4

ap

k)
EZKTH%

4, yETensiar g.giE CSA
LY o Centre fi
REESY Sustainable

Aviation

Slutrapport projekt TRV 2016/92229

SAFT

Simulering av Atmosfar och Flygtrafik for en Tystare omvaérld
(Final report SAFT - Simulation of Atmosphere and air traFfic for a more silenT environment)

Stockholm, 30 Augusti 2019

Projektdeltagare:
KTH: Chalmers:
Huvudsokande Professor
Professor Tomas Gronstedt
Mats Abom -ansvarig kallmodeller
) prOJektquareo Fatemeh Bahmani
Centrum for Hallbar Luftfart “kodutveckling
100 44 Stockholm

Ulf Tengzelius
- huvudansvarig for
kodutveckling SAFT

llkka Karasalo
- expert ljudutbredning



Sammanfattning (summary in Swedish)

SAFT- Simulering av Atmosfar och Flygtrafik for en Tystare omvarld & namnet bade pa det
projekt som redovisas i denna rapport och pa det datorprogransom utvecklats inom projekte.
Simuleringsplattformen SAFT inkluderar flera metoder for bullerkartering fran flygtrafik, fran en sa
EAT T AAA OET OAford Aeh BCAC Bdd.RAmpiemerting, 6ver mer avancerade och
potentiellt mer exakta simuleringsmetoder, inkluderande efékter for ljudutbredning E AT OOAOQEI |
atmosfar fran rorliga, frekvensberoende ocldirektiva ljudkallor .

Chalmers metoder for flygplansmodellering, framdrivnings prestanda och kaeptuell design ar
kopplade till SAFT och medger forskningsstudier pa hur neknologi och design val for flygplan och
motorer paverkar ljudgenerering, och i forlangningen ocksa marijudkonturer for ny teknologi.
Chalmersverktyg tillater ocksa fysikaliskt baserade simuleringar av flyplansrajektorier som kan
kopplas till SAFT ér att anvandas olika inflygningsprocedurer och hur dessa paverkar Goch buller.

Rapporten har tva huvudsakliga syften: 1. Redovisning av resultat frAn arbetet inom SAFT
projektet och 2. Erbjuda en introduktion och 6verblick for anvandare och utvecklarev SAFT
berakningsprogram.

Den sista punkten, introduktion fér anvandare/utvecklare har varit styrande i organisationen av
texten, med resultatet att den roda traden i dokumentet foljer mojliga berakningsvagar vid
anvandning av SAFT.

Efter en kort bakgrund och introduktion, ges lasaren en orientering av den indata som kravs vid
efter val av alternativ berdkningsvag , sen foljer lite fylligare information om vad dessa
berdkningsalternativ innehaller och darefter resultat fran nagra berékningsexempel och
avdutningsvis slutsatser och en blick framat.

| sin nuvarande version ar SAFPprogrammet dmnad for bullerkartering for individuella
flyghéndelser och kérs via interaktiv inmatning av indata for varje fall. Mgjliga berakningar omfattar:
nya ankomstrutter for existerande flygplanstyper och standard procedurer, nya procedurer och
(vertikala) flyg-profiler, bullerkonturer for dagens eller framtida flygplanstyper.

Eftersom SAFT¥programmet kommer att fortsétta utvecklas i kommande projekt, har
begrénsningar och ndjliga eller nédvandiga framtida uppdateringar och implementeringar noterats
i rott (t.ex. som i [NOTE: ..} for att underlatta 6verblicken av dessa framtida insatser.

SAFT programmets arkitektur och design &r utvecklad med avsikteratt etablera en
forskningsplattform som kombinerar foljande egenskaper:

1. CBtate of the arbvetenskaplig och teknisk niva

2. Enkelt att forsta och anvanda

3. Anvandbarhetz d.v.s. fylla luckor/brister hos dagens s.k. integrerade metoder sdsom att
erbjuda flygbullerkartering/kontutkurv or som béttre 6verensstdmmer med verklig
flygtrafik, rddande vader och dess variationz for saval existerande trafiksituation,
bananvandarmonster flygplan, procedurer och flygvagar som for framtida d:o.
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1. Summary

SAFT is the acronym dhe project outlined in this report as well as the computer code for aircraft
environmental noise simulation developed within the project. The SAFT simulation platform covers
several methods foraircraft noise mapping, from a so called integrated method, a standard ECAC
Doc.D implementation, over more advanced, and potentially more accurate simulatio methods
AAAT O1 OET Catm&pliere/£oand Arbplagation conditions as well as for directive and
frequency dependent noisesources.

Chalmers methods for aircraft modelling, populsion performance and propulsion conceptual
design are interfaced with SAFT allowing for research studying how new technology and design
choices of aircraft and engines influence noise sources, and in its extension also predict noise
contours for new technology. Chalmers tools also allows physidsgased simulations of aircraft
trajectories to be linked to SAFT and be used to study different inflight procedures and how these
influence CO2 emissions and noise.

This document has two main purposes, namely. Present the outcome of work performed within
the project SAFT and 2. Offer an introduction and overview for users and developers of the computer
program SAFT.

This last point, i.e. giving an overview for coming SAFT users arttkvelopers, has been rulig in
the organisation of the text, with the result of a main thread corresponding to thepossible
computational paths when running the SAFIprogram. After a short background and intro, the
reader gets a picture of the input needed by the different computiinal alternatives, some
information about the methods themselvesand then samples of output from differensimulations or
runs.

In its current phase of development SAFT is aimed for noise mapping of single aircraft pdmss
events and is run by interactiveinput for each case.Possible runs and studies cover: new approach
routes for existing aircraft and standard procedures, new procedures and profiles, noise footprints
from todays or not yet existing aircraft.

Since the SAFPprogram is intended to be furher developed in upcoming projects, current
limitations and possible or neededfuture updates and implementations are noted in the text.
Typically these notes in the first place aimed forSAFT developers and usersare given in in red text
like: [NOTE:...]

The SAFT architecture and design is made with the intentions to establish a research tool that
combines the features of:

1. State of the art scientific and technical level
2. Easy to understand and use
3. Usefulnessz i.e. filling the gaps/shortcomings of todd U6 O OOAT AAOA ET OACO,
such as offering the capabilities of producing ground noise patterns that better reflects a
real air traffic and prevailing weather and its variation- could be for an existing traffic
situation, runway use or for new runways, aircraft, procedures or flight route design
4. Flexibility in terms of integrating future updates such as newnethods,algorithms as well
as functionality
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2. Background

This research was financed byrhe Swedish Transport Administrationthrough the Centre for
Sustainable Aviation (CSRin order to strengthen the Swedish research on the environmental impact
of aviation, in particular noise. The overall aim with te SAFT projectand other CSAprojects is to
generate societal benefits in both the short and lorterm and bothin a local andan international
perspective. Such benefits could be reduced noise impéa on citizens living around airports, e.g.
reached by optimised aircraft operational behaviour, flight routes design or distribution of air traffic
over time or else. To be able to perform studies aiming for the identificatioand validation of such
optimised patterns and measures one neednaaircraft simulation tool capable of involving the
complete chainfrom aircraft noise generation overpropagation to the resulting noise on theground
and its impact on people. Moreover, this computational chain hae be capable of integratinduture,
not yet existing, aircraft with regard to noise emissionsyepresentative weather and air traffic
scenarios.

The need forthe above outlined studies is in turn motivated, on one hand, by the increasing
knowledge onthe adversehealth effectsfrom environmental noiseand the related trend of stronger
noise restrictions [1] - and on the other- to the expectedgrowth of the Swedish[2] as well as the
worlds air traffic. Despite the forecastednore dense air traffic and the rather slow replacement of
the aircraft fleet into a less noisy oneat least onestudy [3], applying simulation tools in line with
SAFT indicate no increasein future noise exposure around typical airports. Though, much more
studies plus efforts to optimise the operationabehaviour + TMA routing hasto be carried out the
coming years in order toassure a future balance betweerexisting and comingenvironmental
requirements andthe expectedincrease inair traffic volumes. In all,it is clear thatwe needa better
understanding of the complete pictureof aircraft noise, and its impact on the societgas a whole In
the processaiming for solutionsto suchmatters, integrated methods like ECA®oc.29and AEDT can
give some input but we regard that more accurate and versatile simulatiotools like SAFT, well
applied, would constitute a muchmorepowerful support and are needed for thequantification of
more realistic (= conplex) noise reductionmeasures
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3. Overview of SAFT

3.1 Introduction to SAFTcomputations

The SAFT aircraft noise mapping simulation platfornoffers the possibilities to compute ground
noise contoursand noisetime histories in selectedpoints on groundfor aircraft pass-by events.The
noise events could typically be represented by the approach trajectory for a medium sized
commercial aircraft such as an Airbus 320. The trajectorgection selected by the user could be the
last, say 20 nautical miles before toch down +the deceleration distance on the runway (RW). The
studied 4D trajectories are defined by their groundtrack (lat, long) and their profile (altitude as a
function of time). The groundtrack may be selected among a set of existing flight routes new ones
may be definedaround Arlanda airport, the main airport of Stockholmhaving 6 runways (i.e. 3 paved
paths), and 4TMA! [4] main entry points [5]. Knowing the main properties along the tajectory,
aircraft speed,thrust setting etc. z the dataset contentis depending on the selected computational
method - SAFT computes the resulting noise from the aircraft in a ground gridFrom thesenoise
histories in the ground grid points, noise contours in dB are computed The noise metric for these
contours (and local position data) could be either Aveighted max levels or sound exposure levels
(SEL orLg), i.e. the soundpressure level integrated over timej OAT-ABOBM® OAOODOOA ONOAC
during an aircraft pass-by and presented asoccurring during a fixed time interval ofone second.

Both the representation of the aircraftas a sound source and the propagation of sounihcluding
the atmospheric impactmay becovered by different levels of canplexity z and related accuracyThe
different computational methods for. sound propagation, aircraft sound source and atmosphere
representations, plus the needed input data for the different computational appaches in SAFT are
outlined in chapter 3.3 below.

3.2 Simulation methods vs integrated methods

The most fundamental difference betweerthe noise contour prediction methodsimplemented in
SAFTis found between the integrated method, ECAMoc.29[6], and theother simulation methods.
While simulation methods allowfor: 1. atime stepping along the aircraft trajectory, as well as in
receiving points on ground,2. a possibility to account for aseparation of the noise source andthe
sound propagation and 3. a frequency dependent and directive moving sound sourc¢the integrated
methodsdo not. The integratedmethodsrely on the so called NPBRlata (Noise-Power-Distance)[7].

