number of events in the time periodndLag(j) is the SEL value for th¥' event. It was
found during studies of noise exposure around Eaomirports such as Heathrow in the 1960s [3@] tha
Laeq v COrresponded satisfactorily to noise exposure tmreger durations of several hours and also to the
sleep disturbance during night time, which depemdin the airport is usually from 2200 or 2300-0700
hours.

2. Day-night average level f)

The day-night average level (DNL) apy was proposed by the US Environmental Protectioen&y
(USEPA) as a suitable noise descriptor for communitise impact and a correlation bfy with
percentage of highly annoyed people was demondtiateSchultz [26]Lpy is @ metric similar tdaeq

in that it also uses the integrated SEL values specific intervals rather than instantaneous akgevel
values but adds a 10 dBA penalty (i.e. a doublihgeyceived annoyance) to the average A-weighted
sound level when the background or ambient noisgpgcted to be low, such as during night times.

u+0

e $%&' ( 0) < q$70s;Z q$ 0 s Vv

In Eq. 2.18,L is the average A-weighted level during the dayetif@700-2200) andy is the average
level during the night time, both of which can laécalated using Eq. 2.17.

3. Day-evening-night average levelgy)

An extension of the DNL metric was proposed in Pperafter studies indicated that besides noise
intrusion being more severe during the night, theneng period was also an influencing factor asas

the time when the residents would be trying to #aleep and any disturbance would prevent them from
doing so. As such, as indicated in Eq. 2.19, aradetm for the average A-weighted level duringnéve
time (1900-2200) is added to the calculation, waithaddition of a 5 dBA penalty.

-14 -
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Several other metrics are also used by various &igaort authorities around the world, such asNoése
and Number Index (NNI) in the United Kingdom (UKndaNoise Exposure Forecast (NEF) in Canada
being a few known examples, which use the PNL metnd EPNL metric as their basis for averaging
over specified time intervals respectively. Thesarios will not be described here for concisenass a
detailed information regarding them can be founiitémature.

2.2 Deficiencies in currently used metrics and scegdor improvements

Several metrics were described in the previousisedhat approached the subjective response of
residents to aircraft noise in different ways, eithy approximating loudness or annoyance estimaged
psychoacoustic surveys. The goal of these metsige be able to quantify the subjective response of
people to aircraft noise in the best way possidleh that a higher acceptance of aircraft andraific

can be achieved when these metric values are rédBgemaking use of metrics that can capture the
varying characteristics of aircraft and engine adisat actually contribute to the resident’'s permeei
annoyance, aircraft can also be designed that ridaiannoyance.

The focus of this dissertation is on annoyancesassent during aircraft design, and therefore ogeisd
metrics that can capture aircraft design changesatiresponding noise impact values. Cumulativeenoi
metrics such ad eqr Or Lpen aren’t suitable for this purpose as they requeeesal (hundreds or
thousands) flights to be assessed over a fullwily,the noise impact averaged over different tapans.
Since different aircraft types fly over the coudcea day, the individudlp, Le andLy values for the day,
evening and night periods reflect noise impact didfferent aircraft arriving in or departing from an
airport’s airspace. As such, any changes in timeutative metrics can at best only partly be attebiuto

an individual aircraft design change and the chdngbe cumulative metric value due to an individua
design change will be reduced even further wherragesl over several flights. Furthermore, no
consideration of tonal content or low and high frexgcy noise division is made in these metrics ahds
never been satisfactorily explained why a somewahbitrary universal doubling of annoyance (10 dB
increase) is applied to the night time values f8.such, it is debatable if theeqr0r Loeny metrics even
sufficiently correspond to aircraft noise annoyaf®4, [38] as they neglect important charactersif
aircraft noise andaveragethe values over multiple flight events. It is reasd therefore that noise
information averaged over thousands of flights st metrics does not reflect reliably any aircraft
design changes or also flight operation changes.fdtus here will hence be placed on single eveisen
assessment metrics.

Looking at the loudness based single event metrath, the dBA and dBC metrics are quite basic roetri
that attempt to approximate human response toadtinsoise using single loudness curves. They neglec
the many complexities of aircraft noise such aluérfce of tonal content, spectral balance or thetfeat
aircraft noise will have varying loudness impagpeleding orbothits level and frequency, not frequency
alone. This is based on the fact that aircraftendis most situations will not correspond to a 4@
loudness level curve as such low loudness levelg@nerally not observed in reality in airport mities
[39].
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The 100 phon loudness curve used for the dBC mleggmn the other extreme, representing respanse t
very loud noise. The use of the dBC metric is highthited as several noise components such asrdn a
low pressure (LP) turbine tones are present at figfuencies (1000 Hz and above) and this makes the
dBC metric unsuitable for the complete aircraftseaspectrum range produced over various enginetthru
settings. The use of the dBC metric has therefaiite qightly been limited, primarily to assess low
frequency noise during start of takeoff. The dBAtmgeon the other hand has been used extensively fo
aircraft noise community impact analysis althouglisiknown to be a poor indicator of experienced
aircraft noise annoyance [9], [10], [11]. In gedemdBA values present a correlation with relative
loudness in a simple and easy way but the metiés dot take into account various complex but ptesen
aspects of aircraft noise sound quality. It istfos reason that very different sounding spectith wery
different subjective perceptions can have the sdiB#e value. An improvement over the dBA metric can
be seen as necessary if community noise impactaddiéferent aircraft, engines and flight proceduie

to be expressed in a more comprehensive and aeauagt

The annoyance based single event metrics, namely PNLT and EPNL are definitely a step forward
compared to the simpler dBA, dBC and SEL metridse PNL metric takes into account the fact that
subjective response to aircraft noise varies bath thie level of the sound as well as with frequerzy
making use of the equal noisiness curves. Althazmhplex sounds (i.e. broadband plus tonal sounds)
were used for creating the equal noisiness cuthiesspecific presence of tones was not fully carsd

and the PNLT metric was thus designed to captueetahal contribution to annoyance. Although the
PNLT metric does provide a tonal penalty to the RMlues, it does this in a relatively basic wayeTh
following deficiencies or aspects can be identitieat can be improved upon:

i. Only two divisions in the spectrum are made to antdor different impact of the tones — between
500-5000 Hz tones carry a higher penalty and bé&d®@ Hz or above 5000 Hz tones carry a lower
penalty. This is a very broad and simplistic dietsiand doesn't take into account many frequency
dependent sensitivities of the human ear. It isembirely accurate to say that a 1000 Hz tone would
be perceived exactly as annoying as a 5000 Hz tone.

ii. Only tones that protrude by at le&sequal to 1.5 dB are considered in the calculatthpugh when
listening to sounds of aircraft noise, tones tt@t'dprotrude significantly above the broadbandseoi
are not always completely masked and can stilluokode.

iii. Tones below 500 Hz are given low tonal correctiactdrs and are regarded as low contributors to
annoyance. Low frequency tones however can comgritignificantly to annoyance if they have high
magnitudes, as low frequency tones are absorbedlydy the atmosphere compared to high
frequency tones. This is the case for instancerfopeller and turboprop engine noise, as well as th
of CROR engines, which are expected to enter tdesitny in the coming decades according to
Airbus and Snecma [40]. The tones of these endiaege their highest magnitudes at frequencies
below 500 Hz (due to their low blade numbers anhtimn speeds), which makes them more
prominent for residents on the ground. Current Vegh bypass ratio geared turbofan engines, which
have larger fans with lower blade numbers thatteotd slower speeds, also have their fan Blade
Passage Frequency (BPF) being pushed to lowerdneigs than what was the case for lower bypass
ratio engines of the 1960s. With a view towardsifeitaircraft engine sounds, it would be important
to have a metric that better incorporates the aamogy of low frequency tones.
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iv. Another aspect not captured by the PNLT metrichesriumberof protruding tones present in the
spectrum. The PNLT metric bases the final tonatemion factor only on the single most protruding
tone, neglecting other tones and harmonics that loeagresent in the spectrum and could affect the
annoyance perception. This fact had also been néimedy during the creation of the tone-correction
factor by certain studies [32].

v. It was also found in studies carried out for Paatd Whitney and Boeing [41] that the tone
corrections as computed by the PNLT metric weraallgt half of what would be required in order to
match the subjective response of listeners to afircnoise recordings. Tones that protrude
significantly above the broadband noifegfeater than 20 dB) are given the same constaattyeof
either 3.33 or 6.67 dB. The tonal penalties ardimes thereforetoo low and may lead to an
underestimation of the perceived tonal impact. ™uepe for improvement to the tone-correction
calculation was hence also recognized for the egelyeration aircraft and engines of the 1960s,
albeit only in test environments using recordedrait noise.

It can be argued that a 1/3 octave frequency réeanlis too broad and may not suffice in capturatig

the tonal information such as number of tones adividual tone magnitudes in detail. For aircréftrig

with turbofan engines, the tones (with the exceptibbuzzsaw tones explained later) will for mostes
have a large frequency separation, exceeding thévidth of a 1/3 octave band. For the assessment of
propeller or turboprop aircraft however, which haxevery large number of tones populating the
spectrum, a narrowband division of the spectruml Wi necessary and tonal impact may be
underestimated by only looking at 1/3 octave baAdsthe focus in this dissertation is kept on tdabo
engine aircraft, a 1/3 octave resolution is maigéifor the analysis carried out. The alternaterioget
which are suggested in later chapters are howeagalde of functioning for narrowband spectra jisst a
well.

The incorporation of the effect of duration viaeigtation over time of the noise metric values waithi
specific range of the maximum value is one thattwhrough considerable discussion as the EPNL
metric was being developed [32], [35]. It was irmdéd by some studies that a duration correctioiit, as
was implemented for the EPNL metric, could in feedluce the accuracy of the subjective ratings and
could increase the error in correlation of objextikesults with subjective ratings [42]. A similar
integration over time is also performed for the Sk&étric as mentioned in the previous section. ltildo
appear that a similar approach to the EPNL calicuiads for the known and accepted SEL metric was
chosen as a safe way to account for the duratictorfawhich many studies showed to be important
although with some contradicting results from otberdies [42]. As no better method of incorporating
the effect of aircraft flyover time over an obserlaeation was proposed, the EPNL calculation agiogy

to Eq. 2.15 and Eqg. 2.16 was accepted by the FAK.However somewhat arbitrary that the calcufatio
is normalized to a 10 seconds interval and it$s alot fully clear why the maximum value is suhtiedc
from the time-integrated PNLTdB values.

In general, it can be said that, as was arguethéocumulative metrics such as DNL, an integratibthe
values over time can remove the effects of indigldthanges which may occur during the course of the
flight procedure. It has been found from psychoatiowstudies carried out both in the United Stf4&$

and in Europe [44] in the years following the EPMietric creation that the human response is affected
more by the values that lie close to the maximuchame maintained for a short while, rather thamesl
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statistically averaged over a certain time-spanhds been shown for instance that rather than the
maximum value itself, a value below the maximumueakxceeded and maintained for 5% of the
exposure time actually presents the best correlatiith the experienced subjective annoyance. New
metrics that involve a time averaging over longerations will therefore not be analyzed in this
dissertation as this can lead to shorter term &ffleeing neglected or being artificially averaged! dt is
important from an aircraft design perspective taabke to foresee any worst case impact that mayrocc
over any flight step (here every 0.5 seconds) dua variation in thrust setting, flap or slat sejtfor
instance, and not lose this information by inteégrabver longer durations.

It can be noticed that the majority of the metdescribed in Section 2.1 were developed over Jiftgrs
ago, for aircraft that were on the whole much loudeith dominating broadband jet noise, and
components such as fan tones and airframe noiseuoh lower importance than what can be heard
today. The metrics were developed using knowledygk expertise which for that time represented the
state of the art in aircraft noise assessmentaleitstill being extensively used today the worl@rov
Much more detailed knowledge regarding human respada aircraft noise has been accumulated since
the time these metrics were developed and manyefdeficiencies identified in this section can be
improved upon by applying the knowledge that hatscquired over the past decades.
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3 Current state of the art

It is useful to look at how various organizatiorss/é attempted to capture the complex charactevisfic
aircraft noise in a better way than via the conegral metrics currently used. Furthermore, it isoal
useful to look at how organizations have attempodihk the improved aircraft noise assessment tith
aircraft design process, which is one of the goélthis dissertation. Looking at the state of theia
these fields gives an indication of which approachave so far been successful and where there is a
current scope for further research and analysis.aiim of this dissertation is to build on the cotrgtate

of the art in aircraft noise annoyance assessnmahita incorporation in the conceptual aircraftiges
process. As such, all the major organizations @natcurrently working in these fields and theievgint
results which led to the foundations being devedofer the current research work will be briefly
summarized in this chapter.

3.1 State of the art in aircraft noise perception

With regards to research on the perception of &ircroise and development of improved metrics,eqait
few organizations both in Europe and the UnitedeStdUS) have performed several psychoacoustic
surveys with a variety of test-audiences over thay since the 1960s. In particular, advancesgitatli
signal processing techniques [45] have made itilpes$or simulations of aircraft noise to focus on
individual aspects and characteristics of aircnafse which could not have been isolated fifty gezgo
using solely recordings of aircraft noise. Thedi®f psychoacoustics, which in the 1960s was in its
infancy has also progressed immensely, with exqeeréind theories being developed that can more
accurately predict human response to sounds haeingvaried characteristics [44], [46].

In the past years, several studies such as [9], [10], [47] showed that the commonly used metsash

as dBA were inadequate predictors of annoyancpaiticular for sounds containing high levels of low
frequency noise due to the negative weighting wfflequency noise values from the 40 phon curvel use
by the dBA metric, and also for sounds that comt@iprominent tonal components [12], [15]. The tonal
correction factors used in metrics that currenttgrapt to account for tonal components in aircrafise
such as PNLT and EPNL have also been found to safficient in accurately describing the actual
perceived tonal impact, as was explained in theipus chapter. Two studies on aircraft noise pdrorp
are of particular relevance for the research waorthis dissertation — the study of Angerer et atried
out at the Boeing noise laboratory [48] and thatlofe et al. at Purdue University [43], carried gaty
recently. These two studies and their major resuiltshus be briefly described in this section.

It was reasoned by Angerer et al. when investigatite annoyance experienced by passengers due to
aircraft noise within the cabin that the currentlged metrics for aircraft noise assessment were
insufficient to meet the future needs of aircragsigners and of the airline industry. Their studkjch
involved psychoacoustic surveys of test sounds wittying spectral characteristics, indicated that a
different approach would be required to assesgadirnoise, particularly in view of the advanced
turboprop CROR engines that were being testederate eighties and early nineties, which haveeagiin
focus again in recent years. Since the tonal conteruld be much more prominent in the spectra
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produced by these engines, it was reasoned thatmmavics would be required that would capture the
different spectra in a better, more holistic way.

In the study of Angerer et al., the research ofe&ud9] and Zwicker [44], [50] on the perceptiordan
acceptability of sounds was regarded as the mggtdband correct approach for capturing aircrafsa
characteristics, as it focused on the elementargepéual features of sound to explain and model how
acceptable a sound is perceived to be. The apprtagh into account many identified individual
characteristics of sound and made use ofsihwend qualitymetrics, each of which described specific
characteristics of sound and furthermore, quanitiffee individual characteristics, which made theie
very suitable fosound engineeringurposes. These metrics were partly developedviigkér [44], [51]
and Aures [49] as well as by other researchersychmacoustics such as von Bismarck [52] over séver
decades of research on perception of product so@®l®ral other studies such as those by Schaif et
[14], [53], Hellman et al. [10], [54], Genuit et §89], and more recently Berckmans et al. [17jehalso
incorporated the use of sound quality metrics tiimede the perceived annoyance of aircraft noise to
varying extents, though they did not make uselahel sound quality metrics in a comprehensive agy
was done by Angerer et al. The sound quality metuged in the study of Angerer et al. were loudness
sharpness, roughness and tonality, which can teede#s follows
i. Loudness Loudness is defined as the subjective perceptibrthe magnitude of a sound and
corresponds to the sound’s overall intensity. i imeasure which is relevant for all sounds (nstt gdi
aircraft noise) and has been shown to be the laogedributor to the perceived annoyance of aitcraf
noise by various studies such as [16], [55].
ii. SharpnessSharpness is a measure of the high frequencgrbaf a sound and can be a useful metric
where the sound is dominated by high frequency corapts [56].
iii. RoughnessRoughness is the unpleasant sensation producesbdnyds containing rapid amplitude
fluctuations in the order of 15-300 Hz [49], [44].
iv. Tonality. Tonality is a measure of the perceived strendtbnmnasked tonal energy present within a
complex sound [49].

These sound quality metrics and how they can bdemmgnted for performing aircraft noise annoyance
assessment will be described in more detail in @hmaf The results of the study indicated that #mp
energy summations via OSPL and dBA metrics didauotelate to annoyance as well as the loudness
based sound quality metrics. It was shown thatsdmme dBA value could be obtained for different
loudness values and an increase in loudness ceuptdaluced even though the dBA value would have
decreased. It was shown in the study that theedéaorrelation between experienced annoyancehand t
investigated metrics was shown by tleeidnessmetric. The second most prominent correlation was
observed between the experienced annoyance atohiléy of the sounds. This was an important result,
which was specific to aircraft noise sounds and@dbeen accounted for by studies which had fatuse
on other product sounds. The study found no clearelation between annoyance values and the
sharpness and roughness metrics. Based on thésrefthe study, Angerer et al. proposed an anragy/an
model which was a function of the loudness and lignaf aircraft noise, which yielded a prediction
accuracy superior to that of the dBA metric. Theeation found between the annoyance of listeirers

" One sound quality metric not considered in thestwds fluctuation strength, which is a measure of
slow fluctuations in loudness of the order of 1HA measured in the unit of vacil.

-20 -



Chapter 3. Current state of the art

test environments and the loudness and tonalityegabf the tested interior noise sounds is showkign
3.1
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Figure 3.1: Correlation of aircraft interior noigenoyance of listeners in test environments to the
loudness (left) and tonality (right) of the souffidsn [48]. Tonality is defined from 0 — 1 tonalityits

(t.u.).
The results of the above mentioned study were tealik valid for aircraft interior noise, but covéra
sampling space of sounds over a wide range of leggjrtonality, sharpness and roughness valueshwhic
could also be experienced for aircraft exteriorseadf aircraft propelled with both turbofan and GRO
engines. As such, the results are still of higlevahce for the research work in this dissertatidmch
focuses on aircraft exterior noise impact.

The second important study on the influence ofraftcmoise sound quality ocommunity noise impact
was carried out recently by More et al. of Purdunversity [43], as part of the PARTNERroject. This
study built on the findings from previous studibattfrom all the sound characteristics contributiog
aircraft noise induced annoyance, loudness wasstitoemgest contributor [16], [55], [48]. It was also
known from studies by Vastfjall et al. for instanf&¥] that two sounds having equal loudness but
diwerent levels of other sound characteristics cowolgnd significantly diverent and thus yield very
diwerent impressions of the perceived sound quatitywak thus likely that other sound characteristics
addition to loudness alsomvacted people’s subjective response to aircraftenas was indicated by
Angerer et al.’s study. More et al. investigatechgsauralizations of aircraft noise (i.e. synthedigral
simulations [58]), the influence of the variousceaft noise sound characteristics on listenerstqged
annoyance. The range of loudness, sharpness, resglamd tonality variations was based on 40 aircraf
noise recordings measured at two US airports, ifdt aircraft takeoff and approach operations. The
auralizations used in the study were based ondaberded noise of these aircraft, created usingtispbec
decomposition of the tonal and broadband noise ocoemts [59]. The individual sound characteristics
were in this way varied within the range of meaduvalues obtained from the recordings, and used
subsequently for subjective testing using psychostio surveys of test listeners. The overall gddhis
study was to develop a model for predicting theogance caused by aircraft noise in communities
around airports more accurately than the currartgd metrics and models.

One model that has been used for predicting the@yamte of product sounds is Zwicker and Fastl's
Psychoacoustic Annoyance (PA) model (cf. Eq. 33)-Bl4] which incorporates loudneds)( sharpness

" PARTNER — Partnership for Air Transportation Nagsel Emissions Reduction

-21 -



Chapter 3. Current state of the art

(S, uctuation strength F) and roughnessRj of the sound, but not its tonalityK). Since tonal
components do not play as strong a part in theyamu® caused by most household products, the effect
of tonal components was said to be accounted &metiproducts solely by the loudness. In Eq.18$1s

the loudness value exceeded for 5% of the times the sharpness weightage term given by Eq.r82 a
Wer is the roughness and fluctuation strength weightagn given by Eq. 3.3.
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As tonal content is however a very important facaffecting aircraft noise annoyance, this model
therefore would not be immediately suitable for laggpion to aircraft noise. The study of More et al
showed that a modified version of the PA model Exf. 3.4), which included the effect of tonalityg(E
3.5), yielded the highest correlation with subjeetiests results. The results of the study weresgsdrat
similar to that of Angerer et al. in that loudnessl tonality were found to be the two most relevant
factors that contributed to the experienced annogaRoughness was in this study also found to be a
possible relevant factor towards annoyance, althdtggcontribution to the experienced annoyance was
found to be of a much lower extent than loudness tanality. The reason for roughness being found
somewhat relevant by More et al. could be attrithute the fact that propeller noise recordings, Wwhic
have much higher roughness values than turbofaimerrcraft, were included in the 40 aircraft mois
recordings used as a basis for performing the noegghvariation. Although only auralizations of tfen
engines were ultimately used while performing tbessys, the range of roughness variation of the tes
sounds thus included higher roughness values tieatygically observed for turbofan engine aircraf.
seen by Angerer et al., no correlation between yamme and sharpness or fluctuation strength wasdfou
in this study either.

Bxgp 6 yz:{t (;f |yt |~ ;F |«€ 5A
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In Egs. 3.4 and 3.RA.qis modified Psychoacoustic Annoyance andis the added tonality weightage
term, based on the psychoacoustic survey resuttseistudy of More et aKs in Eqg. 3.5 is the tonality
value exceeded for 5% of the time and the coeffisie (i = 0,1,2,..,5) are empirical coefficients obtained
from a best fit curve for the modified psychoac@uahnoyance model results and subjective annoyance
ratings from the surveys.

Further work on perception of aircraft noise ofexglnce to this dissertation has been done by the
National Aeronautics and Space Administration (NA®#Athe US and the Dutch Aerospace Laboratory
(NLR) of the Netherlands, by making use of aircraftise auralizations and carrying out new
psychoacoustic surveys of the sounds of currentfatude aircraft. NASA has made synthetic audible
sounds of aircraft configurations expected to bedus the aerospace industry in the coming decades

-22 -



Chapter 3. Current state of the art

such as Hybrid Wing Body (HWB) [60] and aircraftopelled by CROR engines [61] as well as
Distributed Electric Propulsion (DEP) concepts [@rticularly for the latter two aircraft configiions

and concepts, NASA has identified a need for impdometrics that would capture their very different
sound signatures. NASA together with Purdue Unitielsas also investigated how synthetic rotorcraft
noise may be perceived by listeners and which osetsiould be best suited to capture rotorcraft noise
impact [63]. The NLR has focused on aircraft oferst by auralizing standard and noise abatement
procedures and using the auralizations for perfogniysychoacoustic surveys towards investigating
change in annoyance impact. White et al. for irs#amave investigated how noise abatement procedures
such as the Continuous Descent Approach (CDA) spard in terms of the annoyance they cause [64].
The NLR also performed a comparison of the soundyred by parametric models such as those used in
this dissertation and measured sound at noiseat@aints around Schiphol airport [65]. The diffeces
were seen to be low to reasonable when expresghd olBA metric although when comparing the audio,
clear differences in the sounds could still be die@his finding further hints at the need for usingtrics

that better capture the differences in sound preducy aircraft compared to current conventional
metrics.

3.2 State of the art in low annoyance aircraft design

Several authors in the past have included certifinanoise and level based community noise
considerations in a multidisciplinary aircraft dgsichain. Examples from literature are the works of
Caves et al. [66], Manneville et al. [67] focusioig assessment of HWB aircraft as well as the wérk o
Antoine et al. [68], which considered aircraft esiisis and costs parallel to certification noise aotp
Leifsson et al. [69] focused on airframe noise otidn during the conceptual aircraft design process
more recently Bertsch et al. [70] incorporated paatic noise models for low-noise conceptual aftcra
design analyses. Although the organizations meetion Section 3.1 have worked on the perception and
assessment aspects of aircraft noise, they haves madattempt currently to couple the annoyance
modeling with the aircraft design process. Thispimg of an annoyance modeling methodology with the
capability to design aircraft that could yield aaft designed to produce minimal annoyance to the
residents, is the goal of the research work indfgsertation.

Two major research projects which broadly attempbecover this and similar topics were the European
Commission (EC) sponsored’ &nd 7' Framework Program projects Sound Engineering Forrast
(SEFA) [71] and Community Orientated Solutions ténivhize Aircraft Noise Annoyance (COSMA)
[72] respectively.

SEFA was the first project of its kind to apply eduengineering methods to control aircraft exterior
noise. It involved the identification of least mekd characteristics of aircraft noise via sevistning
tests, definition of preferred or ‘target’ aircrafbunds, and development of aircraft design caitéor
obtaining the preferred aircraft sounds. The ir&jun for the project was based on widespread fise o
sound quality analysis and optimization for autdm®tapplications. Based on the results of
psychoacoustic surveys of test subjects, SEFA iitkshicertain acoustic and psychoacoustic paramsgeter
which could allow the simulation of a typical listr’s subjective response to individual aircraftseo
sounds. However, the prediction accuracy was dediméed to the recorded sounds that formed part of
the database used for the subjective testing andlittual response was not suggested to be apfditab
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any arbitrary aircraft. Target sounds were derif@deach aircraft type and airframe and enginegtesi

guidelines for each individual aircraft were dedvi® achieve its target ‘weakly annoying’ sound. As

such, design guidelines were developed only fomeadividual aircraft and global aircraft design
guidelines could not be derived at the end of tB&/S project. Nonetheless, some very interesting and
useful results with regards to aircraft noise souwplity optimization were produced, such as for
instance:

- It was found for a quad-engine long-range aircifadit a reduction of the buzzsaw noise components
(explained in more detail in Chapter 4) lead tgdabenefits for the perception of the aircraft gbun
during initial takeoff phase as less annoying, @ltfh they had only a minor influence on the overall
EPNL value. This led to the recommendation th#ef design LP spool speed was adapted (to reduce
severity of supersonic shocks which constitute bazznoise), then the sound quality would improve
and the sounds would be deemed more acceptabl@lté&mate option to achieving the same goal
would be to use a zero splice liner, as is seeth®iTrent 900 and -1000 engines used on the Airbus
A380 and Boeing 787 aircraft for instance.

- The effects of individual sound features such agdaes were found to depend to a large exterthen t
overall sound composition of a flyover event ilee humber and intensity of the other tonal and
broadband components present in the sound speca&rgarticular aircraft flight and engine setting.
This implied that the interplay between the différaircraft noise spectral components would have an
important influence on the experienced annoyance.

- The differentiation and scaling of aircraft soupdsved to be a very difficult task for typical ksters.
One of the reasons was that full flyover eventsewmglayed, which changed continuously over a
typical 40 second duration used during the testing.

COSMA was a follow-up project to SEFA and intendefilirtherance of the understanding of the effects
of aircraft noise annoyance near airports. COSM&u$ed not only on the design of aircraft, but also
the flight operations in airport vicinities for l@ring annoyance. It was reasoned for the COMSAeptpj

as for its predecessor SEFA, that besides redubigvel of aircraft noise, one possible way to reduce
annoyance around airports was to improve shend qualityof future aircraft. To focus on the sound
guality aspect, an interactive Sound Synthesis MacfSSM) was developed [73], which could allow
test subjects to adjust the sounds of currentadir¢o come up with sounds that they deemed less
annoying or more acceptable. Faders were emplogedhfs purpose for each major aircraft noise
component identified from COSMA field and laborat@tudies, using recorded and recording based
synthesized noise. The test subjects could thugnftance adjust fan and turbine tonal componests a
well as jet, combustor and airframe broadband caomapts to create a balance of sound that they
preferred to the original sound. These improvedhdeuwere then tested in comprehensive laboratory
studies to see how they were perceived in termanobyance when applied to complete takeoff and
landing procedures. The SSM had an automatic lasdegualizer programmed, which enforced the
overall loudness level to remain constant. This g@asd for normalization of the sounds, but prevénte
significant deviations from current aircraft soundlsereby restricting the scope somewhat of truly
investigating a broad range of sounds such as was bly Angerer et al. and also by More et al.

It was also found during the work for the COSMA jprt that analysis of several studies around atispor
in the past had revealed that only a third of tagance in théong-termannoyance judgments could be
explained by acoustic factors [74]. Many non-acioufictors such as the resident's mood, attitude
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towards aircraft noise and feeling of being inveolve the decision and policymaking process regardin
noise in their neighborhoods also played an imponale. These non-acoustic factors were seennyp va
from airport to airport and could also vary withettime of day when the residents were exposed to
aircraft noise. It was also stated that actingtmn ion-acoustic factors would produce faster redalt
long-term (i.e. multiple event) annoyance abatenaemt in increasing long-term acceptance of aircraft
noise, as noise reduction technologies typicalyuire decades before they can be implemented on a
commercial aircraft. Nonetheless, it was statetitducing aircraft noise and improving sound qyadt

the source would also confidently reduce the l@rgat annoyance experienced by the residents. In
cognizance of the metrics described in the prevahapter, it can be stated that the analysis o$tindies
which showed only a third of the variance was aotahle by acoustic factors had been carried otihdy
major European airports using thg., r metric. This metric, as was described in the mnevichapter, is

not a very suitable metric for predicting the armoge caused by individual aircraft and it moreover
makes use of the deficient dBA metric as its bastrim Other results may have been observed if
improved alternate metrics had been used to carsthe noise exposure curves were used in these
studies. The work in this dissertation will noteatipt to incorporate any non-acoustic factors indixsgn
process, as they are as yet not sufficiently rebear, and also to a large extent aircraft as veelliacraft
design independent. The focus will therefore be kepe on single event or short-term annoyance.

The SEFA and COSMA projects also included importasearch work done by Diez and lemma [75],
where likely for the first time to the best of thathor's knowledge, a link was made between a given
weakly annoying target sound and the aircraft degigrameters that could produce this target sound.
Optimizations were made of a medium-range twin magaircraft and parameters such as fan blade
number, jet speeds and nozzle area ratio as wellirag sweep, span and flap area were adjusted to
achieve the target sound. Alongside these desigmmders, operational parameters such as fan L&t spo
speed, aircraft angle of attack, flap deflectioglaramong others were also varied to achieve tbe le
annoying sound for an approach setting flyoversThethodology, although original and applicable for
the kind of analysis intended to be carried outthis dissertation, has its limitations which are
summarized as follows:

i. The optimized design and operational parametersrsevalid for the target sound they were trying
to reproduce at a given observer location and arsuggested by Diez and lemma to be considered as
general guidelines for any generic commercial aftaver any flight phase.

ii. The approach variesperational parameteralong with design parameters although in practice,
approach and departure procedures are set by taé Adr Traffic Control (ATC) authorities and
cannot be varied as freely. At most, the flighthpedin be altered by slight amounts depending on the
available thrust of the engine, which may alloweptr climb out or approach. The results are
nonetheless demonstrative of the sound quality fiisnthat may be achievable via operational
measures besides design parameter adjustment.

iii. The effect of each individual design parameter tolwdhe sound and corresponding annoyance on the
ground is not quantified and it is not shown whettfee presented adjusted values would always
produce lower annoyance.

iv. The design parameter values are adjusted solety rmumerical optimization perspective in order to
meet the target sound. No use of known sound guiétrics which correspond to the subjective
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annoyance experienced by listeners is made i.guaatification in measurable metrics is made in
terms of the loudness, tonality, sharpness anchroess of the original and weakly annoying sounds.

Although both SEFA and COSMA did not ultimately pide general aircraft design guidelines for low
annoyance aircraft design partly due to a limiezbrdings database to base conclusions upon, loager
a much broader overall scope, both were still vagnificant projects in the field of aircraft noise
annoyance research.

The work in this dissertation will attempt to coméifor the first time the detailed current knowledsd
psychoacoustics and sound quality acquired ovemp#st decades with the aircraft design process, an
approach which till now has not been attempted by gther organization or author, to the best of the
author’s knowledge. This approach will be baseddatly on the fundamental knowledge of aircraft aois
perception described concisely in this chapter thedknown and tested multidisciplinary aircraftidas
and optimization process. The sound quality metmesntioned here will be added to the conventional
currently used metrics for assessing current dirfwatheir noise impact. The research work witkeanpt

to quantify the effects of each relevant aircraiftl ngine design parameter used as input in theeou
noise models on both the level and quality of tbensl produced by current commercial aircraft. The
results of this analysis will then allow optimiziagrcraft designs at a very early stage such tiet may
produce less annoying and therefore more accepsabileds inherently by design, and also indicat at
very early stage in which range of the parametkregaany adverse sound effects might be expectéd. T
approach ultimately has the dual goal of increasiimgraft noise acceptance by improving the general
aircraft noise sound quality, and also to redueeube of noise reduction technologies such as @cous
liners at a later stage, by preventing adversedeffects from occurring already at an early stage.
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4 Noise modeling for aircraft design and optimizatn

Various noise modeling methods and approachesiexise aircraft noise and aeroacoustics fieldsyod
with each method having its own purpose, accuraty eorresponding computational efficiency.
Computational Fluid Dynamics (CFD) and ComputatioAaroacoustics (CAA) based high-fidelity
methods allow the modeling of the aerodynamics radoa specific component and the subsequent
computation of the near-field as well as far-fisttind pressure disturbance produced by the aenmilyna
source. This is done by solving the fundamental i&taStokes equations for fluid motion and the
acoustic wave equation, which account for the agrachic sound source and the propagation of acoustic
waves produced by this source through a given medaspectively. The numerical simulation methods
generally provide results of a very high accurasyttey solve the governing flow equations fromtfirs
principles with very few or minimal assumptions. eithapplication is however limited to aircraft
components or relatively simple geometries duenh&r tvery high computational costs. A high-fidelity
numerical simulation of jet noise using Large E&iyulation (LES) can easily take weeks to resolire a
the high resolution temporal and spectral detdils.such, they are at this stage not suitable fer th
purpose of aircraft design and for quantifying dassensitivities via extensive parametric studidsere
hundreds of aircraft with slightly varying desigarameters have to be designed and analyzed.

Use therefore has to be made of models that amively computationally inexpensive for noise
modeling during aircraft design. These models muosietheless offer a sufficient degree of accuracl a
quite importantly for aircraft design purposes]eaef the physics behind the source noise generataon
certain relevant design and operational parameléese parameters can then be varied to analymgndes
sensitivities with regards to noise and annoyamgpact, and subsequently be optimized to produce
aircraft designs that minimize a certain noise #igegbjective. Such models are in general eitharefy
empirical, based solely on measured data, or semireal/semi-analytical, providing a link to noise
generation physics via certain design and operatamibles. They predict certain characteristics of
aircraft noise such as directivity and spectrakfions or the acoustic power analytically, and mage

for any missing details or information by makingeusf an empirical database for the remaining noise
characteristics. Before these more approximate adstmore suitable for aircraft design purposes are
presented and explained, a brief detour into aewgsic theory is made to develop an initial
understanding of the physics behind aerodynamisengéeneration. Subsequently, it will be shown what
aspects of the first-principle theory could be iretd or are reflected in the semi-empirical methasisd

for aircraft design and noise assessment in tssediation.

4.1 The physics behind aircraft noise generation

The CAA methods are usually based on an ‘acousttogy’ where the governing fluid equations are
rearranged to account for pressure disturbanceifiow due to acoustic sources. For this, theregfce
fluid is assumed to be unperturbed and the unstéadyis assumed to occur only in a finite region
surrounding the acoustic source. The remainingl fisithen assumed to experience small perturbations
caused solely due to the passage of acoustic Wa@gq77]. This acoustic analogy was first deveddp

by Lighthill [20], who derived from the exact eqigis of mass and momentum conservation a non-
homogeneous wave equation, which then reducegtoaksical homogeneous form outside of the source
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region. Eq. 4.1 and Eqg. 4.2 show the equationgdaservation of mass and momentum respectively, as
applied to an infinitesimal volume element:

«EZ $ A
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In the above equations, the mass source term lesrisglected (it would appear @s and Qv on the
right hand sides of Eq. 4.1 and 4.2 respectiveg)there is no mass injected into the system. ,Here
are the fluid density and velocitf,is an external force field acting on the elemamd B is the stress

tensor of the fluid given by Eq. 4.3:
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wherep is the fluid pressurd, is the identity tensor or the Kronecker delfssuch that ;= 0 ifi j and
j= 1ifi =j. The term is the tensor corresponding to the viscous sty the volume element in

the fluid. If a time derivative of the conservatioh mass equation is taken and the divergence ef th
conservation of momentum equation with no extefaade field present is subtracted from it, then Eq.

4.4 is obtained:
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If the termcy®> —is then subtracted from both sides of Eq. 44bging the speed of sound in regions
outside the source region i.e. for the unpertufhed), then the following equation is obtained:
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Eqg. 4.5 is also written in the more compact forniqf 4.6:
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and also equivalently in Einstein summation cotieen as:
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The tensoiT in the above equations is the so-called Lighthillirbulence stress tensor and Eq. 4.6, Eq.
4.7 are two forms of the famous Lighthill's equatid his inhomogeneous wave equation was the first
equation that theoretically accounted for the ptaisphenomenon of aerodynamic sound generation
before experiments were accurate enough to verf#7i. Since no approximations are made in degvin
Lighthill's equation and it is simply a rearrangerhef the governing equations, the equation is exac
The Lighthill's stress tensdr accounts for the acoustic sources of the sounddapdnding on the flow
conditions, each of the source terms can playifgignt role in noise generation. The tesww $>ce”™

-28 -



Chapter 4. Noise modeling for aircraft design aptinoization

ces 2>Reynold’s stress) accounts for sound generationtawasteady convection of the flow i.e. due to
turbulence; describes sound generation due to viscous or stesEses;p - &>— accounts for sound
produced due to convection of entropy perturbatiensa deviation from isentropic behavior of thm.

Perturbations around mean values are now introdsigeld thap = p —py is the perturbation in pressure
about its reference unperturbed value The pressure perturbatign is assumed to be of the form
I *M>i8 where' is a time-independent pressure amplitude of aliray acoustic wave arid has the
properties that the mean value of the perturbatd® $ and the mean-square valtie&/£a $. With

the analogous perturbation of the fluid densitywlits unperturbed value, Eqg. 4.6 can be written as:
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It can be noted that outside the finite region abthe source] will be zero and the inhomogeneous
wave equation (Eq. 4.7) will reduce to the claddicanogeneous form given by Eq. 4.9.

S [ .
Assuming isentropic flow, the pressure disturbacene be related to the density disturbance according
Eq. 4.10:

‘W _(_oW A $

In this way, a similar derivation for pressure asdensity can be carried out using Lighthill's astic
analogy and the pressure form of Lighthill's acaustjuation can be obtained.

In order to solve Lighthill's equation for partieulsource terms, certain approximations have tmade.
Lighthill reasoned that when the non-uniform enyrogffects were negligible due to no change in
temperature from the source region to the listergion, then the flow will produce sound at high
velocities only i.e. at high Reynold’s numbers.thiis is the case, then the viscous effects will be
negligible and the inertial effects will be dominafhe sound source will then be primarily duehe t
unsteady convection of the flow i.e. due to flowbtulence. The solution of Lighthill's equation imetfar-
field for free conditions is given by the followingtegral:
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In the above equatiom, is the vector for the receiver positiohjs the volume of the source regians

the distance between source and receiver suchr tha¥ ? + S wherey is the vector for the source
position,t. is the emission time at the sourtés the retarded time at the receiver (t. + r/cg) and is

the Dirac-delta function. An estimate can now b&inted to indicate how the noise due to free tusul
jets scales with certain relevant geometrical gmerational parameters of the jet flow. This is ¢thecial
part of the above theoretical background, whichl whow the relevant aircraft design parameter
correlation with the physics of the (aerodynanmiojse generation. In the far-field, the spatialivigive

/ % is proportional to the temporal derivativet according to the following relations [77], [78]:
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As such, the second order spatial derivatifex; x  f % 2 Considering- —gand that the flow
velocity scales with the mean jet velocil, it can be written thaf= o= ovv; ~ oujef. An
approximation for the temporal derivative term reeadconsideration of turbulent flow as a sequerice o
eddies, with the characteristic frequency of thbulencef, = 14, wheret. is the time needed to convect
an eddy over a characteristic dimensiomith a convection spead}. In order to get these two terms in
terms of the geometry and operational parametetiseojet, it can be said that the convection speed

the eddy will also scale with the mean jet velogjtyand the characteristic dimension of the jet wéllits
nozzle diameted,, such thaf.= 14, ~ Ue/dies and % t* Ue/de > The volumeV will then scale with
the cube of the nozzle diameter i@/~ de’. Combining all the terms in order to approximatg &E11,
the following relation for the far-field acousticgssure fluctuation is obtained:

2 P
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Since the acoustic intensity in the far-field= ®L £ and acoustic power = | A, whereA is the
00

representative surface area surrounding the soligiethill's famous acoustic power law can onceinga
be stated here (it was previously shown in itslfioam in Eq. 2.2):

u u oo A A

p2« 0

The above equation showed, as was mentioned int&hapthat a free, cold, turbulent jet produced a
noise intensity that varied theoretically with #sighth power of jet velocity and led to the noisduction
approach of reducing jet velocities by introducingass flow. It can be mentioned here that whenethe
temperature is higher than the ambient temperatimteopy fluctuations are introduced which redu t
jet velocity exponent to between 6 and 8.

For other cases, where the turbulent flow is presmound solid objects or boundaries, other
generalizations of Lighthill's analogy were formigdd. Curle [79] made an analogy for fixed solid
surfaces in the flow, both compact such as cylimdery. landing gear struts) and spheres (sucdmdsly
gear wheels) as well as for semi-infinite or lagpan thin bodies (such as wings), Ffowcs-Williamd a
Hall [80] applied a similar analogy to wing traijredge noise. Ffowcs-Williams and Hawking (FWH)
[81]formulated an analogy to predict aerodynamis@aue to rotating surfaces and flows, such asetho
due to the fan and turbine as well as subsonicghiers. The analogy separates the acoustic sounzea
monopole source to account for volume displacerdeatto the object in the medium (so calleidkness
noisg, a diploe source to account for aerodynamic loawlghe rotating objectidading noisg and a
guadrupole source to account for any turbulencatadl effects. For non-moving objects, the thickness
noise term vanishes and the FWH analogy becométasito Curle’s analogy, shown in Eq. 4.15. For
both the FWH and Curle’s analogies, all the acoustiurce terms are added to the right hand sidleeof
inhomogeneous wave equation, in addition to théthid stress tensor.
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As was shown for the noise due to free turbulets jssing Lighthill's equation, a similar correlatio
between the noise generated due to compact badigégrihulent flows can be shown using Curle’s
equation, shown here at emission tig 7]:
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Curle’s equation shown above by Eqg. 4.15, desctibesierodynamic sound generated by a solid object
immersed in a flow field. Such rigid bodies generadditional noise due to the interaction of thgctis
surface with turbulence. The first term descrildes aerodynamic noise solely due to turbulence én th
free field, as was shown for the free turbulent fee second term describes the instantaneous force
exerted from the object's surface on the surroundinid as a reaction of the surface to the force
Fi=- s(Pj+ viv; ndSexerted by the flow on it whef®is the surface of the compact body anis thei™
component of a vector normal to the object surfade. third term in Eqg. 4.15 is due to the displaesin

of volume by the object, moving with velocity (= v n).

For a fixed rigid compact body, = 0 and the third term as well as the secondgiatte middle term will
vanish. Similar to the free jet case, the charatterfrequency, = 1., wheret; is the time needed by the
sound signal to travel across the largest dimenBiari the object. The characteristic frequency then is
given asf. = ¢y/D and if frequencies belofy are considered, then the emission time differenves the
object’s dimensions can be neglected and the badybe regarded as ‘compact’. For compact bodies, th
surface related sound source representing the eretlynamic force acting on the object reduces to
(1/(colx]))(dF/dt), whereF, is the component of the aerodynamic force in #weiver's direction. This
sound source is therefore directly proportionahi® time rate of change of the aerodynamic fortmgc
on the object. The aerodynamic force itself scaks —° °D? whereU is the flow speed. Analogous to
the free turbulent jet, it can be written that d/dit. U/D. The far-field acoustic pressure fluctuation
and the corresponding sound intensity for suchdfixegid compact sources in a flow field are ginan
Eq. 4.16:
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This shows that the noise generated due to soljdctsbin a turbulent flow will have an intensity
proportional to the sixth power of flow velocitydineighth as for a free turbulent jet) and alsd kgl c,?

or M? stronger than the turbulence induced noise imglyirdissipates less strongly than jet noise (note:
this result is valid only for low subsonic Mach roens [78]). The turbulence induced noise has a
guadrupolenature p "¢ A while noise due to a solid object in a turbuldotfwill have adipole nature

(p "¢ ° XRVYFor objects in unsteady flows which are not comypauch as thin bodies with relatively
large spans, the scaling of aerodynamic noise fldilv speed obtains a different exponent. Ffowcs-
Williams and Hall [80] showed that the far-fieldise intensity due to interaction of turbulent flawth a
semi-infinite plate of negligible thickness at zarmle of attack scales with the fifth power ofiflepeed.
This analogy is applicable to aircratft lifting sacés such as the trailing edge of a wing or flaptshiling
edge, and the "¢ <or equivalentlyp "¢ < scaling with flow speed implies that trailing eduzse is a
source lying between a monopofe {¢  and a dipole source [77]. Ffowcs-Williams and Halind
that the noise directional pattern from a trailedge varied asir’( /2) in the far-field, where is the
polar directivity angle (angle with reference te thircraft forward axis). It was shown that theffaid
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noise intensity per unit volume of the acousticreeiat the trailing edge of the wing could be gibsn
[82]:

» D}”AnAPA

A AR

where is the trailing edge sweep angle of the wihthe characteristic dimension for turbulence, and
D( , ) is the directional pattern or simply, th&ectivity of the noise, given for this source by Eq. 4.18
with being the azimuthal angle (angle with referenceatcstraight line pointing downwards
perpendicular to the forward axis):
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In order to solve Lighthill's equation as well dos$e of Curle and Ffowcs-Williams and Hawking, the
use of numerical CAA methods is made, which areptamliwith time-accurate ow eld aerodynamic
data describing the source obtained a-priori eiften Reynolds Averaged Navier Stokes (RANS) or
LES solutions for instance. The acoustic equatéyaghen solved to propagate the noise to thedht-

The field of aeroacoustics thus describes in détailvarious sound generating mechanisms, andualtho
still young, it has become considerably vast oVver years with applications made to various noise
sources such as turbofan engine components, agfggometry, CROR engines, rotorcraft etc. The goal
of the above theoretical background was simplyite @ feel of the physics which governs how the
sound from aircraft and their engines is generaféeé. correlations of the intensities of variousrses
with geometric and operational parameters showe herrespond to some extent to the simpler semi-
empirical and semi-analytical parametric methodsdared in the next section. Many of the correlagio
such as those with jet velocity or flow speed, @ tlirectivity patterns for instance, will be seerthe
parametric models as well, thereby showing thatphgsics has indeed begartly retained in these
models. Judging that the models must simulate highmplex phenomena of noise generation from a
multitude of sources, the slight loss of accuragg tb not using high-fidelity methods for a sigeaiint
gain in computational speed as well as a paramatratysis and design optimization capability, is a
necessary compromise for assessing aircraft deigmeise.

4.2 Aircraft source noise modeling using parametric modls

Noise models developed for the purpose of airalaffign and assessment that are in widespread use
today are usually based on NASA's Aircraft Noiseediction Program (ANOPP) [83]. These were
developed in the late 1970s and early 1980s toigiredt just overall aircraft noise but also aiftra
system or component noise. These models are pradathi semi-empirical, with some noise component
models such as for the noise produced by the famirg towards a more empirical than semi-empirical
approach, due to the difficulty in predicting thenmgplex mechanisms and flow interactions that td&eep

in the fan and compressor stages. On the other, maodels for the airframe lean towards a more semi-
analytical approach, as will be shown later. Thelet® are based on extensive measurements and tests
carried out by various NASA departments in parthigrsvith several engine manufacturers. The goal was
to come up with a comprehensive noise predictiag@m which could enable faster aircraft noise
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analysis, retain to some extent the physics bethirdnoise generation and yet maintain a reasonable
degree of accuracy compared to measured aircris.no

Slat noise
Wing trailing
Nose landing edge noise
gear noise

Stabilizer nois

Main landing Flap noise
gear noise v
EngineNoise

Jet nois

Fan noisi

LP compressor noise Combustor noise LP turbine nois

Figure 4.1: Major aircraft noise sources as modakidg ANOPP based source noise models

The noise components accounted for by ANOPP aremsuized in Fig. 4.1. These include models of the
engine fan and compressor based on the work ofrkimid [84], combustor and LP turbine noise using
the method of Emmerling et al. [85] and Matta e{&6], jet noise based on the method of Stone {Bid]
airframe noise (composed of wing trailing edgep feadge, slat, landing gear and stabilizers) udirg t
method of Fink [88]. These models have been relyulgrdated by NASA to reflect the advances in noise
reduction technology. NASA is also planning a secoarersion, ANOPP2, which retains all the
functionalities of the original and adds the effecf separated sources, advanced shielding effects,
detailed propagation effects and also provideptissibility to model propeller as well as CROR Bois
and also other unconventional configurations bkitig the ANOPP infrastructure with other NASA tools
and codes [89]. The parametric source noise madedd for engine noise modeling will be described
first in this section, followed by the airframe seimodels.

" Source of images — Julian Herzog on www.en.wikipgu/wiki/Airbus_A320_Family (top) and
PW1000 series geared turbofan on www.a320neo.csinataessed on ¥3/arch 2015.
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4.2.1 Fan noise

The method of Heidmann predicts the free-field @dism the fan and LP compressor of a turbofan (or
also turbojet) engine. Since the aeroacoustic phena occurring in the fan and compressor stagteeof
engine are highly complex (turbulence and unstdlmly interaction between fan rotor blades, vanes,
supersonic effects at blade tips, both tones asasdiroadband noise), fan noise prediction is reoiséd

to a semi-empirical estimation. The method prediutsfollowing five components of fan noise, whish
radiated both in forward as well as aft directifnosn the engine:

i. Inlet broadband noise

ii. Discrete tones from inlet

iii. Combination tones (or ‘buzzsaw’ tones) from inlet

iv. Exhaust broadband noise

v. Discrete tones from the exhaust

The original Heidmann model has been adapted tora by Zorumski, which generalizes all the source
noise modeling methods to one form used in ANOPBS. [his form of the methods is logically
constructed and is a more elegant form of the maiginethods upon which ANOPP is based. The mean-
square acoustic pressure in the far-fieldE according to this approach is given for each camepbby:

, ™ ]'C 2l APATM.
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where ; is again the acoustic power of the fan noise iU ); is the spectral weighting function for
the specific noise component, witha frequency parameter given by Eq. 4.20 for thee a the fan.
D( , ) is the directional weighting function i.e. the aditivity of thei™ noise source. Botl§ ) and

D( , ) for all components in Heidmann's model have béetermined empirically using the spectra and
directivities observed in the measurements forouarifans carried out by NASA. The factorNiLcos )*

is the forward flight effect factor, which increasthe magnitude of the acoustic pressure whendlse n
source (i.e. the aircraft) is in motion, with the aircraft's freestream Mach number. The indevefers
throughout to freestream conditions.

2h | —& AL AS$

BPF in the above equation is the Blade Passagei€mney (BPF) of the fan, which in turn depends an th
fan LP spool rotation spedd and the number of rotor blad&sthe fan has (cf. Eq. 4.21). The term
(1 -M cos) accounts for the Doppler effect due to forwardiomoof the aircraft.

EB° 6EE A

The method of Heidmann predicts the spectrum shsggaetrum level as well as the directivity for eath
the above mentioned fan noise components. Fan agise not vary with azimuthal anglebut the
convention is kept in Eq. 4.19 for keeping the fatraonsistent for all aircraft noise components. (Eq
4.18 showed for instance that airframe trailingeedgise varied with azimuthal anglg. In fact, all
engine noise components are seen to vary with poigle only and are therefore radially symmetric
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(i.e.D( , ) is equivalent td( ) for engine noise). The acoustic power in Eq. 4dthe fan is given by
the following relation:

. S 409 Pd —__—
> QEWCE| PZT_€ hg h: Z*—€ h «Phg S *. —XRAogE A
>

The constanK has different values for each component determamagirically. G(1,J) is a matrix that
depends on two factors — the presence of Inlet &ui@hes (IGV) and fundamental tone cut-off. Indlex
= 1 indicates a fan with no IGV and: 2 a fan with IGV. Whether the fundamental fanet@s being cut-
off or not is determined via the tone cut-off facto

E/

b —
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Ab

M, is the fan rotor tip Mach number given by Eq. 4\24s the number of stator vanes behind the rotating
fan (the rotating rotor blades exert force on th#loav, the fixed stator vanes transfer the loadgtte
surrounding structure). The fundamental tone ctibofurs if has a value less than 1.05. Tone cut-off
basically implies that depending on the ratio aft@t vane number to rotor blade number, and the
operating condition vidl,, certain tones are strongly damped in the ductdandot propagate as strongly
out of the duct, thereby essentially being ‘cut-ofidex J = 1 corresponds to > 1.05 andJ = 2
corresponds to  1.05.

i A A
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In Eq. 4.24,d is the fan rotor diameter. In general, the nundfestator vanes will have to exceed the
number of rotor blades in order to cut-off spedifines. This can be expressed using the relation:

® 'h 3 E7E A <

This relation implies that for the fundamental tame= 1) to be cut-off if the tip Mach number is
approximately sonic, the number of vanes will hevdée 2.2 times the number of rotor blades [6]. How
this cut-off mechanism occurs depends on the fahcampressor initial stage geometry, and on the fan
rotation speed. The mechanism can be explained dsiated fan acoustic theory. The pressure field in
cylindrical duct containing and axial flow fan cisis of a spinning pattern with a characteristic,
repetitive shape. Such rotating pressure fieldepadgt whose shape can be described by a chardcterist
function at one specific frequency are referreds@ ‘mode’. Single frequency patterns like thesthé
circumferential direction are called¥modes’ and in the radial direction are calleehiodes’ (not same
as harmonic number, which has same notation). Fan acoustic modebea@enerated via the rotor alone
or via rotor-stator interaction. Rotor alone modes generated as circumferential modes withumbers
which are integer multiples & (i.e. nB). For rotor-stator interaction modes, an inflowrdption is added

of spatial order equal td, with the circumferential mode now given by= nB - kV, with k being any
integer anch the harmonic number. Positivenumbers indicate mode rotation in the same dacis

the fan and negative-numbers indicate rotation in the opposite directidodes rotating in the opposite
direction to the fan are attenuated as they mustelragainst the rotating flow and through the
‘obstructing’ rotating blade rows. They thus havigher likelihood of decaying within the duct, teky

not propagating to the far-field. In order to reatle far-field, the modes must in addition have a
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minimum critical spin rate, which is called the -ofit rate, below which the modes decay in amplitude
exponentially with distance from the source. So miedes superimpose in circumferential and radial
directions to produce the overall pressure fielttgpa in the far-field. Knowledge of the modes,ithe
order and spin rate is essential in controllingalihiones are to be damped and also how much acousti
liner treatment has to be applied on the duct.

Fig. 4.2 shows the sample case of an imaginaryféarhe simplified case of just 4 rotor blades &rahd

5 stator vanes respectively. Real commercial tamvddns and compressors can have anywhere between
20 (for larger engines) to 50 (for smaller engirresdr blades. On the left, for the case of 3 staames,
one revolution of the fan rotors produces 12 intéoa pulses at the location of each stator and the
relevant circumferential mode rotates at 4 timesfén rotational speed in the same direction adahe
(m=4-3=1fom =1 andk = 1). This mode will be able to pass through thitating blade rows towards
the front of the engine. On the right however, aaeolution of the rotor blades will produce 20
interaction pulses at each stator location anccteemferential mode will rotate also at 4 times fan
speed but this time in theppositedirection =4 — 5 =- 1for n = 1 andk = 1). This mode will not be
able to propagate through the blade rows as easilywill be attenuated in the duct. By choosing the
right number of vanes therefore for a given numifdrlades, the overall pressure pattern that resolt
the tone can be adjusted such that the tone is ed@p it propagates out of the engine duct. Twffut-
the fundamental tone for 4 blades, based on Ed, A2vanes or more will be required (8.89).
Heidmann’s method takes this cutoff effect onlysglg into account, owing to the complexity of the
combination tone generation mechanism and theduahritatabase used during the testing for Heidmann'’s
method development. The tone cutoff factonere accounts for a reduction in the fundametad's
intensity by approximately 8 dB, if the ratio\éfto B and the value dfl;in Eq. 4.23 produce a< 1.05.

-~ 1%interaction ,—~ Lvinteraction
\

/

pulse \ pulse

2" interaction

ulse . .
P ( I 5Minteraction

pulse

3% interaction
pulse Rotor
3% interaction

/ th . .
47 interaction
pulse

pulse

2" interaction

Stator pulse

4 rotors, 3 stators 4 rotors, 5 stators

Figure 4.2: Mode propagation for sample case ofifiin 4 rotors and 3 stators (left) and 5 statagh()
[6]. Blue arrow denotes fan rotational directiom @ad arrow denotes mode spin direction. Fundarhenta
tone is attenuated on the right.

The factors/C represents the effect of the rotor-stator spaamgth C being the mean chord of the rotor
blades. If the rotor blades and stator vanes aeefl too close to each other, then very strongeadisc
tone generation will occur towards the front of #mgine due to the cyclic interaction of the pressu
fields of the rotors with the stators, and also tlueyclic fluctuations of the stators’ lift didbiition as
they receive the rotor blade wakes. The rotor-stgppacing is a very important parameter for farsaoi
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control and in general an as high as possible sgasistrived for, keeping structural and size t@sts

in consideration. The exponeatk,L) will have different values for each relevant fasise component
with indexK = 1 forgC 1 andK = 2 for gC > 1. IndexL corresponds to the presence of Inlet Flow
Distortion (IFD), which can occur when the aircriagfion the ground due to additional turbulence adou
the engine inlet when in proximity to the grouihd= 1 implies no IFD is present ahd= 2 implies that
IFD is present i.e. the aircraft is on the ground.

The parameteM,, is termed the design point Mach number index anabtained as the maximum value
from 1 and the design value of the tip Mach nunidey of the fan bladesM,, = max1, M,g) ). The
exponentb gives the effect oM, on each fan noise component. The fadivl, M,) is the power
function and varies for each fan noise componei.d function of the relative tip Mach number ahd
design point Mach number index. The relative tipcMaumbemM, is obtained using the actual tip Mach
number and the axial flow Mach numiddy according to Eq. 4.26:

h, Oh; ?h. & Al

where the axial flow Mach number is the ratio @& thcal mass flow to the inlet mass flow, given by:

h, —— AR
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Asn is the fan inlet area, which in ANOPP conventisrliso the reference area of the enghaeln order
to specify the generated noise in terms of commasgd fan and compressor variables, Heidmann used
equivalent terms for shaft power via the produdntdt mass flow and temperature rise and spewifirk
done by the fan via just the temperature rise térsnsuch, terms with the fan mass flow(via the axial
flow Mach numbeM,) and T also appear in the fan acoustic power equatidyind.22.

Once all the terms and factors from Eq. 4.22 a@wvknor have been computed, the acoustic power
can be substituted into Eq. 4.19 for obtainingrtiean square acoustic pressure of each component as
function of frequency and polar directivity angle for a 1 meter radius sphere at the source (taking

m in Eq. 4.19). All broadband noise components @amvided as 1/3 octave band data and the tonal
components are computed at their exact discretpidérecies. Since all ANOPP methods however use a
1/3 octave band spectral format, the tones aredexdito the nearest 1/3 octave band frequency \alde
added to the corresponding broadband component.vahe component mean-square pressures can then
be added linearly and the suihygq4£ converted to an SPL value using Eq. 4.28 by digdiy the square

of the reference pressupg;, which has a value of 20° Pascal.
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With the overall method of computing fan noise parametrically basadthe method of Heidmann
described above, some attention can be given tiiviliéndividual fan noise components that the rodth
of Heidmann predicts.
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Inlet broadband noiselnlet broadband noise is caused by unsteady fiowurbulence in the flow
around the fan and initial compressor stages. ®sudf this unsteady flow are turbulence in the
boundary layers, blade wakes and vortices, asagalinsteady flow in the inlet. The method does not
predict the detailed individual inlet broadband rees but gives an estimate of the total broadband
flow radiated from the inlet of the engine. Othwairi the matrixG, all terms from Eq. 4.22 are relevant
for calculating the inlet broadband noise acoystiwer.

The rotor-stator spacing expone(K,L) is given by Eq. 4.29 and accounts for the inveetationship
between rotor-stator spacing and acoustic powezgxghen IFD effects dominate whe/@ > 1.
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The power functior is given by Eq. 4.30, directivity values fDrare determined empirically and can
be obtained from [83], [84] in tabular form.
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The polar directivity angle resolution for all AN®GRbased methods is 10 degrees and when finer
resolutions are required then the directivity fimetvalues have to be interpolated. This has for
instance been done in order to make the noise enatritours for complete departure and approach
flight paths, described in Chapter 5. The speatraighting function for inlet broadband noise is
provided by the following semi-empirical or semiagyical relation:
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ii. Discrete tones from inleDiscrete tones are generated due to lift fluotuat on rotor blades or stator

vanes, which are cyclical and repeat themselvels @ach blade passage. These lift fluctuations are
caused by the blades encountering the wakes frighgoide vanes or by the rotating wakes from the
blades impinging on the stator vanes and disruptiveg pressure field distribution in a repeating
manner. The fundamental tone or frequency at wthéh pressure disturbance repeats itself is the
BPF, given by Eqg. 4.21. Along with the fundamemballe, higher harmonics are also formed at integer
multiples of the BPF. The matri@ accounting for the effect of IGVs and tone cutioffically plays

an important role in inlet discrete tone modeliag,does the exponeatof the rotor-stator spacing
term. As mentioned earlier, the discrete tones @l @& their harmonics are modeled at their exact
frequencies and then rounded to the appropriatecté/e frequency value. The spectral funcidar

the tones therefore is also a discrete functiotl) sgparate values for the fundamental tore 1) and

for the subsequent harmoniesX 1). The spectral intensity of the tones is farthore affected by the
presence of IGVs and tone cut-off and their effeéhcluded additionally in the determination oéth
spectral weighting of the tones. Eq. 4.32 showsfuhetionS as used in the method of Heidmann by
Zorumski (indiced andJ are for IGV presence andrespectively). All the remaining terms suchas

D have also been determined empirically and can tedfdn [84].
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iii. Combination tonesCombination tones or ‘buzzsaw noise’ (as mentioearlier in Chapter 3) are
formed when the relative tip Mach number becomegmonic, as a result of which shock waves are
formed at the leading edge of each rotor bladesdshock waves propagate as Mach waves in the
forward direction from each blade and coalescenainlet duct such that the repetition in pressure
disturbance occurs not at each blade passage thetr naith each complete rotation of the fan. As
such, the tones are referred to as ‘combinationésoand occur at each multiple of the shaft speed.
Since the sound generated by the multiple comlginatones is similar to that of a two-stroke
motorbike or of a sawmill, the noise is also reddrto as buzzsaw noise.

From tests carried out for various fans while depilg Heidmann's method, it was observed that
buzzsaw noise spectra were characterized by peaksreee distinct frequencies. The method of
Heidmann computes the acoustic power of combindtimies at these three harmonics of the shaft
rotational speed, expressed as fractions"(1184" and 1/2) of the fundamental tone at BPF. The
acoustic power in this case takes into accouneffext of IGVs, which can prevent the combination
tones from propagating and provides a differentgxdienctionF(M,) and spectral functio8 for each
1/8", 1/4" and 1/2 fundamental tone, both given as semi-&inalyfunctions of relative Mach number
M, and frequency parameterrespectively. The spectral functions for combiorationes are given by
Eqg. 4.33 for the three combination tones in ascendrder and the directivity functidd is provided
empirically in tabular form in [83].

O $<$A VY& @$ <U O $AP< V - & US$ < A 55\
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iv. Exhaust broadband nois@he broadband noise emitted from the bypass ethalgenerated by the
same mechanisms as described for inlet broadbasd.nthe main difference is that the presence of
IGVs doubles the acoustic power of the radiatedefdraust broadband noise. The power fundtids
similar to that of the inlet broadband noise, tpeciral functionS is the same and the directivity
functionD is again provided in tabular form.

v. Discrete tones from the exhausthe tones that propagate from the engine bypabausk are
produced by the same mechanism as the inlet tésesuch, they are predicted in an analogous way,
with most functions and terms having the same wahigsfor the inlet tones. The directivity function
is of course now more dominant towards the afhefdngine.

Fig. 4.3 shows a typical fan and compressor arraege (only upper half) from [6], with the five prary
fan noise sources described above shown in foresaddaft directions.
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Figure 4.3: Primary noise sources originating ftbifan (Fan configuration from [6])

The original method of Heidmann was seen to ovedipt the intensity of fan tones when compared to
more modern turbofan engines [90] and as suchmithod was updated by Kontos et al. to reduce the
fan tonal intensity due to improved blade desigit®day. The updates to the empirical values usdhe

fan source noise models have been implementeckicuhrent work as well. Furthermore, the effect of
acoustic liners, which are used on all high bypasi®s engines, was also modeled by Kontos et ah in
second update to Heidmann’s method [91], whicthrrtreduce the intensity of fan tones and broadband
noise predominantly in the frequency range of 1Bi@0to 5000 Hz. The noise suppression depends on
engine dimensions such as duct diameter and tlgghlerf the acoustic treatment area applied ondhe f
inlet and exhaust ducts. Sample values are showrign4.4 for the CF6-80C2 engine and for the
International Aero Engines V2527-A5 engine usedsbaort to mid-range aircraft. The purpose of the
plots for two quite different engines is to showe timethod’s applicability for aircraft design purpss
where a generalization of methods is required. eSitie actual data specific to liner technology is
manufacturer sensitive, the validity of these rssoan be based on the fact that engines compaxable
these commonly used engines were used in the nesasots carried out by NASA and the duct
diameters and liner area length for both engines Hzeen taken for these comparable engines. In
summary for the parametric fan noise prediction ehéat aircraft design and assessment purposese Tab
4.1 shows the geometric and operational paramttatshe model requires as input.
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Figure 4.4: Noise suppression due to acoustic teatnology for two sample engines — CF6-80C2 (top)
and V2527-A5 (bottom)

Table 4.1: Summary of geometric and operationampaters required for parametric fan noise predictio

Fan Noise Inputs

Parameter Narr Symbc
Geometric Parameters
Fan inlet are Asan
Number of rotor blads B
Number of stator van \%
Fan rotor diamet d
Fan rotor tip Mach number M g
design point
Rotol-stator spacir s/C
Inlet Guide Vane inde IGV
Operational Parameters
Fan mass flow ra
Fan (LP) rotational spe N (alsoN1)
Total temperature rise across T
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It can be noted that for noise prediction usinghgp@rametric semi-empirical methods, both geomesic
well as operational parameters for each componave kb be provided as inputs. Many of the required
inputs are however proprietary information, whiche anot publically disclosed by the engine
manufacturers. As such, the input parameters labe testimated via other means, which may not be a
one hundred percent match to actual data, butns#iil provide a sufficient accuracy for a conceptual
preliminary design phase. For this purpose, thénenig modeled using the gas turbine design softwar
Gasturb [92] in order to obtain the thermodynanopefational) parameters required for fan noise
prediction, and the geometric parameters are dddairsing an empirical database for noise relevant
engine geometry parameters created for work relatéiois dissertation. The geometric parametersrare
this case sized via empirical relations based an $ka-level Static Thrust (SLST) of the engine,
following a ‘rubber-engine’ approach. The empiridahctions developed for estimating the engine
geometry parameters from the empirical databaseroént turbofan engines are shown in Appendix A.

The above described model for fan noise predictias implemented for the research work carried out i
this dissertation and the results of the modekemms of spectra in the forward and aft directioresen
compared with the spectra shown by Kontos et &l {& both an experimental quiet Energy Efficient
Engine E°) of GE and NASA, as well as for GE’s CF6-80C2 eegused commonly on mid to long-
range aircraft. The spectra were shown for bothsmeal data as well as simulated data produced by
NASA using their ANOPP code. The spectra have lséemvn for overall engine noise as well as for fan,
combustor, LP turbine and jet noise for both engimed were used to validate the models, as
implemented in this dissertation’s work. Fig. 406Rig. 4.8 in Section 4.2.5 show the simulated spec
for the E® engine made for the current research work andthey compare with measured and NASA’s
simulated spectra.

4.2.2 Combustor noise

Noise produced from the combustion chamber of motebofan engines has gained prominence in the
past decades due to the reduction in other majserommponents such as the fan and jet. This ka® le
quite recent investigations into the current natfreombustor noise and its components [93]. Kniswn

that the noise from the combustion chamber is pupebadband and is produced by the fuel heating
process carried out in the combustion chamber. Atise due to fuel combustion can be direct — due t
gas expansion in the chamber, which interacts thighsurrounding flow and produces sound waves; and
the noise can also be indirect, due to convectfantropy fluctuations from the combustion chamiger
the turbine stages.

For current commercial aircraft, combustor noisstit dominated by other broadband components for
departure and approach procedures (by jet noisegldeparture and airframe during approach), atjhou
at low thrust settings such as during approachgetimebustor noise can make an increasingly sigmifica
contribution to the overall engine noise. Althougimbustor noise does not play as important a mle f
community noise impact currently, it can be expegde become significant in the coming decades,
especially with new combustors entering the induistrended to produce very low gaseous emissions to
meet the ACARE Vision 2020 [94] and NASA N+2 and N+3 goals forisenand emission reduction
[95].

" ACARE — Advisory Council for Aviation Research almovation in Europe
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Combustor noise for the work in this dissertatien niodeled parametrically using the method of
Emmerling et al. [85]. The method predicts the alldiroadband combustor noise in SPL according to
Eq. 4.34.

OB! D8I}3D« $0/08LI ( M ASA
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where the mean-square acoustic pressure in tHeefdreue to the combustion process is given by Eq.
4.35:
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All the terms in Eq. 4.35 are as were explainedHierfan noise calculation. The acoustic powgtustor
has been related parametrically to the combustoamee and exit state variables according to Eninterl
et al. and is given by Eq. 4.36.
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The value 8.8307 is an empirical constant determined from the messseants carried out for turbofan,
turbojet as well as turboprop combustors. Inoledenotes combustor entrance parameters and maex
denotes combustor exit parameters, Witthe total temperature amgthe total pressure. The tern ges
is the design point temperature extraction fromttitbine and corresponds to the temperature diftare
between combustor exit and turbine entry tempegafuat the engine design point.

The directivity functionD( ) and the spectral functid® ) for combustor noise are given as functions of
polar angle and logarithm of base 10 of the frequency parameten [83] in tabular form. The
parameter is determined using Eq. 4.37, where 400 Hz comedsp to the frequency around which the
combustor noise was seen to peak by Emmerling et al

2h . —&AD A5R

The inputs required for combustor noise calculat@nimplemented in this dissertation are shown in
Table 4.2.
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Table 4.2: Summary of geometric and operationampaters required for parametric combustor noise

prediction
Combustor Noise Inputs
Parameter Narr Symbc
Geometric Parameters
Combustc entranc are Acombustor
Operational Parameters
Combustor entran: mass flow rat >
Combustor entrance tot Tiin
temperature
Combustor exit total temperati Tiout
Combustor entrance total pres: Ptin
Turbine temperature extraction Taes
design point

4.2.3 Turbine noise

LP Turbine noise is predicted using the method aftéet al. of GE [86], which has been integrated i
ANOPP and predicts both the broadband as wellrzed ttomponents of turbine noise. The mechanisms
of turbine noise generation are similar to thostheffan exhaust noise - discrete tones are genkdate

to cyclic pressure disturbances or lift fluctuatcarising from blade wake interaction with the \&ne
broadband noise is generated due to turbulencesieady flow occurring around the turbine rotord an
stators. It can be mentioned that the noise gesgtfeam the High Pressure (HP) turbine does naatad
effectively out of the engine unit and is thus doatéd by the LP turbine noise. As such, the metifod
Matta et al. only considers the LP turbine noissdpmtion.

Turbine noise in terms of SPL is calculated acamydd Eq. 4.38 and the mean square acoustic peessur
in the far-field due to overall turbine noige ., ;. .£is computed using Eq. 4.39. Since turbine noise

has two components, the acoustic pressure duethiosbarces ., ;. £ is first added linearly, before

the overall turbine pressure is converted to its &itue.
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i. Turbine broadband noiseThe acoustic power of the broadband noise radlifem the turbine is
given by Eqg. 4.40:
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where the value 8.5880° is again an empirical constant. In the second terEy. 4.40T; as the total
temperature and is the static temperature, with indiexcorresponding to the turbine entrance values
and indexout corresponding to the turbine exit values. The sdderm represents the ideal work
extraction from the turbine and the third term esents the influence of the rotor tip-speed (armaleg
to the rotor tip Mach number for the fan bladed)e Broadband spectral functi®s wmind ) as well
as the directivity functiomgg wmind ) are provided in tabular form in [83]. The spekfraction Sis
again a function of the frequency parametewhich in turn depends on the ratio of the freaquerto
the turbine BPF.
2h . —&A— AA
EC~ /gamxe

ii. Turbine discrete tone he acoustic power for the turbine tonal noisgiven by Eq. 4.42, consisting

of the same parameters as in Eq. 4.40, but witbrdifit empirical constants and exponents.
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The tonal spectrum functidBne winelS given as a discrete function by Eq. 4.43 siasewas shown
for fan discrete tones, the turbine discrete tomes modeled at their individual frequencies (the
fundamental tone at BPF i.e.= 1 and its harmonics at integer multiples> 1). The tone and the
harmonics are then rounded to the nearest 1/3@ti@vd frequency values for further computation.

Opgjparai-aj I $IVSV E $ 7 A A

The overall turbine noise far-field acoustic pressas well as SPL can then be calculated usingtB§.
and Eq. 4.39 after adding the broadband and tambine noise components. Table 4.3 summarizes the
inputs required for turbine noise calculation udimg method of Matta et al.

Table 4.3: Summary of geometric and operationapaters required for parametric turbine noise
prediction

Turbine Noise Inputs

Parameter Narr Symbc
Geometric Parameter:
Turbine rotor diamete Churbine
Turbine inlet are Aturbine
Turbine rotor blade numkt Bturbine

Operational Parameters
Turbine (LP) rotational spe N (alsoN1)

Turbine entrance tote Tiin
temperature
Turbine exit static temperatur Tout
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4.2.4 Jetnoise

As was mentioned in Section 4.1, jet noise is eomspurce of aircraft noise particularly duringdaif

and was the dominating noise source of aircrafthefpast, leading to the development of the fidld o
aeroacoustics by Lighthill. It was also mentionlealt thigh-fidelity CFD and CAA based methods weren't
suitable for aircraft design purposes currentlye do their extreme computational times. A semi-
empirical parametric model that would retain sorhthe physics and would produce faster results @ith
slight loss of accuracy would thus be a necessamypcomise. The need to retain some of the physics
stems from the fact that if the model is based onentheoretical foundations, then it has the pabta

be applicable to a wider variety of engines andjuastt ones which were used during the measurements.
This is a crucial aspect when considering the rigbtlel for aircraft design purposes. One such naetho
that has been widely used for aircraft design aidenassessment purposes is the method of Stohe [87
which is also an integrated part of ANOPP.

The far-field noise from the jet or exit nozzletbé engine has been modeled for this dissertasorgu
Stone’s model, which can model the mixing noisevell as shock induced noise of turbojet and turbofa
engines for both single stream as well as coaxiatle engines (typical for all modern turbofan eeg).

The mixing noise is produced when the high-velogiéis exiting the core (primary) and bypass
(secondary) nozzles mix with the ambient air ad a®with each other. This causes both large aradl sm
scale turbulence, with the resulting noise having@adband character and peaking at low frequencies
(typically 100-200 Hz for most turbofan engines).