In the NPDdataboth the sound source and projagation effects arecondensedinto a 2D interpolation

matrix which links the total (ground) noise level with: A.distances @ccountingfor A OO OAT AAOA A
atmospheric and ground impact on propagatioh and B. aircraft thrust setting. In the case of

approach the NPBdata represents level flight for a constant velocity of 160 knot¢Ei O @ndifgl 1 6
configuration, i.e. full flap/slat deployment and landing gear down.l.e. according to this modebnly

1Terminal Manoeuvring Area z controlled airspace around an airport, for StockholmArlanda (ESSA) ca 90
100 nautical miles(160-190 km) wide polygon centered close to Stockholm

2integrated in the sense that noise source strength and noise propagation are integrated into one combined
variable.
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one independent variable detemines the predicted noise level on ground. With this follows that,
with the integrated methods- in contrary to simulation methods - there is nopossibility to examine
the receiving noise signatime or frequency wisé, neither accounting for a refractive atmosphere or
different flight conditions or varying aircraft configurations. Theonly purpose of including also an
integrated method in SAFT wago enable possibilities for comparisons with such methods which
still is the common practice around most airports. Mre information about the integrated methods
can be found in theAEDT documentation, the North Americarcorrespondenceto ECACDoc.29 [8].
The weakest point of ECAOoc.29and AEDT s, as we see itthe mentioned strongly reduced set of
the central input data,i.e.the individual aircraft type noise data given in the NPRlatabase But, this
NPDdatacould at same timebe seen as the mostignificant strength of the integrated methods. This
is, though the information content in the NPD data is strongly reduced, there is no open
correspondenceof aircraft noise datato find when it comes tothe number of aircraft typesincluded.
The more detaileddatathat do exist, at least for some aircraft typess mostly industry propriety and
not openfor research orto the public. As an alternative, in line with the aim for better noise mapping
xA OAA A OAT A Alddwdiledhirafthbide Aafabages bullt Gp&rom noise measurement
on real air traffic by individual research organisations oistakeholdersinvolved in the matter of noise
around airports. Some examplesof such initiatives to go towards aircraft noisecomputations
supported with higher quality aircraft noise source dataare mentioned inreferences[9], [10] and
[11].

The trend towards more accurate and informative aircraft noiseomputation methodsis actually
expressedalsoin ECAMoc.29(at leastin edition 3 of year 2005but probably discussed along time
before that):
a) OET OACOAOGAA 11T AAT O OADOAédring®dto bl Qind hoe IVl OO0 DO
estimates]
b) O4 EEO (Qike.Qlaisimblatibn methods arego beused also for longterm noise mapping]
may change at some point irthe future: 'simulation' models have greater potential and it is

only a shortage of the comprehensive data they require, and their higher demands on
computing capacity, that presently restrict them to special applications (including research).”

l.e.evenwithin ECACDoc.29EO EO AT OEAEDAOAA inQte Autbre ®&aybBd uSBddA OE T 1
notonly asresearchtools AOO Al O AO OADPI AAAI. Wk ieleveAbat@oda®ET OA C(
all needed components for a fast and effective aircraft noise snulation are available and that
technical reasors to stick to integrated methodsdo no longer exist z the matter of agreement on
detail methods would be more of apedagogicaland political matter among stakeholders. This
conclusion is based on thgudgement that neither complexity, lack of computational methodstime
for computations or costs for more detailed noise measurements or elget any longer constitute an
obstacle

3 more precisely also the flight velocity is included in ECAC Doc 29 calculations, but not by incriegs
airframe noise levels or similar, which could be expected, but reducing time integrated noise levels like SEL
due to reduced exposure times linked with higher flight velocities.

4 Though, some aircraft noise frequency information is available in the ANdata, namely spectra which
should be representative for groups of aircraft types. This strongly condensed dataset contains one spectra for
take-off and one for approach for each group of aircraft. These spectra relates to one speed and as for-N&B
to only one configuration/max noise level. No directivity is given. The spectral data is rather old (1986 and
1999 aircraft data,[58] and [27] resp.) and it is unclear to which extent it representsddays aircraft/engines.
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3.3 Outline of SAFTand computational path alternatives

3.3.1 General

SAFTis programmedin Matlab andoffers in its current version 1 a set of4 main computational
paths OOOAOAEET ¢ A£01 i OAEOAOAZO OOAEAAOT OUgtheis®AO OT |
under implementation, June 2019.0. T EOA 11 COI 61 A6 AinOdr hapXk&E ®EAO A

selected noise metric, ol the noiseevent in a limited set ofground points. A noise event could be
presented as the totalA-weighted sound pressure level or the 1/3octave spectrum levehs a functbn
of time.

These different computatbnal paths are distinguished bythe applied computational method the
type ofinput datarequiredand thekind of output created.Amongthese 4() computational paths the
first 2 is based on the ECADo0c29 method. Here, & might seemsuperfluous to bring in an ECAC
Doc. 29 implementation, with its limitations compared with the time-stepping simulation paths in
SAFT, butthe idea is to make direct comparisorfspossiblez i.e.h 6 A-A T I@#veen results based
on the Doc.29method, the current standard integrated method and results from the more
sophisticated simulation methodsimplemented in SAFTAIl the SAFT noise mapping computational
paths could be represented by the block scheme iRigure 1 below:

Airport/area data
/ port/ Meteorological data

/ (atmosphere profiles)
Flight operations
& Study Input
Flight mechanics &
Engine conditions -
/ Sound

sources oy |

(5tate-) Trajectory data Sound

complexity dependent on model choise, from ANP-data to propagation [ Noise mapping
Static engine and airframe data + Dynamic performance (+sound synthesis)
data (from engine and AC simulation tools or FDR-data)

Figure 1. Noise mapping computational blocks in SAFT
blue = original work packages which also corresponds to the main blocks in the SAFT computer code
red = user input data

Besidethe selection ofany of these 4b6) SAFFpaths, resulting in ground noise contous based on
a noise feld defined on a 2D ground gridthe SAFFuser alsohas the alternativeto choosethe above
mentioned OA AR'O&A AT | bofabidgCohtifrbm any two previously created SAFFresults
generatedon the same ground gd. This O A AA 'Galoiceis madealready asthe first input in a SAFT
runh  AAT 1T AA O' AT, Asdhbitend3! where thfe Al@Bdtiledare: 1. Standard interactive

5O00AE AAAI OAEOA AiT1 01 00 AT i DPAOEOT T O E Gand HCAC Dot 29U DT O
results but between any SAFT computatiorapplying the same ground grid, could be between different
atmospheric models or data (wih a fix sound propagation model) or between different simulation mdels z
xEOE A Z£EQ® 6AOI T OPEAOAG 1T O Al OAsB
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input run for Aircraft pass-by noise mappingor - 2. NOTE:under implementation: as 1. butlnput
from file, i.e.on-interactive run and 3. Compute difference between previous rurgO A AA 'O&

Moreover, in the second input stepthe user may instead ofthe current 4 (coming 5 direct

OAEOAOAAED Tippadationdd WA hap AT | b Odbeknatizds,l also select a
04 OAT O EOOGETIzIAT | B O OA @nelijsiddpe of computation a TL-interpolant matrix

(TLip_mat) is created. TheseTLip_ma: :S are established with raytracing and aimed for later use in any
of the simulaton methods, i.e. intheOT T EOA O O O A hath@ ThishdwHIGQidterpbldti@no
matrix concept’, which reduces CPtimes significantly, is outlined in chapter4.9. It shall be noted
that the user do not need to do this pe-computation of a Tly_ma, but may equally well choose to

establish the Tlp_ma: Within the run of a noise contour computation.

The last two computational pathsboth related to aircraft noise measurements within CSA project
ULLA[12], are under development andare planned to beestablishedwithin the run of the upcoming
CSAproject CIDER(to be presentedon the CSAwebsite, [13] ). With the implementation of these
Ox1 DIAEEWIbave in all7 main computational choices 5 for direct noise mappingand 2

O A @ G@mbdrdd with the currentv j x EAOA 1 Ahd twofo belaAdBdid edard:

a. (path no 4, noise mapping] Siulation, total AGsound sources established from
measurements of pas-by noise event®
and
b. (path no 7h & AQ@N@X8dund source estimate outgoing from sound measurements on
ground and related trajectory datad

The SAFTOOT Al OAOT AOEOGAO T ECEO AAATIT A Al AAOAO ET OEF
SAFFrun.

3.3.2 Saeen view of a SAFTrun start
| £#OAO0 AGAAOOETI ¢ OEA Al i1 AT Ag O3! &4 fr OAOOGEITT 1AI
have torespond tothe following with interactive inputs:

---- General SAFT action----

1. Please chooseoyr wanted kind d SAFT action:
1. Define and run a new noise event case with input given interactively (Default)
or
[2. Read in, modify and rysreviouslyprepared input files NOT YET IMPLEMENTED!]
or
3. Differencebetween grid field results from two previous runs ("Dedt® contours")

Please give a number, 1 or 3 (REM:NDT YET IMPLEMENTED!)):

6 TL, Transmission Losg is a common way to describe the loss a propagating sound wave experience in
noise pressure level, or noise intensity levelmeasured in dB re 20Pa, or re IpWatt respectively, between two
points along a propagation path.

7 this method, i.e. applying an TL interpolant matrix linking any source point in the air with any ground
point is as far as we know not found previouslyri the literature.
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1 selected

----Interactive user input from screer--
2. Decide the type of noise computation you want to run among the following SAFFTmaales:

-- ECAMoc.29integrated-/sound immission moal, AC's within the ANflatabase[14], Output: Noise
Contoursin Google Earth (saved in .kfiles)--

1. Original NP#lata sound immissionfix atm./absorp.model SAERP1845 (Default)

2. Atmosphere and absorption pted NPBEdata sound immissionchoice of atm./absorp.model followsno
refraction

-- Simulation/sound emission modelsOutput: Noise Contours in Google Earth (saved in-fked) and/or
Noise Event Time Histories in matlab plots + -fileg --

3. Reversed engineering combined sound source from-8SIPDand given spectral and directivity data (
merged individual, fan+jet+..z)choice of atm./absorp. model follow®Option: full refractive atmosphere.