Stone used measurements of several engines touomih a semi-empirical jet noise prediction model
and attempted to correlate the measured data witd B3, which was Lighthill's acoustic power lae
found that although for large scale turbulencehiirtdownstream of the engine, a correlation of the
acoustic power with jet velocity (from now on refst to as simply) raised to eighth power could be
found, for the other source regions closer to thgire a good match with the measurements couldn’t b
found with ang correlation. This was attributed to the fact thigihthill's acoustic power law was valid
for cold jets where the temperature of the jet was companaith the ambient temperature. For the
measurements carried out for the model's developnsethower exponent of 7.5 yielded the highest
correlation of predictions with measurements, likdle to the tested jets being ‘hot’ and not cadd a
would be theoretically required forv,i variation. The exponent value of 7.5 is nonettelesy close to
the theoretical value of 8 and demonstrates tlemgth of Lighthll's theoretical jet noise predictibased
on fundamental equations of fluid mass and momermtmservation.
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Figure 4.5: Jet mixing noise and the various mixiegjons near the nozzle exit

Jet noise prediction according to the model of Sttakes into account a number of geometric and
thermodynamic parameters. The predicted jet ndisaegly depends on the nozzle areas (both bypaks an
core), the densities and temperatures at the nezile as well as on both primary and secondary jet
velocities. Once again, the approach outlined bsuzski has been used to implement Stone’s model.
Since shock noise is usually not encountered fareati civil turbofan engines which are analyzedhis
dissertation, the shock induced noise is not desdrin this dissertation for conciseness. Shockded

jet noise has however been implemented in the patramjet noise model for this dissertation and ban
applied if required to turbojet jet noise prediatid’he jet mixing noise calculation starts off witre
computation of the mean-square acoustic presswgetaa single stream stationary jet, at a reference

distancel,¢; from the nozzle exit (which in Zorumski's approashtaken to be equal th) and at a
polar directivity angle of = 90. All jet parameters are henceforth referred tdwlie indey.
Y(E( & pf o pf €0 pf € _p

; A AA
O (p paf 8"

In Eq. 4.44,A, is the fully expanded primary jet areg, is the primary jet density, and the density
exponent ¢ has been determined empirically by Stone as:

Jgpf— 55:?$| A A<
Jgpf— 7 81
The value of the reference mean square acoustssyme from Eq. 4.44 is then corrected for direttivi
via the termD,,, spectral weighting according to the functign and forward flight effects via the term
H.. The reference mean square acoustic pressure isctmmrted to that for a coaxial nozzle via the
factor G, such that the far-field pressure disturbance dug ¢toaxial jet and not just a single jet can be
computed. The effect of a plug nozzle via the fa€@p is also considered in the far-field jet noise
prediction. According to this approach, the faldimean square acoustic pressure due to jet mhame

is calculated using Eq. 4.46, after combining &the mentioned functions and factors:
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For jet mixing noise (represented by ind®x Stone found that the spectral function was miy @
function of the Strouhal numbé&, but also of the modified polar directivity angle The modified polar
angle has been used instead of the actual polé anthis case to take into account refractioe&f due
to the high temperatures that exist in the noZpled. Contrary to other engine noise sources tbhezef
the jet mixing noise spectral function is not jasfunction of frequency but also of directivity. &h
directional characteristics of the mixing noise areaddition accounted for by the directivity fuioct
Dn( 7), as for the other noise sources, and the funé¢tambeen provided as empirical values for each
angle value in [83], [87]. The modified polar ditieity angle is given by~ = (v,,/c )°>* and the Strouhal
number for the spectral functid, is given by Eq. 4.47:
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In the above equation, the tef{nx_j/c is the Helmholtz numbed, ; is the primary jet diameter, is the
angle between the flight vector and the engine emés andT;, is the primary stream temperatuge. g,
are configuration factors for a coaxial nozzle &da nozzle with a plug respectively. Stone foulmait
the frequency distribution of jet mixing noise waifferent for coaxial nozzles than for single sirea
nozzles (due to additional mixing of the core flaith bypass flow besides mixing with ambient flow)
and was also affected by the presence of a pltlipatozzle exit. These two factors are accountetyo
Eqg. 4.48 and Eq. 4.49.
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In Eq. 4.48, the termhy is the frequency shift parameter, which is an eicglly determined function of
the area ratio parameter 1A {A;1) andv;./v;,, andT;. is the secondary jet temperature; the t&s
the ratio of the plug nozzle hydraulic diametigi to the equivalent jet diameter, with; given by Eq.
4.50:
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The first term on the left side of Eq. 4.50 is gdwivalent jet diameter ardj is the plug diameter. The
forward flight effects factoH,, is given by Eq. 4.51:
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where the density exponent for forward flights effis given by Eq. 4.52.
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The forward flight effects factdf,,has been normalized such that it becomes unitiifor 0. The two
remaining terms from Eq. 4.46, required to desctliteemean-square acoustic pressure due to jet gnixin
noise are the configuration factors for a coaximate G, and for a plug nozzl&,. These are given by
Eqg. 4.53 and Eq. 4.54 respectively.
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As for the other engine noise models, jet (mixingjse in terms of SPL can be obtained from the mean
square far-field acoustic pressure using Eq. 4f5&hock noise is present due to supersonic flowhat
nozzle, then the mean square pressure due to stmsk can be added linearly to the mixing noise
acoustic pressure before conversion to SPL values.
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The parameters that Stone’s jet noise model regjaiseinput for jet noise calculation are summarined
Table 4.4. It can be seen that besides the nozelsathe thermodynamic variables at both nozzles
(which depend on the engine thrust setting) plagrucial part towards the magnitude, spectrum and
directivity of jet noise.
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Table 4.4: Summary of geometric and operationampaters required for parametric jet noise predictio

Jet Noise Inputs

Parameter Narr Symbc
Geometric Parameters
Primary jet are A
Secondary jtare: Ao
Plug diamete d,

Engine inlet axis ang
Operational Parameters

Primary jet Mach numb M1
Primary jet temperatu Tia
Primary jetvelocity Vi1
Primary jet densil i1
Secondary jet Mach numt M2
Secondary jet temperati T2
Secondaryjet velocity Vi2
Secondanjet densit: i2

4.2.5 Engine noise validation at source

The engine noise models above were checked far vheicity by comparing the results with publically
available references, such as the published spfmtrine experimentaE® engine of GE in [90]. The
implemented code was firstly verified by providiag inputs the same values for all engine components
for the E2 engine; secondly, thE® engine was modeled using the software Gasturbf@nthe engine
settings specified in [90], the required thermodyitainputs were obtained from Gasturb. These
simulated inputs were then used to predict the sgweetra, both in a sample forward arc directios (
50) and in a sample aft direction = 150). The results from the models implemented for this
dissertation’s work were compared both to NASA's@RP simulated values as well as with measured
values for theE® engine. The published spectra from are shownertdp part of Fig. 4.6 and Fig. 4.7 for
the forward and aft directions respectively. Theldé part of these figures shows the simulatedtspec
compared with NASA's ANOPP using reference valuesmf [90]; the bottom figures show the
comparison using Gasturb simulated values of thaulsited spectra with the NASA ANOPP spectra
(shown by cyan curve with legend entry ‘NASA ANOS®&m").

It can be observed from Fig. 4.6 and Fig. 4.7 that models for engine noise as modeled for this
dissertation produce spectra of a comparable fideliNASA’'s ANOPP. The small differences (1-2 dB)
for reference value spectra can be attributedfterdint interpolation schemes or slightly differentrve
fitting functions made of the tabulated data far tarious spectral and directivity functions. Thedra

for the E® engine simulated using thermodynamic parametetsiresl from Gasturb also show a very
close match to the reference spectra, and basé&igod.6 and 4.7, the use of Gasturb can be judged
more than suitable for aircraft noise estimationirdy a conceptual design and analysis phase. As
NASA’'s ANOPP is still considered the state of teia parametric aircraft engine noise predictititg
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prediction accuracy of the implemented models banefore be deemed to be comparable to the current
state of the art.

Fig. 4.8 shows the comparison of predicted spegitta measured engine noise spectra (shown by gray
curve with legend entry ‘Measured Data’). It can dieserved that qualitatively, the semi-empirical
methods reflect overall measured spectra (orange @f predicted ‘Engine Noise Sum’ compared with
gray curve for ‘Measured Data’) reasonably welthaligh differences up to 8 dB for certain frequency
ranges can be observed. This value, although soatehigh, is still not unreasonably far off from
measurements and has been deemed to be as gdua msdels currently can be [65], [96]. The third
octave spectra for all engine noise components wlet@ned in a matter of seconds for the compl8ée 1
degree source noise spheres, thereby displayingrtheense gain in computational efficiency for the
slight loss of accuracy which was mentioned eadfea necessary compromise.

The comparison with measured data highlights hoallehging aircraft noise prediction is — one has to
choose between a computational time of weeks tdiigbly accurate component level source noise data
using CFD/CAA based methods, or approximate data mmatter of seconds for an entire aircraft using
semi-empirical/semi-analytical methods. What is be&r very important for the purposes of this
dissertation is that the models capture differermstsveen broadband and tonal noise components of
different engines and aircraft sufficiently well. Wundred percent match with measured data is not
essentially necessary for parametric design studgetong as the effects of the parametric variatiare
captured in the spectra produced for each variafidee models of Heidmann, Stone, Emmerling and
Matta are seen to fulfill this requirement well,daas such their use has been made for aircraftjulesi
assessment and optimization for noise as well asy@mce in the subsequent chapters.

-51 -



Chapter 4. Noise modeling for aircraft desagwl optimization

Engine Noise SPL vs Frequency
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Figure 4.6: Comparison of implemented models wik84’'s ANOPP from [90] in forward arc, = 50
— reference spectra (top); simulated spectra withvalues (middle); simulated spectra with Gasturb
values (bottom)
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Engine Noise SPL vs Frequency
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Figure 4.7: Comparison of implemented models wik84’'s ANOPP from [90] in aft arc, = 150 —
reference spectra (top); simulated spectra withvedties (middle); simulated spectra with Gastalues
(bottom)
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Figure 4.8: Comparison of implemented models wigasured values from [90] — forward arc; 50
(top); aft arc, =150 (bottom)

4.2.6 Airframe noise

It was mentioned in Section 4.1 that turbulent flover trailing edges and over compact bodies i3 ats
important aircraft noise source and is the dominamtadband noise source during approach. The
theoretical approach of Ffowcs-Williams and HalbaBurle was used to predict the far-field acoustic
pressure created due to turbulent flow around shizrp edges such as wing or slat trailing edges, an
over compact bodies such as landing gear wheelstants. The parametric model developed by Fink
[88] of United Technology Research Center for th® BAA for predicting noise due to the aircraft
airframe, is a model in wide use [65], [67], [9Tidais an integrated part of ANOPP. The model ptedic
the broadband noise from the dominant componentbeofiircraft airframe, which include clean wing
trailing edge noise, flap noise, slat noise, maid aose landing gear noise as well as aerodynanise n
from the stabilizers (as illustrated in Fig. 4. The model was developed specifically to predictrale
airframe noise trends for commercial aircraft farrging out aircraft level studies and as suchnighly
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suitable for the purposes of this dissertation. Thedel makes use of empirical functions (from
measurements of several aircraft flyovers in fliglle setting) and assumed theoretical functions to
produce airframe noise spectra for each compongena dunction of third-octave frequency, polar
directivity angle and azimuthal directivity anghes was indicated via Eq. 4.18, noise from the airfe is
not radially symmetric and also varies with airtefimuthal angle .

Similar to the engine source noise models, theagmbr of Zorumski [83] will be used for predictirtret
far-field noise due to the airframe componentssTéigiven by the familiar form of Eq. 4.56:

, ™ ~1 m APATM.

- — <
pi« E DA -~ ° Al
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In Eq. 4.56,F(S); is the spectral function for each airframe commbrendS is the Strouhal number,
defined as:

O 2h _—&AEﬂ A<R

wheref is the frequency anH is the characteristic dimension of the airframes@asource. The acoustic
power of each component is given by Eq. 4.58.

> E>h_ 9T"'>._ - - A<V

In the above equatiorK; is an empirical constant aral is a power coefficient, relating the radiated
acoustic power with the flow spee@; incorporates the effect of airframe component gegtoynon the
acoustic power and is different for each compon&he termb,, corresponds to the wing span of the
aircraft under consideration. Using Eq. 4.58, tbeuatic power for each aircraft geometry compoicant
be computed, and together with the directivity tisrtD; and spectral functioR; for the component, the
mean-square acoustic pressure in the far-fieldbeatletermined. Some attention will now be giveth®o
individual airframe noise sources and how theypaeglicted using the model of Fink.

i. Clean trailing-edge noise:

Figure 4.9: Clean trailing edge noise generatiomtduconvection of turbulent flow over trailing exdg
[98]
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In Fink's model, trailing edge noise over a cleangrand tail surfaces is caused by the convectfon o
the turbulent boundary layer past the surfaceirigagédge. The turbulence length scale is takereto b
the boundary layer thickness. The directivity fumeD is assumed to be of dipole form, aligned with
the lift dipole and the spectral functiénhas been determined empirically. The acoustic pdieen
trailing edge noise over conventional wings is gty Eq. 4.59, which is a specific form of Eq. 4.58
for the wing. The correlation of wing trailing edgeise acoustic power with fifth power of flow
speed, as was shown in Eq. 4.17 can be noted.

AAIAE $Y h . YD o —- A<Z

where ,, is the dimensionless turbulent boundary layerkiiéss and is computed by assuming a
standard flat plate turbulent boundary layer adogrtb Eq. 4.60.

. =X
) $5R.|.—2E—.I.€ Al$

Ay in the above equation is the wing area ands the ambient dynamic viscosity of air. For the
horizontal and vertical tail surfaces, the apprtgristabilizer area has to be substituted intodEgf)
and for the acoustic power, Eq. 4.59 has to beiptiell by the ratio of spank./b,? or b/b,?
depending on the type of stabilizer surface (indesfers to the horizontal stabilizer andefers to the
vertical stabilizer). The directivity function fohe clean wing and horizontal tail is given by Bl
and for the vertical tail by Eq. 4.62.

a paAPA A—& Ze—&A Al

a APA A—& ZeN7A Al

The forms of directivity variation are also hermiar to the form predicted theoretically by Ffwecs
Williams and Hall, as was indicated in Eq. 4.18eTdmpirically determined spectral functiénis
given as two separate functions — one for rectamguings and one for delta wings, according to
EQ.4.63 and Eq.4.64 respectively:

S pq30O $1580 P $0-f ;$< P AlS
) picas O $AV< $O P $0 Y :$< P AlA

In the above equations, the Strouhal number isubtled using Eqg. 4.57, where the characteristic
dimensionL is taken to be the product of the dimensionlessulent boundary layer thickness (
from Eq. 4.60) and the spdnof the surface under consideration (i.e. wing,izotal or vertical
stabilizer).

i. Leading edge slat nois&ink accounts for the increased noise due toddatoyment by accounting

for two mechanisms — the increment in wing trailedge noise due to the interaction of the deployed
slat with the boundary layer of the wing, and ttaéling edge noise produced by the slat itself. ther

first mechanism, the acoustic power radiated frbewing trailing edge when the slat is deployed is

assumed to double. For the second mechanism,aheate acoustic power is assumed to be equal to
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the clean wing trailing edge acoustic power. Thénrdiference to wing trailing edge noise is thag t
spectral functior4S) for the slat has a different weighting, also deieed empirically and given by
Eq. 4.65.

30 815 ZO P 7o f ;< P Al

Flap trailing edge noiseThe overall airframe noise increases with theesion of flaps due to the
turbulent flow encountering the flap surface. Tihésa increases with increase in the flap deflection
angle and its directivity according to Fink's magled assumed to be aligned with the lift dipoleheaf
deflected flap. Fink also assumes that single andble slotted flaps have one value of acoustic powe
weightage (constar from Eqg. 4.58) and triple slotted flaps have asottlightly higher weightage,
accounting higher flap noise due to higher numbbesiais. These flap noise acoustic power equations
are given by Eq. 4.66 and 4.67 for single/douliétesti flaps and triple slotted flaps respectively.

Ap-jcpsy RVRE $P h _ aeI_O N7 Bye. —- All
Ap_jcpgy 5<$ZE $P h . ael—o N7 Bxe. —- AR

It can be noticed that the acoustic power radidiezito flap noise depends on the flap aeand on
the flap deflection angle. TheM ° term indicates a dipole noise source for the #agd not a noise
source between a dipole and a monopole as is #gefoawing and slat trailing edge noise. Thisue d
to the fact that the flap, being completely immdrgeturbulent flow from the onset, can be treasd

a compact body, unlike the trailing edges, whiah semi-compact bodies with turbulent flow passing
only over their trailing edges. The directivity fition D for flap noise is given by:

ag APA 50 NTB—& A ; —& PN7A—& AD AV

The spectral function for flap noise has been daterd empirically by Fink for single or double
slotted flaps and for triple slotted flaps sepdyafEhese depend on the flap Strouhal number, wisich
computed using Eq. 4.57 with the characteristicedision for flap noise assumed to be the flap area
divided by the flap spa\{b;). The spectral functions can be found in [83],][88

. Landing gear noiseLanding gear noise generation mechanisms arellustery complex and are

dependent on the landing gear's specific geomatiy @onfiguration. Fink makes the simplifying
assumption that there are two primary noise sowndbe landing gear — the strut of the gear aad th
wheel(s). This assumption was made by Fink basedexperimental data from the flyover
measurements of several aircraft. The various antem effects of the wheels and strut with each
other as well as with the wing or fuselage are themeglected, being gear geometry specific. The
model of Fink differentiates between gears with anaewo wheels and gears with four or more
wheels.

For landing gears with one or two wheels, typicaken on a Nose Gear (NG), the acoustic power
function for wheel noise is given by Eq. 4.69, dadlanding gears with four or more wheels, seen
commonly on a Main Gear (MG), the acoustic powemfbeel noise is given by Eq. 4.70:
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whered is the wheel diameter amu is the number of wheels per landing gear. Fort staise
originating from struts of both main and nose géaggven by Eq. 4.71:

13«13 R<5 & $Ap h _ aZI—€ Z_C€._ S AR

whered is again the wheel diameter adnid the strut length. The directivity functions afeo the same
for both one or two wheel gears and for four whggrs, provided by Eq. 4.72 for wheel noise and by
Eqg. 4.73 for strut noise.

a gic APA =N7A AR
apaqs APA 5N7 AN7A AR5

The wheel and strut spectrum functions are agaipirarally determined functions and are different
for nose gears and main gears. They depend oarldint gear Strouhal number determined using Eq.
4.57, using the wheel diametkas the characteristic dimensibn

The airframe noise components described above eawimbined to compute the overall airframe noise
far-field mean-square acoustic pressure using B, &vhich can be converted to SPL using Eq. 4.74.

¢ mgespeE
OBloscacogy  $%& (———— ARA

“o@

It can be observed that airframe noise calculaicrording to Fink's model requires the input oheye
number of aircraft geometry parameters. These ptes) as well as the operational parameters are
summarized in Table 4.5.

Table 4.5: Summary of geometric and operationapaters required for parametric airframe noise

prediction
Airframe Noise Inputs
Parameter Narr Symbc

Geometric Parameters
Wing spal by,
Wing arei Ay,
Flap spa b
Flap are A
Horizontal tailspar by,
Horizontal tail are A,
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Vertical tail spa b,
Vertical tail are A,
Main gear wheel diamet dwe
Nose gear wheel diame dng
Main gear strut leng Ivc
Nose gear strut lenc Ing
Operational Parameters

Flap settin -

Flap deflectiorangle f

Slat settin -

Landing gear settir -

Although Fink’s airframe noise model is a suitafledel for parametric prediction of noise radiatexhf

the aircraft geometry, it predicts the primary r@irie noise sources in a simplified yet efficieninmex.
There are however other important airframe noisgces such as those from the flap side edge, from
spoilers and also from cavities and fuel ventshie wing that produce additional noise, but are not
incorporated in Fink’s model. A few other semi-erigal airframe noise models such as PROFAN of the
German Aerospace Center (DLR) [96] are capableredipting flap side edge and spoiler noise but not
the parasitic noise from cavities (the cavity ndseften tonal in nature, in contrast to the bl
nature of all other airframe sources). The othedefmare however organization specific and areseith
not public, or are made publically available wiitmited functionalities. Since Fink's model is puiaily
available and provides the control of several mh¢vaircraft geometry parameters for airframe noise
studies, it has been the preferred choice for theent study. Although it simplifies the airframeise
generation theory to a great deal, it is still @estof the art model and predicts airframe noiseno$t
current aircraft with correct trends and sufficianturacy for conceptual design and assessmeragesp
Fig. 4.9 shows two sample spectra for airframeenaisthe source produced by a short range comrhercia
aircraft (A320-200 comparable) for departure andragch flight settings, at a polar angle of 40° and
azimuthal angle of 0°. It can be noticed that therall airframe noise in this case is about 10 dihér
during approach than during departure, which iscipfor commercial aircraft. Combined with the ffac
that the engine during approach is at flight iditting, this makes airframe noise during approachrg
significant noise source.
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Figure 4.10: Sample spectra of airframe sourceerfoisdeparture settings (top) and approach setting
(bottom) at =40°and =0°

4.2.7 Noise validation on the ground

Simulated and measured aircraft noise spectra wWee compared to perform a validation of the
implemented models. Both departure and approaghtfketting flyovers of the DC-10 aircraft flying
with the PW JT9D-59A turbofan engine, as publish®d Kapper et al. [99], were used for the
comparison. In order to see how well the individemhulated airframe noise spectra presented here
compare with those simulated by Kapper et al. uBlA$A’s ANOPP, the reader is referred to [99]. The
spectral comparison here focuses on the companissimulated spectra of aircraft noise as implement
for this dissertation with aircraft flyover measments on the ground. The propagated noise spectra,
which have undergone the various atmospheric aodngr reflection and attenuation effects can be seen
in Fig. 4.11 and Fig. 4.12.
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Figure 4.11: Comparison of simulated spectra ommglavith DC-10 measured spectra from [99] for
departure settings —= 50 (top); =90 (middle); = 150 (bottom)
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Figure 4.12: Comparison of simulated spectra onmgglavith DC-10 measured spectra from [99] for
approach settings —= 50 (top); =90 (middle); =150 (bottom)
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The peaks and troughs seen in the spectra on thendyr which are not seen at the source, are
characteristic of reflection of acoustic waves hg ground surface. This propagation effect will be
explained in more detail in the next chapter. Fenrfrore, it can be observed in the spectra on thenglr

that the magnitude of the SPL values is much lothan that observed at the source, due to the
propagation effects of geometric spreading and spmeric absorption, whereby the acoustic energy is
absorbed by the atmosphere as the sound waves fi@wvethe aircraft to the observer on the grouihd.
can be seen that for most polar angles for botlardeqe and approach settings, a good to reasonable
match to the overall measured aircraft noise spdstrobtained (though the accuracy of the models is
clearly limited). The engine cycle for the JT9D-58Agine has been modeled using the software Gasturb
to obtain all the thermodynamic inputs for the seumodels. The DC-10 airframe geometry parameters
have been obtained from [99]. The DC-10 aircraf fging at an altitude of 363.1 m with an airspe¢d
100.53 m/s for the departure setting flyover andragltitude of 119.3 m and airspeed of 84.22 wv's f
the approach setting flyover. The measurement mimoe was located at a height of 1.2 m above the
ground.

With regards to spectral composition of aircrafiseoit is useful to note that for the departurtirsg in

Fig. 4.11 that in the forward directions, airframeise is often of comparable magnitude to jet noise
whereas jet noise is dominant by a large margithénaft directions during departure. During apphpac
airframe noise remains the dominant broadband remsgponent in all polar directions, being slightly
louder than jet noise even in aft directions. Tikidue to the aircraft flying at low engine thrgsttings
during approach. It can also be noted for both dapa and approach settings, fan inlet noise is the
dominant tonal component in the forward arc whefaasexhaust noise begins to dominate from90
onwards. This spectral composition is typical farrent commercial aircraft flying with turbofan
engines, and helps in understanding many of tleesfion the sound quality of aircraft noise degctiim
Chapter 6 to Chapter 8.

As the spectra published by Kapper et al. weréhfiemow retired DC-10 aircraft, an additional vatidn

of the noise simulated using the models implemefaethis dissertation’s research work was perfame
with the more modern Boeing 747 aircraft flying hwithe CF6-80C2 engine. For this, simulated SPL
values in the dBA metric were compared with meabdiRA values at a chosen noise measurement point
near Schiphol airport Amsterdam. These resultsnatepresented in this dissertation due to the fligh
paths being a property of Schiphol airport andDiéch Aerospace Laboratory NLR, but it can be said
that comparable differences to those presente@Shwere observed (the results can be made awilabl
by the author upon request). These differencesfasesimilar magnitude to the differences obserived
the comparison of the DC-10 spectra in Fig. 4.1d Eig. 4.12.

The atmospheric propagation and ground effectsdffatt aircraft noise reaching the observer on the
ground, which were only briefly mentioned towartie £nd of this chapter, will be explained in more
detail in the next chapter.
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5 Development of an aircraft noise prediction and ssessment
environment

The source noise models described in the previbapter were selected for their applicability tocedft
design and assessment at both aircraft and systezh The fact that the models are parametric allthe
possibility to optimize current aircraft designs fmise as well as annoyance impact, by firsthyirgpe
what effect their parametric variations have ondbaerated noise, and then selecting a combinafion
parameters that minimizes the noise impact. Crdorabptimizing aircraft designs fannoyances the

use of appropriate metrics, which actually corresbto the annoyance experienced by residents. The
implementation of suitable annoyance metrics dimltiescribed in the next chapter. The current ehapt
focuses on the development of an environment fedipting and assessing aircraft noise of current
aircraft using the aforementioned source noise tsdde both certification and community noise impac
Furthermore, the chapter also describes the irtiegraf this environment into an aircraft desigrdan
optimization chain with which the aircraft desigrem be assessed and optimized for noise impact. The
noise assessment will be shown in the current ehaptterms of conventional metrics that are cutyen
used in the aerospace industry, as described ipt&ha.

It can be understood that in order to design diremrad assess them for noise impact, the noisdqtied
environment has to be either fully integrated diyfoompatible with the aircraft design environmenhte
aircraft design environment has to provide all thlevant noise inputs at a system or component leve
and the noise prediction environment has to beltapE providing the noise impact in suitable nutri
as feedback to the aircraft design environmentofetimization purposes. The aircraft design software
therefore has to be capable of providing all threraft geometry parameters as well as all operation
parameters over complete departure and approattt fiaths. The aircraft design environment used for
the work in this dissertation is ILR’s Multidiscipary Integrated Conceptual Aircraft Design and
Optimization environment (MICADO) [100], which hd®en developed over past several years for
designing and optimizing commercial aircraft forigas target criteria such as block fuel or co$tse
MICADO environment was complemented over the cowb¢he work for this dissertation with an
aircraft noise prediction and assessment envirohmitR’'s Noise Simulation and Assessment Module
(INSTANT) [101], [102], [103]. This chapter will deribe briefly the MICADO aircraft design
environment and the various system level desigistdocomprises in Section 5.1. The subsequent
sections will focus on the aircraft noise predictienvironment INSTANT and how it can be used to
assess aircraft for both noise certification ad egkommunity noise impact.

5.1 The aircraft design environment MICADO

The MICADO environment was developed at the ILRROYTH Aachen University in order to produce
an aircraft design software that could design asskss aircraft with a minimum of user input in an
automated way, based on certain typical top-lesglirements such as the design range, payloadgecrui
Mach number and altitude for instance. An importamracteristic of the MICADO environment is the
capability to perform large scale parameter studies optimizations over large parameter spaces, wit
relatively low computational costs. This allows fagt top-level aircraft requirements to be varéedi
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optimized for assessment criteria such as block fwecosts, but also system or component level
parameter variations and optimizations. In thisardgparameters such as the wing sweep, aspexorati
the available engine thrust can for instance bes#and the impact of each variation on target tions
such as fuel consumption, weight and costs carsdesaed.

The overall MICADO environment consists of a senésnodules or sub-programs with a modular build
up, which are linked to each other via a centrabipetrized and structured file in Extensible Markup
Language (XML) format. Each module is intended ¢ofgrm a specific aircraft design or analysis task
such as estimate the aerodynamics of the airétafperformance, estimate its system level weigitt a
overall weight and compute its costs and aircrafissions. Based on the top-level aircraft requingise
and certain design specifications (such as numbengines, position of wing), the aircraft geometry
components such as the wing, fuselage, landing aygdustabilizers are sized yielding a preliminarst f
estimate design. This is followed by an analysighef aircraft aerodynamics, weights, block fuel and
performance among others, for a specified typikgthtf profile or a ‘mission’ of the aircraft. Theqress

is iterated, going through all sizing and analyszdules till a convergence of key representativerait
design parameters such as the Maximum Takeoff WéhOW) and Operating Weight Empty (OWE)
is achieved. This converged aircraft design is thesessed against selected evaluation criteriauseul
for further analyses and studies. A specific MICAD®@dule named thearameter study managatiows
parameter variation studies as well as optimizatiorbe carried out. For system level paramettdiss,
the module executes a specific design or analysidule for each required variation of the paramefer
interest, and for aircraft level parametric studig®e module executes the entire convergence loop
consisting of all the aircraft design and analyaisdules. As such, this tool is a very powerful ttmol
quantifying sensitivities of specific design paraene on the target functions of interest. The patem
study manager has been used in this dissertatiaquintifying the sensitivities of noise relevamtiaft
and engine parameters on the noise and annoyapeetion the ground, which are shown in Chapter 7.

5.1.1 Aircraft design and assessment methodology

Fig. 5.1 shows the aircraft design and assessmetitogiology of the MICADO environment and shows
how the various modules are structured such thahaerged aircraft design is produced after infthe
Top-Level Aircraft Requirements (TLARs) and desgpecifications. The TLARs include, besides the
parameters mentioned earlier, the aircraft takéeffl length, time to climb, landing distance ragui
and approach speed among other parameters thaftygbecaircraft's flight envelope. The TLARs have
to be provided for a design mission to design theraft and also for a ‘study mission’ for off-dgai
assessment. The design specifications that neleel $pecified also include the type of engine beised
(propeller or jet), the empennage configuratiomy@mtional or, T-tail) and gear configuration (oimgv

or fuselage) among others.

After providing the TLARs and design specificatiptise automated design process is begun with the
initial sizing of the aircraft, where the overaiiaaft design parameters - the thrust to weigtibyd/W

and wing loadingM'S are estimated based on the takeoff, climb, cramgklanding requirements. During
initial sizing also a first value of aircraft MTOWs calculated, for which the aircraft geometry is
preliminarily sized and this value is compared vifte reference MTOW value at the end of one cytle o
the convergence loop to check for design convemyeRarallel to the initial sizing of the aircratiie
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fuselage design module sizes the fuselage andndets the fuselage cross-section, cabin and cargo
layout (based on the design specifications). Tht@irsizing and fuselage design modules are rugy on
once, with the fuselage geometry and layout natidoehanged iteratively. The iterative design preces
then begins with the design of the main aircrafnponents. As can be seen in Fig. 5.1, these include
firstly the sizing of the wing, including its plasrin, 2D and 3D geometry as well as sizing of thyhHift
devices (trailing edge flaps and leading edge )statghe wing. The horizontal and vertical staleitz are
then sized by the empennage sizing module folloesizing and placement of the engines as welfas o
the landing gear. The engine sizing module alsateseengine performance decks for the selectediengi
which are several engine cycle parameters suchrastt mass flow, station temperatures and pressure
provided as functions of LP spool speed, Mach nurabd altitude. The aircraft component geometries
as determined by each of the respective moduleswatten in the central aircraft XML file for data
keeping and also so that other analysis tools eadily access the parameter values they require as
inputs. It can be seen that the MICADO design latgp allows the option of performing more detailed
component design and analysis. This includes diegjghe aircraft system architecture by estimathrey
system masses and power consumption over the miksidhe electrical, hydraulic, pneumatic systems
for instance, or also a stability and control aslywhich sizes the aircraft control surfaces atiogrto
certification requirements.

Once the sizing of the major aircraft components baen completed, an analysis of the aircraft
performance is carried out. This is done firstlp the mass estimation module, which estimates the
system and component masses and with it the &iOMIE and the center of gravity locations. Secondly
aerodynamic analysis via the polar module is paréat, which determines the drag polars for all phase
of the mission. Thirdly, the block fuel and missiiel for the standard design mission of the aftaee
calculated using the thrust values from enginegoarnce decks, the drag of the aircraft from thHarso
and the OWE from the mass estimation module. Time sfithe calculated block fuel, OWE and the
design payload from the TLARs results in a new gafithe MTOW, which is then fed back to the start
of the sizing and analysis tools and the entiregse is iterated via the so-called convergence. laop
check for convergence is then made for the valfigiseoMTOW, OWE, block fuel and center of gravity
locations. Once convergence of the designed diroeaf been achieved, a check is made with regards t
the TLARs and if a certain requirement has not lbreet) then this is recorded in the central aircxafil

file. The fully converged aircraft design can thEnassessed in detail for various evaluation @itrch

as block fuel over specific ‘study’ missions, adftroperating and lifecycle costs, pollutant engssias
well as noise impact, which has been the contidioubf the research work in this dissertation.
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Figure 5.1: Aircraft design and assessment metloggadf the MICADO environment [100]

The MICADO environment, as was mentioned earliéso grovides the possibility to perform design
parameter variations for capturing design sensiiviand to optimize aircraft for the above mergn
criteria by performing Multidisciplinary Design Qgiizations (MDO) for various target functions. Each
parametric variation or each optimization evaluafmint within the MICADO environment is a fully
converged aircraft design. In the next sub-sectiba, MICADO aircraft design and analysis modules
which are of relevance for the current dissertaticnbriefly described.

5.1.2 Aircraft design and analysis modules

The MICADO modules which are of relevance for tissertation’s research work are the aerodynamic
analysis module, engine sizing module, performasmeg mission analysis module and the parameter
study manager. These modules are used to not ontpute the departure and approach flight paths for
noise source calculation but also provide inputgte various airframe and engine noise source teode

Since engine noise is a major aircraft noise corapgrnmodeling of the engine thermodynamic cycle
such that the engine thermodynamics is correctiyesented is a crucial part of the noise prediction
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process. As such, the methodology followed for nlindethe engines using Gasturb is given special
attention.

i. Aerodynamic analysis module:

The aerodynamic module of MICADO uses a mixtureearhi-empirical and analytical models to predict
flight polars of arbitrary aircraft for all flighphases i.e. departure, climb, cruise, approachiamding.
These flight polars span the subsonic and trandbigit regimes and are used to compute the totd d
of the aircraft as the sum of viscous drag, indudexty and wave drag. The module is linked to the
potential flow theory based DLR tool LIFTING_Lin&(4] via a wrapper and uses LIFTING_LINE to
calculate the aircraft lift, induced drag and tlitelpng moment. Since the tool is based on potEfitier
theory, it neglects the effects of flow separatemmd other non-linear effects that may occur. The
maximum lift coefficient of the aircraft is compdtsemi-empirically using the methodology detailgd b
known aircraft design references such as Roskarh] [A0d Raymer [106] and the calculated value is
corrected for compressibility using the Prandtli&ld correction.

For the overall drag coefficient calculation, thecous drag coefficient is calculated for each vahe
aircraft component from its skin friction coeffiokeand form factor described by Raymer [106]. Tkia s
friction coefficient is estimated using a flat @eatirbulent flow approximation and makes use ofitical
Reynold’'s number for each aircraft component sushthee wing, horizontal and vertical stabilizers,
fuselage and nacelle. After taking interferenceeaff for each component into account, the overall
viscous drag is obtained as the sum of the visarag of each of the mentioned components. The
remaining drag component, namely wave drag, is coetbusing Lock’s fourth power approximation
[107] of the difference between the freestream Maaimber and the critical Mach number. The critical
Mach number is obtained using the drag divergeneehHvhumber, which is calculated using Korn's
equation [108], extended with simple sweep thedymore detailed description of the MICADO
aerodynamics module can be found in [109].

ii. Engine performance module:

Most engine performance modeling tools used faraft design and assessment purposes are based on a
full thermodynamic engine cycle analysis and make af various software that can model the engine
performance for all phases of flight. As mentioredlier, the gas turbine cycle analysis program@has

has been used in this dissertation work to modektigine cycle. The process for modeling engined us

on current commercial aircraft using Gasturb ane thtegration of the cycle data in the engine
performance module of MICADO is outlined in theldo¥ing steps.
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1. Engine cycle modeling at design point
Engines typically used by current commercial
aircraft are mid to high bypass ratio turbofan
engines and engines used in this dissertation’s
research work are the V2527-A5 engine, CF6-
80C2 engine and the GE90-85B engine. These
engines have been modeled using Gasturb as
geared unmixed turbofan engine models (cf.
Fig. 5.2) and the design point has been chosen
to be the start of cruise phase (or equivalently
end of climb phase). The reason for this choice
of design point is mainly the correct estimatic
of the engine Thrust Specific Fue
Consumption (TSFC) for the cruise phas
which is a very critical parameter for aircran
design purposes. It is known from current as welbther research work [110] that engines modeled fo
the takeoff thrust setting (for which also moserefice data is publically available) provide maieble
thermodynamic cycle values for departure and clipitases but offer less accurate prediction of
thermodynamic state variables for the cruise amtagzh phases. Engines modeled for end of climb
phase, where the thrust setting is here taken t6%87nstead of 100% at takeoff, provide a better
compromise for modeling all phases of flight. Imder to model the engine at the design point (alétu
10-11000 m, Mach number 0.76-0.85 depending oretigine), pertinent engine design parameters have
to be provided as inputs at the design point. Theslede among others - the bypass ratio, inner and
outer fan pressure ratios, LP ad HP compressosgmesatios, burner (combustor) exit temperatwae, f
mass flow and compressor and turbine polytropidcieficies. The inputs should lie within realistic
ranges for each design parameter and the valuelsiggd as output such as the cruise thrust and TSFC
are checked whether they lie close to referenagegabdr not. An iterative adjustment of the engiesigh
parameters is usually necessary before the desighqutputs match the reference values at desgt.p

Figure 5.2: Geared turbofan unmixed model and
thermodynamic station numbers as used in Gasturb

2. Off-design point cycle check

Since most relevant engine performance valuesrakeded (very limitedly) for the takeoff thrust ag,
the modeled engine’s outputs are tested for thelesfgn case of takeoff thrust setting at grounelle
altitude and Mach number of zero. The outputs #rat compared with values from known public
references such as Jane’s Aero-Engines [111] @] @re, among others — the produced thrust, TS&C, f
mass flow, bypass ratio, overall pressure ratidite entry temperature as well as the jet velesiind
areas, which are of high importance for realistic joise calculation. The LP spool speld, which
corresponds to the maximum rated thrust is obtdired the specific engine’s type certificate docuine
and determines which spool speed value actuallsesponds to takeoff thrust. Most engines in general
can produce more thrust than their rated value D& - 115%N1) and as such a limiter on the LP spool
speed to 100% has to be set in order to compareftftesign values with the reference catalog value
The off-design values will in general deviate sfigaintly from the reference off-design values fhe t
first run and the entire process (design point ispoff-design checks) as such has to be itergtivel
repeated till a good match with all known referenakies is obtained.

3. Comparison with ICAO emissions databank values
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Once the off-design cycle values are seen to miieheference values to a sufficient extent, amothe
check is carried out to see how the engine perfdoma series of thrust settings. For this purpdise,
ICAO engine emissions databank for the specifidrengeing designed is used, which is made public by
the respective aviation authority - FAA in the UBropean Aviation Safety Agency (EASA) in Europe
for instance. These documents contain actually oredsdata for the engine for sea-level static
conditions and correlate the thrust setting foetdk climb out, approach and ground idle (7% déda
thrust value) conditions with the measured fuelfia kg/s and the Emission Index (El) in g/kg farch
pollutant such as CO, N@nd Unburned Hydrocarbon (UHC). Of interest far &ngine comparison is
the fuel flow value for each thrust setting. Anéoating line’ is run in Gasturb, where the HP sEpded

of the engine is varied in steps from minimum toimaum spool speed. As outputs, the calculated thrus
and fuel flow are compared with the values continghe engine emissions databank.

4. Creation of engine performance decks:

The earlier mentioned engine performance deckstmmbe created and exported from Gasturb for each
relevant engine performance parameter such ashthett fuel flow, station mass flows, temperatures,
pressures and jet velocities. For this purposeranpetric study is performed in Gasturb, where tRe L
spool speed is varied in steps of 5% from flighe idalue (30-40% of rated thrust value) to 110% fom
each spool speed value the parameters of interestibculated for altitude values of 0 m to 1400@md
Mach numbers of 0 to 0.95. In this way, requiredirea cycle values for performance and noise areemad
available for all thrust settings, flight altitudesd Mach numbers that may be of importance during
computation over the entire aircraft mission. Itlsar that commercial aircraft would not fly at éhe0.9

at low altitudes but the goal of the engine decktiattempt to cover the entire flight envelopeaof
aircraft, including flight regimes which in generahy never be encountered. The simulated values fro
Gasturb are exported as Comma Separated Value (fil&€%))and these CSV files are then referred to as
the ‘decks’, to be used by other aircraft desigth amalysis tools.

The operational limits of the engine such as théakbst Gas Temperature (EGT), fuel-to-air ratio,
maximum and minimum LP and HP spool speeds andmami allowable shaft power and bleed air
offtakes are also accounted for by MICADO's engieeformance module. The module therefore allows
the modeling of the effects of altitude, flight Meacumber and flight phase dependent power offtakes
the engine performance and efficiency, while takimgp account the engine’s operational limits. As i
typical during conceptual and preliminary designs inot possible to model a new exact engine &@he
aircraft design variation and the engine perforneadecks are therefore scaled based on the required
takeoff thrust, obtained from the aircrafiV ratio and MTOW value.

The three turbofan engines mentioned earlier (V2&82,7CF6-80C2 and GE90-85B) are appropriately
used and scaled depending on whether a short-remigeange or long-range aircraft is being designed
A scaling factor of 5-10% is seen to still offeremsonable accuracy in performance and thermodygnami
parameter values and known aircraft design refeesach as Torenbeek [113] suggest a scaling factor
up to 20% as still providing sufficient accuracy émnceptual design purposes. Tables 5.1 and 5\ ah
comparison of key engine parameter values for tAB2V-A5 and GE90-85B engines respectively, for
Gasturb simulated and publically available refeeewmalues [111], [112]. The fan blade number anetinl
diameter have been computed using the empiricdhergeometry database, the empirical functions of
which are provided in Appendix A. The accuracyhs thodeled engines with regards to this dissertatio
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is to a large extent also representative of theraoy of the engine noise modeled at the sourdging
from the large number of thermodynamic parametesare required for source noise calculation.

Table 5.1: Comparison of key Gasturb simulatedrafetence values for the V2527-A5 engine (TO
represents takeoff thrust setting)

Parameter Value - Simulated Value — Reference Devian (%)
Thrust Cruis [KN] 19.7¢ 25.6 (V2500 gener: -22.7
SFC Cruis [mg/Ns] 16.25¢ 16.26 (V2500 gener: -0.02¢
ThrustTO[kN] 122.4° 117.8¢ +3.8¢
SFC TO[mg/Ns] 10.02¢ 10.20¢ -1.7¢€
BPR TQ[-] 4.56¢ 4.7¢ -3.8¢
FPR TC[-] 1.€ 1.7 +5.8¢
OPR TC[-] 32.3i 27.L +18.1¢
Mass flow T([kg/s] 353.7: 384 -7.8¢

Fan blade [-] 29 Not Available -

Fan inlet diamete [m] 1.71 1.61: +6.01

Table 5.2: Comparison of key Gasturb simulatedrafetence values for the GE90-85B engine (TO

represents takeoff thrust setting)

Parameter Value - Simulated Value — Referencel  Deian (%)
Thrust Cruis [KN] 58.31 77.8¢ -25.1
SFC Cruis [mg/Ns] 15.26: 14.74: +3.58
Thrust TC[KN] 425.4; 376.¢ +12.97
SFC TQ[mg/Ns] 8.26¢ 9.1¢ -9.9¢
BPR TQO[-] 8.0¢ 8.4 -4.0%
FPR TC[-] 1.69¢ 1.65 +2.91
OPR TC[-] 41.9¢ 39.2 +6.7¢
Mass flow T([kg/s] 1377.5¢ 141 -2.65
Fanblade: [-] 22 22 0
Fan inlet diamete [m] 3.0t 3.12 -2.2¢

iii. Flight performance and mission analysis module:

The flight performance and mission analysis modfléMICADO simulates the entire mission of the
aircraft and calculates the fuel consumed ovenilssion. The module does this by regarding theafirc
as a point mass and analyzing Newton’s laws of enofor small incremental discrete steps over the
flight path. This is done by equating the net poperduced by the engines with the sum of the rate o
change of the aircraft’'s potential and kinetic gyeaiccording to Eq. 5.1 [114]:

1 a -
G?a ® 9 ?, 9 ®? <
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In Eq. 5.1, the left hand side represents the oaep from the engines and right hand side repregéet
sum of the aircraft's potential and kinetic enetigye rate of change. This relation can be rewrittetne
form of Eq. 5.2, as has also been described bysQaié&].

*n -

8 C’)@E

0 A R - = ..
?o, Eza—€o

Eq. 5.2 represents an initial value problem andiireq firstly specific performance conditions to dut

for each mission segment. These include parametierey such as the thrust setting, aerodynamic
configuration, end altitude or flight level, reqeidr rate of climb and end Calibrated Air Speed (CAIS)
Mach number for each flight segment. Since theair¢hrust, drag and weight are not constant dver
flight and vary with flight speed, altitude and &pEq. 5.2 has to be solved iteratively for eachsion
increment. The primary inputs required for the datian of each mission segment are the thrust alvizil
obtained from the engine decks, the aircraft draigined from the flight polars as function of aaftr
Mach number and altitude, and the aircraft weiglgzech mission increment. A more detailed descrnipti

of the mission analysis module of MICADO can berfdun [114]. Flight paths for departure from brake
release up to an altitude of 3000 m and for apgprdeam an altitude of 3000 m to touch down on the
runway are of relevance for ground noise impact armeextracted from the overall simulated mission
flight path (taxiing noise is thus hereby negleftésd was mentioned earlier, the departure andogmbr
flight paths thus produced by the flight performangnd mission analysis module contain all the
necessary operational and thermodynamic inputseémh mission step, required by the source noise
models for source noise calculation.

iv. Parameter study manager:

The parameter study manager module of MICADO all@esforming extensive parameter variation
studies as well as optimizations both for the erdiircraft by executing the entire convergence ,l@op
also for individual components by executing onlgitidual modules. In principle, any parameter pnése
in the central aircraft XML file can be chosen aee variable to be varied or also as an outpudeto
followed during the parametric variations or optiations. For parameter variation studies, the input
parameter which is to be varied in order to analyze its #eity on the output parametey, is read
from the aircraft XML file, the respective module oonvergence loop is executed once for each
variation, and the outpw is then written to the aircraft XML file. As an @axple, Fig. 5.3 shows the
parametric variation of two input parameters - #lireraft T/W ratio and wing loading/'S of a short-
range aircraft and its effect on the fuel consuamptiy taking the block fuel as an output over artsho
range study mission. Both tiéW and theW/S are hereby varied over discrete steps aroundefeeence
value for each input parameter. By looking at thgact on block fuel due to variation of both
parameters, an optimum combination of A&/ and WIS for the short-range aircraft can be found.
Another example can be taken to be the optimizatfaime same aircraft for minimizing the community
noise impacted area on the ground in one of theenuoietrics such as dBA or EPNL.
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Figure 5.3: Parametric variation 8w andW/Sto analyze impact on block fuel over a study noissi
[100]

Fig. 5.3 also shows that the parameter study manaes into account boundary conditions while
performing the parameter variations and optimizetjovhich in this case were the takeoff field léngt
climb performance, cruise performance and the tapdield length requirement. As was mentioned
earlier, each evaluation point in Fig. 5.3 is &/fabnverged aircraft design.

The main difference between performing parameteiatian studies and optimizations using the
parameter study manager is the input parameteevatua combination of input parameter values is
provided by the optimization algorithm instead eiry read in discrete steps provided by the udee. T
MICADO toolchain involves a number of individual chdes, each of which require their own inputs, use
their own individual models and write their individ outputs. As such, there is no direct analytical
function that connects the produced outputs with thput parameters that result in the required
optimization. No derivative based optimization solkes can therefore be applied to the MICADO
environment. For such applications, a ‘blackboxXimjzation is required and a well-known open-source
blackbox optimization software that has been appioe aircraft design related MDO purposes [116] is
the Nonsmooth Optimization by Mesh Adaptive Dir&garch (NOMAD) software. The NOMAD
software has been incorporated in the parametely stutanager of MICADO and has been used to
perform several parametric design studies and @mtions [100], [117].

Both the parameter variation studies as well asmipations can be run parallelized on multiple
processors by the parameter study manager, whidhces computational times considerably while
finding global optima. Although bi-objective optimaitions are also possible using the parameter study
manager, only single objective optimizations hagerbemployed in this dissertation. An explanatibn o
the MICADO aircraft design approach, as well as sdmowledge of the tools and models it uses in
order to design current commercial aircraft preseiin this section was necessary to give an iddewf

the aircraft design and optimization process has lwarried out in this dissertation. It was alsoessary

in order to understand how the inputs to the sonaise models in the form of aircraft geometry and
operational parameters over complete flight patiigehbeen generated for the research work in this
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dissertation. The next section describes the direraise prediction module INSTANT and how it
connects with the MICADO environment in order tmslate the noise impact on the ground for each
aircraft design, which can then be assessed bothoise level and annoyance, either for certifaatbr

for community noise impact.

5.2 The aircraft noise prediction and assessment envirment INSTANT

The aircraft noise prediction and assessment

environment INSTANT was developed over

the course of the research work for this

dissertation to model and assess the noise

produced by commercial aircraft. The overall

goal was to develop a noise simulation

capability which would be suitable for

multidisciplinary aircraft design using ILR’s

MICADO environment and also provide a

capability of assessing the mission level

noise impact of commercial aircraft. The

capability was required to be sufficient fo ] ) )

current aircraft flying on both standard an .F'gu“? .5'.4: VR S|mulat'|on achieved for the
. . interdisciplinary VATSS project

noise abatement flight procedures and also __

able to be extended to future concepts such as CROBulsion or alternate aircraft configurationatth

minimize the emitted source noise via shieldingh@f noise for instance. With these overall goals in

mind, the ILR Noise Simulation and Assessment m®dUNSTANT) was developed over the past

several years at the ILR of RWTH Aachen Universityl has been used for several applications such as

aircraft noise certification of aircraft designsymmunity noise impact analysis of both standardraoise

abatement flight procedures as well as applicatmrVR applications such as auralization and 3D

visualization of aircraft noise in airport viciras.

With regards to VR applications, INSTANT was usedthe interdisciplinary Virtual Air Traffic System
Simulation - VATSS project, which was mentionedelilyi in Chapter 1, for source noise simulation as
well as community noise impact visualization. TH®T\SS project had the goal of making an immersive,
interactive virtual reality simulation of aircraftoise by making use of 3D visualization as well as
auralization of aircraft noise to make it more Basbmmunicable to residents living in airport viities
and to other non-experts [18], [19], [118] (cf. Eigh). For this purpose, INSTANT provided both seur
noise data at each 0.5 seconds of flight for caiearto a directional audio file format for auraliion
purposes, and also noise impact data on the grisutite form of time-varying noise contours in a 3D
visualization format. The auralization and visuatian were then performed by two other specialized
RWTH Aachen University institutes — the InstituteTe@chnical Acoustics (ITA) and the Virtual Reality
Group (VRG), resulting in a complex immersive VIRCeaft noise simulation.

The current goal of INSTANT is to be able to modet assess the noise of all commercial aircraffh fro
business jets to long-range airliners using stahdarwell as alternate noise assessment methodslogi
The modeling is currently capable of assessingnibise of turbofan and turbojet powered aircraft,

-74 -



Chapter 5. Development of an aircraft noise prémlichnd assessment environment

although an extension to future propulsion techgpkuch as CROR engines has already been initdted
the ILR [119], [120]. Fig. 5.5 shows the aircrafbige prediction and assessment methodology of
INSTANT, parts of which have already been explaimedChapter 4 via the parametric source noise
models used by INSTANT to predict engine noise ainffame noise, and also in Section 5.1, which
explained the aircraft and engine design procesgelisas how the aircraft flight paths are simutht€he
complete procedure to predict and assess aircoige rusing INSTANT consists of the following five
main steps:

Aircraft and engine desigrPerformed using MICADO and Gasturb respectivediyh the integration

of the engine performance decks into the MICADOdbain. The engine geometry parameters needed
for noise calculation are obtained from the emgplridatabase as functions of the engine SLST as
described in Appendix A.

. Flight path calculation Generated using the mission analysis moduletéodard (or noise abatement,

if needed) departure and approach flight pathsjigireg all the operational and thermodynamic inputs
required for airframe and engine noise calculatidme airframe geometry data such as the wing, flap
spans and areas are obtained from the geometseslasade using the aerodynamic analysis module
of MICADO.

Several noise abatement flight paths such asCimatinuous Descent Approach (CDA) with
varying glideslope angles and departures with theutback have been simulated using the mission
analysis module and assessed using INSTANT in [IDM¢ CDA procedure with 4° glideslope for a
short-range as well as a long-range aircraft hasnbghown in Appendix B, along with the
corresponding noise and annoyance impact produserdtioe CDA procedure to give an impression of
the community noise impact changes due to sucheraigtement procedures. It can be mentioned
here that the flight paths need not always be sitadl using MICADO’s mission analysis module in
order to be assessed for noise using INSTANT andatso be in the form of measured flight data, for
aircraft flyover data measured using microphonexqd at chosen observer locations. The goal of
using measured data is then not aircraft designrdthier community noise impact analysis around
selected airports.

Source noise calculatioThe engine component source noise models of Heidnfor fan noise,
Emmerling for combustor noise, Matta for turbinéseoand Stone for jet noise are used to calculate
the engine noise for each mission step of the tflggtth. The model of Fink is used to calculate the
noise due to the airframe geometry and its indi@idiwmponents such as wing trailing edge, flag, sla
and landing gear. Since the ANOPP based models dexeloped intending to predict far-field noise,
the overall aircraft (i.e. engine plus airframeh&reby regarded as a point source in order toparf
the propagation steps that follow source noiseutation.
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Figure 5.5: The ILR Noise Simulation and Assesgmgodule INSTANT

iv. Propagation and ground noise calculatiofhe aircraft source noise is propagated to toem after
applying the propagation and absorption effectssmifierical (geometric) spreading, atmospheric
absorption, ground reflection and lateral atterwmetor user specified ground grids.

v. Noise assessmenbDepending on the specified ground geometry, tbésen assessment can be
performed for a single point for time-dependensegirediction and simulation of virtual microphones
on the ground; for an array of points for certifioa of aircraft designs for noise according to the
ICAO Annex 16 methodology [7]; or for a full grid points for mission level assessment in the form
of noise contours displaying maximum values at egadund point in various conventional and
alternate metrics.

The parts of the methodology dealing with the pgapi@n of source noise to observers on the grondd a
the various assessment approaches implemente®&iRANT will now be explained in a bit more detail.
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5.2.1 Propagation of source noise to the observer on tlground

The noise at the source is of relevance as it eseidite pressure disturbance which travels throbgh t
atmosphere and is then felt by residents on thengtoSource noise values at the aircraft’'s posisicn
only of relevance for interior (cabin) noise anaysut are of litle meaning for community noise. ithe
noise impact actually felt by residents. One cadg therefore that the noise at the source trulysga
meaning when it is propagated to the ground. Sthise dissertation does not deal with the issues of
aircraft interior noise, how the noise from thecrift is propagated and which damping effects it
undergoes have to be modeled correctly such teatthoyance due to aircraft noise experienced®n th
ground can be estimated correctly. The primary agagion and damping effects that aircraft noise
undergoes on its way to the observer are thosdalgeometric spreading, atmospheric absorption and
ground reflection and attenuation.

i. Geometric spreading:

Geometric spreading is the spreading of sound gnieogn a sound source, as the wavefronts of the
sound wave which emanates from the sound sourc@ndxip the surrounding medium. For propagation
purposes, as was mentioned earlier, the aircraftgarded as a point source producing sphericaldsou
waves in a uniform medium such as air and the g&mgpreading is then regarded to $gherical
spreading. A line source such as a busy road dway with continuously moving automobiles can be
regarded as a line source, which then results lindnjcal rather than spherical spreading of thansb
energy. For the point source, the sound energgssraed to radiate equally in all directions in ffietd
conditions (free of obstacles or boundaries) aedstiund pressure level is then seen to reducedacgor
to the inverse-square law by 6 dB per doublingisfashce from the source. This occurs due to the fac
that the acoustic power radiated from the soundcgomust remain constant from a source radits an

observer radius,. As acoustic power is the product of acousticrisiy | (with | = ¢ % as mentioned in

Chapter 4) and the surrounding surface area, th@mag relations can be said to hold for spherical

sound waves originating from a point source (usiage¢ £ * ):
z—2€A ,, z—2€A p <5
a p
‘ ‘ Pefa <
'D '} Z_a€«p A

If the source radius is taken to be 1 m (as is donthe aircraft source noise models describedhiapter
4) and replacing the observer radigwith simplyr, andcy with ¢, Eq. 5.4 can be written as:
T S <<
a «
Eq. 5.5 shows that the mean square acoustic peessilireduce as 1 with distance from the source
and equivalently, the pressure will reduce as The 1r? relation can be expressed logarithmically in
terms of SPL reduction according to Eq. 5.6.

oB!, OB! , ; $%&' z€ <l
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A doubling of distance will therefore result in B deduction of -6.02 dB, which is the inverse-sguar
law. This relation has been implemented in INSTASMbiIse propagation component for the straight line
distancer occurring in three dimensions, calculated as tirenrof the vector connecting the time-varying
aircraft position vector with the stationary obsarvector, expressed in global coordinates withottgin
located on the runway at the point of brake-reldaselepartures and point of touch down for apphoac
paths. The global coordinate system as used in M\&8Tshowing the aircraft and observer vectors, the
flight path, runway and the vectoconnecting the aircraft and observer are showkign5.6.

Z ====Flight path

Ground track .0’/
l/"’

Aircraft

=
- -
—

Observer

Figure 5.6: The global coordinate system with tineraft and observer vectors as implemented in
INSTANT

It can be expected that the distance between ticeatiiand the observer is in general large and the
atmosphere that would be contained within this dadjstance would not be uniformly constant
throughout. It would actually contain various loegihd and temperature changes that would give the
path between the aircraft and observer a curvataased by refraction of the sound waves due to the
locally varying speed of sound with which the souvalves travel. This curved sound path can lead to
deviations in the magnitude of damping due to dpakspreading of the sound waves, and the curgatur
can also lead to certain ‘shadow zones' [121] wlieeenoise does not reach certain parts of thengrou
and reaches other areas which would not be impaatdte absence of wind and temperature gradients.
These local wind and temperature gradient effeshawever quite complex to model and require the
solution of the wave equation via approaches sscthe Fast Field Program (FFP), Parabolic Equation
(PE) methods or ray-tracing [122]. The first twothuels are frequency dependent and computationally
very expensive and therefore not suitable for aftalesign and optimization purposes. The ray-tgci
approach is computationally less expensive, beingquency independent but a ray-tracing
implementation for modeling of detailed atmosphgriopagation effects was beyond the scope of the
current research work. As such, local wind and tenafore effects have been neglected in the analysis
presented in this dissertation and straight lineppgation is be assumed, in order to keep the
computational costs involved in propagating souroise through the atmosphere at a level suitabile fo
large scale aircraft design studies and optiminatio
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ii. Atmospheric absorption:

The sound waves, as they propagate from the soareattenuated due to absorption by the atmosphere
besides undergoing reduction in magnitude due tongéric spreading. This atmospheric absorption is
known to occur due to two primary mechanisms —sitas absorption due to viscous effects and
absorption due to the molecular composition of dtmosphere. The absorption due to air's molecular
composition consists of molecular loss due to rtal and vibrational relaxation of the nitrogerdan
oxygen molecules present in air, which exchangeggnieom translational to rotational and vibratibna
modes as they collide with the expanding sound walke amount of energy transferred in this manner
has been seen to be proportional to the amouninaf it takes for the molecules to return to their
equilibrium state i.e. to the relaxation time [123124]. The individual atmospheric absorption
mechanisms are expressed as absorption coefficigish depend on the frequency of the sound ak wel
as the temperature, pressure and relative humaditthe air. The sum of all absorption coefficients
provides the total atmospheric absorption coefficie

CO>9C: «D393>DA  >i93>DAEPE  >i«93>DAEP <R

Since the aircraft as a source is continuously gimanposition as well as altitude over its fligtatip, the
temperature, pressure and absolute humidétse computed for the local aircraft altitude fockeanission
step. The relative humidityy, is used to calculate the local absolute humidithi¢h is the molar
concentration of water vapor expressed as a pegentat the local altitude based on the ambient
pressurep, reference pressumges and the saturation vapor pressyxg according to Eqg. 5.8. The
saturation vapor pressure for this is computedraiaog to Eq, 5.9.
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The reference pressumge is taken to be the atmospheric pressure of therrational Standard
Atmosphere (ISA) at mean sea-level i.e. 101.325 &Pauggested by ISO 9613 [125], alid is the
triple-point isotherm temperature having a value2@8.16 K (+0.01°C). The vibrational relaxation
absorption coefficients of the nitrogen and oxygeriecules depend on the relaxation frequenciesif b
elements, which are given by Eq. 5.10 and 5.11otisjey.
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The total atmospheric absorption coefficient inrdBg then calculated for each aircraft altitudep siger
its flight path using Eq. 5.12.
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The atmospheric absorption constant is calculatiéd Bg. 5.12 for each aircraft position over itgHit
path. It was felt it would be more accurate if ti&tance between the aircraft and observer is édvidto
a number of aircraft altitude dependent segmentthis way, the use of an average absorption aexfit
over the large distance between the aircraft arskmier would be avoided and a local atmospheric
absorption coefficient could be calculated for eaegment height, using the local atmospheric values
The aircraft source noise would then undergo dliglifferent atmospheric absorption for each segm
until it reaches the observer on the ground. Tagrent division for atmospheric absorption caldolat
is visualized in Fig. 5.7. The overall absorptiondB is then be the sum of each segmentisultiplied
by the segment distance. If the segments are etaidj then the overall absorption can also be ctedp
by Eqg. 5.13, whera is the number of segments the distance is diviioted

Plge = .E&, = .& <5

Aircraft altitude

Ti.poh

/

i Vv
Elevation angle ? Observer altitude

Figure 5.7: Calculation of atmospheric absorptigrlvision of aircraft-observer distance into segise

One interesting and for this dissertation’s worknienportant observation with regards to the magitet

of atmospheric absorption is that the atmosphemepdahigher frequencies much more strongly than
lower frequencies. This is one of the reasons wvawy frequency jet noise can be heard even at large
distances from the aircraft as a low rumbling sowhdile the fan tonal noise is only prominent whba t
aircraft is relatively closer. This phenomenon ésywimportant when considering the annoyance impact
due to the spectral content on the ground. Puskingiones towards higher frequencies for instance
would result in a higher absorption and therefbeeresulting spectrum will have a lower promineate
the tones. Fig. 5.8 shows the variation of the apheric absorption magnitude with relative humidity
for several frequencies. It can be seen that theuatrby which higher frequencies are damped isdrigh
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than that for lower frequencies. It can also bensdémt on hot and humid days the sound energy
absorption by the atmosphere will be lower thamays when the humidity is low. The absorption ense
to peak at relative humidity values of around 10620

Figure 58: Variation of atmospheric absorption with relathuemidity

iii. Ground reflection and attenuation:

The noise emanating from the aircraft not only hescthe observer directly after propagation thraihegh
atmosphere, but can also reach the observer &fiteg beflected from the ground surface. The presefic
the ground’s surface results in a change in thetgga of the sound due to reflection and attenuatib

the sound waves, as well as due to the creatiGurdfice waves. The amount of attenuation depends on
the incidence angle (angle between the normal faxithe ground surface and the aircraft) and on the
surface characteristics, expressed by the complenssic impedance of the surface. The sound waves
which are not absorbed by the ground surface dtected with a reduced or amplified magnitude,
depending on the phase shift. The model used tmatst the ground reflection and attenuation is thase
on the Chien-Soroka theory [126], combined with tise of the Delany and Bazley impedance function
[127], which estimates the ground impedance basedhe frequency of the incident sound and the
effective flow resistivity of the surface. The mbdssumes the ground is a locally reacting unifptame

and the source is a point source.
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Figure 5.9: Geometry for ground reflection andraitgion calculation

Fig. 5.9 shows the aircraft-observer geometryyio-timensions), which will help in understandingsho
the ground reflection and attenuation is calculatedan be seen that the sound arrives from thoeedi
at the observer from a direct path having lengthnd also from a reflected path from the groundrtav
lengthr,, which appears to the observer to come from insagece located in the ground. The parameter
r is the path-length difference between the direct @flected ray, with r =r, —r;. The path length
difference can be approximated as= 2h cos . The distance; =r shown in Fig. 5.6 and 5.7, is obtained
from the aircraft and observer position vectors #meddistance, can be computed using Eq. 5.14, where
is the elevation angle from the observer to thmeraft. The cosine of the incidence angle requfed
calculating the path-length difference is also categ using the elevation angle via Eq. 5.15.

, o, 5 0 ?,0—& Z%¢;%* <A
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The ground reflection and attenuation factor orpdyrmihe ground effects factd@® is obtained from the
Chien-Soroka theory, which obtains Eq. 5.16 and9LjZ from a solution of the wave equation, retatin
the mean-square acoustic pressure after underggimgnd effects with the free-field mean-square
acoustic pressure.

¢ f, € £l <
It StMUC 2?2 KT, —& ; T, <R

The parametek in Eq. 5.17 is the wave number, calculateét a2 f/c, (wheref is the frequency and,

is the speed of sound at observer altitutRk)s the magnitude and is the argument of the complex
spherical-wave reflection coefficient amdis the incoherence constant. The terp(-(ak r)*) is a
Gaussian approximation of the coherence coefficenthich denotes the fraction of the acoustic energy
in which phase relation has been maintained aéieation from the ground. The complex spherical-
wave reflection coefficient, according to Chien-@a theory is given by the following relation:

M c? T <V
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where is the complexplane-wavereflection coefficient given by Eq. 5.19 amiq ) is a function
accounting for the conversion from planar to sptadnivave shape.

D} A
D} A
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The parameter is the complex specifiground admittance which is the reciprocal of the complex
specific ground impedance The expression for has been taken from the impedance model of Delany
and Bazley, as mentioned earlier, which relates atimittance (and therefore impedance) with the
frequencyf and the surface effective flow resistivity shown here via the dimensionless frequeney

2 fl.
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For an acoustically hard surfaces= 0 and therefore = 1,R=1 and =0 i.e. all of the acoustic energy
is reflected without any attenuation by the grouhd.general, a part of the acoustic energy will be
absorbed by the ground, depending on the valubeo$pecific effective flow resistivity of the surta—
snow would absorb more energy than grass, whichdwvalnsorb more energy than asphalt or concrete.
For the current research work, a grassy surfaceobas assumed, having a value of 250 kPa/rh s.
Typical of ground effects is the creation of certaips’ in the noise spectrum, as was shown irtiSec
4.2.7, which occur due to the cancellation of soumtehsity between the direct and reflected walfahe
reflected wave maintains its phase, then this tesnlsound intensity amplification of up to 6 dBthe
reflected wave arrives out of phase, then the sdntehsity will experience an attenuation due to
absorption by the ground surface.

As can be seen from Eqgs. 5.14 to 5.20, the amoluneflection and attenuation depends on various
factors such as the path length difference, inddeangle, wave number, specific effective flow
resistivity, observer height above the ground a#f a& on the distance between the aircraft and the
observer. Once the ground reflection and attenoaffects factoG has been calculated (cf. Eq. 5.17), it
can be added logarithmically to the aircraft nc&@#_, after the geometric (spherical) spreading o
atmospheric absorption have also been added totiree noise to obtain propagated aircraft noisleeat
observer.

OB!D-ll}j«j« OB! 1DT« ; $%&' ZZ€7‘D' 3° ,] <
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0)

b)

d)

Figure 5.10: Aircraft noise spectra displaying @gation effects of spreading, atmospheric absarptio
and ground reflection

Fig. 5.10 shows a sample short-range
takeoff aircraft noise spectrum at the
source (Fig. 5.10a) and the gradual
change in its spectrum as it undergoes
the propagation effects of spherical
spreading, atmospheric absorption and
ground reflection, all calculated using

the just described propagation models
as they have been implemented in
INSTANT. Table 5.3 shows the

relevant geometric, atmospheric and
ground surface parameters that resul
in the presented propagated spectra.

Figure 511: Propagated aircraft noise spectrum fi
snowy ground surface

can be seen in Fig. 5.10b, the effect of sphespatading on aircraft source noise results in fumi
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reduction for all frequencies by a value of 53.1fdBthe distance of 453.2 m between the source and
observer. Fig. 5.10c shows that the atmosphererfabd@quencies of 1000 Hz and above increasingly
strongly, with the noise above 5000 Hz reducedaloes below 50 dB from source values of around 125
dB. The lower frequencies can be seen to be aldaorheeh more weakly by the atmosphere, which
would result in the longer persistence of broadbgtchoise over larger distances, as was mentioned
earlier. On the other hand, the higher harmonigheffan tones would be quite strongly damped eg th
traverse the atmosphere, which would reduce thergqed tonal noise impact on the ground. The
presence of the ground surface results in the pusly mentioned spectral peaks and troughs due to
acoustic energy cancellation and also amplificatioe to coherence of the direct and reflected sound
waves. Fig. 5.11 shows the corresponding propagsedtrum on the ground, this time for a snowy
surface, having a specific effective flow resigiiwalue of of 25 kPa/rfi s. It can be observed that the
reflection effects i.e. the dips and peaks in fpectum are of lower magnitude than those obseirved
Fig. 5.10d for a grassy surface.

Table 5.3: Relevant geometric and atmosphericutsgd for propagation in Fig. 5.10

Geometric and atmospheric dat
Parametel Value
Aircraft altitude, h, 55.4 n
Observer altituc, h, 12n
Distancy, r 453.2 n
Reference temperaty, Tre 15 °C
Reference presst, Pret 101.325 kP
Relative humidit, h, 70%
Specific effective flow resistivi, 250 kPa/r* s

iv. Lateral attenuation:

Although the Chien-Soroka theory shows for the noastes a fair to good match with measured aircraft
noise, it often underpredicts the magnitude ofdtienuation that the various frequencies underg8][1
[129]. It is thus regarded as a conservative eséirafthe ground effects which aircraft noise eigrezes
when close to the ground. It was observed oversassent of complete departure paths that partigularl
in lateral and aft directions when the aircrafoisthe ground or very close to it, the predicteckimam
noise values were higher than what would be exgdzydooking at dBA noise contours from references
such as FAA's Integrated Noise Model (INM) [130].the aft directions, jet noise is the dominanteeu
and since the simulated jet velocities and theesponding jet noise were deemed to be in a realisti
range (300-500 m/s and 120-135 dB at source rasphgctfor the V2527-A5 engine model), it was
concluded that the absorption by the ground surfeaselower than what would be observed in reality.

Various references such as [131] make use of aa ext'excess’ ground attenuation model to account
for the lateral attenuation that occurs due topilesence of the ground surface, engine installaifacts

such as presence of the fuselage and wing whicttesdhe sound and also obstacles on the ground
located between the aircraft and the observer. Biisess ground attenuation was therefore also
implemented in INSTANT. The method as describe8AfE-1751 [132] was chosen to be applied since it
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is the most widely used method and it determineslateral attenuation according to purely empirical
data obtained from measurements carried out foerabeommercial aircraft. There are however other
more updated models, which have been developethat mternational organizations [133], [134] but
have only been internally used by the organizatidie SAE-1751 model determines the reduction in
sound intensity when the aircraft is on the grousithg Eq. 5.22, based on the horizontal distarfizem

the aircraft:
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If the aircraft is airborne and the horizontal diste from the aircraft is larger than 914 m, thea t
attenuation is calculated according to Eq. 5.22tha&s the elevation angle:
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If the aircraft is airborne and the distance is ldgn 914 m, then Eq. 5.24 is used to computéatheal
attenuation based on both horizontal distance kvéion angle.
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5.2.2 Assessment of aircraft noise

The aircraft source noise is thus propagated frioendircraft position at each mission step in iightl

path where it is described using the parametriccgonoise models, and is successively adjustetsin i
intensity taking into account the damping with diste to the observer, the absorption by the atnessph
based on local weather conditions and the comm#ieation and attenuation effects from the ground
surface. The result is that for each aircraft nissitep-observer combination, one spectrum is roddizét

the observer position corresponding to the spegfitar and azimuthal directivities and the aircraft
observer geometry at that time step. The nextthpis to assess this aircraft noise spectrundardo
determine what influence it will have on the residaf they were to be living at that observer tama In
Chapter 2 (cf. Section 2.1), the metrics which emerently used in the aerospace industry to assess
aircraft noise were described, along with theraet detailed procedure of how some of these metrecs
computed. One of the metrics - the EPNL metri@ ielatively complex metric as was shown in Section
2.1, having a lengthy computation procedure reqgifirstly the prediction of PNL and PNLT metrics
over 0.5 second steps of the flight path, followgdhe time-integration for mission points lying tqd0
EPNdB below the maximum. All the single event loes and annoyance based metrics from Chapter 2
have been implemented in INSTANT, namely — dBA, dBEL, PNL, PNLT and EPNL using the earlier
explained methodology. INSTANT provides a numbeppfions of how the assessment is to be carried
out, some of which include:

- Which metrics are required for the current assestme
- Does the aircraft design have to be certified &0Gpecified certification points?
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- Is a time-dependent assessment simulating a vinielophone required at isolated ground points
other than the certification points i.e. for comntymoise assessment?

- Is a mission-level assessment via noise contourddparture and approach flight paths required for
community noise assessment?

These options have been implemented in INSTANT wiightly different algorithms depending on what
the purpose of the assessment is. As can be sé@g. .5, the certification option is separateshirthe
community noise assessment option in INSTANT. Ttas been done to have the option of assessing
aircraft noise impact not only close to the runwaag airport (via the certification points) but afsather
away from the runways where the residents actiially As can be understood from the description of
propagation mechanisms in the previous sectionradirnoise over large distances can undergo varyin
amounts of atmospheric absorption as well as graffetts depending on the observer location. The
situation of ground noise impact at the certificatpoints may not always be representative of thisen
impact being felt by the residents living at lardestances from airport. The assessment using AT

is therefore divided fundamentally into two optiengoise certification or community noise assessmen
Community noise assessment is further divided fheosimulation of virtual microphones ‘measuring’
aircraft noise over complete flyovers at obserwatations other than the certification points; and
assessment over large distances in airport viegitia noise carpets or contours.

To facilitate the assessment process, two typealgufrithms have been implemented in INSTANT —
time-dependent assessment and mission level assgisdioth of which shall now be briefly explained.
As will be explained, the division has been madeelyuto save on the large computational costs that
occur when the source noise spectra over compégtertiire and approach flight paths consisting 6f 50
1000 mission points (and therefore equivalent nurobsource noise spheres) have to be propagated to
large number of ground points in the order of 2060000 (depending on the desired ground grid
resolution). The main difference between the twgoathms is that for time-dependent assessment all
mission steps are taken into account to simulatenaplete flyover over each observer point while for
mission-level assessment, only those mission stieponsidered for noise propagation which lie at a
chosen factor times the closest distance to therebs

1. Time-dependent aircraft noise assessment:
When a complete aircraft flyover has to be simualaieer a measurement point on the ground, then the

time-delayty between the time the noise was emitted (the eomdsine,t,) and the time when the noise
reaches the observer on the ground (the receptiom ) has to be taken into account. The reception
time is therefore the sum of the emission time thedime-delay as shown by Eq. 5.25. The time-dalay
calculated using the simplified straight line pdiktance (cf. Fig. 5.6 and Fig. 5.7)and the speed of
sound at the aircraft altitudg according to Eq. 5.26. Aircraft noise on the gbimas to be expressed
with reference to the observer and as such, theptien times on the ground are taken as the known
value, for which, based on the time-delaythe correspondingetarded emission timeare calculated
according to Eq. 5.27. The retarded emission tsrthérefore the time at which the noise was emited
the source, for a given time on the ground. ltésicfrom Eq. 5.27 that fdr < t4 starting fromt, = 0, the
retarded emission tintg, will be negative.

2« 2]12 <<
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If the retarded emission time value is negativentthe noise for this value is set to a minimunueal
(e.g. 0 dB) as noise at the source is only knowreffisission times starting from zero and there isoise
produced before the first emission time. For thardeed emission times that are positive, an infatjpm

is made between neighboring emission times for wkhie noise is known. For example, if the aircisft
at a distance of 500 m from the observer, themna tilelay of 1.47 s will occur before the noisehat t
source reaches the observer on the ground (assumntunstant speed of sound of 340 m/s in this
example). This implies that fortaof O s, the retarded emission titgg.is -1.47 s and for & of 2 s, the
teret IS 0.43 s. If the emission time is known for vaugf 0 s and 0.5 s, then the noise at these two
emission times has to be interpolated to obtaimthise corresponding to theof 2 s. The noise at the
source found in this way is then propagated togitoeind by applying the aforementioned propagation
effects and a noise value on the ground is obtaioethe current reception time, at the currentugieh
point. This process is then repeated for all thimtpoon the ground for which time-dependent noise
assessment is required to be performed.

Time-dependent assessment is performed in INSTAMiEnwaircraft designs are to be assessed for
certification purposes and also when communityaaissessment is required to be performed at sglecte
observer points simulating measurements of airéradtzers via virtual microphones, as was mentioned
earlier.

i. Certification of aircraft for noise

According to ICAO Annex 16 [7], all aircraft thabter the market have to be certified for noisebfoth
departure and approach flight phases by ensuriagtkie aircraft's noise impact expressed in EPNdB
values is below specified values depending on itteeadt Takeoff Weight (TOW) for both departure and
approach procedures. These correlations betweenitbeaft takeoff weight and maximum allowable
EPNdB value according to ICAO Chapter 3 regulatiarespresented in Eq. 5.28 for the lateral (sidglin
and flyover certification locations:
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Flyover: 6500 m from
brake release

o

Sideline:450 m off centreline

Approach:2000 m where noise level is maximum

from threshold

0‘ @ = Microphone Locations
Figure 5.12: ICAO specified aircraft noise certifion points

Eq. 5.29 shows the corresponding EPNL metric vahreelation with takeoff weight for the approach
certification point:
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In January 2006 the more stringent ICAO Chaptexgliliations for noise were introduced, which require
a minimum EPNdB difference of 2 dB at each cewifien location between the maximum Chapter 3
allowed value and the measured value and a minilOmdB difference between the maximum
cumulative allowed values and the cumulative messualues. The EPNdB values are computed using
INSTANT at the approach certification point locate@00 m from the runway threshold (equivalently
2300 m from the point of touchdown) directly beldwve flight path, at the sideline location 450 netat

to the runway where the maximum EPNdB value occamg, at the flyover measurement point located
6500 m below the flight path from the point of beaklease (cf. Fig. 5.12).