[ 4. Simulation, total AGound souces established from measurements of pagsnoise events. Option: ful
refractive atmephere. NOT YET IMPLEMENTED ]

5. Full Simulation, sereimpirically modelled individual sound sources. Option: full réfvacatmosphere. AC
A321V2533

-- TLonly (no AC involved) for later us©utput: TL interpolant matrix saved in file
6. Creation of a Transmission Loss (TL) matrix for a selected atmosphere dataset (to be applied in lat
runs)

-- Establish an AC sound source sample fatel use Output: frequency, directivity, speedand AC
configuration dependent sound source saved inile

7. AC sound source estimate outgoing from sound measurements on ground and related trajectory dat:
applied in later SAFTINS) [UNDER EVELOPMENT!]

Please give a number between 1 and 7:

After this choiceof run-path the interactive inputsfollows in a similar manner for the user input
of trajectory, grid etc.It is very easy to get a fast first view of the code capabilities andgat needs
OET AA EO EO PI OOEAT A O c¢ci Al O OEA O$sAEAOI O
Defaultx AU6 OEA AEEOOO OEI Ah AT -plotsOfer AronkbsIA3ZLA3D GridihgC
on RW26 at Arlanda coming in along on gpecific approach rout from the north along a standard
ANP-profile, the user can start to change a few input to test otheputes, aircraft or computational
methods and atmospheric data.
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3.4 The alternative computational paths

The alternative computationd paths are repeated andsummarised inTable 1 below andfurther
described inparagraph4 and 5. It could be noted that for an noise eventGeneral SAFT actios Ain
Table 1) around 10-30 more inputs follows, dependent on the second inputbefore the SAFT run
starts. Il O E A -A® AypeYxAse the run starts directly after the previous two outpunoise data
grid results hasbeen given.

No TYPE Hescription Comment
General SAFT action
A Define and run a new noise event case with input given interactively
(Default)
B NOT YET IMPLEMENTED!
C Difference betweengrid field results from two previous runs ("Delti®
contours")

A/B* | Alternatives available 82 NJ . F 2F aDSY SN} f {!
selected bh¢9yY fdd . 2F aDSYSNIf
Type of noise computation run wanted

ECA®oc.29%ntegrated/sound immission model, ADwithin the ANP Onlythe approachcase is

database implemented!
1 Original NPRlata sound immissioq fix atm./absorp.model SAERP

1845(Default)
2 Atmosphere and absorption adjusted NfeBta sound immision

Simulatior/sound emission models

3 Reversed engineering combined sound source from-SEDand given
spectral and directivity data

NOT YET IMPLEMHENDI

5 Full Simulation, sereémpirically modelled individual sound sources.
Option: full refractive atmosphere.iskraft: A321V2533

TL only (no AC involved) for later use
6 Creation of a Transmission Loss {ftérpolation matrix for a selected
atmosphere dataset

Establish an AC sound source sample for later us
NOT YET IMPLEMENTED!

- further input follows.. ¢
- SAFT run starts

C Alternativeavailableif 2F aDSY SN}t {! C¢ IO
Computation of Difference (DeltdB) between results from two
previous runon the same grouneyrid
Choose the 1st of the two 'Noise@®at' files from previous runs
2 Chooseahe 2nd d the two 'NoiseGr.mat' files from previous runs in the
same way as for the 1st file
(no more input)
- SAFT run starts

=

Tablel. SAFT Alternative computational paths (planned not yet implemented paths grey)
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As seen in thecommand window example on pagel0 - 12, The input questions are written in
thick-blue text, alternative inputs and other informative text in black and defaul@lternatives in
green. For all inpus the user have a default alternative, this is written in green text. By this input
design its very simple to start running SAFT and learning by smoothly go to moeslvanced input
and run-types. In the simplest run type ECAC Doc29. SAE ARP1845 atmosptefd;T run path type
1, ca 20 inputs are needed while the simulation based SAFT run paths need more than the double and
in some casesupporting data established within previous SAFIruns or externally.

3.5 Output examples

The output from a SAFT noise computain run, i.e. any of the runs of type o 5 in Table 1 above,
is a set of noise contours and/or a noise history in oner more selected points. The noise contours
may either be given as Aveighted max levelsLamax Or as A-weighted Sound Exposure Levelpften
written Le or SEL. The SEkalue represents an integrated value of the rms sound pressure squared,
n , over the duration of the noise event where the noise event duration is defined as the time when
the sound pressure stays Pmax Of the passhy event. The noise contour data are saved in .k#files, a
format for geographicinformation readable into Google Earth and other GIprograms. The noise
event Aweighted sound pressure levels in specific points are, if this alternative is selected by the
user, plotted in Matlab plots on the screen and saved to disk. A specifititput directory is
automatically designated, or named by the user, to each SAFT rdtxample outputs are shown in
Figure 2 to Figure 4 below.

4650B(A)SEL

~65dB(A)SEL

‘ 75dB(A)SEL

65dB(AJSELL /
- /
b0dB(A) SESHE(A)SEL e Y , /

6508 (A SEL B0dB(A)SEL I

7 B ETASE
GSBAJSEL —

E=000B(A)SEL
65dB(A)SEL A~
45dB(A)SEL

Figure 2. Exampleof noise contour plotz as produced by SAT run type 15
(A321-232 approach+landing SAFTun 3, reversed engineeringcomputation)
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SPL{A) pass-by ground noise Refracted (solid) va Straight Rays (dashed) 8321.232
;Dn-und sources as of Reversed Eng ing path. Atm Model: AROME-atmType Atm Abs.Model:SAE-ARF-5534

|_'I.1 AC ah: 564 m =50 685 k=15.145 SEL(AFTO.ME a=0.68 km w=l kml

& & o o -] m
a i = o a o
I 1 1 1 1

A-waighted Sound Prassure Laval (dB re 20.Pa)

L
=1
I

1 1 L 1 1 1 1
220 -200 -180 -160 -140 -120 -100 80 0
time{s) [absolute time, relstive 0 = aircraft above RYW threshokd)

30 - !

Figure 3. Example of aircraft passy noise total sound pressure levela (t)
Receiving point ongroundtrack , i.e.straight below the aircraft

(solid line = refracted rays, dashed = straight rays)

Pass-by ground noise Refracted Rays A321-232 Sound sources as of Reversed Engineering path
Atm. Model: AROME-atmType Atm.Abs.Model: SAE-ARP-5534 Ground grid point 1.2

60 ~,

8 &
L/

.
o
4

SPL{A) ¢B re.20,Pa
8 g 3
AN,

\\
a4

60 \\ _«_vﬁ—‘w—fﬁ'
e — 1000

-180 N e
time(s) -200 100

1/3-octave frequency (f)

Figure 4. Example of aircraft passy noise 1/3-octave spectrum La (t,f3 oct)
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4. SAFTcomputational modelsand their input

In this chapter we go thraugh the central SAFT computational models and their inputThe
disposition follows basically the order in which the user meets the different models and
corresponding input when running SAFT. First an outline of the central input: the aircrafstate-
trajectories and input to these and the representation of sound sources in generdl{). Thenfollows,
in chapter 4.2 to 4.5 presentation of the neededstate-trajectory input and models behind the
different computational paths for single passby noise contours computation These involves:the
OET OACOAOQAA DoADER)ANPBIAt bated reversed engineering4(3), measurement
based noise sources4.4) and full semi-empirical sound sourcemodelling (4.5). After this review of
the individual computational paths an outline of specific SAFT features arsdib-models within those
main computational pathsare outlined in chapter 4.6 to 4.9. Comprising: current ground grid
technique (4.6), selection of specific receiving points for noiséme histories (4.7), atmosphere model
and data @.8) and the Transmission Loss, T[4.9).

4.1 Overview date trajectories and noise sources

butalsoOT | A AAAEOQET 1 Al AAOA AAIT OO défindkthe Giraitadaniovirg /£
noise source. The type and amount of data needed fdefining the state andthe related noise source
depends onthe type of noise source and thenethod for determination of the resulting noise on

ground.

Typically a state trajectory is establishedin three steps:step 1 - the profile (distance flown +
altitude), step 2- groundtrack (lat, long)andin step 3-the complementary data enough to get either
a time and frequency dependent directive noise source for simulation methods or simpan engine
power setting as a function of timefor integrated methods.

In the noise computation runtypes 1-3 asof Table1,i.e. either an integrated ECA(oc.29based
one(1,2) or the simplest simulation based onea so calledd 2 A O AcbgindefingNPDA A O BAFT
run (3), the route is selected by a choice of mnway8 and TMAentry point® -pair, seeFigure 5 and
Figure 6. From these start and end positions either a standard route is selectefb] or the user may
define anew arbitrary route with the support of SAFT. On top of this routegroundtrack the flight
profile is positioned and resulting in a 4D-trajectory0 fitted to a 50 feet altitude at the runway
threshold. Currently in SAFT, he only pre-programmed flight profil e alternative is the default
approach ANRdata profile for the selected aircrafttype. Though, if the user want to model a profile
differing from the default case approach AN®rofile, which usually would be the case, e.g. compared
with default one, nonepr a longer, level flight might be wanted, and other configurations/speds and
trust settings as well,the following work-around has to be applied: The file containig the default
ANP-profile data is originally named Default_approach_procedural_steps.c$v]. This file has to be

8 More specifically: a runway (RW) threshold position is selected, then if nothing else is done the touchdown
is made such as that the RWhreshold is passed by the aircraft at a height of 50 feet.

9 Runway and TMA regards in the currenversion Arlanda airport outside Stockholm, more airports could
rather straight forward be added if asked for.

104D here relates to the position+time
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renamed and then rg@laced with a file with the same name but th@ew wanted profile data given by
the user. [NOTE: This is dunctionality which is planned to be refined in coming SAFVersions].

In the [NOTE: ] not yet implemented computation run-type 4 as ofTable 1, i.e. the Gnoise
measurement based noise source case, the4D trajectory data could come from either a flight
simulation (outside SAFT), real flight AD® [15] data, radar track data or even a standard ANP
profile + groundtrack. The noise source for a specific aircraft type will in this case be established from
anumberofpassAU 11T EOA | AAOOOAT AT 0O 111 &grol ©8 As CA OBAIAIED
propagation effects on the measured noise to reach the approximate noise at the sou¥te.