Table 5.4 shows the simulated EPNL values in EPNMdB maximum certification EPNL values as
specified by ICAO for an Airbus A320-200 aircrafiveered with a V2527-A5 engine model. The aircraft
has been designed using the MICADO environmentetigghe modeled using Gasturb and integrated in
MICADO via engine performance decks, the deparaurd approach flight paths have been computed
using the mission analysis module and the noisdigifen at the certification points in the EPNL miet
have been performed using INSTANT. The designettairhas a MTOW of 74014 kg (compared to the
reference value of 73500 kg) and it has a modelewhf 62323 kg (compared to the reference value of
64500 kg). It can be seen that the simulated rinitge EPNL metric of the modeled aircraft and ergi
combination is within a realistic range and liefolethe Chapter 3 certification limits and almostdw
those of Chapter 4 at all measurement locationep@xor the approach certification point. This lig t
case for acoustic liner technology activated, deeésnorm for modern turbofan engines. Without atiou
liner technology however, the noise predictiondersto be above Chapter 3 limits for the latera an
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approach points. The primary reason for the ovedigtion is fan noise, which is reduced by the ofse
acoustic liners by 3-5 EPNdB for both departure apgroach engine settings in both forward an aft
directions. It is known that Heidmann’s model opeedicts fan noise but the reductions in fan ndise

to acoustic liner technology, being based on megisdata of modern turbofan engines, are nonetheless
representative of how the more stringent noise lagigimn requirements would not be met by the engine
manufacturers without use of acoustic liner makefihis aspect will be analyzed in a bit more detai
Chapter 8, where annoyance optimized aircraft desigthout acoustic liner material will be compared
with current designs with acoustic liner materigdgent.

Table 5.4: Simulated and reference EPNL valuethi®A320-200 aircraft with V2527-A5 engine model

With acoustic liner technology
Noise certification poin | EPNL Simulate | EPNL ICAO limit| Margin
[EPNdB] [EPNdB] [EPNdB]
Sideline 93.7 96.¢ -3.1
Flyovel 86.¢ 91.t -5.1
Approact 99.( 1005 -1.E
Without acoustic liner technology
Sideline 97.0 96.¢ +0.2
Flyovel 89.2 91.t -2.3
Approact 102.z 100.t +1.7

Fig. 5.13 shows the PNLT vs. polar directivity (e@lently PNLT vs. time) variation at the sideline,
flyover and approach certification locations, aawudated using INSTANT for the short-range aircréft,
making use of the time-dependent assessment dligorit
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Figure 5.13: PNLT vs. polar directivity variatiohthe sideline and flyover points for a short-range
aircraft

Figure 514: PNLT vs. polar directivity variation at the appoh point for a shc- range
aircrafs
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Fig. 5.13 shows that for the departure flight seftithe jet noise is the most dominant aircraftseoi
component in aft directions from polar directivitygles of 90° onwards, and the fan inlet is theidam
component in the forward directions. Airframe noias expected, is much lower than the engine noise
components. Fig. 5.14 shows the PNLT variation vaithar directivity for the approach setting at the
approach certification point, where it can be s#®t fan noise is much more dominant (even with
acoustic liner material activated) and airframesadhn the forward directions till 60° polar diretty is

the most dominant broadband noise component, &stiort range aircraft modeled here. For long range
aircraft such as the Boeing 777 or 747 variantfaane noise has a higher contribution due to tliehm
larger airframe geometry of the long-range aircrBfin noise during approach can be seen to be the
dominant component even in the aft directions astigine thrust setting is at flight idle, whickuks in

low jet velocities and hence low jet noise. It c@mentioned that the above presented PNLT vamiatio
plots are only valid for the certification pointsdado not represent the aircraft noise spectralpomsition
further away from the runways.

ii. Time-dependent community noise assessment

As mentioned earlier, the time-dependent assessaigotithm is also applied to community noise
assessment, besides its application to simulateaftimoise certification of the designed aircraftvo
sub-options exist regarding the time-dependentsagssent that can be performed — simulating flyoetrs
selected individual measurement points or simujafipovers over a grid of points showing the noise
impact variation over time as the aircraft fliesoed. The first sub-option shows in detail how tloésa
impact in terms of the chosen metric varies oveetat isolated observer locations, as shown in3=ih
and Fig. 5.16 for a standard departure and apprpemtedure respectively, of the same short-range
A320-200 similar aircraft with the V2527-A5 engimmdel. The figures show the variation of the oueral
aircraft noise as well as of the major aircraftseotomponents, namely fan noise, jet noise anchaief
noise in the dBA metric.
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a) b)

a) Departure at (X,Y) £7.5km, Okm) b) Departure at (X,YF (12.5km, Okm)

Figure 5.15: Time-dependent community noise ass&ssfor a short-range aircraft standard departure
flight path

Fig. 5.15a shows the SPL variation at a point 1beyond the flyover point and it can be seen thattfe
takeoff condition, fan noise is dominant to thenfrget noise to the aft and airframe noise liesegally
below both components. Fig. 5.15b however showstithe-dependent variation at 12.5 km directly
below the flight path and it can be seen that migkvidual spectral contributions have changed sonagw
with the aircraft being slightly higher and the usir setting being reduced to maximum climb from
maximum takeoff (cf. Fig. 5.15 top part showing treiation of relevant parameters such as LP spool
speed 1) and primary jet velocity over the flight procedurThe fan noise has decreased considerably
and the airframe noise is now dominant towardsfitiet of the aircraft. The aircraft noise due te th
short-range aircraft with a medium bypass ratidrmgs therefore dominated by broadband noise éarth
away from the runway.
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a) b)

a) Approachat (X,Y) =(-15km, Okm) b) Approachat (X,Y) =(-10km, Okm)

Figure 5.16: Time-dependent community noise assassfor a short-range aircraft standard approach
flight path

Fig. 5.16 shows the corresponding variation fotamdard approach procedure at two observer loction
further away from the runway — at -15 km and -10fkom point of touchdown directly below the flight
path. At (-15 km,0 km), the airframe noise is tlmmihant broadband component and fan noise is the
strongest component aft of the aircraft. Sincejéhevelocities are much lower for the flight idletting

(cf. top part of Fig. 5.16), the jet noise is quitev further away from the runway. Fig. 5.16b shaiws
time varying noise impact at (-10 km,0 km), whére éngine setting has been increased during thk fin
approach (the engine setting alternates betweghtfldle and approach) and this leads to higher jet
velocities and higher corresponding jet noise. Tdre noise in Fig. 5.16b can also be seen to have
increased by about 8 dBA at the second locatiosetlto the runway. It can be noted that since dne f
noise is much more prominent during the approaas@hthe fan tones which constitute fan noise to a
large extent, will be more audible during landihgn during takeoff, particularly at larger distarfican

the runway where residents often live. This will/dan impact on the annoyance impact experienced by
the residents, as will be explored in subsequeaptes. It can also be mentioned that since the-tim
dependent noise impact variation plots have beewshin the widely used dBA metric, the jet noise
which peaks at lower frequencies has been in effeder-weighted by the A-weighting.

Fig. 5.17 shows the second time-dependent communige assessment sub-option in INSTANT — time-
dependent noise contours on the ground for indaliflight paths. The time-dependent noise contaues
shown for the short-range aircraft over a standimhrture flight path, over an area of 100 km,
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shown for selected reception times on the groutd flots show from Fig. 5.17a to 5.17f, the noise
impact over the ground for several reception timues and how it spreads with successive reception
time steps, gradually reaching ground points |ataterther away from the flight path and its
corresponding ground track. When the noise fromnarhdius source sphere around the aircraft exactly
reaches each ground point depends, as explainkerean the time-delay and on which emission time
corresponds to the current reception time on tloairgt. Time-dependent noise contours such as those
presented in Fig. 5.17 are quite well suited fandestration purposes by showing visually how aitrpor
vicinities are affected by individual aircraft akey depart and approach the airport over resident
communities. This approach of time-dependent naisgact visualization was also applied for the
previously mentioned VATSS project, where the noiemtours for each reception time-step were
converted to a 3D visualization format and impletadrfor creating the VR simulation of air-traffig i
airport vicinities. The exact methodology with wiiche time-dependent noise contours were converted
to the 3D visualization format and integrated ie YR toolchain for the VATSS project has been dedai

by the author in [18], [19].

a) b)

Figure 5.17: Sample time-dependent noise contoademsing INSTANT — (1)
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c) d)

Figure 5.17: Sample time-dependent noise contoagermsing INSTANT — (2)
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2. Mission-level aircraft noise assessment:
Time-dependent assessment is useful for detailalysis at specific ground points or for time vagin

noise impact assessment over several observerspairairport vicinities via the time-dependent ®ois
contours. For aircraft design optimization purpobkesvever, the information displayed by the time-
dependent noise impact analysis at each ground pas to be conveyed as a single value which is
representative of the ground noise impact causeatéugircraft over its entire flight path. Convemntally,
several researchers have used the cumulative ERBIdBs at certification points for optimizing a@ftr
designs for noise or for performing trade-offs betw noise, emissions, fuel, weight and costs [&8B]
during the preliminary or conceptual design phasecan be observed from Fig. 5.15 and Fig. 5.16 for
the short-range aircraft, the noise impact closthéorunways, where the certification points aated
may not necessarily be representative of the rinipact at larger distances where the residentsalhgtu
live. An attempt will be made in this dissertatitherefore to incorporate community noise impact of
aircraft during the design phase by showing aitarafse and annoyance design sensitivities (in @hnap
7) and aircraft design optimizations for communilyise impact (in Chapter 8). While developing a
means to incorporate community noise impact in direraft design and optimization process, two
possible options can be to use the OSPL value # aiBthe EPNdB value at specific individual ground
points further away from the runways, or to incogte the completaoiseexposureof the aircraft over
departure and approach flight paths by using tligenimpacted area in Knin any of the conventional or
alternate noise metrics (via a maximum or closenximum metric values). The latter approach is
considered more representative of overall commumitige impact as it captures the noise impact over
entire flight paths and over ground locations mtise to and far away from the aircraft’s flightipa

This is done using INSTANT’s mission-level aircraftise assessment option, whereby noise contours
over the complete flight paths for each designedraft are made displaying the maximum value that
occurred at each ground point over the complethtflprocedure. The choice of using the maximum
noise impact value over the ground point has beadeninstead of average values as the residents’
perceived annoyance is known to be determined dyrtaximum noise impact over a given time period,
or by a value lying close to it [43], as was mengid in Section 3.1. Isocontour lines are made fange

of noise impact values in the metric chosen foesament and the area contained within the isocontou
line for a specific metric value can then be attexdgo be minimized for optimization purposes. 8inc
these ‘mission’ contours require the maximum metdtue at each ground point to be known but not
necessarily the complete time-dependent variationission-level assessment algorithm has beeneappli
in order to construct the mission contours. Misdmrel assessment is intended to be made over very
large distances around the airport, for flight gatlith a large number flight points and the caltialaof
source noise spectra in all the polar and azimutiattions as well as their propagation to thetitude

of observers can become a computationally expertsisie Especially for performing aircraft design
parameter variation studies and optimizations, siefacomputation is desirable as several hundred
designs at times need to be assessed.

The mission-level assessment algorithm in INSTAN@rshes for the mission point over the flight path
which is located closest to the current ground tpaind then selects only those mission points for
propagation to the current ground point which axated within a selected range of the closest amissi
point i.e. a factor times the shortest observearraft distance. This is based on the knowledge that the
noise intensity peaks when the aircraft is closgeshe ground and this saves considerable computti
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time, producing noise contours for complete aitanadvements in the order of a few minutes. From the
geometry module of ANOPP [83] a distance of eigiies the minimum distance between aircraft and
observer is said to reduce the intensity due tongdxc spreading alone to close to background noise
levels. From experience while making noise contawsiig INSTANT, a distance of five times the

minimum distance has been seen to provide accoeatdts for maximum noise impact values on the
ground.

Fig. 5.18 shows the mission noise contour for taedard departure procedure of the A320-200 similar
aircraft flying the flight path shown in the paraerevariation of Fig. 5.15 (top part), in the dBAda

EPNL metrics. Fig. 5.19 shows the correspondingsimiscontours for the standard approach procedure
that was shown in Fig. 5.16.

Figure 5.18: Maximum value noise contours madeguB{ S TANT for a standard short-range aircraft
departure procedure in the dBA mefftiop) and EPNL metri¢bottom)
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Figure 5.19: Maximum value noise contours madeguB{ S TANT for a standard short-range aircraft
approach procedure in the dBA mefficp) and EPNL metri¢botton)

As mentioned earlier, the impacted area withinehmmntours presents the potential for minimizafmm
community noise abatement. If the impacted aremsésl as a design constraint or requirement duhiag t
design process, then aircraft can be designed #sasi@ptimized that also satisfy community noise
requirements, besides the performance and effigieeguirements. For the assessment of aircrafeenois
on the ground, INSTANT can produce mission contdarthe conventional noise metrics of decibel,
dBA, PNL, PNLT and EPNL, as well as in the soundliiy metrics of loudness, tonality and sharpness,
which are explained in the next chapter.
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6 Annoyance assessment using sound quality metrics

In Chapter 3, it was described how various orgdituiza involved in the field of aircraft noise peptien

and annoyance research have approached quanificatithe annoyance impact of current and future
aircraft. Most research made use of sound qualiyrios to quantify aircraft noise annoyance, which
were developed for sound perception in generalveeg applicable to all product sounds, not just to
those of the aircraft. This approach can be reghadea logically sound approach as the metricsibea
borrowed from the field of psychoacoustics for difgimg the sound characteristics of aircraft ndiswe
been widely verified and applied to the sound eegiimg of products from well-established industries
such as automotive and industrial design engingeiiihe organizations that did not make use of sound
quality metrics, relied on their own psychoacousticvey results of test audiences using eitherrdech

or auralized sounds. Since performing new psychestio surveys of aircraft noise for annoyance
quantification with test audiences was beyond ttaps of the current research work, it was decided t
develop a capability of being able to assess tmmyance due to aircraft noise via the sound quality
metrics which were briefly mentioned in Section. 3 his is based on the findings of [48] and [43tth
loudness followed by tonality best correlate witie tactual psychoacoustic annoyance experienced by
listeners in test environments, followed by rougitnand sharpness. The observation that aircrafidsou
that were both loud and tonal were perceived texmeptionally annoying was also backed by listening
to aircraft noise auralizations made for the VAT@®ject, where the tonal content was particularly
unpleasant to hear if it also had a high intensity.

For this purpose, the noise assessment capaliliiySTANT was extended to assess the aircraft noise
spectra in terms of their loudness, sharpnessanrality. The sound quality metric of roughness Vedis

out of the current implementation due to two maasons — firstly, the temporal resolution of thghfi
paths created using the mission analysis modul&@f&econds is not small enough to capture the fast
fluctuations in loudness that the metric requies;ondly, roughness of turbofan aircraft, which thee
focus in the current work, is not as strong an ganoe factor as it is for propeller based aircrafte
psychoacoustic surveys performed by [43] found hmegs to be the third relevant factor for annoyance
experienced due to aircraft noise with loudnesstandlity the more dominant factors and [48] intkch

no clear correlation of annoyance with roughnestheftest sounds. The methodology with which the
sound quality metrics of loudness, sharpness amalitp were implemented will be explained in Seatio
6.1 and Section 6.2 will show community noise ammme results for two current commercial aircraft.

6.1 Implementation of the sound quality metrics

1. Loudness

As was mentioned in Section 3.1, loudness is thgestive perception of the magnitude of a sountla
been shown to be a function of both intensity arddency of the sound [51], as well as of time wien
sounds are transient in nature [136]. For the oumesearch, temporal changes in loudness in tjppass
less than 0.5 s are currently neglected as thedeghpesolution of aircraft noise spectra generaisidg
INSTANT is 0.5 seconds and more detailed resolubiotine flight path below 0.5 s is not realisticridg

a preliminary or conceptual aircraft design phdd® sound is thus assumed to be stationary over 0.5
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second intervals for the simulated flight paths: §imple sounds such as pure tones, the loudnesseca
quantified via experiments where test subjectsestimate the magnitude of a sound on a humerieé sc
from low (quiet) to high (loud) or by adjusting anthtching the subjective loudness of the tone with
reference tone such as a 1 kHz pure tone havirgea ¢evel. The sound matching approach was used to
define the loudness levdly of a sound by Barkhausen in the 1920s, which vedmed as the sound
pressure level of a 1 kHz tone that is perceivelbet@s loud as the given sound. The loudness ‘el
given the unit of ‘phon’. This definition of loudse level implies that a sound which is perceiveldaas
loud as a 1 kHz tone having an SPL of 60 dB wouwldeha loudness level of 60 phon. The matching
approach was also used to construct the ‘equalniessl contours’, which display th®on-linear
frequency sensitivitgf the human ear [137], and were shown previoimshig. 2.2.

The equal loudness contours capture some impagcts of the human hearing system regarding how
loudness is perceived. They show for instance thatthreshold of hearing (shown in Fig. 2.2 as
‘minimum level’) is lowest from 3000 to 4000 Hzdicating that the human ear is most sensitive dt an
around these frequencies. The equal loudness asratao show that at low frequencies, the thresbbld
hearing is higher, implying that low frequency sdsithave to have higher levels before they are embtic
by the human ear and also that low frequency sobade to have higher levels to be considered a$ lou
as higher frequency sounds. One important aspeatdhtours also show is that at 1000 Hz and above,
the spacing between the individual curves is ad@utiB whereas the difference at frequencies below
1000 Hz, particularly at 200 Hz and below, the spabetween the individual contours is much lower.
This implies that an increase in level at low fregcies will be perceived as a higher change inress
than at high frequencies. Applied to aircraft npidgs observation implies that fan tones typically
occurring at 1000 Hz and above could have an iseatdevel and still be perceived as loud as before,
while low frequency jet noise would be perceiveccksrly louder with the same increase in levele Th
loudness level expressed in phon is on a logarittsmale. Stevens [138] proposed the unit of ‘sdoe’
loudnessN when it is to be expressed linearly.

Another important characteristic to consider whitermining the perceived loudness of a soundds th
maskingof sounds due to the presence of other soundskiMpis the decrease in the audibility of one
sound due to the presence of another sound. Inrgdow frequency sounds mask high frequency sounds
if they both are present at the same time. A taore marrowband sound will mask a range of frequenci
located around it, with frequencies which lie abdlie center frequency being masked much more
effectively than frequencies that lie below theteefrequency.
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Figure 6.1: Masking of a 2 kHz test tone due taoaband noise centered at 1 kHz (left) and due to
white noise (right]139] — CB refers to the critical band and WN to white gois

The left part of Fig. 6.1 shows this phenomenonafdest 2000 Hz pure tone having a level of 401dB.
can be seen that the masking narrowband noiseredraé 1000 Hz will mask this tone if it has a levke

80 dB or above, thereby displaying the ‘upward’esigk of masking. Any other tone or narrowband noise
will have its own masking pattern (more effectigethe right) and will affect the audibility of tosi¢hat

lie at higher frequencies in the spectrum. Forraftmnoise this implies that any fan or LP turbioee
that occurs will have the potential to either coatgly or partially mask other tones and harmorties t
lie at higher frequencies than its own frequenclye Tight part of Fig. 6.1 shows the corresponding
masking effect of white noise. Broadband white edgsseen to mask all frequencies, with a horidonta
curve till approximately 500 Hz and a 10 dB peratkx slope for frequencies above 500 Hz. It can be
seen that a 2000 Hz tone having a level of 60 dBiwithis case be masked by white noise having a
lower level of 40 dB. The implication of this obgation is that broadband noise such as jet noigerig
effective in masking pure tones or narrowband sewth as fan tones. The two observations thastone
can mask each other and that surrounding broadbaisd can mask individual tones will also have an
influence on the tonality of the sound, as willedxplained later in this section.

For complex sounds such as those produced by fitraféiand engine (consisting of both broadband and
multiple tonal noise components), thetical band and critical bandwidthcome into play, which are
important for determining the masking effects andoafor computation of the overall loudness
experienced by the human ear. The human hearirtgmsygivides the audible frequency range into a
series of frequency bands which are called critiaids (or ‘Frequenzgruppen’ originally in German)
and the critical bandwidth of each critical bandresponds to the frequency resolution of the eao T
tones present within the same critical band will Ib® heard as two separate sounds and the soulhds wi
affect each other’s perception due to masking. @éreeption of loudness for a narrowband noiseés se
to be unchanged if the bandwidth of the noiseds than the critical bandwidth, but once the badtwi
becomes wider than the critical bandwidth, the dasrperceived to be louder at the same overadillev
This is demonstrated in Fig. 6.2 for a band-passencentered at 2000 Hz and having an overall lefel
47 dB. The bandwidth of the noise is gradually éased till it exceeds the critical bandwidth (atuzid
250 Hz), resulting in an increase in perceived fmss from that point onwards.
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Figure 6.2: Effect of critical bandwidth on the tmess perception of band-pass ndig]

The critical band scale has a range from 0 to 2#caitical bands (with symbad) are measured in the
unit Bark. On the Bark scale, which is used by nhostiness calculation methods to compute the dveral
loudness, the level is plotted against frequencyaofinear scale fronz = 0 to 24 rather than
logarithmically when frequency in Hz is used asdbscissa. The first critical band covers the fezmy
range of 0 - 100 Hz while the last critical band@s the high frequency range of 12000 — 15500UHz.

to a frequency of 400 Hz, the critical bandwidtls lBaconstant value of 100 Hz and for all frequencie
above 500 Hz, the critical bandwidth gradually eages as a percentage of the center frequencylyoug
approximated as 20%, as is shown in Fig. 6.3. Toetiguous critical band number in Bark
corresponding to the given frequency in Hz can dmputed using Eqg. 6.1, and Eq. 6.2 computes the
critical bandwidthCBW.
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Figure 6.3: Critical bandwidth as a function ofgfuency]{139]
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The concepts of non-linear frequency sensitivitasking and critical bands are essential in detenmin
the loudness of a sound as experienced by the him@arnng system. For the current research work,
Zwicker's method as described in ISO532-B and DB®3IL [51] has been used to calculate the loudness
of the predicted 1/3 octave aircraft noise spectrahe ground. Zwicker’'s loudness calculation métho
estimates spectral masking effects besides usiagkttowledge on equal loudness curves, thereby
providing a potential improvement over the convamdl metrics by incorporating more detailed
knowledge on the perception of sounds. The methasl initially developed to be used graphically by
manually reading predefined neural excitation lexgetritical band rate curves and masking pattemd,
summing up graphically the unmasked loudness d¢mritans within each critical band to yield an overa
loudness value in sone. This manual graphical phoeewas automated by Zwicker et al. in [141] and
then subsequently standardized.

The procedure begins with a conversion of the tfawve@ band levels to neural excitation leuglsn the
critical bands, which is done using a correctionveufor frequencies above 250 Hz. For frequencies
below 250 Hz, the critical bands are broader ti@nlt3 octave bands. This therefore requires sugmin
up the 1/3 octave band levels for frequencies b&bWHz to get excitation levels in dB representimg
first three critical bands. Zwicker does this byuating the 1/3 octave frequency levels to levélthe
critical band rate frequencies based on the cooretipg equal loudness curve for that level. He then
sums up the thus obtained levels till 80 Hz totgetexcitation level for the first critical bandpim 100-
160 Hz to get the excitation level for the secoritical band and from 200-250 Hz for the third ical
band. The remaining 1/3 octave bandwidths corre@mproximately to the critical bandwidth and the
remaining 1/3 octave band levels are then also exdes to neural excitation levels using the
aforementioned correction curve. The method themects the levels according to the transmission
characteristics of the outer ear and takes intowtcthe excitation level at the threshold of hegtirg

for each critical band. This results inrein loudness value for each critical band, also reteip as the
specific loudnesBl’ in sone/Bark, as:

BWU $$I5<E $((v s "O$R<:$ <E $91 o AY 2 . 15

A check is made in the next step of loudness catiicu, to see if the main loudness in each criticaid

is either partly or completely masked by the sdeckdccessoryjoudness, caused by the excitation over
the current critical band from a sound focused patlzer critical band. The variation of the masking
patterns as a function of the critical bands wasmdoby Zwicker by playing pure tones surrounded by
narrowband noise at varying frequencies to testeamgds. The unmasked main loudness values in each
critical band are thus determined and used to lkUuhe total loudness valué in sone, which
corresponds to calculating the area under the ukedaspecific loudness pattern, according to:

6 ,f6[u1u A

Physiologically, the summation of loudness overdhitical bands corresponds to the summation of the
overall neural activity evoked by the sound in thenan ear. Zwicker’'s loudness method further takes
into account whether the sound is created in affed@ (such that it approaches the observer frara o
specific direction), or in a diffuse field (with mma reflecting surfaces corresponding to indoor
environments). If a diffuse field is chosen, themgher loudness value is observed. For the atroce
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spectra produced using INSTANT however, a frealfislalways selected as no obstruction between the
aircraft and observer is assumed.

The calculation procedure allows all 1/3 octaverait noise spectra propagated at the chosen ground
points as produced by INSTANT to be assessed viavarell loudness value in sone, as well as in the
corresponding loudness level in phon, obtained $ipgua logarithm of base 2 of the sone value and
adding 40 phon as a minimum loudness level. Thellsited loudness values have been validated using
publically available references such as [142] aonth breference and simulated values are shown for
sample spectra in Table 6.1.

2. Sharpness:
Sharpness is a measure of the high frequency dosftarsound and can be of relevance when a preduct

sound has considerable high frequency contentufg @ therefore perceived to be ‘sharper’ whdragt
more high frequency content than low frequency eantFor aircraft noise, it was seen from othedists
that sharpness is the fourth relevant sound qualitsibute and although it doesn't show a clear
correlation with the experienced annoyance dueértoadt noise, it is still a useful metric in thiatshows
when high frequency noise is starting to gain plenee in the aircraft noise spectra. The primaghhi
frequency aircraft noise components are the fan ldhdurbine, as modeled in this dissertation. The
sharpness metric can therefore show, in additiotheomore important loudness and tonality metrics,
when high frequency fan noise has increased relaithe dominant low frequency components such as
jet noise and airframe noise. This will be showrahyincrease in the sharpness value.

The sharpness metric has been implemented in INSTB&bed on the method of von Bismarck [52],
although since the sharpness metric has not besnlatized as yet, other methods such as those of
Zwicker and Fastl [44] and of Aures [49] also exigbn Bismarck's method (as well as the other
methods) makes use of a weighted first moment e€ifip loudness. A weighted partial first moment at

critical bandz is computed as(p " 06! uuluwhereg(?) is the sharpness weighting function given by

Eq. 6.5, as used in the method of von Bismarckait be seen that in the weighting function, alcté
content at or above 16 Bark (at least 2700 Hz duVve) is weighted more heavily by the weighting
function, which was determined using psychoacoustits carried out by von Bismarck. The overall
sharpness value for a given spectrum is then edullusing Eq. 6.6, where the constahas a value of
0.11. The sharpness metric has the unit of acuoh ghat a narrowband noise one critical band wide,
centered at 1 kHz and having a level of 60 dB hsisa@pness value of one acum.

2R
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As for the Zwicker’s loudness metric, the sharpnedges obtained using INSTANT have been validated
using publically available references such asHergharp and less sharp sound spectra shown i@iffe6]
reproduced in Fig. 6.4. The comparison of simulaead reference sharpness values is also shown in
Table 6.1.
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Figure 6.4. Sample spectra for sharp and less slvanmds used for loudness and sharpness validation
[56]

Table 6.1: Comparison of reference [56], [142] 848TANT simulated OSPL, loudness and sharpness
values for sample spectra from Fig. 6.4

100 Hz tone spectrum 10000 Hz tone spectrum
Metric Value - Simulated | Value — Reference | Value - Simulated | Value — Reference
OSPL [dB 82.C 82.1 82.C 82.2
Loudness |one 11.0¢ 11.0¢% 7.8¢ 7.8¢
Sharpness cum] 0.31 0.31 7.0C 7.4¢

3. Tonality:
As was mentioned earlier, the tonal content ofraftcnoise is a major contributing factor towarts t

annoyance experienced due to aircraft noise. TheTPahd EPNL metrics described in Chapter 2
account for the perceived annoyance due to airtwaétl noise via the tone penalty, which dependtqu
broadly on the frequency and level of the strongasal component above the broadband noise. It was
reasoned in Section 2.2 that accounting for thaltoontent’s contribution to actual perceived aramme
could be improved upon if the frequency of the mrike tonal prominence level, the number of t@meb

the magnitude of the penalty added due to protgithnes were accounted for in a better way. Fran th
annoyance studies carried out by Angerer et a].448 More et al. [43], it was found that the arsoge
due to aircraft tonal noise could be predicted véitheasonably high correlation by the tonality meetr
developed by Aures in 1985 [49]. As such, Auresiaidy metric was implemented alongside the sound
quality metrics of loudness and sharpness in otdeasttempt to capture the annoyance due to tonal
content of aircraft noise in an alternate way coregdo the PNLT and EPNL metrics. The goal hete is
see if Aures’ tonality metric can capture aircriaftal characteristics in a better or more comprsiven
way than the conventional metrics currently usedthia aerospace industry, improving upon their
identified deficiencies. Several methods of accimgnfor the tonal content of product spectra beside
Aures’ tonality metric also exist, such as the tom@oise ratio [143], prominence ratio [144] arging
Nordic Method [145], each of which attempt to capttonal content in slightly differing ways. Frorh a

of these metrics, Aures’ metric was implementedNBTANT’s noise assessment component as it is a
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recognized ‘sound quality’ metric and has been dsednalyzing the sound quality of various product
from the automotive and industrial design fieldsrtRermore, Aures’ tonality metric is also one that
attempts to use the most detailed knowledge ofhma@oustics and sound perception compared to the
other tonal content metrics, and thus proposesitjieest potential for a possible improvement ober t
tone-penalty method used in the PNLT and EPNL rtri

The method developed by Aures for quantifying twatity (‘Klanghaftigkeit’ in German) of noise has
been outlined in [49]. Aures made use of a numibéesi sounds consisting of pure tones and bansl-pas
noise with a small bandwidth of 30 Hz and a largadwidth of 1000 Hz to quantify the influence of
tonal prominence, frequency, bandwidth as welloasihess relative to overall spectral loudness am ho
tonal a sound was perceived to be. Based on thehpagoustic survey results, he developed a method
which could objectively predict with a high degrefecorrelation how tonal a sound is perceived to be
subjectively.

The method firstly requires an identification oktlonal components present in the spectrum, when
overall spectra are obtained from measurements. i$tdue to the fact that unless detailed knowlexfge
the source noise is available, it is not known kefand which tonal components are present in the
spectra and what their magnitudes are. The methadrequires the identification of pure tones al$ age
narrowband noises with bandwidth less than the&atibandwidth, which the human ear also perceives
be tonal by considering all spectral componentscwiprotrude by at least 7 dB above the levels of
neighboring narrowband samples. This process oéltdagentification is however simplified using
parametric source noise models used in INSTANThaddnes from the fan and LP turbine are modeled
at their individual frequencies already at the seumnoise modeling stage, before being propagatéukto
observer on the ground. This removes the need xtra®’ tonal components and estimate their
magnitudes from the overall aircraft noise speddsajs traditionally done when using Aures’ tonalit
metric.

The second step in Aures’ tonality calculation roeths to identify the SPL excess of each tonal
component so as to only consider those tones wdriehaurally relevantfor tonality calculation. Aures
based the SPL excess calculation on the proceduieeihardt et al. [146], which is used in the
calculation of the perceived virtual pitch of torsdunds. The aural relevance of tones is determined
based on their actual level, the mutual maskingcesf of all tones present in the spectrum, the mgsk
effect of broadband noise surrounding each tonetlamdevel above the threshold of hearing. The SPL
excess L; in dB is calculated using Eq. 6.7 and only thases are considered aurally relevant for which
the SPL excess value is greater than zero.

T | o2 $%& ( "XFuXue o> Y i o550 g1 o % IR

In Eq. 6.7.L; is the actual SPL of tH& tonal component in dB, with= 1 to total number of tones The
term A is referred to as the amplitude of the secondaryal excitation at frequendydue to &" tonal
component and is calculated using Egs. 6.8 — 6A4Qis calculated for each tone to determine what
excitation the current tone causes at other tonehomonic frequencies, thereby affecting theicpared
magnitude. The sum of all the secondary excitattbesefore takes into account the combined efféct o
all tonal components and how they may influencenestber’'s perceived intensity via mutual masking.
Le(f) is the secondary excitation level at tonal freuuyef;, and is obtained using Eq. 6.9 wherandz
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are thek™ andi™ critical band rates arid, is the SPL of th&" tonal component in dB. The tersis the
steepness of the slope of the excitation leveleatiband rate pattern in dB/Bark, given by Eq06iote
that the frequenci in Eq. 6.10 has to be provided in Hz).
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The termEg, in Eqg. 6.7, used for calculating the SPL exces$hé masking intensity of the broadband
noise surrounding each tone. It is calculated astim of the broadband noise intensities surrognitia

i" tonal component from — 0.5Bark toz + 0.5 Bark i.e. one Bark around it. The remaining ternthie
SPL excess calculation is the intensity at thesthokel of hearingEys, which is calculated using Eq. 6.11
for each tonal frequendyexpressed again in Hz.
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All tones for whom L; is less than or equal to O are considered auradlievant and are not used further
for calculating the prominence weighting functimg{ L;), using Eq. 6.12. The exponent 0.29 in Eq. 6.12
was obtained by Aures after he optimized the resufitthe psychoacoustic surveys for determining the
tonality of various sounds.

o T (O

| T, g?M?i%
Aures reasoned that the perception of how tonabund is would depend besides on its level or
prominence also on the frequency of the tonal corapbas well as its bandwidth. The first effect,
namely the dependence of tonality or tonal annogamt frequency was acknowledged also for the
conventional metrics such as the PNLT metric, althoin a relatively broad way, as was explained
earlier. Aures developed an analytical relationveen the tonality and frequency of pure tones havin
only one tonal component (i.e. no harmonics) amiveded this into a frequency weighting function
wo(f;) shown by Eq. 6.13.
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The equation relating the frequency weighting fiorciwith frequency presented in Eq. 6.13 has been
applied by most psychoacoustic analysis softwamsedlsas organizations that have implemented Aures’
tonality metric such as [147]. Fig. 6.5 (left) st®the variation of relative tonality (with referenmo a 14
sone 1000 Hz pure tone) with frequency in the Bade visually, as was shown by Aures in his oglin
paper. It can be seen that tonality peaks fromrat@iBark to 9 Bark (approximately 400-1000 Hz) and
decreases by up to 40% for high frequencies of HO@.e. 21 Bark) and above. It can also be saen i
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Fig. 6.5 (left) that the psychoacoustic resultswatt much lower tonality values for narrowband neise

having a bandwidth of 30 Hz with peak values abloalf those for pure tones. Little to no tonal

perception was observed for band-pass noises havisgndwidth of 1000 Hz and for high-pass noise
with a lower cut-off frequency of 2000 Hz.

The effect of bandwidth on the tonality of soundsshown in Fig. 6.5 (right) with the bandwidtl
shown as a percentage of the critical bandwidtitait be seen that a pure tone viftlhh= 0 has the
highest tonal perception and the tonality graduddlgreases as the bandwidth is increased. Thigt effe
bandwidth on the tonality of sounds was convertgdAlores into a bandwidth weighting function
wy (TG , shown by Eq. 6.14.
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Figure 6.5: Variation of relative tonality with fygency in Bark (left) and bandwidth in Bark (rigFay
pure sine tones, band-pass noise with bandwidth of 30 Hbandwidth of 1 kHz and high-pass noise
with lower cut-off frequency of 2 kHz from Aures’ original papee9]

The three weighting functions for the tonal pronmmice, frequency and bandwidth are then combined into
an overall tonal weighting functiom; using Eq. 6.15, whenre, (i = 1,2,3) is given by***
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Aures found that the overall tonal weighting fupnativy was able to predict the tonality of sounds that
were composed predominantly of tonal componente quell but considerable deviations were observed
for sounds that were composed of both broadbamngblss tonal noise. A factor relating the loudneks
the spectrum without tonebl;, was therefore introduced and its relation to therall loudness of the
spectrum composed of both tonal and broadband hbigas then used to calculate a loudness weighting
functionwg, according to Eq. 6.16.
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This allowed the ultimate computation of the totyal of any sound using Eq. 6.17 in tonality units:t.u.
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The constant in Eq. 6.17 is a calibration constant, which idearto obtain a tonality value of 1 t.u. for a
reference pure tone of frequency 1000 Hz and hawvilegel of 60 dB, has to be set equal to 1.09][147

In order to apply the tonality metric of Aures ttetaircraft noise spectra produced by INSTANT, the

procedure was automated and integrated in INSTANiIDise assessment component. This method of
tonality estimation has till now never been appliedhe spectra obtained using the parametric sourc

noise models described in Chapter 4 and as sudertifin information was not available it had to be

approximated.

The tones from the fan and LP turbine are obtainech the models of Heidmann and Matta and are
modeled at the nearest 1/3 octave band frequeriiy.chn affect slightly the tonal frequency weighti
obtained using Eq. 6.13. However, looking at Fié. @eft), it can be seen that the frequency weanght
does not change significantly for frequencies saedrby less than 1 Bark. This implies that when th
frequency of the tones is summed to the nearesict&e band, the error in frequency weighting tolsa
tonality calculation would not be significant. Toentribution of buzzsaw tones to the overall tagdias
been neglected as they require a narrowband speanalysis to be performed, being more closely
spaced in frequency than the more widely spacestdation tones from the fan inlet and exhaust. The
neglecting of buzzsaw tones was based on theHatthey only occur during departure when the engin
has a maximum thrust setting, which occurs for alsportion of the entire departure procedure aod n
at all for approach procedures. As such, theirysigimay require a separated focus solely on tHg ea
departure phases rather than the cumulative imfpaactomplete departure and approach procedures as
has been attempted in this dissertation. If mudtifgines or harmonics are present in the sameatritic
band, then they are summed to represent one tdheawdombined SPL value. This assumption is also
reasonable as tones present within the same thtcal cannot be distinguished by the human ear.