A full noise source simulation, as from &able 1 run-type 4, is preceded by a statetrajectory
preparation with the Chalmers computer programs GESTPAN16] for engine-performance and
CHOICH17] for the establishment of individual semiempiricall2 noise sources.

The four main groups of noise source niels are outlined in the following paragraphsintegrated
method and its state trajectory input (ECAMoc.29 in paragraph 4.2z not a noise source modein
the realsense but adirect resulting noise level on ground correlated to the thrust setting and sound
source models for the different simulation methods in paragrapd.3to 458 4 EAOA 1 AOOhR OO/
source modelsall represent the sound intensity levelat 1 m as a function of time and frequency.
#0OO0OAT 601 U OAOANOAT AUb6 -octBv@£Hfohd band &dlse fédd I50HD b BKHOT p 7 «
NOTE4 1T T Al j O1 AOOI x AAT Adq 11 Efeduanciedsmat yeAr@ndi&iouti  £AT
is planned tobeintroduced in future versions of SAFT.

It should beemphasisedagain that the NPBdata, which SAFT rurpath 1 to 3rely on, constitute
a strong simplification, this is since the original noise data (gatherkand establishedin conjunction
with noise certification measurements of aircraft[18]) represent only ane speed (160 knots) and
O&OI 1 6 Al donssf@AlptideIPD data lacks possibilies to reflect general proceduresand
approach scenariosin any detail. Moreover, for some aircraft, e.g. A32232, the NPD data, an
interpolant matrix setting up the noise levels at a set of distances as a function of the CNT, is given
only for 2 CNTvalues, thusmaking a questionable &trapolation outside the CNFspan needed in
many cases.

At this stage only one airport is integrated in SAFT, Arlanda (ESSA) airport, the main Stockholm
airport ca 35 km north of the city. Thismeans thatO 1 A Astardd&@d route within the TMA are
predefined and ready to read in with regard to TMAentry-point, groundtrack and runway. Sed-igure
5 and Figure 6. NOTE: at least fomll the simulation based computational methods dree choice of
trajectory groundtrack and positioning of this in lat, long is recommendedto be implemented in
future zi.e. no need to incorporatea RW thresholdor other fixed 2-or 3D point.

11 Here a standard procedure for defining sound sources iapplied, i.e. specifyingts sound intensity at a
distance atlm as a fcn of direction, time and frequency

203 AAEPEOEAATI 6 EOh xEOE OACAOA O1 11 EOA O1I OOAAOR OAI
through noise measurements on running turbefan engines, typically reduced to a few indepelent flow and
thermodynamic variables
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1. ELTOK
(westerly
TMA entry)

2. HAMMAR
(northerly
TMA entry)

Arlanda
airport

3. XILAN
(easterly
TMA entry)

4. NILUG
(southerly
TMA entry)
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Figure 7. Example of user defined groundtrack approach to RW 26 from west (TMA entry
ELTOK)ANP standardprofile for A321-232 added

Comment with regard to aircraft profile and procedures:

During the SAFT project a performance database for a A32B2 based on PEIPL9] runs has been
established. This dataset spans basically the compde parameter-space for possible A321232
approach statetrajectories with regard to descent angle, speed, engine power, fuel consumption,
configuration and mass. These building block data are aimed for modelling general approach
procedures but is not yet sructured in a manner that allows for a direct algoritmised application.

NOTE: if foundneeded thesedata could bestructured into simpler read-in building blocks and
supported by semi-graphical routines or similar in order to exploit the full potential of them.

The noise sources are defined ianaircraft body coordinate system with a longitudinal directivity,
g, and a circumferential d:o/ . as shownin below.

flight path

F 3

height

|| ground track

~._ \sideline distance

receiver

Figure 8. Definition of aircraft noise source directiviy anglesand incident angle b
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4.2 Integrated method and its state trajectory input (ECA®oc.29

In the caseof the ECAMoc.29method the neededinput state trajectory data is limited to position
(lat, long, altitude) as a function of time andelated to this a knowledge of the correspondingnass
and thrust setting. The 4Dtrajectory might either be simulated, in tools outsideSAFT, or relate to
real flight, e.gradar or ADSB data[15]. In the situation we get this 4Btrajectory from real flight data
estimates of the thrust setting is needed for eachconfiguration?3 + the overall aerodynamic
properties for eachconfiguration along the trajectory. The aerodynamic properties are for a large
part of the current aircraft fleet, given inthe ANP-data [14] z integrated in SAFT and in data related
to the BADAtool [20] (to be run beside SAFT). It could be noted here th&dr someaircraft types no
aerodynamic data is given and thrust estimatesiodelling is not possible outgoing from the ANRlata
set. For theseother aircraft types only so called fixed point sets of profile positions, thrust and speed
are given, i.e. no freedom fostate-trajectory modelling given theselast kind of ANP-data.

As mentioned above, in the current SAFWVersion, a change of the content in the (fixedinput file
Default_approach_procedural_steps.csvhas to be made in order to input a state
trajectory/procedural sequencethat differs from the standard ANP-input case. The current internal
SAFTway to get a thrust settingwhen knowing the aircraft configuration and the 4Dtrajectory, is
based onequation B-20, B-21 and B-22 in [6], whereB-20is repeated here a®q.(1)1

O ., Yoéri OFT &IQ
— W . (1)
1 U1
where:  F,= net thrust per engine(lbf)

d=ratio of ambient air pressure vs standard air pressure at sea level

Fv/ d= corrected net thrust per engine , CNT Jif)

N = number of engines

R=ratio of the arcrafts drag and lift coefficients (=D/L) for the current configuration

D = Drag coefficient L= Lift coefficient

g= descent angle

W= acceleration(ft/s 2)

"(x= acceleration due to gravity(ft/s 2)

W = aircraft weight (Ibf)

The unknowns in eq. (1), assuming a known 4Brajectory, are the aircraft weight, W, and
configuration - only the airline has access to these data.g. from FDRlata [21] and accordingly
assunptions about the amount of fuel left and payloadhas to be madein most cases Supporting
estimation approaches for aircraft massconfiguration and other performance parameters may be
found in BADA resources (trajectory simulation) andin [22], [23], [24] and referencestherein.
Typically aircraft mass estimation methods applied on real flight data are based onBayesian
approach and need a rather long stretch of theifihtpath to reach an good estimate.

NOTE:The current SAFTversion do not coverECA(oc.29based departure data, only approach
procedures and related data are impleranted yetz (Further: Since theECACDoc.29based integrated method

13 configuration = aircraft high lift devises positions + landing gear in/out
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in SAFT is primarily hought of as a complementary toohimed to enable comparisons with the more detailed simulation
methods, the main effortin future work is directed towards these latter methods, which may suggest that an
implementation of an ECA(Doc.29computational path for take-off/departures is not stressed at the moment.)

NOTE:Only a few aircraft typesz with related ANP data- has been run and tested within SAFT
run-path 1 to 3 yet. Among them: A32@11, A320-232, A321-232, 737-700, 777-3ER (and 737-
80014)

Figure 9 and Figure 10 below show examples of standard ANfpproach state trajectory data for
an Airbus 320211 and a Boeing 737700 as read in and plotted by SAFT. Note the two different
curves in both figures, one showing the CNT (per engine) and the other the altitude as a function of
distance from the runway threshold. For somainknown reason the ANP profile data for the A320
aircraft contain a level segment while the Boeing 73700 doesnot. Moreover the Boeing data, for
OEEO bPI AT Ah Ci A0 1T OA0O o AEAEEAOCAT O OOADPO T &£ OI AOT
while the Airbus data, ratherunrealisich CT AO AEOAAOI U £O0T 1 OUAMDENT Al AAT
running SAFT he user have to select a time resolution for the trajectory data, typically one or a few
seconds, on whichan interpolation of position and thrust is based, starting out from data such as in
Figure 9 and Figure 10. For a more comprehensive description of th&€CAMoc29 method seeg[6].

A320-211 standard ANP approach procedure profile - altitude and thrust as a fcn of distance
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Figure 9. Example standard ANRdata altitude and CNT for an Airbus 32211 as a fcn of distane
Text: TAS=True Air Speed acc = acceleration, ZERO_A, FULL_D = configurations denc
OAl AAT 6 AT A AEQbwnrespechvéC £ AD C

14 The 737-800 ANP statetrajectory data is given asa sA Al 1 AA OZEZEGAA DI ET O OAOS x
enough parameters (such a®/L data) are given to make it possible to modify/model other trajectories within
SAFT based on these, other resources outside SAFT and the AldRabase are needed to handle this and other
OLEQGAA BRAREDAOAAOA

151 G = Landing Gear
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1536(500 standard ANP approach procedure(with RW threshold added) profile - altitude and thrust as a fcn of dista
T T
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Figure 10. Example standard ANRlata altitude and CNT for an Boeing 73700 as afcn of distance
Text: TAS =True Air Speed, acc = acceleratiom, ZERQT S, A 15 and A 46
configurations denotingdifferent stages of flaps/slats deploymen{in degrees)

4.3 Reversed engineering NPibasedmodel andinput

4EA T AT A O2AOA orérékstherdid abackwhrd comgutgtion of sound intensity level
at the noise source given a known sound intensity level at a receiver, sometimes called

OAAAEDOI BAICHAMD EF 1T HMPDRabcddeversedl engineering i OEA O (oOET C DI
noise is taken fromthe ANP/NPD-data, and more precisely the SAFT algorithm starts out from the
NPDdata given as SEL (Sound Exposure Levels) of the selected input aircraft type.

In short the procedure to reach a directivesound sourceneed:

1. ground noise estimates, in our case the NPD SHevels.
2. the flight and trajectory circumstances these data represents, namely an aircraft passage
at a constant distance with the speed df60 knotspassageET AT 1T AECOBBAOET 1T 0&
i.e. fullflap/slat deployment + LG down
an assumed 1/3 octave spectrufar the aircraft type to study
an assumed directivity of the sour¢®lOTE: should better be a frequency dependent
AEOAAOEOEOUR ABOO AOOOAT O U ET 3tigappliédi | U A OE
5. the absorption damping inherent inthe NPDdata,i.e. as given in the SAE AIR845
standard [25]
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As seen above, the needestate-trajectory inputé here differs from a ECACDoc.29based run by
the added point 3,4 and 5 data.