The ANOPP based source noise models provide infisman the tonal frequency and level, but provide
no information on the bandwidth of the tonal comgrus. A pure tone has a bandwidth of zero and with
it, the highest tonal perception. The fan and LiBite tones however are in effect complex tonethe
also have their harmonics present in the genesgtedtra. Using a value of zero for the bandwidthin

Eq. 6.14 hence leads to a very high tonality vallose to that of a pure tone with no harmonics. Few
references are available which show tonality valoksneasured aircraft noise and More et al. [43]
mention a measured tonality range of 0.01 to @.4fér current commercial aircraft composing ailis,
business jets and turboprop powered aircraft. Megsaircraft noise spectrograms also show thatahe
tones undergo a ‘spectral broadening’ as they gateathrough the atmosphere likely due to atmospher
turbulence. The tonal energy is therefore spreaat avlimited bandwidth around the tone rather than
being focused only on one single frequency.
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Figure 6.6: Sample spectrogram of an aircraft dapafrom [65]

Looking again at Fig. 6.5 (left), it can be seeat thures presented two separate curves for thedrecy
weighting of a single pure tone and that of narramtb noise having a bandwidth of 30 Hz. It can be
observed that the relative tonal perception ofrtagowband sounds is considerably lower, between 30
50% of a pure tone’s tonal perception, as menti@atier. As such, the tonality values of 0.01 # tQu.
can only be obtained if the engine tones are reghad narrowband noises rather than as pure tdnikes w
calculating the tonality of aircraft noise specrcaording to Aures’ method.

Two tests were performed for Aures’ tonality metimplemented in INSTANT. Firstly it was verified
if the metric as implemented gives correct valuksonality irrespective of bandwidth and secondly,
suitable value of the tonal bandwidth for aircrafise spectra produced using INSTANT had to be
chosen such that it would yield tonality values pamable to those produced by known commercial
psychoacoustic analysis software. To test the itgnahplementation independent of bandwidth, the
bandwidth z was reduced to zero and a pure tone of freque®@@ Hz and level 60 dB was input into
INSTANT’s assessment component. By definition ofaiity K, a pure tone with frequency 1000 Hz and
level 60 dB has a tonality of 1 t.u. and the testepone spectrum resulted in a tonality value .6998
t.u.

Next, a calibration was decided to be performed wither software that make use of Aures’ tonality
metric. The tonality values produced by INSTANT foedicted aircraft noise spectra on the grounagwer
compared with known psychoacoustic analysis soBwsuwch as Sound Quality Analyzer (SQA) of
Nelson Acoustic Software, for auralized audio & #ame aircraft flying with the same settings hat t
same ground location. The calibration showed thedrestant percentage bandwidth of 27.5% of the
critical bandwidth around each tonal frequencydgel the best results. This corresponds to a batiawid
of 44 Hz for a 1000 Hz fundamental fan tone an88dHz for the first harmonic which would occur at
2000 Hz. It was observed over the course of thearet work that the fundamental tone’s bandwidtk wa
the determining bandwidth for the bandwidth weigdtfunctionwy(Tt. and a narrower bandwidth for
higher frequency harmonics did not affect the oeamality. The effect of bandwidth on tonality wa
also seen to primarily affect tladsolute magnitudan t.u. but relative changes in tonality were seehe
independent of the tonal bandwidth when a congiartentage bandwidth of the tonal components was
used. This implies that any relative trends in ¢fegnin tonality due to aircraft or engine desigarges
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will be consistent irrespective of the chosen badtwof the tonal components with reference to the
tonality of the original design. The selection loé tsuitable bandwidth is however necessary to ntatch
absolute tonality values in t.u. such that the lipnaalues can be used correctly in other metsigsh as
the modified psychoacoustic annoyance metric meatian Section 3.1 (see Eq. 3.4).

The comparison between tonality values for predisigectra using INSTANT and for synthesized audio
using the SQA software is shown in Table 6.2 fa&r #Y7-300 comparable Long Range (LR) aircraft
powered with a GE90-85B engine model and the A3AD-2omparable Short Range (SR) aircraft
powered with a CFM56-5B engine. The comparisonbdeen made for standard departure and approach
flight paths simulated using the mission analys@date and simulated for ground noise impact using
INSTANT. Both aircraft have been designed using M and both engines have been modeled using
Gasturb. The auralizations have been made using RWachen’s auralization infrastructure developed
for the VATSS project and tonality values exceed®ds of the time,K;o have been used for the
comparison.

Table 6.2: Comparison of tonality exceeded 10%heftime K,) for various aircraft and procedures
between the SQA software for synthesized audidld8T ANT for predicted spectra

Aircraft and procedure SQA tonality, | INSTANT tonality, | Difference,
Kio [t.u] Kio [t.uU.] Kio [%0]
LR std. departure at (X,Y) = (10km, Ok 0.1¢ 0.2C +5.2
LR std. approach at (X,Y) =-28km, Okm 0.3C 0.2¢ -6.7
SR std. departure at (X,Y) = (12km, Ol 0.0¢ 0.07 -12.F
SR std. approach at  (X,Y) -30km, Okm 0.0¢ 0.0¢ -11.1

Table 6.2 shows that the INSTANT produced tonal#jues for propagated spectra compare well to the
tonality values produced by the SQA software fantkgtic audio of the same aircraft movements at the
same observer locations. It can be mentioned hatehie synthesized audio files do not containaaing
noise, which was not auralized during the VATSSjemb timeframe. The tonality values during
approach, where airframe noise is the dominantdiraad component, are therefore slightly higher for
the synthetic audio files than for INSTANT predittepectra which do include airframe noise. The
calculated tonality values can be seen to lie withirealistic range (0.01-0.4 t.u.) and follow apexted
logic such that for instance if the broadband fEs@ decreases, then the tonality increases dhigher
tonal prominence and reduced masking by low frequémoadband noise. The tonality is also seen to
increase if more or stronger tones are presenheénspectrum. Any changes in tonality can thus be
explained by looking at the spectra on the grounid seen for the work presented in this dissentat
that the tonality of lower bypass ratio engineshsas the V2527 is lower (due to the relatively ligjet
noise compared to fan noise) than for a higher $ypatio GE90 engine (for which fan noise is eithger
loud or louder than the jet noise due to much lojeervelocities). A similar trend is seen during th
approach phase, where the tonality is much higher tduring departure due to the engine thrustngetti
being close to flight idle and jet noise thus beingch less dominant. This can also be observed in
sample spectrograms of the SR and LR departureappobach flight paths, shown in Fig. 6.7 and Fig.
6.8 respectively.
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Figure 6.7: Sample spectrograms for the SR aircstfhdard departure (left) and standard approach
(right)

Figure 6.8: Sample spectrograms for the LR aircsadindard departure (left) and standard approach
(right)

By looking at the spectrograms, it becomes quigarcthat the long-range LR aircraft is much morato
than the short-range SR aircraft, with multipleosty tones and harmonics being present in the
spectrograms (cf. Fig. 6.8). It can also be noticedoth Fig. 6.7 and Fig. 6.8 that the tones dyrin
approach are more in number and stronger in irtiettgn during departure for both aircraft. Thistfes
also reflected in the tonality values presentedable 6.2 for both aircraft, and will also be sé®rhe
maximum tonality value contours presented in the section.
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6.2 Community noise assessment in sound quality metrics

The sound quality metrics described in the previserdion were applied to assess the annoyance impac
of current commercial aircraft analogous to the wmmity noise assessment in conventional metrics
shown in Section 5.2.2. The sound quality assesswasimplemented both at the certification potots
see how the alternate metrics compare to the ctiomah metrics close to the airport and also for
community noise impact for the annoyance causethduraway from the airport. Figures 6.9 and 6.10
show the maximum value annoyance contours in tedsauality metrics of loudness, sharpness and
tonality for the short-range A320-200 comparabled@®raft (this time using a V2527-A5 engine model)
for a standard departure and standard approacteatasdy. Fig. 6.11 and Fig. 6.12 show the
corresponding annoyance contours for the long-rat¥je300 comparable LR aircraft (using the same
GE90-85B engine model used for the tonality conguerin Table 6.2). The flight profile via the altie,

LP spool speed1, Mach number and primary jet velociyis shown for each aircraft movement, in
order to aid in understanding the correspondinggaince impact on the ground.

Fig. 6.9 shows that for the standard departuré®fSR aircraft, the maximum loudness value confmur
simply the loudness contour) in Fig. 6.9 (top) hasimilar overall shape to the maximum dBA contour
presented earlier in Section 5.2.2 (cf. Fig. 5.1%)e contour, for the range of loudness valuesctade
here (50-95 phon), shows a larger spread thanintdatated by the dBA contour. The similarity in the
dBA and loudness contour shapes can be expectdtk adBA metric is based on a 40 phon loudness
curve, although the loudness metric of Zwicker mooates much more detailed knowledge of loudness
perception as explained in the previous sectiore faximum sharpness value contour in Fig. 6.9
(middle) gives a measure of the regions where figguency content is dominant. It can be obserkatl t
the highest sharpness values occur immediately lafeke release up until X = 4 km, where the engine
has maximum thrust setting (shown via t4& variation). A cutback to maximum continuous thrust
setting is made after that till X = 9 km, resultimgreduced sharpness values and the sharpnessvalu
decrease considerably after X = 9 km when the eng@tting is reduced to the climb setting and the
aircraft reaches higher altitudes, whereby higheguency noise is absorbed more strongly.

The maximum tonality value contour in Fig. 6.9 (bat) indicates that the SR aircraft during departur
has a generally low tonality value, reaching a mmaxn of 0.09 t.u. close after brake-release in the
forward direction. To the aft of the engine, totyalialues are relatively low during departure doi¢hie
dominant jet noise, which masks the exhaust fapgtoihe tonality values are seen to slowly redsce a
the aircraft departs and reaches higher altituties.directivity pattern of the fan is also evidéom the
triangular shapes in the tonality contours showingt the maximum tonality during departure will
frequently occur due to fan tones emitted in thevéwd directions which exceed the broadband airam
noise present in the forward axis. Airframe noisérd) the departure phase has a much lower infensit
as has been mentioned earlier.
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Figure 6.9: Sound quality contours for the SR aittcstandard departure: maximum loudness values in
phon (top); maximum sharpness values in acum (m)ddiaximum tonality values in t.u. (bottom)
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Slats, gear deployed and
40° flap deflection

Figure 6.10: Sound quality contours for the SRraftcstandard approach: maximum loudness values in
phon (top); maximum sharpness values in acum (mjddiaximum tonality values in t.u. (bottom)

Fig. 6.10 shows the maximum loudness, sharpnestoaatity value contours for the SR aircraft durang
standard approach. Comparing with Fig. 5.20 wheeemaximum dBA contour for the same aircraft and
movement was shown, it can be seen that the loadomstour shape during approach is even more
similar to the dBA contour than what was obsenadtlie SR departure. The spread of loudness during
departure, particularly in lateral and aft direnpwas seen to be greater than the correspon&ing d
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contour spread, whereas it is of similar size du@pproach. This is explained by the fact thatrdyri
departure low frequency jet noise is dominant adfrequencies are given a higher penalty by tha dB
metric, thereby in effect under-predicting the lisaquency impact over large distances to the sidieadt

of the aircraft. The loudness metric of Zwicker slo®t incorporate this ‘artificial’ reduction ofvo
frequency noise. During approach, jet noise is mahidue to the low engine thrust setting and the
difference between the dBA and loudness metrias bezomes less extreme, as can be seen in Fig. 6.10
(top). The sharpness contour shows that the airoma$e becomes sharper as the aircraft descemds an
comes closer to the ground. Besides the sharpnessase due to increased thrust setting after Xkm,
which pushes fan tones to slightly higher frequesicthe sharpness value increases in general dhe to
distance between the aircraft and the ground pdietoming lower, thereby reducing the amount of
atmospheric absorption the higher frequency compusmgo through.

The tonality contour for the approach phase shihas the tonality values of aircraft noise spectra
depend on the interplay between the broadbandaral &ircraft noise components. The tonality values
increase each time til value is reduced due to three main reasons: tifteolthe fan tones to lower
frequencies which are perceived as more tonaHgf.6.5 (left)), the decrease in jet noise, whiebults
in lower masking of the higher fan tones, and tbaegal increase in prominence of the tones due to
reduced broadband jet noise. Broadband airframeeraliso affects the masking and prominence of the
engine tones and in Fig. 6.10 (bottom) this is de@m a distance of X = -5.5 km till close to todolwvn
of the aircraft on the runway, where the slats af as landing gear are deployed and the flaps have
maximum deflection of 40°. The inverse relationsbgween the engine setting and tonality can be see
in Fig. 6.10 (bottom) with an increase in tonaliyserved each time the engine setting is reduaed (f
instance at X = -22.5 km, X = -8 km) and an analmgdecrease in tonality observed when the engine
setting is increased.

The sound quality contours of the LR aircraft stmdddeparture in Fig. 6.11 and standard approach in
Fig. 6.12 show similar trends as the SR aircrategek with the metric values being significantlytég. It

can be noted that the Y-axis values for the LRraftdave been presented for 8 km on both sidéleof
aircraft while for the SR aircraft the lateral spaehad been limited to 4 km. This is to be expeeatethe
long-range aircraft are much heavier than shomeaaircraft (the LR aircraft has an MTOW value of
299000 kg compared to the 77000 kg of the SR dijcRarticularly the tonality values of the LR aiaft

are much higher than the tonality values of theaBBraft for both departure as well as approacle, tdu

the higher bypass ratio of the GE90-85B engine tthan of the V2527-A5 engine (cf. Table 5.1 and
Table 5.2). This was also seen in the spectrogfarmtbe LR aircraft presented in Fig. 6.8 whereesal/
strong tones were present for both departure aptbaph settings. The sharpness contours indicate th
the LR aircraft's sound is slightly less sharp apegienced on the ground than that of the SR dircra
which is due to the lower optimum LP spool speethefGE90-85B engine model (nomidl value of
2465 rpm, compared to 5650 rpm for the V2527-A5immgnodel). The changes in tonality with
changing thrust setting are even more evidenti®LR aircraft as its fan tonal noise is at legdbad as

the broadband jet noise during departure and asdsuairframe noise during approach, exceeding them
for the most part. As such, the maximum tonalitjuga during the LR approach are consistently high
throughout the procedure over large distances aainr their prominence even when all airframe
components have been deployed at their maximumngetrom X = -6 km.
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The goal of the sound quality or annoyance contmuie show what the annoyance impact on the ground
is in terms of metrics that describe the percemedoyance via the quality of aircraft sound, rathan
simply via noise levels. Each metric contour fosusa different aircraft noise characteristics aivig

an indication of the annoyance impact on residdimisg in airport vicinities during departure and
approach procedures. By computing the area comtaivithin contours of certain relevant threshold
values of each metric, an impression can be olitaii@ parameter variation studies regarding how
variations in aircraft design can affect the comityuannoyance. These parametric variations are the
focus of the next chapter.
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Figure 6.11: Sound quality contours for the LR i@ifcstandard departure: maximum loudness values in
phon (top); maximum sharpness values in acum (mjddiaximum tonality values in t.u. (bottom)
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Slats, gear deployed and
40° flap deflection

Figure 6.12: Sound quality contours for the LR rmfcstandard approach: maximum loudness values in
phon (top); maximum sharpness values in acum (mjddiaximum tonality values in t.u. (bottom)
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7 Design parameter sensitivity analysis

In the previous chapter, it was shown how aircnafse can be assessed in an alternate way by making
use of sound quality metrics that attempt to capthe annoyance due to aircraft noise by focusing o
individual characteristics such as its loudnesarmiess and tonality. In order to assess aircmaen it

was necessary to have a means of modeling theafhirmise at the source using suitable models (as
described in Chapter 4) and propagate the noisa fitte source to the observer on the ground (as
described in Chapter 5). The source noise modelelss the propagation and assessment methodology
in conventional and alternate metrics were integtain the aircraft noise prediction environment
INSTANT. In order to provide the necessary inpuistlie source noise models in INSTANT over
complete departure and approach flight paths, tigeeaircraft design environment MICADO was made,
as was explained in Chapter 5. It was explaineSidction 5.1 that thparameter study managenodule

of MICADO allows the variation of relevant aircrafesign parameters to follow their impact on any
chosen evaluation criteria. This chapter focuseshenuse of the parameter study manager module of
MICADO to perform parametric variations using INSNIA of several noise relevant input parameters
mentioned in Section 4.2.

Two overall aircraft design parameters — the aftevang-loading,W/Sand the thrust to weight ratid/W

are two primary parameters that can be varied dunimceptual design and can be optimized for differ
goals such as fuel efficiency, range, costs or conity noise impact, as was mentioned in Chapter 5.
With regards to community noise impact, the wingeimg directly affects the wing and high-lift dewic
area and hence the airframe noise produced byirtrafaand alongside this, it also affects thgHti path

of the aircraft. A larger wing can help in steepeparture and approach, which can lower the noise
impact on the ground. The thrust to weight ratiales the entire engine and has a very strong affect
the noise produced by the whole engine as wellyaisshindividual components. This is due to thetfac
that the engine geometry parameters such as thaidereter, number of blades and vanes, fan timgdesi
Mach number as well as the primary and seconddraneas among others are all scaled with the
maximum producible thrust, as modeled in ILR’s IM®T. The change in geometry is also coupled
with a change in the thermodynamics of the engiféch is adjusted for each design iteration byiagal
the engine decks using the MICADO environment. ghler T/W can also alter the flight path by allowing
the aircraft to climb out faster during departuse ihstance. It was found from initial overall pareter
variation studies, where tHEW andW/S were varied simultaneously, that a number of ckang the
ground noise impact occurred, but it was diffidoltlocalize which design parameter had contribuited
the overall change and to what extent. In this exmtt was important to be able to distinguishwaatn
ground noise impact changes due to changes tdigie path, which occur if th&V/Sand/orT/W are
changed, and changes due primarily to changestaitbraft and engine geometry. For this purpose, t
types of parametric variation studies were dectdduke performed in this dissertation — uncouplegiren
geometry variation studies for a constant flighthpand coupledV/Sas well as coupled/W variation
studies with changing geometry and changing flighth combined. The parametric studies of engine
geometry parameters were limited to the fan anthjtt parameters as the combustor and LP turbime a
for most community noise relevant flight phase$owfer intensity than fan and jet noise. Changethén
airframe geometry are made via the wing area aat $@s well as flap and slat spans and areas, as
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percentage of the wing area) which are varied alaith the aircraft wing-loading for the coupled
parametric studies.

The analysis will focus on community noise impaas Most residents live at large distances from the
runways, rather than at the certification pointshvsome results for noise impact at the certifarat
points also presented. The parametric variatiomes siiown here for the short-range SR aircraft for
conciseness, with the knowledge from Section 6& the trends shown by the smaller short-range
aircraft also reflect the trends of the larger loagge aircraft, just with lower absolute metridues.
Parametric variations for the long-range LR airchefve been presented in a previous publicatiothey
author [102], where it was observed for the LR raifitcthat it was more difficult to reduce the much
higher noise metric values of the LR aircraft vesign variations, withelative changes being about half
as large as those seen for the SR aircraft alththug@bsolutereductions were on the whole as high or
higher. Nonetheless, the trends in relative naggact changes in conventional and sound qualityioset
for the LR aircraft were analogous to the trendmder the SR aircraft, when the same parametsgde
variations were performed.

7.1Uncoupled parametric variation studies

In this section, the results of the uncoupled emgjaometry parametric variation studies are presgent
firstly for the noise impact in conventional andusd quality metrics at the flyover and approach
certification points in Section 7.1.1 and secorfdlycommunity noise impacted area variation fortaier
threshold values of each metric in Section 7.1.2.mdentioned earlier, in order to isolate the effafct
engine geometry changes from flight path changas, flight path has been kept constant for both
departure and approach analysis results in thiioged o ensure that the assumption of a constayt f
path for varying engine geometry remains valid, ehgine geometry parameters are varied around their
reference values by a maximum of 25 percent (alaovkbelow the reference SR value) such that the
unchanged thermodynamics may still apply to theifiemtigeometry of the engine fan and jet.

It was seen in Table 5.4 that acoustic liner tetdmoplays a crucial role in the certification fooise of
current commercial aircraft and considerable cutivdareductions of up to 9 EPNdB were seen to be
achieved for the A320-200 similar SR aircraft. ®irmme of the aims of this dissertation is to seatwh
optimization possibilities regarding annoyance doeaircraft noise exist via design changes, it was
reasoned that the effect of acoustic liner matdxéaturned off such that a comparison could be nedide
the gains via design changes as against gainsadthetuse of acoustic liner material. The parameter
variation study results presented in this chapterttaus without the effect of modern acoustic knemnd
lead to the design optimizations presented in Ghrepfor both conventional and sound quality metric
Ultimately the annoyance benefits obtained viarmjaed designs by considering the sound quality from
an early phase are compared to those obtainedwisstc liner technology applied at a later stage.

7.1.1 Noise impact analysis at certification points

1. Departure
Figure 7.1 shows the results of the parametricatian of the fan inlet area, rotor blade numbeatost

vane number, fan tip design Mach number and thagssi and secondary jet areas by 25 percent around
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their reference values for the V2527-A5 engine mati¢he ICAO specified flyover certification logan

(X = 6500 m, Y = 0 m). The change in noise impactha flyover point is shown by changes in the
conventional EPNL and dBA metrics and also in tnsl quality metrics of loudness in sone, tonatity
t.u. and sharpness in acum. The reference parawadtezs are presented in Table 7.1 and the referenc

noise metric values are presented in Table 7.2.

Table 7.1: SR aircraft reference engine geometiyes

Parameter Name Symbol Ref. Valu
Fan inlet area [(] Acan 211
Number of rotor blades-] B 30
Number of stator vane-] \% 35
Fan rotor tip Mach number at design po-] (Y 1.45
Rotol-stator spacing [¢ s/C 2.7
Primary jet area [(] A, 0.201
Secondary jet area 7] A 1.01

Table 7.2: SR aircraft reference noise metric v@hitethe flyover certification point

Noise metric Ref. Value
dBA 73.5(
EPNL [EPNdB 89.1¢
Loudness [Son 24.27¢
Tonality [t.u.] 0.064+
Sharpness [acul 1.17
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Figure 7.1: Engine geometry parameter variationlte®n noise impact at the flyover certificatiomint

It can be noticed in Fig. 7.1 that for some paramsetthe relative change in tonality (shown by ribe
curve with symbol x) is quite large, for instanaeedo a variation of the fan inlet area or the nantdidf

fan blades. The large changes in tonality are maink to the comparatively low tonality value o tBR
aircraft for the takeoff engine setting (0.0644 tt flyover), when the jet noise is more dominantl
masks the tones more effectively, besides the theieg produced at higher frequencies due to tilechi
fan rotation speed. It can be seen that when timebeu of fan blades is increased from 30 to 38, a
reduction in tonality of 32 percent to 0.0438 faiobserved and a reduction to 22 blades increhses
tonality by 42 percent to 0.0914 t.u. This can kplaned by the fact that for more blades the BPF
(which is fan rotation speed multiplied by the n@anbf blades, cf. Eq. 4.21) and all its harmonies a
shifted to higher frequencies, which are weightess Istrongly for tonality as was shown in Fig. &%)

by Aures’ frequency weighting curve. Another reasonthe higher frequency tones resulting in lower
tonality values is that the higher frequencies aseorbed more strongly than lower frequencies by th
atmosphere, as described earlier, and this alsaesdhe prominence of the fan tones as they rb&ch
ground. The reverse is seen for lower blade numbdrieh shift the fan tones to lower frequencieat th
are absorbed less strongly and are also perces@tbee tonal. This effect was also partly seerther
tonality contours presented in Fig. 6.9 to Fig.26.Where it was the lower fan rotation speed during
approach that shifted the tones to lower frequanai@ higher tonality values. The sharpness vanati
(fraction of high frequency noise, shown by theygcarve with inverted triangle symbol), also aids i
understanding the changes in the spectrum thatr aidwe to lower blade numbers in that the high
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frequency content is seen to reduce by up to 7%icating that more noise has shifted to lower
frequencies.

The fan inlet area also has a strong effect on @Rlity and as the fan inlet area does not affleet t
frequency of the fan tones, the cause of the changmnality is in this case the prominence of thees

as well as the masking effects of low frequencyalllmnd noise on the higher frequency fan tonaknois
It can be seen that reducing the fan inlet aredr@arase the overall loudness of aircraft noiskraduce
the tonality at the same time. This indicates basted on the parametric models used in this dideT}

a smaller engine is relatively louder and less tdbh@an also be seen in Fig. 7.1 that increasirgfan
inlet area can increase the tonality of aircrafise@and in general will decrease the loudness, wisic
seen better at the approach certification poirfig 7.3 as well as for community noise impacteshar
changes in Fig. 7.4 and Fig. 7.5. This is in acaoncg with current trends in turbofan engines, where
higher bypass ratios are being pursued which r@sugjtiieter engines having more pronounced fanenois
(cf. Fig. 2.1). The use of acoustic liners to restite relatively higher fan noise then becomesntiselt

is useful to look at the individual fan and jet smivariation at the flyover point in order to fuath
understand what is causing the higher tonalitydager fan inlet areas. Fig. 7.2 shows the timeeddpnt
component level variation of the noise impact ia ¢BA metric at the flyover certification point fire

SR departure with the reference fan inlet ared) @efd with the larger fan inlet area of 2.654(night). It

can be seen that the larger fan inlet area causap@roximately 2 dBA increase in the peak fan enois
and a reduction by the same amount of the jet n@isis change in the spectral composition of engine
noise results in the fan noise (including fan tdri@oming more prominent, resulting in the inceghs
tonality values seen in Fig. 7.1.

Figure 7.2: Time-dependent component level noisatian at the flyover certification point for
reference fan inlet area (left) and for a largerifdet area (right)

The fan inlet area is an important parameter fgirenoise computation and it is used in calcugatire
acoustic power equations for both fan noise (E§2¥as well as jet noise (Eq. 4.44) as the engine
reference areé. in Stone’s model. In Eq. 4.22 it can be seen thatacoustic power radiated from the
fan for all its components increases with an ingeeaf the fan inlet area. Eq. 4.44 shows that the
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reference mean square acoustic pressure for jgt iocalculated at a reference distanqeﬁ. A larger

fan inlet area therefore implies a larger referedistance, a reduction in the reference mean-square
acoustic pressure and a reduction of the produstedagise. Both these factors combine to increase th
tonal prominence as well as in reducing the masé&ffegts of jet noise on the fan tonal noise.

The parameters rotor-stator spacing and bladeeigd Mach number present a reduction in all metric
i.e. a positive change to noise level as well amdauality will be observed if the rotor-statoasing is
increased or the tip design Mach number is decteddds is also consistent with current trendshia t
commercial engine industry, namely the fan bladsiadgodesigned for lower tip speeds. An increase in
the rotor-stator spacing reduces the strengtheofriteractions between the blade wakes and statwsv
as was mentioned in Section 4.2.1, and this redileesadiated noise intensity from the fan. Theosta
vane number plays a role mainly on the tone cdaffor (cf. Eq. 4.23) which decreases for a higher
number of stator vanesWB > 1, which is typically the case for current tuidoengines.

Varying the primary and secondary jet areas hagtmeary effect of increasing or decreasing the jet
noise intensity. This affects the overall loudne$ghe aircraft noise and it can be observed that t
change in jet noise by changing the jet areas affgrts the tonality, again via masking effects and
altering the prominence of the fan tones. The effiévarying the primary jet area to alter the edisvel

or sound quality seems to be minimal at both thieviér and approach certification points (cf. Fig8)7
The effects are seen more clearly for communitg@adnpacted area on the ground, especially for the
approach phase in Fig. 7.4, which is shown in thet sub-section. Fig. 7.1 shows nonetheless that
increasing the jet areas can increase the loudsfeid®e aircraft noise and decreasing the jet acaas
decrease the loudness (albeit only slightly afflfwver certification point). Variation of the seudary jet
area also shows that a larger secondary nozzlel ecedlice the tonality by increasing the jet noisé a
reducing the fan tonal prominence. The fact that jit noise intensity increases with the jet asea i
reflected in Stone’s model in Eq. 4.44 and alsonfidghthill’'s fundamental acoustic power relatian i
Eq. 2.2 and Eq. 4.13.

In general, for all the variation plots it can H#served that changes in the dBA and EPNdB mettitttea
certification points are very minute (0-2% maximunihis could be due to the fact that the dBA and
EPNdB metrics follow logarithmic scaling whereasidaess (in sones), tonality and sharpness are all
scaled linearly. An approach could be to conveztdBA and EPNdB metrics to a linear scale using the
relation 2°E"N9E40) similar to the conversion of phon to sone. Thigraach was however avoided as any
noise level reduction for certification is alwaygpeessed in differences of ‘X' EPNdB and any otfioem

of expressing differences in conventional metri@ggymot be understandable to most experts. It cam al
be noticed that the reductions in dBA and EPNdBricgtalthough very minute for most parameters at
the certification points, follow in general samentds as the loudness metric. This effect is alquified
when changes in the dBA and EPNdB metric areashengtound are followed for design parameter
sensitivities on community noise impact in Secfioh.2.

2. Approach
Table 7.3 shows the reference noise metric valoethe SR aircraft at the approach certificatiompo

(taken here as X = -2300 m, Y = 0 m). It can becedtthat all the metric values are much highehat
approach certification point than at the flyoveinpowhich is primarily due to the approach poieiry
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located much closer to the runway, and the airdraiftg much closer to the grourtd< 137 m or 450 ft
for the SR aircraft).

Table 7.3: SR aircraft reference noise metric \@htethe approach certification point

Noise metric Value
dBA 89.56
EPNL [EPNdB 102.20
Loudnesssone 81.13
Tonality [t.u. 0.10¢
Sharpness [acul 1.7¢

Figure 7.3: Engine geometry parameter variationlt®®n noise impact at the approach certification
point

Figure 7.3 shows the corresponding variation ofrengeometry parameters and its effect on the osetri
at the approach certification point. On the whaigjilar trends as at the flyover certification poare
observed. It is noticeable that the increase ialttyndue to fan inlet area and rotor blade nundbemges
is about half of the values observed at the flyqu@nt for takeoff. This is explained by the falat the
maximum tonality at approach is greater (0.109 frucomparison to the maximum tonality at flyover
(0.0644 t.u.) due to the relatively lower broadbgatchoise and higher fan tonal noise during apghoa
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The relative reduction in tonality is also halftagh due to changes in rotor blade number wheteias i
comparable to the reduction at the flyover poirthé fan inlet area is reduced. Fig. 7.3 also shawsvas
seen at the flyover point, that a larger fan ialeta results in a quieter engine but also oneighaiore
tonal. The variation of the stator vane number rdu@pproach shows that after a certain number of
increased stator vanes, favorable noise reduciom®st metrics can be observed, with a 4% redndtio
tonality and 3% reduction in loudness. The chamgprimary jet area shows very small changes in the
metrics at the approach point. The secondary g &ariation in Fig. 7.3 shows that a larger exhaus
nozzle increases the loudness due to higher jsermnd reduces tonality due to masking and reduced
tonal prominence effects. As was mentioned forfly@ver point, the relative changes are still snall

the approackertification point and are seen to be more pronounced for cantynuoise impact.

7.1.2 Community noise impact analysis

This section presents the results of the parameadriations of the engine geometry parametershi@i3R
aircraft for community noise impact via the impacerea on the ground for each metric. The analysis
makes use of complete departure and approach figtits, which were simulated using the mission
analysis tool, with the source noise modeled uB\W&TANT at each 0.5 s time-step. The propagatian ha
been performed for observer points over a gridOokid x 20 km for departure paths and 40 km x 20 km
for approach paths, with a ground point resolutib@00 m x 100 m. For each metric, the area if kas
been calculated at and above two chosen threshdlgéy— 55 and 75 dBA for A-weighted level, 65 and
85 EPNdB for EPNL, 65 and 85 phon for loudnessl]é¥®75 t.u. and 0.1 t.u. for tonality and 0.7%lan
1.0 acum for sharpness. Any change in the enginengey parameter is shown by a corresponding
change in the affected ground area for each mékhe. main motivation to analyze community noise
impact separately from noise impact at certificaoints was to see the effects of design variatmrer
large distances as the certification may not béy ftépresentative for the noise impact over large
distances around the airport, as was explaineteearhe reference community noise impacted anmeas i
each metric for the SR aircraft have been providethble 7.4 for a standard departure path anchisler
7.5 for a standard approach path.

1. Departure

Table 7.4: SR aircraft reference community noispaoted area for a standard takeoff flight path

Community noise impacted argam?| Value
55 dBA threshold 1 are 50.4
75 dBA threshold 2 are 2.2¢
65 EPNdB EPNL threshold 1 ar 79.5¢
85 EPNdB EPNL threshold 2 ar 6.4¢
65 phon loudness threshold 1 ai 84.9:
85 rhon loudness threshold 2 a 4.64
0.075 t.u. tonality threshold 1 ar 1.8¢
0.10t.u. tonality threshold 2 ar 0
0.75 acum sharpness threshold 1 : 51.17
1.0 acum sharpness threshold Zza 17.2¢

-128 -



Chapter 7. Design parameter sensitivity analysis

Fig. 7.4 shows the changes in community noise itggharea in the sound quality metrics for variation
of the engine geometry. The most noticeable feaiturEig. 7.4 is the very large change in tonality
impacted area for variations of the fan inlet aaad number of rotor blades. Similar trends were ste
the flyover certification point, but the changestle 0.075 tonality impacted area are much largan t
the tonality changes seen at the flyover pointsT$ipartly due to the 0.075 tonality area havinggy

low value of 1.84 krf due to the low tonality of the SR aircraft durideparture, as was seen in Fig. 6.9
(bottom). The community noise impact changes cpmed nonetheless to what was observed at the
flyover certification point, the main differenceibg in the magnitude of the changes. The variations
suggest that a smaller engine (having a smalleinfab area) with a higher number of rotor bladesld
reduce the tonality impact on the ground by a amrsible amount. This will be seen in a bit moreaitiet

in Chapter 8, where optimizations for minimal totyahre investigated together with optimizations fo
other metrics.

The trends for the variations of most engine geoymedirameters are similar to the observations naade
the flyover point. The loudness of the aircrafts@oincreases for a smaller fan inlet area, witt8thphon
impacted area increasing by up to 20%. A reductionoise impact on the ground for all metrics is
observed if the rotor-stator spacing is increasedf ahe fan tip design Mach number is reduced.
Increasing the stator vane number results in arédole reduction in loudness and tonality from aevan
number of 47 onwards and increasing the primarysmodndary exhaust areas can increase the loudness
and reduce simultaneously the tonality. The effectommunity noise impact of varying the primary je
area is again seen to be lower than that of varyiagsecondary jet area.

Figure 7.4: Engine geometry parameter variationlt®®n community noise impact for a standard SR
departure in sound quality metrics
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Looking at the community noise impact over largegas serves as an important confirmation of the
trends seen at certification points, which showeadtimlower relative changes and if the motivation to
make a certain geometry change was not conclusavecertification analysis, then community noise
impact analysis provides the stronger evidence.

Figure 7.5 intends to show the community noise whpariation in the conventional dBA and EPNL
metrics for a parametric variation of the enginergetry parameters. It can be noticed that althatgh
certification points very minute variations in tbenventional metrics were seen, the changes instefm
impacted area on the ground are more pronouncednbst parameters, it can be seen that both metrics
show the same trends and when compared to the spuatity metrics, the trends follow similar varidi

to the loudness metric. The change in tonal congenot clearly captured by the EPNL metric as iby

the tonality metric for variations of the fan inlatea and rotor blade number. The changes in EPNL
impacted area are seen to be comparable to thedesdmpacted area changes for both these parameter
It can be reasoned that this occurs due to thedessnant tonal content of the SR aircraft, whidesl

not yield high enough tonal SPL values to suffer thaximum tonal penalties in the EPNL metric. For
the most part, the EPNL metric does not yield tseemaich different to the dBA metric in this casetlBo
metrics also do not show any information regardiigh or low frequency content change in the spectra
information which is provided by the sharpness me®ne parameter whose variation has a signifigant
stronger effect on the EPNL metric is the statarevaumber. An increase in the number of vanes to 47
yields a large reduction in both 65 and 85 EPNdiasaron the ground of 18% and 22% respectively.

Figure 7.5: Engine geometry parameter variationlt®®n community noise impact for a standard SR
departure in the dBA and EPNL metrics
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2. Approach
Table 7.5 shows, as was seen at the approachigaitih point, that the impacted area is largerefach

noise metric during approach than during deparfline. larger noise impact during approach is actuall
due to the slower aircraft speed and hence longetidn of a standard approach flight proceduree Th
aircraft remains for long distances below the 10fdG0titude where the approach analysis startsiiisd
for this reason that a larger ground impact anslygsiea during approach of 40 x 20 *kis taken
compared to the 30 x 20 Krduring departure, where the aircraft reaches titndg of 10000 ft already
after a range of around X = 25-30 km (cf. 6.9).

Table 7.5: SR aircraft reference community noispaated area for a standard approach flight path

Community noise impacted argam?| Value

55 dBA threshold 1 are 67.2

75 dBA threshold 2 are 2.7¢

65 EPNdB EPNL threshold 1 ar 938
85 EPNdB EPNL threshold 2 ar 6.7¢€
65 rhon loudness threshold 1 ai 10224

85 phon loudness threshold 2 ai 7.8
0.075 t.u. tonality threshold 1 ar 172.4¢
0.1Ct.u. tonality threshold 2 are 127.¢
0.75 acum sharpness threshold 1 : 94.8¢
1.0 acum sharpness threshold 2 i 27.2¢

Figure 7.6 shows the effect on sound quality medrieas when the engine geometry parameters are
varied for the approach phase. As for the depapghase, many of the trends are similar to those k&e
certification at the approach point (cf. Fig. 708} with larger relative changes from the referevalees.

As was seen in Fig. 6.10 (bottom), it can be ndtittleat the SR aircraft has a higher tonality during
approach and as such, the 0.10 t.u. tonality tlotdsh area has a significant span on the grouncheSo
differences to the approach certification point e&o be noticed in Fig. 7.6. The fan rotor bladenher
variation results in an asymmetric change in tdydlnpacted area — a larger reduction in tonality
impacted areas for higher blade numbers is obsahatdan increase in tonality impacted area forelow
blade numbers (-65% compared to +50%). The redudtiotonality impacted areas for stator vane
numbers of 47 and above is also much higher thaat whs seen at the approach certification point. It
can also be observed that although the 0.075dnality threshold 1 area changes for variationghef
primary and secondary jet areas are comparabletottanges observed for departure in Fig. 7.5) th@

t.u. tonality threshold 2 changes are much moneifsignt. This implies that larger exhaust nozaiesld
reduce the tonality impact on the ground duringragph by a significant amount.

The changes for the other sound quality metricsaega similar to those observed in the previousneng
geometry parameter variations in this sub-sectfarther confirming that the effect of these noise
relevant parameter changes are more generally &atichot restricted to a particular flight procedun
[102] it has also been shown that similar trendsbfith departure and approach phases are obsewed f
the 777-300 similar LR aircraft, but with lower nméigdes of the relative changes. Fig. 7.7 shows the
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corresponding community noise impact changes indB#& and EPNL metrics, where both metrics are
again seen to follow the loudness trends for athipeeter variations.

Figure 7.6: Engine geometry parameter variationlte®n community noise impact for a standard SR
approach in sound quality metrics
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Figure 7.7: Engine geometry parameter variationlte®n community noise impact for a standard SR
approach in the dBA and EPNL metrics

7.2 Coupled parametric variation studies

The individual engine geometry parameter variationthe previous section showed that each individua
engine geometry parameter had an individual effacthe noise impact on the ground both in terms of
level as well as sound quality. In order to quantife effect of varying the engine geometry paramset
the flight path was kept constant in the previoastisn. During the aircraft design process howeser,
variation of the overall aircraft design paramet&#s or T/W will change the aircraft’s flight path along
with the airframe and engine geometry respectivélye individual effect of airframe geometry was
chosen to be followed by varying the aircraft wisige and span by performing a coupled parametric
variation of the aircraft wing-loading. This incamates an automatic change of the wing noise \da th
changed wing area and wing span and change ohfiege via the changed flap area and flap span. A
change in wing-loading can also change slat nojsehlanging the acoustic power of the slat by aitgri
the slat boundary layer thickness (cf. Eq. 4.6@ctEvalue ofV/S also results in a new and altered flight
path of the aircraft, for both departure and apgingzhases.

The landing gear geometry was not varied in theetiiranalysis in order to keep the focus on thegwin
geometry, as landing gear noise only affects aldnaation of the approach phase (from around X6 -
km to touchdown for the aircraft modeled in thissdirtation). Furthermore, the landing gear does not
alter the flight path of the aircraft whereas tiveraft wing and high-lift elements such as flapsl slats

can affect both the climb performance as well asraift approach speed. For each value of the wing-
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loadingW/S, the entire MICADO convergence loop was run iigedy via the parameter study manager
modaule till a converged design with optimized agrainics and performance for the SR aircraft with
new WS value was achieved. Since the goal of the par&nedriations was not to deviate too strongly
from the reference SR design, each design variargdcha convergence for the same MTOW and OWE
values, as well as the same TLARs as the refer8Rtaircraft. For each wing-loading variation, the
aircraft for the same MTOW has a larger or smallierg size and flies slightly differently, which tarn
varies the noise impact experienced on the ground.

The thrust to weight ratio variation changes all #émgine geometry parameters shown in Sectionor.1 f
the uncoupled variation, as well as the other engigometry parameters mentioned in Chapter 4 ér th
source noise models by scaling them for the matli8eST. Besides changing the engine geometry, the
T/W variation also has a significant effect on theraift departure flight path and a highewW value
(corresponding to a larger engine) results in apgeclimb out of the aircraft. A variation of thgcraft

T/W will therefore combine all the individual effecteen in Section 7.1 with an additional altered gdou
noise impact due to changes to aircraft flight pathfor the wing-loading variations, tiéW variations

aim a convergence for the same MTOW and OWE valisethe reference SR aircraft design, for the
same TLARs.

Section 7.2.1 will show the parametric variationtbé SR aircraft wing-loading and its impact on
certification and community noise; Section 7.2.2 gliow the parametric variation of the thrust teigiht
ratio and the corresponding certification and comityunoise impact changes that the variation reduolt
Table 7.6 shows the reference SR airdvdfs, T/W, SLST and airframe geometry values.

Table 7.6: SR aircraft referen®dS T/W, SLST and airframe geometry values

Parameter Name Symbol Value

Wing-loading[kg/m?] WS 629
Thrust to weight rati(-] T/W 0.31-

SLST [kN] F 113.3¢

Wing arei [m?] S 117.6¢
Wing spai[m] b 33.3¢
Flap are [m]] S 8.4¢
Flap spa [m] by 8.51

7.2.1 Wing-loading variation

1. Noise impact analysis at certification points
Figure 7.8 shows the effect of wing-loading vadatirom the reference value of 629 k§/om the metric

values at certification points. For both the flypead approach points, very small effects on th&iose
are seen. Particularly for the flyover point itdbserved that the wing geometry will have hardly an
noticeable influence on the ground noise impacis Ehconsistent with the fact that airframe nalseing
takeoff is much lower than the engine noise andflight path at 6.5 km from brake release does not
change by a considerable margin for changes in g@mgnetry for the same engine thrust. At the flyove
point the only somewhat noticeable change is instiepness, which decreases for a larger wing&(i.e.
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lower WS) value by up to 1.5%. At the approach point, calghange in loudness is slightly noticeable
with the loudness decreasing for a smaller wing mmuteasing for a larger wing. The reduction in
loudness is primarily due to the reduction in ainfie noise from a smaller wing due to a higher wing-
loading. As modeled in the MICADO environment, iglslly smaller wing also results in smaller higfi-li
devices as the climb-requirements are still metfodiably and do not require an increase in the ifgh
device areas. Overall it can be said that varyirgwing geometry changes the metrics by very small
amounts at the certification points and no cleands are visible for most metrics. This encourames
check for community noise impact, as the flighthgabeyond the certification points can show much
higher differences.

2. Community noise impact analysis
Figure 7.10 shows the results for the wing-

loading variation and its effect on

community noise impact via impacted areas

at and above the chosen threshold values for

each metric. Many of the trends are more

clearly visible while looking at community

noise impact. For the approach phase, as

was seen very slightly at the approach

certification point, both the loudness

threshold areas of 65 phon and 85 phon

decrease for a higher wing-loading (i.e.

smaller wing size) and increase for a lower

wing-loading (i.e. larger wing size), which

can be attributed to an increase in the

airframe noise from the wing and high-lift

elements. For departure however, it is

observed that a decrease in the 65 phon

(threshold 1) loudness impacted area is

observed for a higher wing-loading, whereas

an increase in the higher 85 phon (threshold

2) loudness impacted area is observed for a

lower wing-loading. This observation is

linked to how the wing size affects the flight

path of the aircraft during departure, rath Figure 78: W/Svariation results for noise impact
than the actual intensity of airframe noise  the SR aircraft at flyover and approach certifioati
produces, which is of course significantl points
lower than engine noise during departure.

In order to elucidate how a higher wing-loadindgueacan decrease the 65 phon loudness impacted
area but increase the 85 phon loudness impactaddareng takeoff, Fig. 7.9 shows three departughti
paths of SR aircraft variants havivS values of 471.8 kg/fn 629.1 kg/ri (which is the reference
value) and 754.9 kg/mFig. 7.9 (left) shows that the larger wing foe tiving-loading value of 471.8
kg/n? allows the SR aircraft variant to climb out fastfiean the reference SR aircraft (shown in gray) in
the initial departure phase, shown up to X = 5.5 Khre smaller wing for the high wing-loading valfe
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754.9 kg/m on the other hand makes the SR aircraft variaqiire a longer ground roll, which results in
the aircraft flying at lower altitudes initially ompared to the reference SR aircraft. This resultthée
increased 85 phon threshold 2 loudness impactedfargéhe higheWW/Svalues.

Over the whole procedure however, Fig. 7.9 (righfws that at larger distances from the point akér
release, the smaller wing results in a slighthgges climb out compared to the reference SR afrdisd

to lower drag values produced by the smaller wind the engine thrust remaining unchanged for the
sameT/W value. This results in the reduction of the 65mpHueshold 1 loudness impacted areas for high
W/S values. A corresponding increase in 65 phon tlmesh loudness impacted area is seen for ¢S
values, for which the aircraft ends up flying dgistly lower altitudes at later departure phases tiu
higher drag values for the same available thrbsts requiring a larger distance to reach an akitofl
10000 ft.

Figure 7.9: Flight path comparison of the SR deparfor low and high wing-loading values — initial
departure phase (left) and later departure phagg)(r

Airframe noise during approach is the dominant dbaed component and any change in its intensity can
alter both the level as well as quality of the allesiircraft noise as well. It is for this reasdwat a higher
wing-loading during approach decreabeththe 65 phon and 85 phon loudness impacted areaseah

for departure it decreased only the 65 phon lowuslitepacted area. A lower wing-loading on the other
hand is seen to increase the loudness impact dagpgpach for both low and high loudness valuetequi
considerably, by 10-15%.

An interesting observation in the wing-loading @dion and its effect on the sound quality metncfig.
7.10 is that a change in wing-loading can alsa #fte tonality of the aircraft noise. As airframeige is
purely broadband (as modeled in this dissertatianghange in the tonality of aircraft noise due to
airframe noise variation is mainly due to how feafs the prominence of fan tones and how effelstiite
masks the fan tones. Fig. 7.10 shows that a smailtgy can increase both the low and high tonaléie
impacted areas during approach. This is becaustaHes wing produces lower airframe noise, which in
turn increases the tonal prominence. Increasingvihg area via a lower wing-loading is seen to oedu
the 0.1 t.u. tonality impacted area, due to theosjtp effect of increased airframe noise for adanging,
which decreases the tonal prominence and also asesethe masking effectiveness from the low
frequency airframe noise components. The fact lthatfrequency noise increases for a larger wing is
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seen via the sharpness metric trends, which shatbtith sharpness value impacted areas are reétuced
a larger wing, indicating that the fraction of hifypquency noise in the overall aircraft noise $@ebas
decreased.

Figure 7.10: Wing-loading variation results for anomity noise impact of the SR aircraft for depagtur
and approach flight paths in sound quality metrics

Fig. 7.11 shows the changes in community noise @tnipethe dBA and EPNL metrics. It can be seen that
particularly the dBA metric is seen to follow eXsicthe same trends as the loudness metric. A smalle
wing is seen to increase the 85 dBA impacted aveimgl departure and a larger wing is seen to irsgea
the 65 dBA impacted area. For approach, both nsefdiow the loudness trends, with a larger wing
increasing the impacted areas in both metrics bhypawable amounts to the loudness metric. The
observation that the dBA and EPNL metrics bothofwelithe trends of the loudness metric was also
observed for the engine geometry variations preseint Section 7.1.
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Figure 711: W/S variation results for community noise impact of 8RR aircraft departure and approi
flight paths in dBA and EPNL metrics

7.2.2 Thrust-to-weight ratio variation

Fig. 7.12 shows the coupled variation of the SRraft thrust to weight ratio around its referenetue of
0.311 and its effect on community noise impactdargl quality metrics. In order to give an indicatinf
how the noise relevant geometry parameters ared/avith thrust according to the engine geometry
database created during the course of the cureatirch work (shown in Appendix A), Table 7.7 shows
the relevant fan and jet engine geometry valuesworSR variants — one with a higiw ratio of 0.375
and one with a low/W ratio of 0.265. Compared to the reference SR ggtwesented in Table 7.1, it can
be observed that the low&fW value results in a smaller fan inlet area, smaltenary and secondary jet
areas, a higher blade and vane number and a gliglatliced tip design Mach number. For the higief
value, the areas are correspondingly larger anchaiheber of blades as well as vanes has decreased fo
the larger scaled engine. These parameter valuedoSR variants help in explaining many of the
effects the overall/W variation has on the community noise impact imteof each metric.
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Table 7.7: SR aircraft engine geometry valuesviar /W values

Parameter Name T/W=0.265| T/W=0.375
Fan inlet area [(] 1.85¢ 2.40¢
Number of rotor blade [-] 47 28
Number of stator vane-] 52 33
Fan rotor tip Mach number at design po-] 1.4C 1.4f
Rotol-stator spacing [¥% 2.7 2.7
Primary jet area [] 0.16¢ 0.25¢
Secondary jet area ?] 0.90: 1.17¢

In Fig. 7.12, it can be seen that as was hintethéyengine geometry parameter variations in Segtibn

a larger engine (having a high&W) is quieter but at the same time more tonal. Hoeeeiase in tonality
for higherT/W values is seen for both the departure as wellpgsoach phase. The high&Ww value
results in a larger fan inlet area, which increabesfan noise intensity, including that of the tanes.
The larger fan inlet area (which is also the engigference area used for jet noise calculation) als

reduces the broadband jet noise intensity due leyger source reference distar{cg, which further
increases the tonal prominence and also reducemtimgsity with which they are masked by the low
frequency jet noise. The lower number of rotor bladlso increases the tonality as the tones move to
frequencies which are perceived as more tonal ire®tumetric and are absorbed less efficiently ey th
atmosphere. The larger jet areas increase theigt intensity as was shown in the previous sulusect
and actually reduce the tonality of the producedraft noise. The increase in tonality fofW values
higher than 0.345 therefore begins to decrease &mincrease of 60% to around 30% for Thé/ value

of 0.39, where the reduction in tonality due ta@arjet areas begins to compensate for the incriease
tonality due to the larger fan inlet area and loblade number.

It can also be seen that the tonality of the SRralir during departure can be reduced to negligible

amounts if the engine is scaled to a [6A value of 0.265. Again, for this observation it hade noted

that the reference SR tonality during departurrisady quite low and this implies that the muclaken

scaled engine will have fan tones that compleielpélow the broadband noise and will not produte a

noticeable tonal perception. Keeping in mind theuhs from Fig. 7.4 and Fig. 7.6, the parameteas th

contribute to the reduction in tonality for a |G value are:

- Smaller fan inlet area: Large reductions seen &t bleparture and approach

- Larger rotor blade number: Very large reductiomsee departure, resulting in the complete removal
of the 0.075 t.u. tonality impacted area on thaigcbi.e. the tones become much less prominent

- Larger stator vane number: Particularly during apph, large reduction observed as shown in Fig.
7.6

- Reduced tip design Mach number

For the approach phase, it was shown earlier teaBR aircraft has a higher tonality due to thereng
being operated at flight idle setting and the j@sa being minimal. With regards to the tonalityamated
area on the ground, a notable difference to thedfhkphase is that the tonality increase for higi
values during approach does not decrease as strmngdrds highef/W values.
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It can also be observed in Fig. 7.12 that during
departure, the 0.1 t.u. tonality impacted area
remains unaffected (due to the tonality value
during departure not exceeding 0.1 t.u.) and
the 0.075 t.u. tonality impacted area can be
reduced to negligible amounts by scaling
down theT/W ratio. For the approach phase
however, the 0.075 t.u. tonality impacted area
can only be reduced by up to 40% whereas the
0.1 t.u. tonality impacted area can be reduced
to negligible amounts. This implies that the
higher tonality during approach is harder to
reduce than the Ilower tonality during
departure, where the engine tones can be
reduced in prominence more easily. To do the
same during approach would require a much
larger increase of the broadband noise
components, which may not ultimately be
beneficial in reducing the overall annoyance.
The goal here is thus to find the right spectral
balance at an early stage such that adverse
effects are prevented at a later stage.

With regards to the loudness impact on the

community, it can be observed that tt Figure 712: T/W variation results for community noi

loudness impacted area is increase.d for lov impact of the SR aircraft in sound quality metrics
T/W values and decreased for high&tw

values, thereby supporting the observation thargel engine is quieter (but more tonal). The chang
loudness with thrust to weight ratio during apptoé& however lower than during departure, with an
increase of up to 5% observed for IGWV values and a decrease of up to 10% observed dbrTHW
values (compared to changes of up to 20% observgdgddeparture). This is also consistent with the
loudness impact on the community presented in @edtil for the approach phase — a larger fan inlet
decreases loudness impact by around 10% wheretgiee primary and secondary jet areas increase th
loudness by up to 5%. A factor that adds to thelh&ss reduction during departure is the effecthen t
flight path, which for a higher available thrust fmmparable aircraft weight and drag allows apsee
climb out. This ultimately results in a reduced conmity noise impacted area on the ground due to an
increased distance between the aircraft and thendroThis effect was also observed while analyzing
noise abatement flight procedures with maximum ghrsetting climb out in [101] whereby the
community noise impact was reduced due to theadiroeaching higher altitudes faster with more $ru
being available. The noise abatement procedurgsindbr approach flight paths such as the Contisuo
Descent Approach is presented concisely in AppeBdof this dissertation, to show the effectflight
operationson the level and quality of aircraft noise, besitlee effect of design parameters presented in
this chapter.
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Fig. 7.13 shows the corresponding community nogeaict for thel/W variation in terms of the dBA and
EPNL metric impacted areas on the ground, to om@@nashow the community noise changes with
engine size and available thrust in the more cotimesl metrics. All of the impacted area changesnse
for both departure and approach phases can bdlgilie&ed to the parameter values provided in Eabl
7.7 and the individual parameter variations presgint Fig. 7.5 for takeoff and Fig. 7.7 for approac

Figure 7.13: Thrust to weight ratio variation resdibr community noise impact of the SR aircraft fo
departure and approach flight paths dBA and EPNtriose
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8 Optimization possibilities for low annoyance aircaft design

This chapter will aim to combine all the backgrowartl analyses performed in the previous chapters of
this dissertation and explore the possibility ofvi@annoyance aircraft design i.e. the possibility of
designing aircraft that are perceived as inherdetg annoying due to having considered the quafity
the aircraft noise as an optimization target. Tammeter study manager module of MICADO will again
be used to perform the optimizations of the SRraftdor each target metric. The metrics that \wii
used as targets for analyzing optimization podt#sl will be the EPNL metric, loudness metric and
tonality metric. A preliminary optimization of thexodified Psychoacoustic Annoyance metric briefly
described in Section 3.1 is also attempted. Althoting modified PA metric was said to be valid cialy

the 40 aircraft noise recordings used for the stog\{43], it is a metric that nonetheless presents
possible way of including the three more estabtiskeund quality metrics of loudness, tonality and
sharpness into one overall metric. Section 8.1l shkibw how the metric reductions presented for the
optimized designs correspond to the actual soumdiymed by the optimized aircraft designs, by
presenting spectrograms for approach and depgshases for each optimized design. Since one of the
overall goals of the research work in this dissEmawas to explore the possibility of reducingcaaft
noise annoyance by design, thereby minimizing thednfor late noise reduction measures such as
acoustic liners, a comparison of the annoyanceripdid designs with current aircraft having acoustic
liner technology will also be presented in Secah?2.

8.1 Comparison of optimized aircraft designs

The optimizations have been made by using the B\adraraft design parameters - the aircraft thriast
weight ratio and wing-loading as free variablesngishe coupled variation approach of Section Tt
optimized designs have the same target MTOW and QgVthe reference SR aircraft and also have the
same requirements. The requirements however havdae®n enforced as design constraints and the
optimized aircraft design may in the end not fuléill the top-level requirements, yet still lead d@o
plausible converged design variant of the SR dircPahard constraint for requirements is undedeab
for the analysis in the current research work disnits the number of design options that the opten
may have while searching for an optimum. The omation target will be the cumulative community
impacted area in khfor each target metric, summing both the deparsrevell as approach community
noise impact for each flight path of the designiardtr The analysis will also however cover the aois
impact at the certification points, in order to $edesigns optimized for community noise impacoal
result in reductions at the much closer to the aysacertification points. In order to keep trackttod
effect of the optimizations for noise on the aifcerformance, changes in the aircraft MTOW, OWE a
well as block fuel will also be presented. Furtbarameters of relevance to the aircraft's perforrean
that will be followed include the requirements tbe Takeoff Field Length (TOFL), the time to climb
from 1500 ft to the Initial Cruise Altitude (ICAthe approach speéd,,, and the Landing Distance
(LDN). The required values of these parametersHferSR aircraft are: TOFL = 2200 m, time to clirob t
ICA = 35 min,Vap, = 138 knots and LDN = 1850 m.
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1. Optimized SR design for minimum 85 EPNdB commimiigicted area — minimum EPNL SR design:
Table 8.1 shows the comparison of the SR referdesgn with the EPNL optimized SR variant i.e. the
optimum design that produces the minimum cumula89eEPNdB impacted area on the ground. Table
8.1 shows the engine and airframe geometry paramaliges for both the reference and minimum EPNL
designs, to provide a link to the parameter vamastudies presented in the previous chapter.nitbea
observed that the optimizer of the parameter stmdypager module attempted to minimize the noise
impact in the EPNL metric by selecting an as laageossible engine by increasing the thrust to hteig
ratio to the maximum allowed value of 0.4. Furthere) the optimizer also selected a slightly smaller
wing than the reference design, in order to chaskesign variant that minimizes the higher EPNdB
values on the ground. The valuesTéW = 0.4 andW/S = 689 kg/m and how they result in a design
variant that minimizes the 85 EPNdB threshold 2 camity impacted area can be linked to Fig. 7.11 and
Fig. 7.13 showing the&W/'S andT/W parametric variations and their effect on the camity noise impact

in the dBA and EPNL metrics. Although tAéW value was only varied till 0.39 in Figs. 7.11 and3,

the optimizer was allowed to go up to a valudf¥ = 0.4. The trends from Figs. 7.11 and 7.13 already
indicate that a larger/W would reduce the higher dBA and EPNdB value impaetreas further.

The choice of a larger engine reduces the EPNdBéted area due to the larger engine being quiater a
also as the larger engine allows a steeper clinlglating the departure phase. A smaller wing prilpar
results in a reduction of the airframe noise, whid$p adds to the reduction in the EPNdB values. In
Table 8.1, it is seen that a cumulative reductiothe 85 EPNdB impacted area of 45% is achieved for
the T/W = 0.4 andW/S = 689 kg/m combination of the overall aircraft design pararet Table 8.2
shows the more detailed noise and annoyance impaats for both aircraft designs for the departuré
approach phases. It is seen that the minimum ER#8igd reduces both the 65 and 85 EPNdB impacted
areas on the ground and a close to 50% reductitimeis5 EPNdB impacted area during departure and
33% reduction during approach are produced. Thedections can once again be directly linked to the
parametric variations in Fig. 7.11 and Fig. 7.1BeTannoyance impact of the minimum EPNL design
variant in terms of the sound quality metrics pnésd in Table 8.2 shows that the minimum EPNL
design variant reduces the noise impact in all issgtwith only the tonality impact increased during
departure. The reductions in the dBA and loudnesmcted areas of the minimum EPNL design variant
are also significant but predominantly occur durthg departure phase. The reductions in the lower
threshold impacted areas during approach for bloth dBA and loudness metrics are much lower,
between 8-10%. Slight reductions in the tonalityp@&uot during approach are also observed as well as
slightly reduced sharpness values for both thertiegeand approach phases.

Table 8.1: Comparison of reference SR aircraftraimdmal EPNL optimized designs

Parameter Narr SF-Ref SF-Min.
EPNL
Engine geometry parameters
Fan inlet arecAg, [m’] 2.05¢ 2.58¢
Fan rotor blade<B [-] 31 29
Fan stator vaneV [-] 36 59
Fan tip des. MactM,4[-] 1.45 1.4¢
Primary jet areeAe1 [M7] 0.201] 0.28¢
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Secondary jet areAe;, [Mm7] 1.01 1.2€
Airframe geometry parameters
Wing areaS[m?] 117.6¢ 112.3;
Wing spanb [m] 33.3¢ 32.6¢
Flap areaS [m?] 8.4¢ 8.0¢
Flap spanbs [m] 8.51 8.3
Aircraft design and performance parameters
Wing-loading, W/S[kg/m’] 62¢ 68¢
Thrus-to-Weight ratio, T/W [-] 0.31- 0.40(
SLST [kN] 113.3¢ 151.8°
MTOW [kg] 7401« 7742¢
OWE [kg] 4016¢ 42047
Block fuel [kg] 1391( 1523t
TOFL [m] 1962.0! 1553.5¢
Time to climb to ICA [min 15.8¢ 9.7%
Approach speeV,p, [M/s] 138.0¢ 144.(
LDN [m] 1517.4! 1591.8
Cumulative community impact areas
85 EPNdB EPNL area [K] 13.0¢ 7.12
85 rhon loudness area [F] 12.4¢ 9.64
0.1 t.u. tonality area [k?] 127.8¢ 111.8¢

Table 8.2: Community noise impact comparison ofmefice SR aircraft and minimum EPNL optimized

design
Community noise impact Departure | Departure | Approach | Approach
[km?] SR-Ref | Min. EPNL SR-Ref | Min. EPNL
dBA threshold 155 dB/ are: 50.2 34.7: 67.2 60.5¢
dBA threshold %75 dB/ are: 2.2¢ 2.04 2.7¢ 1.6¢
EPNL threshold 65 EPNdE aret 79.5¢ 40.€ 93.2 62.7¢
EPNL threshold :85 EPNdI aret 6.4¢ 4.2¢ 6.5¢€ 2.8¢
Loudness threshold 65 phons aret 84.9: 58.2 102.2¢ 93.¢
Loudness threshold85 fhons aret 4.6¢ 3.44 7.€ 6.2
Tonality threshold 0.075 t.u are: 1.8¢ 12.4¢ 172.2¢ 141.6¢
Tonality threshold {0.10 t.u are¢ 0 0.52 127.8¢ 111.3:
Sharpness thresholc0.75 acur are: 51.1Z 38.2¢ 94.8¢ 84.(
Sharpness thresholcl.0 acun are 17.2¢ 13.9¢ 27.2¢ 21.4¢

In order to show the certification noise impactl® minimum EPNL design variant and how it compares
to the reference SR aircraft design’s noise impédhe certification points, Table 8.2 shows thées@&o
impact at the flyover and approach certificatiomngs It can be observed that the aircraft desigickv
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has been optimized for minimum community noise iotpa the EPNL metric produces a large EPNdB
reduction of 8.26 EPNdB at the flyover certificatipoint and a modest reduction of 1.96 EPNdB at the
approach certification point. The lower reductidntt® approach point can be partly attributed ® th
location of the approach point, such that the afta altitude will change very little at this Id@@n, being

so close to the runway. The changes in the SPLlegalu dBA at the certification points do not captur
the differences indicated by the EPNL and sounditguaetrics for the reference and minimum EPNL
SR design.

Table 8.3: Certification noise impact comparisomeférence SR aircraft and minimum EPNL optimized

design
Certification noise impact Flyover Flyover Approach | Approach
SR-Ref | Min. EPNL SR-Ref | Min. EPNL
SPL [dBA] 73.5( 72.13 89.0 88.2¢
EPNL [EPNdB 89.1¢ 80.8¢ 9907 97.11
Loudness [one 24.2¢ 20.21 80.03 73.2¢
Tonality[t.u.] 0.06¢ 0.072 0.106 0.12:
Sharpness [acul 1.17 1.0¢ 1.74 1.6¢
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b)

d)

f)

Figure 8.1: Departure noise contours of the SRaRdfmin. EPNL variants for — a) EPNL SR-Ref, b)
EPNL min. EPNL, c) Loudness SR-Ref, d) Loudness BPNL, €) Tonality SR-Ref and f) Tonality
min. EPNL
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Fig. 8.1 shows the comparison of the noise contfmurthe reference SR aircraft design and the minim
EPNL design variant of the SR aircraft, for the aldpre phase. The contours for the metrics EPNL,
loudness and tonality are presented, displayingrtaemum values that occur over the flight procedur
The contours are intended to supplement visuaiyntimerical results presented in Table 8.2, inrae
show how the community noise impact in the varimetrics for the optimized design compares to the
reference design. As was mentioned in Chapterereffect of acoustic liners has been deactivatedlfo
optimizations presented in this chapter as well.

Fig. 8.1 shows that the minimum EPNL optimized desis selected by the optimizer of the parameter
study manager module, minimizes the EPNL impacted aonsiderably during the departure phase. This
is due to the larger engine and smaller wing algwa faster climb out over the complete departure
procedure (cf. Fig. 7.9
(right)), as well as due to the
lower EPNL values
produced by a larger fan
inlet and smaller airframe
geometry. It is evident from
Fig. 8.1 a) and b) that a
steeper climb out can reduce
the EPNL impact on the
community by considerable
amounts from a distance of
X =6 km onwards. This is in
contrast to the current
approach of flying with a
reduced thrust setting
(cutback) for a section of the  Figure 82: Approach noise contours of the -Ref and min. EPNI
takeoff procedure, as variants for — a) EPNL SR-Ref and b) EPNL min. EPNL)

specified by ICAO. The

reduction in loudness impacted area is seen to dre modest comparing Fig. 8.1 ¢) and d), although
with the reduced phon values evident from X = 6dmavards as well. The reduction in tonality impacted
areas in Fig. 8.1 e) and f) is seen to be comparabthe EPNL reductions, although a larger imghcte
area and higher tonality values compared to theR8Rtonality occur up to X = 6 km. The overall
increase in the tonality impacted area for the mimh EPNL optimized design during the departure
phase was also seen in Table 8.2, although thditiormantour provides the extra information that
benefits to the community living beyond X = 15 knayrbe achieved via the minimum EPNL optimized
SR design.

a)

b)

The corresponding noise contours comparison foragmweroach phase is presented in Fig. 8.2. It is
immediately evident that the reductions in the masimetrics are much more subtle during the approac
phase. For the EPNL noise contour, the reductianasly in the lateral directions, with the minimum
EPNL SR variant producing a narrower contour then $R-Ref design when looking at Fig. 8.2 a) and
b). The reduction in the higher 85 EPNdB impactedas evident primarily from X = -11.5 km, whereby
the 85 EPNdB and higher values occur later from-4Gkm for the minimum EPNL design variant. The
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community noise impact comparison for the loudnesdric in Fig. 8.2 c) and d) shows very little
noticeable difference upon visual inspection aredifferences numerically in Table 8.2 are als;mgee
be minimal implying that the minimum EPNL optimiz&R variant will not produce much reduction in
loudness to the residents during the approach pldse tonality impact comparison however again
shows some similarity to the EPNL metric impactrdes, with the tonality contour in Fig. 8.2 f) bgin
narrower for the minimum EPNL design than for the-Bef design in Fig. 8.2 €). These reductions in
tonality impacted areas are also consistent witatwias observed in Table 8.2.

By looking at the tonality and EPNL contours it epps that the EPNL metric, at least to some extent,
does incorporate the tonal content present in Rai&raft noise spectra. It will be shown slightiyer
however that the SR design optimized for minimumatidy impact does this in a quite different way
compared to the EPNL metric, as would be evidahfthe very different methodologies with which the
EPNL metric (cf. Section 2.1.2) and the tonalitytree(cf. Section 6.1) were developed. It can be
observed overall that the minimum EPNL optimizedtraift design produces on the whole reasonably
large reductions in the EPNL metric, with some it in loudness during the departure phase ahd on
slight overall reductions in tonality during thepapach phase.
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d)

f)

Figure 8.2: Approach noise contours of the SR-Refrain. EPNL variants for — ¢) Loudness SR-Ref, d)
Loudness min. EPNL, e) Tonality SR-Ref and f) Tagahin. EPNL - 2)

The analysis of the minimum EPNL optimized SR aificdesign variant above focused on the noise and
annoyance impact of the optimized design. For aftraesign purposes, it is also important to cagrsid
the effect on aircraft performance that such omations for minimal noise may produce, in order to
judge how realistically aircraft designers and isttyy may be willing to apply such an approach. &abl
8.1 for this reason also showed some of the majoradt design and performance parameters for the
reference and minimum EPNL SR designs. It can [semed that in order to minimize the community
noise impact in the EPNL metric, the SR aircraft ecome heavier, due primarily to the choicehsf t
larger engine. The MTOW value is seen to incregs@di4 kg and the OWE sees an increase of 1881 kg,
along with an increase in the block fuel of 1325 Khis indicates that an optimization for minimd® kL
impact for the community would adversely affect 8ie aircraft performance. It can be mentioned here
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that an increase in the engine size by 23%, astedl®y the optimizer for the minimum EPNL optimdze
design is purely from a theoretical perspectiveriter to explore the optimization limits. As wagisén
Table 8.2 and Table 8.3, the optimized design mb¢ ceduces the EPNL community noise impact by
45% cumulatively, it also results in a reduction df EPNdB at the certification points. A smaller
increase in engine size may be a more pragmaticoapp, if such an optimization is desired to be
pursued realistically. The minimum EPNL design aatialso fulfills the TOFL, time to climb as wel a
LDN requirements, although the smaller wing resintan increase in the approach speed to 144 knots,
which is over the required approach speed of 1&skior the SR aircraft.

2. Optimized SR design for minimum 85 phon communipgacted area —minimum loudness SR design:
The second optimized SR design is presented fototndness metric, whereby the target criteria was
taken to be the cumulative 85 phon impacted areth@mground, summing the community noise impact
for both the departure and approach phases. Ibeabserved in Table 8.4 that the optimized desigh
minimizes the 85 phon loudness area on the growslselected by the optimizer to be very close ¢o th
EPNL optimized design. The optimizer again seleeteds large as possible engine by selecting & valu
of T/W = 0.4 and a slightly smaller wing than the refeee8R design by selecting a valueN = 659
kg/m?. This combination of/W andW/S produces the minimum loudness impact on the grdaseéd on
the trends seen in Chapter 7 (cf. Fig. 7.10 and Fi$2), reducing the cumulative 85 phon loudness
impacted area by 23%. Since the optimization tavgges chosen to be the 85 phon impacted area, a
slightly smaller wing than the reference wing sizas selected as the optimal solution. It can ba see
Fig. 7.10 that had the target been minimizatiomhef65 phon impacted area, then the optimized desig
would have selected an even smaller wing size. Thetoudness optimized design is ultimately very
similar to the EPNL optimized design is not surpgsas it was already seen in Chapter 7 that the
conventional EPNL and dBA metrics followed the satmemds as the loudness metric for most of the
parametric variations.

It can also be mentioned here that optimizing fheraft design by varying only the two top-levetaaft
design parameters of thrust to weight ratio andgviiading is limited in its range of possible desig
unlike a variation whereby all engine geometry paters and airframe geometry parameters could be
varied independent of each other. For the airfrathis, is easier to perform as a change in the slat
geometry will primarily change slat noise and \aitect the lift generated by the wing, which will urn
modify the flight paths. For the engine geometryjradividual parametric variation will require aghly
detailed simulation of the engine cycle for theuatgeometry values, as a change in the numbearof f
blades will change the fan noise but will also niypdhe engine thrust and also the thermodynamics
further downstream of the blades. Such a capabditysually not implemented during the conceptual
design phase and an implicit coupling of the engi@emetry with the thermodynamics is used. From the
uncoupled variations presented in Chapter 7, itdeetheless evident that the variation of individua
engine geometry parameters can have a great effec¢he sound produced by the engine. Such an
optimization would be able to produce designs tliif¢r significantly from the SR aircraft and coube
optimized to an even greater extent for both thellas well as the quality of the sound. Such ab#ipy
would also allow a parallel optimization of the avegperformance, besides the optimization for noise
presented in this dissertation. The coupl&¥ andW/S optimizations presented here nonetheless show at
an early stage how the overall aircraft design @dod influenced to minimize the noise impact eitiner

-150 -



Chapter 8. Optimization possibilities for low anaage aircraft design

terms of level or quality, taking into account iargllel any adverse effects on performance that smnc
optimization may produce.

Table 8.5 shows the detailed certification nois@dpt and Table 8.6 the detailed community noise
impact of the minimum loudness SR variant, whiobdpices for most metrics a noise impact comparable
to the minimum EPNL SR variant presented in TabZea®d in Table 8.3.

Table 8.4: Comparison of reference SR aircraftraimdmal loudness optimized designs

Paramete Name SF-Ref SF-Min.
Loudness
Engine geometry parameters
Fan inlet areeAs, [M’] 2.05¢ 2.5¢
Fan rotor blade<B [-] 31 29
Fan stator vaneV [-] 36 59
Fan tip des. MactMq4[-] 1.45 1.4¢
Primary jet areeAe, [m7] 0.207 0.28¢
Secondary jet areAe»[m?] 1.01 1.2€
Airframe geometry parameters
Wing areaS[m?] 117.6¢ 117.17
Wing spanb [m] 33.3¢ 33.3:
Flap areaS [m?] 8.4¢ 8.4F
Flap spanb [m] 8.51 8.5(C
Aircraft design and performance parameters
Wing-loading, W/S[kg/m’] 62¢ 659
Thrus-to-Weight ratio, T/W -] 0.31: 0.40(¢
SLST [kN] 113.3¢ 1514¢€
MTOW [kg] 7401« 77221
OWE [kg] 4016¢ 4213¢
Block fuel [kq] 1391( 15017
TOFL [m] 1962.0! 1481.92
Time to climb to ICA [min 15.8¢ 9.7¢
Approach speeV,p, [M/s] 138.0¢ 140.8¢8
LDN [m] 1517.4! 1552.4€
Cumulative community impact areas
85 EPNdB EPNL area [K] 13.0¢ 7.2¢
85 phon loudness area [F] 12.4¢ 9.5¢
0.1 t.u. tonality area [k’] 127.8¢ 112.7:
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Table 8.5: Certification noise impact comparisomeférence SR aircraft and minimum loudness

optimized design

Certification noise impact| Flyover | Flyover Min. | Approach| Approach Min.
SR-Ref Loudness SR-Ref Loudness
SPL [dBA] 73.5( 72.27 89.C 88.27
EPNL [EPNdB 89.1¢ 80.7 99.07 97.25
Loudnesssone 24.2¢ 20.2 80.0: 74.€
Tonality [t.u.. 0.06¢ 0.07: 0.10¢ 0.12:
Sharpness [acul 1.17 1.07 1.74 1.6¢

Table 8.6: Community noise impact comparison ofmefice SR aircraft and minimum loudness
optimized design

Community noise impact Departure | Departure Min. | Approach | Approach Min.
[km?] SR-Ref Loudness SR-Ref Loudness
dBA threshold 155 dB/ are: 50.4 35.2¢ 67.2 61.1¢
dBA threshold 275 dB/ are 2.2¢ 2.0¢ 2.7¢ 1.8¢
EPNL threshold :65 EPNdt aret 79.5¢ 41.0¢ 93.2 62.9¢
EPNL threshold :85 EPNdE are: 6.4¢ 4.2¢ 6.5¢€ 2.9¢
Loudness threshold65 ghons are: 84.9: 58.8¢ 102.2¢ 94.68
Loudness threshold85 ghons are: 4.64 3.3¢ 7.€ 6.2
Tonality threshold 0.075 t.u are 1.8¢4 12.5¢ 172.2¢ 142.¢
Tonality threshold 0.10 t.u are: 0 0.52 127.8¢ 112.2
Sharpness thresholc0.75 acur are: 51.17 38.2¢ 94.8¢ 832
Sharpness thresholcl1.0 acur ares 17.2¢ 14.2 27.2¢ 21.3:

3. Optimized SR design for minimum 0.1 t.u. commimipacted area —minimum tonality SR design:
Table 8.7 shows the relevant values for the SRradtrclesign variant which produced the minimum
cumulative 0.1 t.u. tonality impact on the groutidcan be noticed that the minimum tonality design
significantly different from the minimum EPNL andimmum loudness designs, with the optimizer
selecting a smaller engine viaTAN value of 0.275 and a larger wing viaMS value of 556 kg/mto
minimize the 0.1 t.u. tonality impact on the groultccan be seen that the tonality optimized desiges

not result in an increase in the MTOW and OWE valoeon the block fuel and hence does not show, at
least at a conceptual design phase, any clearinegdfects on the aircraft weight and fuel constiomp
compared to the reference SR design. This situati@ay of course change as the design would progpess
the more detailed design phases. With regardsddSR design requirements, because of the smaller
engine and larger wing of the minimum tonality desiit narrowly fails to meet the required TOFL of
2200 m, requiring 2273 m to takeoff. The climb periance is also not as efficient as the referefiRe S
design, but nonetheless still meets the SR reqeinésn As can be expected, the larger wing allows th
minimum tonality design variant to have a lower ragh speed and a smaller landing distance to come
to a halt after touchdown.
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Table 8.7: Comparison of reference SR aircraftrmimdmal tonality optimized designs

Parameter Narr SF-Ref SF-Min.
Tonality
Engine geometry parameters
Fan inlet arecAg, [m?] 2.05¢ 1.89¢
Fan rotor blade<B [-] 31 43
Fan stator vaneV [-] 36 48
Fan tip des. MactM; 4 [-] 1.4 1.41
Primary jet areeAe;1 [m°] 0.201 0.17:
Secondary jet areAe»[m] 1.01 0.92
Airframe geometry parameters
Wing areaS[m?] 117.6¢ 131.3¢
Wing spanb [m] 33.3¢ 35.2¢
Flap areaS [m?] 8.4¢ 9.47
Flap spanb [m] 8.51 8.9¢
Aircraft design and performance parameters
Wing-loading, W/S[kg/m’] 62¢ 55€
Thrus-to-Weight ratio, T/W -] 0.31- 0.27¢
SLST [kN] 113.3¢ 98.3¢
MTOW [kg] 7401« 7304¢
OWE [kg] 4016¢ 39731
Block fuel [kq] 1391( 1354¢
TOFL [m] 1962.0! 2273.¢
Time to climb to ICA [min 15.8¢ 22.2¢
Approach speeVyg, [M/s] 138.0¢ 130.4¢
LDN [m] 1517.4! 1425.8t
Cumulative community impact areas
85 EPNdB EPNL area [K] 13.0¢ 13.0¢
85 rhon loudness area [F] 12.4¢ 13.6¢
0.1 t.u. tonality area [k?] 127.8¢ 12.4¢

The noise impact of the minimum tonality SR desigriant is considerably different to that of theN#P
and loudness optimized aircraft designs preserddibe It can be seen in Table 8.8 for noise inh@dc
the certification points that the changes in théAdBetric between the two designs are very minute,
although a considerable reduction in the EPNL valuigyover point of close to 5 EPNdB and an inseea

at approach point of 1.5 EPNdB are observed. Th& aiBtric is thus unable to capture the difference i
the sounds of the reference and tonality optimidesigns. It can be seen that in terms of the sound
guality metrics, the loudness at the flyover pasnonly slightly reduced but a large reductionandlity

of the optimized aircraft of 42% is produced at flygpver point. At the approach point, the minimum
tonality design produces a considerable increatmuiiness of close to 9 sone but reduces the tgitgli
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35%. The sharpness of the aircraft noise remaine mioless unchanged at the flyover point, witheayv
slight increase observed at the approach point.