By running the same situationas represented by the NPESEL datain a time-stepping code like
SAFT i.e.an aircraft of the wanted kind flying in a straight line over a receiving position (at 1.2 m
height above ground as specified) at the sagnaltitudes as in the NPElata with a fixed arbitrary
spectral sound intensity levdEcandidate sourcele can get a SEL estimate for the different sound
propagation distances given in NPRlata (in meter: 61 122 192 305 610 1219 1920 3048 487
and 7620 m). This biased estimates are then trimmed by adding @onstantto the candidate source
which gives the best fit to the NPElata SEElevels. The approach follows with somexceptionsthe
method proposed in the EUJproject IMAGINE[26]. These differences in SAFT arbelieved to be
mainly:

- the user need to selech default or previously savedongitudinal directivity,
theta=0:10:180 degees,or generate anew arbitrary directivity ,from nose to aft (NOTE:
in current SAFT version thecircumferential directivity is determined by the analytical
function given in ECAMoc.293rd.Ed. Vol.2 eq.4.12or all frequencies. Also this
directivity could be changed and maddrequency dependentin future SAFTversions)

- sound intengty (instead of sound power) is created for the given atmospheric condition,
rho, caccounted for

- Doppler effectsis by default included in the source generation, but the user may
disregard these when creating the sound source

It should beemphasisedthat the user may applyany spectral shapewhile the ANP spectral class
alternative is default[27]. It could be noted that these spectra typically show a large spectral dip
which might suggest that ground effects are not propeyl removed therein, seeFigure 11. Here we
also see the rather unrealistic invariant spectral shape though the speed and configtion changes
alongthA £l ECEO j OEA AT 1T ZECOOAOQEIT 1T A ERI CAPA T11A@O 10 AR
final approachz a very unconventional approach but anyhow thelefault ANP approach trajectory
for A321-232 and A326211/232).

NOTE: Currentlyz due to limitatons of NPDAAOA xEOE OACAOA O Al1l EEC
configuration reflected in NPDdata) z there is no straight forward way to account for spectral

changes with regard to either thrust setting, configuration or speed- Future ways to fill these gaps are
expected from supporting SAFT with ULLAroject noise measuremats.

NOTE: in the current version a new sound source estimate is generated each time a iR D-based

reversed engineering caseis run. - instead a reuse of previously saved source estimates could considered to be
implemented. New runs could then be baskon these previous source estimates by introducing interpolatiomvith regard
to thrust setting and speed, assuming previous estimates are spanning the needed parameter space.

16 |t may be noted here tha beside the statetrajectory input another significant difference between a SAFT
ECAC Doc2® 01 | ET OACOAOAA AAORKAQADRD O Adm@EibuRton Reth6ds s C 6
that the last one has a possibility to include a refractive atmospherend a need for reading in or creating +
applying a TL-representation of the atmosphere (see chapte4.8 Atmosphere model and data
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A321-232 (total) Sound source intensity spectrum at 1m, # = 90° given by 'back-propagation’ from NPD-SEL data + spectrum class 202
120 . '

15—

=1

105~

=== Config.+ Engine cond.1 duration 252 s

100 = === Config.+ Engine cond.2 duration 166 s
Config.+ Engine cond.3 duration 4 s

— Config.+ Engine cond.4 duration 2 5

——Config.+ Engine cond.5 duration 30 5
Config.+ Engine cond.6 begin RW roll to gate

Sound intensity (dB re 17107 2wWim?)

w
o

90

10% 10° 10°
1/3-octave frequency (Hz)

Figure 11. Example sound source spectrum given for321-232 if default ANRstate trajectory
and directivity as of Figure 12 and default ANRspectra 202 for approach is selected.

The default total (over all frequencies) longitudinal directivity in the NPDbased rewersed
engineering source establishment is taken as slightly trimmed 777-300ER with GE90 engines
during approach. The reason for thichoiceis simply that it is one of the few cases found in the
literature of directivity for a modern high by-pass turbo fan engine in approach expected to show
rather weak jet noise compared with the fan noise, andtronger in the forward direction than
backwards.The trimming in this SAFT default directivity,compared with measurement result shown
in ref. [28], is related to dimitation of the directivity of £10 dB (relative 90 ) at any frequency and
in any direction. Sed~igure 12 and Figure 13 below.

AC (total) Sound source longitudinal # directivity - NOTE: simplified non-frequency dependant
1 1 1

Sound source strength vs level at 90° (dB)

0 20 40 60 80 100 120 140 160 180
Angle vs AC body axis, # ©

Figure 12. Default longitudinal directivity for total sound intensity (used for all frequencies)in

SAFTNPD-based reversed engineering noise souraelated to source strength levels in
Figure 11.
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Trimmed sound source long.directivity B7T773ER(GE90) from JAXA DREAM proj.2014
*) Timmed values, i.e. individual octave band levels limited to +/-10dB rel. 90° levels

sum.+smooth.SPL
83Hz"
125Hz
250Hz
500Hz
== =1kH'
== =2kHz'

AkHz
= = =gkHz

180°

Do
Figure 13. Individual 1/3 -octave band longitudinal directivities behind artificial total level
trimmed [28] directivity shown in Figure 12.

Note that these default pectra and directivities shouldbe seen just as a starting point before better
data are at hand, could be from CSA aircraft noise measurement project UL[L2] or else. In the
long run even the original NPBdata might be extended @ cover more flight conditions.

25(93)



44 ADS" OOAEAAOI-©DOI BAGAORIAAE 1 ipped) O OOAA j
This part is still in its planning stage and will becarried out as a part of thecoming CSAfinanced

project CIDER, srting during the fall of 2019[13]. The work will be carried out in tight cooperation

with the CSAproject ULLA[12]. The ULLA projectill contribute with high quality aircraft pass-by

noise measurements. @me of the CIDERpre-studies and ULLA result from this cooperation is
outlined below.

The coming work is dedicated to a measurement based aircraft sound sour@emethod we given
the preliminary name MRS as irMeasurement and Reverse@ngineering based noise Source. The
idea isto apply high quality aircraft noise measurements which are time correlated with the real
aircraft flight trajectory. The link between these two resources is a timetepping program that
accurately (time-, frequency and amplitude wise) catches the same pysical events, i.ea physical
model of the complete sound propagation chain, in our case SAFT. With s@cBimulation source
AT AR A0 EATA Al Ei B NIpAM QMAETTIo TE® A bddkiddAg0en A x A Uh
the rather simple eq(5) below. Startingwith the samplei source sound intensity given as

Orp p OB hghAT T HOEQ B@EE $00 6 0 wHrRa AYa s (2)
and then looking atwhat it may produce in terms of noise on ground, ed3} :

0 0p YO (3)

where Y0 represents all physical factorcontributing to the losses and/or anplification of noise
intensity level along the propagation path + the factor between sound intensity level tsound
pressure level. Assuming we can estimate all the parts 6Y0 (see chapter4.9 below) we may
establish eq.(3) both from measurements and numerically, but with different unknowns(green =
known variable, red =unknowns), eq.@):

Or 5 Up YO ©0EQy 5 Op F YO (4a,b

S5¢

where O 3 | &8lehdtes numeric simulation andO | A Adsé measurementsWith the knowledge

of the position (and orientation) of the aircraft + atmospheric conditions we getOEA OAAAE
PDOT PACAOGEI 1 6h OEA AAdpddachi ANOAOGEIT 1T &£ OEA -23

0 & Of f YO (5)

where 0 i Is an estimate of the total sound source intensity of the aircraft at a certain time,
over all geometry of saircereceiver system, speed, configuration, engine and surrounding air
conditions, source directivity, ground properties as a function of &#quency. After gathering source
estimates of this kind eq. 6), from several SAFT runs (path 7)error estimates, statistical- and
system recognition methods are plannedo be appliedin order to determine total combined sound
sources for a selected set of common aircraft types over an parameter space found sufficient.

For the bulk of data setsircraft positioning, speedand to find acceleration (and thereby) thrust-
patterns, ADSB data as given by OpenSK$5] is plannedbe applied.For specific aircraft individuals,
of the type A321neo,also FDRdata is planned to be applied.
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For the environmental variables, atmosphere and ground, AROME data, when possible checked
and trimmed with local measured weather data, and ground altitude + surface type at microphone
positions will be used in the source estimate procedure.

Measured noise level from file:
A320_251NSL_4ac9e1_SAS_20190504_202611.323_FAP_7.5nm_approach_dB_G.mat
55 T T T T T T

Fast, 0.125 ms
— Slow, 15

60

A-weighted Lpl{t)
2 &

.
&
T

40

356
20:26:00 20:26:15  20:26:30 20:26:45  20:27:00 20:27:15  20:27:30 20:27:45

time (s) May 04, 2019

Figure 14. Example ULLA A320 pasby noise measurement, SPL as a fcn of time

Measured noise level ("slow") in ground microphone position "FAP-RW26" from file:
A320_251NSL_4ac9%e1_SAS_20190504_202611.323_FAP_7.5nm_approach_dB_G.mat

60 -

50 -

40 -

30 -

20

A-~weighted LpSLOW (dBA)

25
10 -

20:27:30 20

May 04, 2019 20:27:00
20:26:30

2
. 10 10
UTC-time 20:26:00

1/3-octave mid frequency (Hz)

Figure 15. Example ULLA A320 pasBy noise measurement, spectrum as a fcn of time
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In Figure 14 and Figure 15 above an example aircraft pasby noise measurement$ shown, and
in the following, Figure 16 to Figure 21, ADSB trajectory data related to these noise measuraents

are presented.

-

micposULLAS _RW26 West!

micposULLAS_RW26_South

e

High res. trajectory
O  original ADS-B traj.

2019-05-04 20:26 A320_251NSL SAS1898 3D ADS-B trajectory ENUcoord.

mic.pos.name: FAP
(Ground alt. = 44 m)

Altitude(km) - above sea lev.
(=]

-3
4

East(km) - wrt mic.