The community noise impact of the minimum tonalig design variant is presented in Table 8.9. The
changes in the dBA impacted area are again mini@@leen both designs, with a slight increase in the
55 dBA threshold area observed during departuretdube less steep climb over the later departure
phase of the minimum tonality SR variant due tolatger wing size (cf. Fig. 7.9 (right) ). Although
noticeable changes at the certification pointstfer EPNL metric were observed, the changes in the
EPNdB impacted areas for both departure and apiprage much lower. The minimum tonality variant
produces a 14% larger loudness impacted area agrébed during departure and produces a very slight
increase in the loudness impacted area during appralthough a larger increase in loudness oih@ so
was observed at the approach certification poihesg differences in the noise impact at certificati
points and community noise indicate once again tt@isidering the noise impact solely at the
certification points may not always be represemgatf the noise impact felt by residents living ove
larger distances from the airport.

Table 8.8: Certification noise impact comparisomedérence SR aircraft and minimum tonality
optimized design

Certification noise impact Flyover | Flyover Min. | Approach| Approach Min.
SR-Ref Tonality SR-Ref Tonality
SPL [dBA] 73.5( 74.31 89.C 90.6¢
EPNL [EPNdB 89.1¢ 84.11 99.07 100.5¢
Loudness [one 24.2¢ 23.6¢ 80.0: 88.9¢
Tonality [t.u.. 0.06¢ 0.03i 0.10¢ 0.06¢
Sharpness [acul 1.17 1.1¢ 1.7¢ 1.87

Table 8.9: Community noise impact comparison ofmerice SR aircraft and minimum tonality optimized

design
Community noise impact Departure | Departure Min. | Approach| Approach Min.
[km?] SR-Ref Tonality SR-Ref Tonality
dBA threshold 155 dB/ are 50.¢ 60.8¢ 67.2 656
dBA threshold 275 dB/ are 2.2¢ 2.2¢ 2.7¢ 2.€
EPNL threshold :65 EPNdI are: 79.5¢ 75.2 93.2 88.(
EPNL threshold :85 EPNdt aret 6.4¢ 5.7¢€ 6.5¢€ 7.32
Loudness threshold 65 fhons aret 84.9: 97.C 102.2¢ 103.3:
Loudness threshold85 fhons aret 4.64 5.4 7.€ 8.2¢
Tonality threshold 0.075 t.u are: 1.8¢ 0 172.2¢ 68.2¢
Tonality threshold {0.10 t.u are: 0 0 127.8¢ 12.4¢
Sharpness thresholc0.75 acur are: 51.17 50.8¢ 94.8¢ 90.£
Sharpness thresholcl1.0 acur are 17.2¢ 19.¢ 27.2¢ 28.¢
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Figure 8.3: Standard departure tonality contoursHe reference SR aircraft (top) and minimal tdpal
SR aircraft design variant (bottom)

Figure 8.4: Standard approach tonality contoursiferreference SR aircraft (top) and minimal tagali
SR aircraft design variant (bottom)

The community noise impact in the tonality metiiicgcontrast to the other metrics, shows very sigaift
reductions for the minimum tonality SR design witempared to the reference SR design. It can be seen
that the tonality during departure is completelyueed to values below 0.075 t.u. and large redostid

60% for the 0.075 t.u. impacted area and 90% #®0th t.u. impacted area are observed during apiproa
This reduction in tonality is shown visually usitige tonality contours for the minimum tonality dgsi
which are compared to the reference SR tonalityazos (shown again for a direct comparison) in Fig.
8.3 and Fig. 8.4. It can be seen that for depathad¢ones have been reduced to very low intesditixth
laterally and directly below the flight path, arat fipproach the tonality exceeds the higher thidshio
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0.1 t.u. only for some limited regions, as was smawmerically in Table 8.9. Besides the numerical a
visual representation of the changes in the tooatent or other changes in aircraft noise sounditgjua
the changes in the actisundproduced are analyzed in the next subsection.

8.1.1 Correlation of optimized designs with sound

The ultimate goal of a metric that is used to asseecraft noise should be an as close as possible
approximation to the actual sound that is produddiis sound is after all what is actually heardttoy
residents and any metric that can better captugestiund characteristics of aircraft noise than the
currently used metrics in the aerospace industnyldvallow a better correlation to what the residdintd
annoying in the aircraft sounds that they are esgds. It is for this reason that the researcheumes in
this dissertation employed the use of the sounditguaetrics, which may help in indicating if the
current metrics are sufficient to judge the sounfdsurrent as well as future aircraft or more imfiation

is obtained by using the alternate sound qualityricee The optimized designs for various metrics
presented in this chapter were optimized in ordeminimize the community noise impact they cause
numerically and various changes in both the level gquality of aircraft noise were observed, which
could be understood visually via the spectra, piang the time-dependent noise variation and on a
more overall level via the maximum value noise oarg in the various metrics. Since the goal of the
noise metrics is ultimately an estimation of thermband its correlation to the experienced annaganc
synthetic sounds of the optimized SR aircraft desigriants were created using the auralization
infrastructure of RWTH Aachen University and congzhwith the sounds of the reference SR aircraft.

Fig. 8.5 shows the spectrograms for the SR starmgvtbach at a ground location of (X,Y) = (-25 Kin,
km) for the reference SR design in Fig. 8.5 a),tfm minimum tonality variant in Fig. 8.5 b), fdret
minimum EPNL variant in Fig. 8.5 ¢) and for the miam loudness variant in Fig. 8.5 d). The standard
approach procedure is compared for sound firstt Bxolves less deviations in the flight pathstbé
various optimized designs and also since the tooratent is more prominent during approach tharmduri
departure. The comparison of Fig. 8.5 a) and Fig.b3 shows that overall the reference and minimum
tonality SR designs have spectrograms that detiatdly at all in terms of the broadband content, bu
differ quite clearly in terms of tonal content. Thighlighted area of the spectrograms in Fig. §.&ral
Fig. 8.5 b) show that the fundamental tone has bhéted to a slightly higher frequency but itseinsity
has been reduced considerably for the minimum itgndésign, by close to 10 dB. Furthermore, the
reference SR aircraft spectrogram has three ndifieganes with two having a significant intensioy f
large durations of the procedure whereas the mimirtmnality version has two tones noticeable, with
only the fundamental fan tone having a reasonadleit much reduced intensity. The difference in
broadband content is very subtle but the overalhdowvhich is produced, due to the lower tonaligs
gained a perceivably different character. Knowingt the tonal content is a significant contributothe
perceived annoyance as outlined in Chapter 3, finémmam tonality SR design may have lowered the
experienced annoyance due to the SR aircraft pityriar a redistribution of the spectral energy witit
drastic changes to the aircraft design. More aatads to whether a clear reduction in annoyanseda
on the altered sound is achieved will require feetfrom psychoacoustic surveys with test audignces
an aspect which as mentioned earlier, was beyanddbpe of the current research work.
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Figure 8.5: Spectrograms of synthetic audio creaté,Y) = (-25 km, 0 km) for a standard approach
procedure — a) reference SR aircraft, b) minimaomality variant, c) minimum EPNL variant and d)
minimum loudness variant

Fig. 8.5 ¢) and Fig. 8.5 d) show the sounds prodiatehe same ground location if the minimum EPNL
and minimum loudness designs are flown virtuallgroa standard approach procedure. It can be saen th
both design variants produce very similar soundb@atsame ground location. The broadband content is
slightly increased for both designs compared tadfierence SR aircraft at the mentioned groundtimca
and for both variants it can be noticed that thesoalso have slightly reduced intensities, impgjyimat
they became slightly less prominent compared tadference SR design. It can also be noticed ftr bo
the minimum EPNL and minimum loudness designsttieatones occur at slightly lower frequencies and
are absorbed less efficiently by the atmosphesgetly making them audible over longer durationthef
procedure than what is seen in the reference S&regeam.
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Fig. 8.6 shows the differences in the sounds predietween the reference SR aircraft in Fig. &&)(l
and the minimum loudness SR variant in Fig. 8.6hf)i for a standard departure at a ground locaifon
(X,Y) = (12.5 km, 0 km). At this ground locatiome minimum loudness design shows a clearly reduced
overall spectral energy compared to the referefit@ifraft due to the aircraft being higher at saene
location and the larger engine being quieter fer inimum loudness (and the very similar minimum
EPNL) design. The fan tone that is slightly notldeain Fig. 8.6 (left) has also been removed in the
minimum loudness design departure spectrogramdn &b (right), again due to the aircraft being at
higher altitudes and the high frequency fan tonedgeabsorbed more strongly by the atmosphere than
during the SR aircraft departure.

Figure 8.6: Spectrograms of synthetic audio creaté,Y) = (12.5 km,0 km) for a standard departure
procedure - reference SR aircraft (left) and mimmoudness variant (right)

It can be seen that based on the sample spectregnasented in this subsection, as well as basdioeon
analysis presented in this section till now, theNERnd loudness metrics capture the overall spectra
energy of the SR design quite well. The tonal catni® however not sufficiently captured by the EPNL
metric as the minimum EPNL design attempted to mize both the broadband and tonal content of the
aircraft noise simultaneously and resulted in andahat ended up being closer to the minimum logsine
design rather than to the minimum tonality desigmthe SR aircraft. This can be attributed to thedr
tonality of the SR aircraft, which for most case®sl not result in high enough tonal penalties dutire
EPNL metric calculation. The tonality metric howewaptures the tonal content of aircraft noise very
well, producing clear changes in the tonality eigrered by residents on the ground, with only slight
changes to the other sound characteristics causquirallel. The analysis presented thus far would
indicate that a combination of the loudness andlipnmetrics, such as that proposed by the matlifie
psychoacoustic annoyance metric mentioned in Se&id may provide a different means of assessing
both the broadband and tonal content of aircrafsengimultaneously than the EPNL metric. Such a
metric would also reflect the advances in psychostics over the previous many decades and would
reflect the annoyance aspect of aircraft noise possibly superior way to the currently used EPNL
metric.
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A preliminary optimization for the modified PA migtwas performed over the course of this dissentati
as well. The metric was implemented in the assessammponent of INSTANT according to Eq. 3.1 to
Eq. 3.5, although the sharpness weighting termtéde reduced fror8= 1.75 acum t& = 1.0 acum as
aircraft noise for commercial aircraft for the moases rarely reaches such high sharpness valhiet w
may be common on other machinery or household apgs for which the PA metric was originally
developed. The roughness metric was not implemeintddlSTANT as mentioned earlier due to the
insufficient temporal resolution of the flight pathnd also due to the roughness of commercial fambo
engine aircraft being of lower relevance than fapeller based engines. For this reason, the rasghn
weightage term was given a value of zero in theinigtcurrent application. As such, the implemeiorat
and subsequent optimization of the SR aircrafttfer modified PA metric should only be seen as a
possible method of combining the effects of lougdresd tonality in one metric, in an alternate wathe
EPNL metric, rather than as a definite superioutsmh. The modified PA metric would have to be more
generally validated and adapted more broadly foraft noise in all flight phases before it would b
suitable for a more general application in the ggace industry. The optimized design for minimum
modified PA community noise impact turned out todloser to the minimum tonality SR variant than to
the minimum EPNL variant. The optimizer of the paeter study manager module also select@diia
value of 0.275 for the minimum modified PA designt Iselected a smaller wing size with a slightly
higher W'S of 646 kg/m rather than a larger wing size which was selefdedhe minimum tonality
design. This is because the optimizer attemptenhitomize both the tonality (by selecting a smaller
engine) as well as the loudness (by reducing tbadirand airframe noise) of the SR aircraft noise.

8.1.2 Comparison with current aircraft having acoustic liner technology

It was shown in Section 5.2 that acoustic linehtexdogy plays a very crucial role in the certifioat for
noise of current commercial aircraft. It was shawat significant cumulative EPNdB reductions of 9.3
EPNdB are achieved for the SR aircraft when theceéfbf modern acoustic liners is activated. The
influence of acoustic liner technology is aimeddmminantly to damp and reduce fan noise intensity,
especially the intensity of the fan tones emanftad both the fan inlet and exhaust. One of thdgyoh

this dissertation has been to develop a capalbiiitty which a trade-off could be performed betwelen t
use of acoustic liners, which add weight to therait and are also costly, to inherent aircrafisecand
annoyance reduction by design via a readjustmetiiteo$pectral energy between the broadband andl tona
components.

Table 8.10 and Table 8.11 show the comparisonetéitification and community noise impact of the
reference SR aircraft with and without acoustietitechnology for both conventional and sound dyali
metrics. For certification noise, it can be seeable 8.10 that the use of acoustic liner techmpio
this case can reduce the cumulative EPNdB valua $lightly higher amount of 10.2 EPNdB due to the
SR aircraft used in the optimizations having atgligdifferent overall weight and hence slightlyfdrent
flight paths. The use of acoustic liner materigloatesults in favorable reductions in the soundityua
metrics, with large reductions in loudness at tbdification points observed and slight reductidms
tonality and sharpness values.

It can be seen that the acoustic liner materialices the EPNL impact particularly effectively with
significant reductions seen at the certificatiompsand also for community noise impacted areEaible
8.11, when compared to the reference SR desigrowtithcoustic liner material. For community noise
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impact, the 65 EPNdB area is for instance reduge@3% due to acoustic liner material and the 85
EPNdB impacted area is reduced by 39% during téketith comparable EPNdB reductions seen during
the approach phase. The significant reductionsudriess seen at the certification points are howsye
seen to the same extent via the community impdotethess areas, with lower reductions of between 5%
and 6% observed for the 65 phon loudness impacesdfar departure and approach. As can be expected,
the use of acoustic liner material results in afable reduction of the tonal impact on the comry, iy
producing reductions in tonality impacted areasimiuthe approach phase of 22% for the 0.075 t.u.
tonality impacted area and 36% for the 0.1 t.ualibnimpacted area. As such, the use of acouistar |
material on current aircraft engines does produckear reduction in the noise impact for residdiath

in terms of level and quality of aircraft noise.

Comparing with the optimized aircraft designs hogrewt can be observed that the acoustic liner rizte
still does not reduce the tonal content by the Varge amounts shown by the minimum tonality design
both at certification as well as for community moisnpact. It appears from the preliminary analysis
carried out in this dissertation that the use efaloustic liner material has been specialize@salt in
EPNdB reductions and it does this quite effectivelyen compared to the reference design without
acoustic liner technology. Nonetheless, the usacofustic liner technology still does not reduce the
EPNdB impacted areas either during departure oroapgh to the extent of the minimum EPNL
optimized design. The same can be said about thectien in loudness, which is also not reduced by
using acoustic liner technology as effectively gsabdesign optimized for minimal loudness (cf. Eabl
8.6). It can be said that based on the analysitedaput in this chapter, significantly higher retlans in
both level as well as quality of aircraft noise lcbhe obtained if either the level or quality imesalered
from an early design phase, rather than by usingstic liner material at a later stage as is thevention
today.

One factor not considered in the analysis for abouimer material is the actual added weight te th
reference SR aircraft design due to use of thestiwoliner material on the engines. The slightlgreased
weight of the minimum EPNL or minimum loudness dedior instance is in the range of the weight that
is added on current aircraft by use of acoustierlimaterial. As the minimum tonality design showed
clear increase in weight and the minimum EPNL ankimum loudness designs showed only a slight
increase in aircraft weight, it may on an airctaftel be more advantageous in terms of aircrafgitei
(besides being more effective at reducing noiseatt)to design aircraft for inherently acceptaldersis
rather than solely using acoustic liner technoldde capability presented in this dissertation lmamsed

to perform this trade-off, aiding aircraft and emgidesigners to assess what design options could
ultimately result in the optimal solution for batptimal performance and optimal sound.
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Table 8.10: SR aircraft reference with liner andimum tonality optimized designs comparison

Certification noise impact Flyover | Flyover SR-Ref- | Approach| Approach SR-Ref-
SR-Ref with liner SR-Ref with liner
SPL [dBA] 73.5( 73.7¢ 89.( 88.(
EPNL [EPNdB 89.1¢ 81.71 99.07 96.2¢
Loudness |one 24.2¢ 20.7: 80.0: 68.5¢
Tonality [t.u.. 0.06¢ 0.04¢ 0.10¢ 0.09¢
Sharpness [acul 1.17 0.9: 1.7¢ 1.5C

Table 8.11: SR aircraft reference with liner andimum tonality optimized designs comparison

Community noise impact Departure | Departure | Approach| Approach
[km?] SR-Ref | SR-Ref-with| SR-Ref | SR-Ref-with

liner liner

dBA threshold 155 dB/ are 50.4 49.4¢ 67.2 61.8¢
dBA threshold %75 dB/ are: 2.2¢ 1.72 2.7¢ 1.€
EPNL threshold :65 EPNdE aret 79.5¢ 60.9¢ 93.2 73.C
EPNL threshold :85 EPNdE aret 6.4¢ 3.9¢ 6.5¢€ 2.8
Loudness threshold 65 phons are: 84.9: 80.9- 102.2¢ 95.¢
Loudness threshold 85 ghons are: 4.64 3.5¢€ 7.€ 6.C

Tonality threshold 0.075 t.u aret 1.84 0.52 172.2¢ 134.6¢

Tonality threshold {0.10 t.u are: 0 0 127.8¢ 81.4¢

Sharpness thresholc0.75 acur arei 51.12 38.5¢ 94.8¢ 61.8¢

Sharpness thresholcl.0 acun are: 17.2¢ 12.C 27.2¢ 16.3:2
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9 Conclusions and outlook

9.1 Conclusions

This dissertation was written with the goal of Highting the need for an alternate assessmentofadi
noise and providing a means of incorporating theraate assessment approach in the aircraft design
process. Using this approach aircraft could begiesi in the future that produce sounds which are
perceived as less annoying and therefore more ey residents living in airport communitieheT
reason for adopting an alternate approach to #lira@se assessment using metrics that capture the
different sound characteristics of aircraft noiseai superior way was the different sound produced b
current aircraft compared to aircraft that flew whbe conventional metrics for aircraft noise assesnt
were developed. Noise components that were notipearhin the early stages of jet aviation have gdin
prominence today, and the currently used metrige baen found to be deficient in capturing the ithta
aircraft noise sound characteristics. Particuldéiny tonal content was seen to be an aspect thadwou
need improvement in the way it is assessed cuyraisihg the EPNL metric, keeping in mind future
propulsion concepts such as CROR engines whiclpjected to enter the aerospace market in the
coming decades.

The best approach in improving on the currentlydusetrics in the aerospace industry was reasoned to
be the approach followed by other product industsach as automotive and industrial design, which
make use of the sound quality metrics to performndoengineering of products i.e. predicting any
adverse sound effects and removing them by modjfifie product’'s design. Such an approach had only
been applied to aircraft sounds in a very prelimjinaay by other organizations, and no attempt reghb
made till now to assess the annoyance of airck@ftenduring the design phase using the sound gualit
metrics of loudness, tonality and sharpness. Thisedation made a first attempt to not only assess
current aircraft for their annoyance using the sbgoality metrics, but also use it as an optimarati
target during the design process such that airckedigns that produce minimal annoyance could be
produced by design. This approach can not onlyymednore acceptable aircraft sounds but also reduce
the need to use late noise reduction measuresasi@toustic liner technology, used currently on all
modern turbofan engines.

In order to be able to assess aircraft noise dutiegaircraft design process, a means was needed to
predict the aircraft noise firstly at the sourcel @ubsequently on the ground, where it would reheh
residents. For this purpose, parametric semi-eogieind semi-analytical models were judged to lee th
most suitable as they offer the computational ifficy required for aircraft design purposes and als
reflect the physics that is behind the generataésenat the source. Some of these models are maep of
empirical nature, such as Heidmann’'s model forraise prediction due to the numerous complex fan
noise generation mechanisms involved in its préxictvhich are more difficult to predict analyticall
Other models incorporate aspects of aeroacoustorgyhsuch as the jet velocity correlation with
Lighthill's acoustic power law in Stone’s jet noipeediction model and the aircraft airspeed cotiaia

in Fink’s model for trailing edge and gear noisediction. Fink's model is more analytical in nataseit
approximates the directivities of the airframe comgnts for instance using cosine and sine relations
identified in aeroacoustic theory by Ffowcs-Williarand Hall as well as by Curle. The parametric c®ur
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noise models were seen to predict aircraft noidk aireasonable accuracy both at the source asawell
on the ground, although modest to large differenrmmsld be observed for certain polar angles and
frequencies. It was important for the purposesis dissertation’s research work that the modedslipt
trends in tonal and broadband noise variation ctyréor different aircraft and different desigressen if
they do not provide an exact match to measured @hta requirement was seen to be fulfilled quitdlw
by the implemented parametric models.

The noise from the source has to be assessed ograbed, for which the propagation effects of
geometric spreading, atmospheric absorption, groefteiction and lateral attenuation were applieth&®
source noise, taking into account the specificraftmobserver geometry. The source noise modelgels

as the propagation methods were combined to deeglayerall aircraft noise simulation and assessmen
module — INSTANT. For performing aircraft noise essment during aircraft design, INSTANT was
integrated in the aircraft design and optimizatamvironment MICADO, which provided the necessary
source noise inputs over the entire flight pathifoth departure and approach procedures. In thys ava
noise assessment capability was developed foditsertation which could assess aircraft noiseofiih
noise certification of aircraft designs, as wellfas the noise impact caused on communities livimg
airport vicinities. Besides being able to assessraft noise in the conventional metrics of dBA and
EPNL, the assessment capability of INSTANT was moéel to include assessments in the sound quality
metrics. The methods of Zwicker, von Bismarck andes were implemented for this purpose to predict
the loudness, sharpness and tonality of the siedlaircraft noise spectra on the ground. As these
metrics, particularly loudness and tonality wereown to be primary contributors to the perceived
annoyance due to aircraft noise, assessment isotlmed quality metrics allowed a means of asseshiang
annoyance caused by aircraft noise.

The use of the aircraft noise assessment durirggadtirdesign capability was then used to perform
parametric design sensitivities by firstly varyimgise relevant engine geometry parameters andnioltp
their effect on both the noise level and sound ityuaf aircraft noise. Some important results osth
engine geometry variation were that a larger enginguieter but more tonal, decreasing the fanrroto
blade number can increase the tonality, increagiagorimary and secondary jet areas can incre&se th
loudness and decrease simultaneously the tonalilyraducing the blade tip design Mach number or
increasing the rotor-stator spacing can reducentlise impact in both conventional and sound quality
metrics. These results can be seen as design igpaislébr aircraft and engine designers when perifagm
aircraft and engine design and considering noiseopyance impact in parallel.

Secondly, the overall aircraft design parametéthrost to weight ratio and wing-loading were eati
as individual geometry variations are not alwaysfiiele during the design process and their effedhe
noise and annoyance impact was also quantifiednidjer results of the overall aircraft design viias
were that a larger wing can increase the loudnkasaaft noise and at the same time reduce thality
(due to tonal prominence and masking effects) asdhaller wing has the opposite effect of reducing
loudness and increasing tonality. It was also $kaha larger engine can be significantly quiebtenta
smaller engine, although with a much higher topalithis observation corresponds to the currentdsen
where as high as possible bypass ratios are pyrainéch lower jet noise due to lower jet velocitlast
at the same time have an increased fan noise itytelRsr these very high bypass ratio enginespuseof
acoustic liner technology to reduce fan noise bexomssential. This use could be reduced if the tona
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content is considered from an early design phaskethe entire spectral signature of the aircraft is
regarded as a whole, as has been done in thigtdizse.

The parametric design variations were then perfdrreenultaneously to explore the optimization
possibilities for producing aircraft designs thdhimize the annoyance impact by having considehned t
annoyance impact as an optimization target. Far phirpose, optimized designs for the EPNL metric,
loudness metric and tonality metric were producsithgi the MICADO environment by using the
cumulative community noise impacted area for eaetrimas a minimization target. It was found thre t
minimum EPNL design and minimum loudness desigrewery similar to each other, having an as large
as possible engine and a smaller wing than theemde aircraft to minimize the EPNdB and loudness
impacted areas. The similarity of the minimum EP&id minimum loudness designs indicated that the
EPNL metric captured the loudness aspect of atromwike for the reference short-range aircraftgresi
but not the tonal content, which for the short-eagcraft was relatively low. The tone penaltissdiin

the EPNL metric calculation were in this case rightenough to be captured by the EPNL metric. The
minimum tonality design minimized the tonality ingb@d area by reducing the engine size and incrgasin
the wing size. In terms of impact on aircraft perfiance and weight, a slight increase in weight segen

for the minimum EPNL and minimum loudness desidng, no weight penalty was observed for the
tonality optimized design, at a conceptual desiggse.

A conversion to sound of the optimized aircraftigesioise impact showed that the minimum EPNL and
minimum loudness designs reduced the overall sgleetrergy of aircraft noise, whereas the minimum
tonality design altered solely the fan tonal ndorgensity, without significantly affecting the briizand
aircraft noise components. The reductions in tamahsity of the minimum tonality design compared t
the reference design could be perceived audiblytlmdundamental tone was seen in the spectrogams
have a reduced intensity of approximately 10 d& atample ground location for a standard approach
procedure. The changes in sound due to the miniBBML and minimum loudness designs could only
mildly be observed during the approach phase, adthca large overall reduction of overall spectral
energy was observed during the departure phasmtbrdesigns. Based on these results, it was coedtiu
that depending on the metric chosen as a targeteftwcing noise or annoyance impact, considerably
different sounding aircraft designs could be olgdinWhether the optimized aircraft sounds are iddee
judged to be less annoying to the reference atrsmafnds will have to be confirmed via psychoadoust
surveys using test audiences, a task which coulde@erformed within the scope of this dissertasio
research work.

A comparison of the optimized designs with curraintraft having acoustic liner technology was also
performed and indicated that although acoustia lisehnology produces favorable reductions intadl t
conventional as well as sound quality metrics, muonchie significant reductions can be obtained vé th
optimized aircraft designs, which consider aircrafise or annoyance early during the design phase.
aircraft designed to minimize the tonality impact the community can reduce the tonal impact much
more effectively than the use of acoustic linehtexogy.

The overall results of the research work carriediothis dissertation indicate that it is indeaxbgible to
influence the sounds of current aircraft towardss lannoying or more acceptable sounds, by knowing
beforehand which design change or parameter vamiatn result in an improvement or deterioration of
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the sound. The conventional metrics currently ugsetthe aerospace industry can be improved upon as
they fail in capturing many characteristics of eift sounds which directly cause the perception of
annoyance to residents. The more detailed psycheticdcknowledge incorporated in the sound quality
metrics allows both the broadband and tonal commisnaf aircraft noise to be captured in a supexiay

to the dBA or EPNL metrics. The dBA metric doesactount for many different spectral characteristics
and the EPNL metric can prove deficient in capiyitime tonal content, an aspect which was considered
during its development but may require an improvanf@ aircraft sounds of modern aircraft of todey
well as advanced aircraft of the future.

The aim ultimately is the use of a possible meitiiat considers aircraft noise characteristics imemo
detail than the current EPNL metric and would ble &b capture differences in sound in a more cotaple
and comprehensive manner. This would make it deitabt just for the assessment of sounds of current
high bypass ratio engine and geared turbofan engireeaft, but also for the assessment of future
concepts such as aircraft powered with CROR engiBesed on the analysis carried out in this
dissertation, a metric that combines the effectslaafdness and tonality, such as the modified
psychoacoustic annoyance metric of More et al.ccpubvide a possible improvement over the EPNL
metric. Such a metric would however require furthialidation via psychoacoustic testing for several
aircraft during various flight phases before it Icbbe used more universally for aircraft noise aramze
assessment.

The overall aim of reducing the annoyance causegifoyaft noise to residents is lowering the resise

to expansion of air-traffic infrastructure projedtéor the coming decades. Mere reduction in dBA or
EPNdB values without actually considering the sotinat reaches the residents may not suffice in
achieving this goal. As such, alternate noise assest which results in aircraft that sound lessogimy

or more acceptable to the residents becomes imeghasmportant. One way of achieving the goal of

lowering resistance to aircraft noise is using eg&duction technologies such as acoustic lineemaht

or chevron nozzles; another way of achieving tltalds to design aircraft that may inherently sound
more acceptable, as has been attempted to be shaeresearch work of this dissertation.

9.2 Outlook

A number of simplifications had to be made for tiesearch work in this dissertation in order to
successfully integrate aircraft noise annoyanceesassent during the aircraft design process.
Furthermore, a number of interesting research ftilinee could not be pursued within the scope of the
current research work. The following improvementd further research possibilities for the futura ba
suggested:

- The parametric semi-empirical models used for tharce noise modeling provide only a limited
accuracy and more accurate source noise modeldvieutiesirable to be able to predict the detailed
effects that typically occur at the source andaffee quality of the sound produced at the ground.
These detailed effects had to be neglected irdibgertation’s research work.

- A 1/3 octave spectral analysis was performed, wisclnly suited for the fan or LP rotor-stator
interaction tones but not for the buzzsaw tonesdnfstiance. A narrowband analysis approach would be
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necessary if the more closely spaced buzzsaw tonése numerous propeller tones produced by
turboprop or CROR engines are to be considerdakisdund quality analysis.

Further research and analysis with a metric combirthe effects of loudness and tonality and its
comparison to the EPNL metric would be a necessamt step, in order to definitively suggest
improvements that would result in a better captuiah aircraft noise sound characteristics and any
changes in the spectral content. Such a metricdvoae to be suitable not just for assessing curren
turbofan powered aircraft but also any advancedboppmop or distributed propeller propulsion
concepts.

Variations of the airframe geometry components aglthe wing sweep, aspect ratio, or the landing
gear components may also be fruitful in order 1ohier quantify the design sensitivities on noisd an
annoyance impact.

A more detailed analysis of the optimization poiisidss for long-range aircraft with high to verygh
bypass ratio engines would also be desirable, peragbthe limited and preliminary analysis performed
so far for long-range aircraft designs.

A detailed validation of the predicted sound gualiith measured aircraft noise audio for several
short-range and long-range aircraft would also i@oirtant in order to compare the predicted
annoyance results with the annoyance caused bglagtaraft.

An extension of the current analysis to unconvewti@ircraft concepts that are expected to enter th
aerospace market in the future such as CROR engim®istributed Electric Propulsion would help
in seeing if the drastically different sounds proglh by these concepts could also be favorablyealter
via design changes. Noise reducing technologiels as@coustic liner material cannot be used for the
‘open’ rotor blades and will therefore require atheeans such as noise shielding or improved blade
aerodynamics to counter their increased annoyaha@milar approach of optimizing the open rotor
sounds at an early design phase may yield additmraefits in their sound quality improvement and
annoyance reduction.
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Appendix A: Noise relevant engine geometry parametestimation

This appendix shows the empirical equations usedpfroximate the noise relevant engine geometry
parameters mentioned in Chapter 4 for the variowgne components. The figures show the various

geometry values that were collected for currerit tiwbofan engines having low (e.g. the JT9D vai$h

to high bypass ratios (e.g. the GE90 variants). Adrizontal axis is the Sea-level Static Thruskihhin

all the figures shown, and the vertical axis shdles relevant engine geometry parameter values. The
figures also show the best-fit curve for each patamand the empirical equation that describebése-

fit curve is shown above each figure. All equatibase been integrated in INSTANT and have been seen
to provide realistic and reasonable values foremily used commercial turbofan engine geometry

parameters, within the maximum and minimum limits €ach parameter shown in the corresponding
figure.

i. Faninlet area:

x;j U ? <RE$ 3U-;ZV5<E ¢ U ?$$$<R$50; 1A

Figure A.1: Best-fit curve and corresponding engairiequation for estimating the fan inlet area dase
the engine’s SLST
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ii. Fan rotor blade number:

EU 208<E $ (W VAAE (P25 $$SAAZAU:$ 50 2?2 5%$50:<Z

Figure A.2: Best-fit curve and corresponding engaifriequation for estimating the fan rotor blade ham
based on the engine’'s SLST

iii. Fan rotor tip design Mach number:

hagp U ?2<RA<E $2U ;$$$5RZU; 5

Figure A.3: Best-fit curve and corresponding enggirequation for estimating the fan rotor tip dasig
Mach number based on the engine’s SLST
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iv. Combustor entrance area:

X D8.|'ﬂ}3D« U |$ CE $ i (J)r) I CE $ Aae()‘,$$$$<R U r)$$v <VU ,AASZ

Figure A.4: Best-fit curve and corresponding enaggiriequation for estimating the combustor entrance
area based on the engine’s SLST

v. LP Turbine entrance area:

Xaqisa U AR5 E $Y U 2 $ $$$5<<AU ; $ ARIV

Figure A.5: Best-fit curve and corresponding enggirequation for estimating the LP turbine entrance
area based on the engine’s SLST
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vi. LP Turbine rotor blade number:

Eagasy U ?2$$$ <IU ; A$zZU? 5V Z

Figure A.6: Best-fit curve and corresponding engailriequation for estimating the LP turbine rotadd
number based on the engine’'s SLST

vii. Primary jet area:

XmpU ?<Z< E $ ®U ;$3$320;$3AA

Figure A.7: Best-fit curve and corresponding engairequation for estimating the primary jet areselh
on the engine’s SLST
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viii. Secondary jet area:

XxmpU <AE $ YU ;$3$$5<VU;$AAVR

Figure A.8: Best-fit curve and corresponding entairequation for estimating the secondary jet area
based on the engine’'s SLST

-178 -



Appendix B: Annoyance assessment of noise abateffigrttprocedures

This appendix aims to give an impression of the rooimity noise impact changes due to changes to
aircraft’'s flightpath. This done by presenting ti@ise contours in both conventional and sound tyuali
metrics analogous to the analysis presented ind®e6t2.2 and Section 6.2. The contours are predent
for both the SR aircraft as well as for the LR @ift for a Continuous Descent Approach with a 4°
glideslope angle. The flight paths have been madeténg the Mission Analysis tool of the MICADO
software and the noise contours have been created the noise prediction software INSTANT.

1. SR aircraft Continuous Descent Approach (CDA)

Figure B.1: Flight parameter variation and noisetoars in the conventional metrics of dBA and EPNL
for the SR aircraft CDA with 4° glideslope
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Figure B.2: Noise contours in the sound qualityriogtof loudness (top), sharpness (middle) andlityna
(bottom) for the SR aircraft CDA with 4° glideslope

Comparing the noise contours presented in Fig.aBdLFig. B.2 to the noise contours of the SR dircra
standard approach in Fig. 5.20 and Fig. 6.10, it ba observed that the CDA procedure with 4°
glideslope results in a clear reduction in communibise impact in terms of both the level as wesll a
guality of noise. The reductions are primarily doehe aircraft being on the whole higher to theumd
than during the conventional approach and theadiraot flying the horizontal segment that is conmmo
in a conventional step descent. The large redudtidhrust setting (shown via low&l and jet velocity
values) at X = -13 km however results in a vergdaincrease in tonality from X = -14 km to X = &,
which may be perceived as more annoying than alatdnapproach at those ground locations. This
increase in tonality is not captured by any ofriretrics other than the tonality metric.

2. LR aircraft Continuous Descent Approach (CDA)

Fig. B.3 and Fig. B.4 show the conventional andnsloguality contours for the long-range LR aircraft
flying a CDA with 4° glideslope. Comparing Fig. Bwith Fig. 6.12, similar reduction in the noise
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metrics to the SR CDA procedure can be observedhierLR CDA for the loudness and sharpness
metrics. The main difference to SR reductions ihatonality contour for the LR CDA procedurecdin

be seen that on the whole, the LR aircraft flyin@@A with 4° glideslope will have a slightly higher
tonality impact on the community compared to thendard approach procedure. The main benefit in
terms of tonality is due to the elimination of therizontal step segment in the CDA procedure, which
resulted in a large increase in the tonality imgatthe ground from X = -33 km to X = -26 km in Fig
6.12 (bottom). Fig. B.4 shows a more uniform (allséghtly increased) tonality impact for the LR &D
procedure. The large increase in tonality seen whenhrust setting is reduced during the finalrapph

is also observed for the LR aircraft, although siitthas a much higher tonality that the SR aitqdtie

to the GE90 engine having more dominant fan ndis@ the V2500 engine), the increase in tonality is
not as pronounced as it was observed for the SR @DRig. B.2 (bottom). The overall increase in
tonality impact seen in the tonality contour foethR CDA procedure is again not seen in the other
metrics.

Figure B.3: Flight parameter variation and noisetoars in the conventional metrics of dBA and EPNL
for the LR aircraft CDA with 4° glideslope
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Figure B.4: Noise contours in the sound qualityriogtof loudness (top), sharpness (middle) andityna
(bottom) for the LR aircraft CDA with 4° glideslope
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