Figure 17. Example ADSB trajectory same data as ifrigure 16 but re-sampled
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2019-05-04 20:26 A320_251NSL SAS1898 Trajectory altitude as of original ADS-B
MNoise measurement station FAP ca 7.5nm from RW

an0 F * geo-alt. orig. ADS-B time resolution 1 5|
M *  geo-alt. trimmed time steps (res.ms)
ao0 F ¥ wvertrate trimmed time steps 4
700 | \ |
T
_ 600 w\ﬁ\ 1
E
£ I “‘*&.__\g_j{
- 500
=
=
m 400 4
300 .
200 .
100 7
D 1 1 1 1 1 1
20:26:15 20:26:30 20:26:45 20:27:00 20:27:15 20:27:30
UTC time May 04, 2019

Figure 18. Example ADSB trajectory altitude related to noise meas. shown ifrigure 14

In  ULLA ndependent weather resiliert
measurement stations are positioned around Arlande
airport. These stationsconsist of :

microphone, computer (Raspberry Pi),internet
connection and solampower/battery support

Noise measurement as well as related trajecton
(ADSB) data can thereby be reached by projec
members from their office over internet. The noise
measuements are triggered, supported by OpenSk f
ADSB, when an aircraft movement take place within §#8
a certain area. '

Some open matters with regard to these data are

- variation, uncertainties alongthe complete
computational chain

- identification of independent variables, thrust,
configuration/LG, speed, static pressure and
temperature at aircraft altitude, ... ?

- optimal positioning of microphones wrt aircraft e
axial directivity and other searched propertie® Figure 19. ULLA measuremenstation
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2019-05-04 20:26 A320_251NSL SAS1898 Trajectory ground speed
Noise measurement station FAP ca 7.5nm from RW

153 T T T T T T
+ +  traj.pts direct from ADS-B
162 \-'.\'.\ 2 computed mid.pts.values |
SR:
101 N s Aot |
R T The 2 }
‘o 160 +e e i .
=]
c |
= 159 | ]
= \
3 '.
2 158 o 1
B |
o |
c 157 \ .
3 |
|-
O 156 j’_\ 1
+
18567 \ 1
154l ¢ "/—4‘
¥‘/*w”
_153 1 1 1 1 1
20:26:00 20:26:15 20:26:30 20:26:45 20:27:00 20:27:15 20:27:30 20:27:45
UTC time (trimmed) May 04, 2019

Figure 20. Example ADSB trajectory ground speed related to noise meas. shown Figure 14

2019-05-04 20:26 A320_251NSL SAS1898 Trajectory acceleration
Moise measurement station FAP ca 7.5nm from RW

D1 T T T T T
+
/1 * *
A ™ h
of o + AR
.'I | -.'L"" ” | :.'
— +- + :I' |I f |I :n'
S 01T |/ . ]
E L | /
s | | | /
=021 H . .
& \f | |
© + (
[ |
() | |
< 031 - .
+ |
04r \ f .
\ |
\f
+
—DS 1 1 1 1 1 1
20:26:00 20:26:15 20:26:30 20:26:45 20:27:00 20:27:15 20:27:30 20:27:45
UTC time (trimmed) May 04, 2019

Figure 21. Example ADSB trajectory acceleration compued from ground speed with given time
resolution related to noise measuremenshown in Figure 14

An open matter in thecoming noise source estimations isvhether the ADSB time resolution will
be enough for estinates of the aircraft thrust via accelerations such as shown igigure 21. Matters
and patternslike: a) deceleration found in combination with source noise level reduction = possible
reduced engine power reduction(?and b) deceleration found in combination with sourcenoise level

increase = possible configuration change to highdlap or/and LG deployment (?) to be studied in
detail, together with related (estimated) source spectrum changes.
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4.5 Full semiempirical noise source modding and input

4.5.1 Flight mechanics & engine conditions

Flight mechanics is most straightforwardly solved as a system of nonlinear equations coupled to
the dynamic equations of the aircraft. Although the propulsion system is also dynamic system with
multivaria ble controls being active, it is usually more then sufficient to assume that the propulsion
system can be approximated as stationary. This gives rise to a set of Horear equations, typically
10-15 degrees of freedom. The ncfinearity is usually modest, but the solution process is
complicated by limited ranges of component definitions and singularities that may arise if formulated
in unsuitable parameters. An example is when sections in the engine reaches supersonic speed upon
which further increase in arotational speed does not generate an increase in mass flow. Whereas it
is usually sufficiently accurate to treat the propulsion system equations as steady state, the aircraft
equations of motion have to be treated as dynamic and at least solved in 2DisThormally implies
using the angle of attackJwhich determines aircraft aerodynamic performance and the motion of
the centre of gravity, denotedo, to describe the state of the aircraft.

L

V m.g
Figure 22. Shematicforce balancez generic aircraft

Normally the flight performance is established from the fundamental aerodynamic forces such as
Drag (D) and Lift (L). Semiempiric methods to establish these forces with quite good accuracy exist
both for existing aircraft designs and for predicting the performance of future aircraft.

A physicsbased representation of the propulsion system and the aircraft allows a number of
different data and computation paths to be used for a certain simulation problem. Firstly, an aircraft
and propulsion system model can be set up and using assumpts on engine rating, climb out
procedures and ambient weather conditions, a flight path can be computed and conditions in the
engine can be derived. These, then form input to the serampiric sound source modelling as
schematically illustrated in Figure 1 This computational is also the approach that is taken if future
aircraft noise performance is to be predicted. For the SAFT project particular project this way to
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establish the computational path was demonstrated by modelling the Airbus32231 having the
V2533-A5 propulsion system.

The physics based formulation gives a substantial degree of freedom to completely, or partially
use additional data to the modelling. For instance, the flight path may be known, allowing
acceleration and thrust to be computedThen, this degree of freedom and large parts of its associated
uncertainty can be eliminated. The engine performance is then matched to the computed thrusts
rather than that the thrust is predicted. It is also often the case that engine data is recordadd is
available for more accurate modelling. These data are then usually applied by updating the
assumptions underlying the thermodynamic engine model.

Another interesting case is the case of approach flight. Normally, approach is undertaken using a
condant J, seeFigure 22, and a constant indicated speed. These additional path constraints actually
means that sufficient data (assuming that aircraft settings such as flaps, landing gear position etc is
known) actually decouples the engine and aircraft modelling. With known aircraft aerodynamics and
initial conditions (aircraft mass) thrust requirements are readily computed. This fact gives some
hope that simplified source based models for propulsion can be an effective wto establish inflight
noise around airports without exceptional knowledge and data requirements.

45.2 Sound sources

Work on a semiempiric noise code was actually launched at Chalmers almost 10 years ago. At
that time it was a master thesis work that laid he first foundations for this modelling environment.
Within the SAFT project the MATLAB code was generalized. The original model was cumbersome to
update. Changing to a new aircraft or engine required a number of parameters to be hardcoded into
the model. This resulted in that every new model was a new MATLAB code. Also, no really useful
interface existed so that the model could be used for different purposes. Within the SAFT project the
MATLAB model was transferred to Chalmers performance code GESTPAN whatlows the source
models to be used, not only within the SAFT project but also within future Eprojects predicting
performance of future aircraft and engines.

s

/ SAFT interface
% EU-projects

Integrated tasks

-

-
-
....

o} ECERLEER I — - Noise source interface for SAFT
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> .
3 I
o
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> O
O

3

=
{

o
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Figure 23. Multi-use of CHOICE (CHalmers nOise CodE)
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Choice canbe executed standalone, be asked to generate noise source matrices to SAFT or be
hard-linked to GESTPAN. This software solution does not require any extra overhead, but is
automatically achieved by a once and for all structuring of the simulation codes.

In the legacy variant of CHOICE there is still the possibility to go on and evaluate EPNdB at the
receiver. This is used to estimate certification noise levels for new propulsion cycles. However, this
part of the code will not be developed further, sincéhe ambition with SAFT and the activities in CSA
are to develop much more refined and high fidelity models for propagation and simulations. The two

simulation scenarios are exemplified in below.

Flight Envelope

Aireraft & Engine Performance
Data

T
Yes e Flight Profile
Completed?

Propagation & —’l Lateral Attenuation I

I Atmospherie —

Effects Doppler Shift :

—Fl Atmospheric Attenuation ‘

|
—>| Ground Reflection | .

Retarded Time !

' |+ comprESSOR “

Total=} Noise Sources [=
. > COMBUSTOR s
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Figure 25. Choice transplant used within SAFT (from trajectory to noise source)

4.5.3 Fan and compressor noise

The methodology used for predidng the noise from fan and compressor inlet duct and fan

AEOAEAOCA AOAO EO AAOAA

Fd AT A #1101 POAOOI29]. Thé rethddlfemplolyell Befeds for noise pdiction of one

3!

4RAAET EAAI

- Ald

stage of fan and compressor. The compressor noise prediction method involves only noise emitted
from the inlet duct for the first compression stage. For computing the noise for a twstage fan, the
noise energy of the two stages should bausimed to compute the total noise. The correlations are
introduced to obtain the broadband, discrete tone and combination tone components for compressor
and fan inlet noise and broadband and discrete tone components for fan discharge noise. The total
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noise for each noise source will be the summation of all noise energy components. The sound
pressure level is calculated in onghird octave band frequencies at free field one meter radius. In our
noise prediction case, there is no fan inlet guide vane, duct @tlflow distortions are taken into
account and the fan is assumed to be single stage.

4.5.4 Core noise

4EA AT T AOOOI O TT EOA DPOAAEAOETT 1 AOETA EO-AAOCAA
2000-¢ p Tt ¢ [3G] and is used for low emssion combustor design using acoustic measurements of
modern engines. Empirical correlations are developed for two types of single annular combustor
(SAC) and double annular combustor (DAC). The correlation for SPL takes into account the
combustor geometry, engine cycle conditions, directivity and spectral frequency content. Recent core
noise prediction model developed by NASA has taken into account the combustor geometry and the
multiple stage fuel injection which will lead to multiple-lobe spectral shapg31]. Thediscrimination
of core noise from other noise sources shows that the spectral noise peaks for singlenular
combustors are at 63, 160 and 630 Hz while for doublannular combustors the peaks are found to
be at 160 ard 500 Hz at the corresponding peak angles. Thus the corrections are developed for the
peak SPL at these frequencies for SAC and DAC combustor types separately.

4.5.5 Turbine noise

400AET A TTEOGA EO AOOEI AGAA AAOAA 1 1cefndBontord OET A
Estimation, NASA CR p T ¢ [32).0The turbine noise is composed of broadband and discrete tone
TTEOGA ATipiTAT 668 "1 OE 1T &£ OEAOGA AlTipiiTAT OO0 AOA

velocity, the primary mass flow and local speed of sound at the turbine exit. Furthermore, the discrete

tone noise component is also related to the stator/rotor spacing. The broadband and discrete tone

noise levels are computed at a radius of 45.7 m from the source. Correcisoare applied to obtain the

noise level at a fredfield, index (R=1 m). Also, both components are normalized with respect te, f

the fundamental blade passage frequency of the last stage of the turbifiéne turbine broadband

noise is related to the turbimll 8 O 1T AOO OOACA OAlI AGEOA OEDP OAI T AEOQUI
tip velocity, primary mass flow, local sound speed at thebine exit and also stator/rotor

spacing.

45.6 Jetnoise

Jet noise is estimated based on NASAGR o h 2 O O[BH.IThe metBod & Bdsed 6n the
extensive test data to predict the jet mixing noise from circular and co@al subsonic jet flows. The
unique feature of this method is that it can be used both for circular and coaxial jets. Circular jets can
be considered as a special case of coaxial jets. The sound pressure levels from the test data are curve
fitted as bicubic splines using the least square method as a function of frequency parameter and
directivity parameter. A third order Taylor series is employed to do the curve fitting. The equivalent
parameters for a coaxial jet are computed by equating the mass, momentamd enthalpy equations
of the coaxial jet with a circular jet. The coaxial jet noise is evaluated as a function of the equivalent

parameters which aretthA ANOEOAT AT O A&l 1 x OAIT T AEOU 6ATAmwh ARNOE
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the velocity ratio of the outer stream to the inner stream V2/V1, temperature ratio T2/T1 and area
ratio A2/Al. The jet sound pressure level is expressed as the summation of norma&doverall power
level, directivity index, power spectrum level, the relative spectrum level and three constants which
account for the size of the jet, the microphone distance, ambient conditions and the ratio of reference
power level and reference mean sgare pressure levelNOTE:The shock noise due to the supersonic
jet flow stream is not included in this method.

COAXIALJET
V3, T, My, Ay

Vi, Ty iy, Ay

EQUIVALENT CIRCULARJET
Ve, Te, e, A

Figure 26. Jet flow state parameters

4.5.7 Airframe noise

The airframe noise estimation is based on the empirical metlibdescribed in NASA/CR2004-
¢cpocuvuvh 0! EOFDAI AT 1 AEOAS BREBRT BYEThé acoldtidmeasirémbnt 6
data is used to generate the noise source map of the wing. The major noise sources are identified, and
the wing is divided into subcomponents. Then the aerodynamic parameters are calculated for each
sub-component and the source map is integrated to compute the fdield spectra for each subregion.

The integrated spectra is then calibrated with free microphone da. Corrections are applied to small

scale data to obtain the spectra at full scale and certification conditions. The sugions of wing/high

lift system with the major noise sources in this analysis are outboard aileron, inboard flap side edge,
outboard flap side edge and slat noise. In the present approach the one third octave band spectra at

| EUswamputed using the aerodynamic and geometric parameters for each saubmponent and

then it is normalized in terms of the logarithmic Strouhal number. Anther set of data is used to

I AOAET OEA AEOAAOQOEOEOU AAAOI O xEEAE EO UdnduweEl AA
desired emission angle.

4.5.8 Landing gear noise

The empirical method is used to predict the landing gear noise due to the geometand flow
complexity. This may lead to uncertainty due to limitations in the parameter range or inaccuracy due
to measurement errors. The former can be improved by incorporating new database into the method
and the latter by taking use of physicdased theory and scaling laws to coer a broader parameter
range[35]. Itis observed from the test data that the landing gear noise can be decomposed into three
main spectral components. The low frequency noise is generated by whedlse medium frequency
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noise is generated by main struts and the high frequency noise is generated by small details. Sources
with different length scales generate noise with different spectral and directivity characteristics. The
noise spectrum is broader fo broader size range of the components. It is narrowest for low frequency
range which includes only the wheel size and widest for small details which is composed of parts
with various sizes. The noise normalized spectra are determined as a function of Sthal number
and length scales for three groups of landing gear noise.
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4.6 Ground grid

In chapter4.1to 4.5 abovethe main SAFT noisemapping computational paths and their input
have beenoutlined. In this chapter4.6 and the following chapter4 sub-chapterssomespecific SAFT
building blocks, supporting methods andtheir input is outlined.

The ground grid is the positions on ground upon which theitfial noise contours are based. This is
constituted by adiscrete field atmicrophone height (default 1.2 m but possible to change up to 10 m
above ground) where noise levels are computed. This ground gridbllows the geometry of the
already created groundtrack of a flight. Meaning OEAO xA ABDAODAOSIOGAIHAAOEOD
rectangular or circle-sector shaped patches;orresponding to the straight or curvedgroundtrack

sections. The width and resolution of these C1_patch1
. . . C2 patch1 ¥ ¢ ‘ x
grid-patches are defined by user input(see HIVIR
example of grid patches inFigure 27.). The
coordinates of the grid are called w lateral to
(the approximate) groundtrack, = 0 at the grid SA496 8y
mid curve, and s along the flight, and as for th C2.patéh2 dcafateh i
groundtrack, s and t = 0,at the runway
threshold for approach. This gridding
methodology is chosen in order to reduce i
computational efforts compared with e.g. a : ~ gcalpatch3
single rectangular grid covering the complete | ~/Cl_patch3
groundtrack, TMA or similar ) T A 0O
SAFT run the width, w, of sug a composed
grid is limited by the previously given

_patch1

groundtrack radius of curvature, R (w < R, C4_patch3
Repetaur= 2 NM). The procedure for reaching £ ' c2 P%*ch;wgcg _patch4
the noise contours is then the following: FEiee | Mk SR
(significant1?) noise levels for an aircraft pass ™ : ;

by is computed in eah grid point, then all grid  SRSEEEEINS c3 Cpg*ih & o-ain !

patches, including the circular ones are Ss % .4 C3_patchodl O s

_ _ C3_patchs “#C4upatché
mapped on a rectangular grid on which

contours are computed, these contours are
then mapped back on the original circular (and ESSA_gARp
rectangular) patches creating the final result. SENEESACH A

Calipatchio® 26 FAos K Salss, v
% CA.patcho C4 patchs}

-

Figure27. Grid patches and groundtrack examplt
(Patches = red, groundtrack = blueDefault 2NM

turning radii and 3.7 km wide patches.Patch

corners and track turning points showed with
yellow place marks)

17 In order to reduce computational effort a check is made if the distance betwedhe closest aircraft
position to receiving grid points along the grid svariable for + wmax (i.e. along grid side borders). As for
standard SELmeasurements a decay of 10 dB wrt max levels is focused on here approximated with a distance
factor of 3.16, 200g(3.16) © 10. (in this way grid points closer to w = 0, grid lateral mid, get a larger margin
than the 10 dB decay).
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The implementedstandard gridding technique brings in a limitation of grid width. This is since
the drcular sector grid-patchescannot be wider than the groundtrack radius, which governs the
default patch-width (straight sides of circlesector grid patches crossing)In order to allow for wider
patches/grids an alternativetechnigue may be used when a wider grid than given by thgroundtrack
minimum radius of curvature is wanted Figure 28. NOTE: this grid-widening technique is not
applicable in all situations. Though since grids are automatically plotted (Matlab + .kml/Google
Earth) the result can be found and new attempts be made. If not successful even then, more straight
grids may be made, saved and then read in as a wakound. Modified ways to handle these kind of
gridding is proposed in future versions, includingan alternative of conical beside the rectangular
patches.

Comment orSAFT gridding and grievidth:

When choosing a default grigmid-width as the 2. patch1 ‘CLQT\;';CM
default ground-track curvature, typically 2 NM,

the sideways extension of the noisecontour
coverage might be found to small in the
application of concern. In order to get an idea o
what the user may get in terms of noise leve
spanz comparing levels found straight beneath
the aircraft with levels sideways at the grid ' S B o patcneiy
border - with this grid -width around 2 NM, we . iccz{f;;lf:hz
take a look at an aircraft 1000 m above grounc .
at a 3 degree descent angle, i.e. almost 20 k
from the runway. Here we can expect ¢
spherical spreading effect of: 20log(1/3.6)° 11 & CCa3 . JCa patch3
dB, a value which increases closer to the runwa & Cs—pa:;zh Sﬂ: h‘sﬂ}2_3
giving ca 17 dB at 500 m:s altitude (here we T G BaS

C3dpatch1 A4 aca patch1
o * £ i@1:f)atch2

C2/patch2

disregard refraction, absorption and ground Pt C3.paten7

effects). When including all sound propagation 3 C2 patcnip /{PZBSE‘}%T;:: -
effects and look at an A322232 approaching, ReEEIRIF ST b palgg ’sz_s ‘—P
assuming an ANP stanard spectrum (202) [7] ~SESSNAGGE S 5 et s
AT A A OAi DI A OOAAI A i1 S

\C4_patch10

the same span in noise levels for the sam P

distance values, as seen later from SEL valui

around 70 down to 60 (or 55) dB. These figures . — :

may be used as an indiative benchmark at . Figure 28. Lber modified set _ofgn(_:l patch_es
_ _ widened to 9.5km shown with final grid

these aircraft/sound source altitudes and (magenta)

suggest if a wider grid is wanted or not.

Comment to approximation ofjround as flat with a fiedelevation as of runway threshold altitude:

NOTE:current gridding implementation assumes a grounegrid elevation corresponding to the
runway threshold altitude. Thissingle user running choicepossibility is planned to be exteded with
A OOAAI1I 6 DthobdhCsihdefn& BAFT run alternatives involving a realistic, refractive

38(93)



atmosphere, rely on the concept of ransmissionloss interpolation matrix (see chapter4.9), do not
allow for a straightforward standardimplementation of a varying groundelevationthis matter needs
further considerations.

Around an airport as Arlanda, with a rather flat surroundingterrain, the above noted limitation
related to the omitted topographydo not reducethe aauracy significantly. This might be indicated
by the fact that the ground surfaceslevation (excluding buildings) typically varies in the order of+
25 m with regard to Arlanda runwaythresholds for distances of up to 20 NM to the airporAssuming
spherical propagationeffectsonly, the approximate noise level inaccuracies related to thislevation

simplification would then be of the order of: YQ 6 ¢l y% h where r is the nominal

vertical distance, aircraft to ground, andDze the differencerelatve OEA OOA AT OAWIHEAAT A
Dz = 25 m andz = 100, 200, 500, 1000 and 2000 m respectively, we getDdB. ° 2.5, 1.2, 0.4, 0.2

and 0.1 dBThe first values here, 2.5 dB, correspond to a distance o 2 km to the rutnway threshold,

i.e. in areas where we, at least in the Arlanda case, would not find any inhabitants (and neither
elevation variations as high ast 25 m due to the terrain type). To sum up, thechosensimplification

with a constant ground elevation is deerad accurate enough for airports in flat landscapebut not

applicable for more mountainous regions

NOTE: Planned future SAFT implementations involve al2yer gridding technique covering the
complete Sockholm TMA (+ other TMAs if foundneeded). Here thelat, long master grid covers the
complete TMA and the gridpoint matching sub-grids covers individual flights.In this manner noise
exposure levelsfor accumulated air traffic should be possible to sum up without interpolation
between receiving points woud be needed.

4.7 Specific receiving points on groundand their noise history

Beside the ground grid and noise contour computations the user can select points along the
groundtrack where the receiving noise time histories are computed, saved and presented plots.
Presented either as total Aweighted noise levels as functions of time or as spectrograms (spectrum
as a function of time). Between one and up to 15 points may be positioned laterally at a max of 5
points at 3 sdistances along the groundtrack.

Remark: by selecting ground point time histories only, i.eexcluding contours computations,
significant CPUtime gains can be achieved.

4.8 Atmosphere model and data

When running SAFTsimulation methods (run path choice 3 to 5) the user make a selection altto
the following:

1. Atmosphere model type and data
2. Absorption model (to apply on selected atmosphere data)

3. Propagation modelz straight rays or refractedrays
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In the last case, raytracing including a refractive atmosphere (i.e. raypending due to variatiors
in effective sound velocity with altitude, caing sound energy concentration dispersion and even
6 O1 @EMA AT x O-i@rpofatiod matrix as of the previousy mentioned type is established, a
conceptwhich is further explained in chapter4.9 below.

It should be noted thateven £1 O OEA OET OA COA GApath 2) Withe #iffefeit A8 ¢ w  E

atmosphere and absorption models may be applied, but in this case their impact is limited to a
modified absorption through a correspording update of the NPBEdata according to an atmosphere
changed from the SAE AIR845 (i.e. refraction effects not possible to include in an ECAC Doc.29
computation).

4.8.1 Atmosphere model types

When computing sound propagation one need to know the compositicend state of the medium,
in our case atmospheric air up to the altitude of the noise source/aircraft down to the receiver. With
the applied sound propagation modelspplied in SAFT we needo know the following atmospheric
properties as a function of altiude: (static)pressure, temperature, humidity, density and wind speed
and direction. We also can make use of the turbulent kinetic energy (TKE) in models for impact on
propagation due to turbulence.

The user may choose between 3iffierent atmosphere modeltypesin SAFT these areas follows:

1. ISA- International/ICAO Standard Atmosphere [30]

2. Class of meteeprofile - from a set of (sound propagation governed) atmosphere wind and
stability classes as defined in the IMAGINE project, see chapter 3 in {86]

3. Atmospheric profile from AROMEMetCoOpmodel basedOOA Al 6 forekds® Bndl O
history [37],[38] and[39]

These three models represenan increasing versatility, complexity and realism when going from
ITT p O 11T o8 4EA EAAA 1T &£ ETAI OAET ¢ OEA EEO0OO
3, is primarily to make comparisons with results from external studies possible bubas also the
possibility to support understanding and learning in the field of aircraft noise propagation.

The user input depending of the atmosphere model is outlined below:

ISA- International/ICAO Standard Atmosphere

a. Quiescent (zero wind), constant70% RH (relative humidity) and 15°C sea level
temperature, or:

b. Added constant wind speed, RH and offset ground temperature given as user input. Wind
direction opposite to RW direction (i.e. landing in headwind)or:

c. Added wind speed profile given by thepower law, constant RH and an offset ground
temperature. 10 m wind, constant wind direction and constant RH given as user input.
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Class of metegqrofile

After user input of ground temperature and wind direction a ground (10m) wind speed class is
selected among:

Class Wind speed

W1 0-1m/s
w2 1-3m/s
W3 3-6m/s
W4 6-10m/s
W5 >10m/s

... this isfollowed by a choice of atmospheric stability category (depending on time of day and
cloud cover):

Stability Time of day Cloud cover

category

Sl day 0/8 -2/8
S2 day 3/8 -5/8
S3 day 6/8 -8/8
S4 night 5/8 -8/8
S5 night 0/8 -4/8

NOTE: a default fixed surface roughness length of 0.025,2“open flat terrain; grass, few isolated
I AOOAAT Ao EO AbpbPI EAA ET 3!t&droutd prdperies AT O1 A ET OEA
For roughness length see.q.[40]

REMARKThe limitations of the above classification is expressed {86] as :(0’he section concludes,
however, that such classification andqfile generation requires a more local approach and that such
localisation adjustments andvalidation should be carried out in several regions of Europe. Further
investigation of elevated inversions, lelevel jets and humidity is also recommended, inchgl the

ET OO1 AGAOGETT 1T &£ OAAOI T Al Al AOOAOGS8SG

Atmospheric profile from AROMMetCoOpmodel based forecast

Prognosis profiles established in cooperation by The Norwegian Meteorological Institute and
SMHI (Swedish Meteorological and Hydrological Institute).Data including the forecasted
weather/atmosphere profiles, for up to 72 hours aheadare produced every 6 hour(UTC8 0, 6, 12

18 UTC, Coordinated Universal Time, a reference time successor Braenwich Mean Time (GMT)one hour
behind Central European Time use in Sweden and 2 hours behind duringCentral European Summer Time
(CESY from last Sunday ofMarch to last Sunday of October.
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and 18)in a grid with lat, long discretization 2.5 km covering Scandinavidhe 0-hour prognosisis
stored at met.no in netCDRormat and may be read directly into SAFT.

Worth to note here: a) after downloading selected data one lat, loAgpsition profile (for the
selected time) is saved for future (fast) reuse. b) The simplification to apply only one lat, loqpgofile
for noise mapping of a single event trajectoy is deemed to generate an acceptable accuragythis
since profile data tend to show a rather weak variation laterally over flat land such as around Arlaad
airport. c) Data for previous yers is possible to reach when a sidy requires statistical, seasonal
xAAOEAO AAOACI OU 1 O OOUPEAAI &6 11 EOCA PAOOAOT 08
based profile forecasts, is the turbulent kinetic energy (TKE) which usually is the most important
input variable in models of sound energy leakage into soalled sound shadowzones (where sound
intensity becomes zero withstandard ray-tracing approaches or typically underestimated by orders
of magnitude with field-basedsound propagation models that do not account for turbience).

For acompiled MetCoOp data sample sdggure 46 and Figure 47 below.

NOTE:Other atmosphere data resources that might come to use regards atmospheric sounding.
Either direct (balloon, aircraft) or indirect (SODARSOnic Detectio And Ranging, and maybe othér

4.8.2 Absorption models

Sound absorption or attenuation is the name of a physical mechanism that reduces energy from a
travelling sound wave and transfers the energy into heat througldifferent molecular relaxation
processesFive alternative atmospheric absorption models are implemented in SAFT.

1. The original ECAC Doc.29/NPRData related SAEAIR-1845 [25]. This is not a real absorption
model but contains EE A A AOANOAT AU AAPAT AAT O AAOI OPOEIT 1
AOI T Obamstshidtdated and not really used in any aircraft noise model todaybut since it is
inherent in the NPDdata its implemented in SAFT for compason purposes.

2. The SAE ARRB66A:1975 [41] a temperature and humidity dependent model which has been
the alternative to SAEAIR-1845 fixed data in ECAC Doc 29 and AEDT.

3. SAEARP5534:2013 [42] proposed as an improed alternative to SAE ARFB66A in AEDT and
claimed to be the best choice in the ECAC Docetition 4 (from 2016). This method is based on the
ANSI S1.2619951° [43] standard but with an approach that accounts for the noitinear effect of
(originally O £l H3dc@ve bands propagation (instead of narrow band) by assuming a certain
representative spectra and the effect on those as a function of distancehis and the following
absorption models allows also for pressure dependaties (beside the temperatureand humidity)

4. Pure tones sound attenuation as of ANSI S1:2895/ISO9613-1:1993 [44], algebraically
identical to each other. Pressure also taken into account. Considered more accurate than thaenl
to be outdatedSAE ARFB66A.

5. Pure tones sound attenuatioimodel as of BassSutherland [45] , the newest model, including
more relaxaion mechanisms than the others. Remark: show no difference compared with ANSI
S1.261995/1S09613-1:1993 for typical standardcommercialflight altitudes.

19 ANSI S1.261995 is in principle equivalent to 1ISO96131:1993
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4.8.3 Atmosphere data exampls

In the following sequence of figures, from Figure 29 a) and b) to Fell Hittar inte
referenskéalla. and b),exampleatmosphericprofile datainfluencing the sound propagation isshown.
Two different original data sets arecompared side by sidén the a) and b)columnsrespectively. Both
data sets are othe MetCoOpAROME type and represenivo different atmospheric conditions taken
at the same position (Arlanda airport) at two different times of the year, in the &column of figures:
2018 December the B, UTC 12 and in the bEolumn: 2019 August the 1%, UTC 18. Very roughly
they can be gen as representing a rather warm winter/fall midday with moderate wind and a late
summer afternoon with weak wind close to ground. Neither of the two cases show any sign of
temperature inversions or low level jets The atmosphere data examples presentatiostarts with a
figure sequence of forecasied wind profiles at the respective UTehours, presented in 3 different
ways.

The figures are further commented and clarified inext sections following directly after the figure
of concern.

Wind direction ("blows from") Wind direction ("blows from")
N ne E N ne E se =1
10 10 10 T T T 10
1o 19
8r 8 8r 18
17 17
£ I°E Esof s €
£ 5 8 B s 8
= E=: 2 =
Z 4r 1# 2 F 41 1o %
Atm data: IN Atm data: 1°
- i 8
5| AROME 2018120812 Ia o = 5 2 5 59.65,17 91 I
14 14
0 1 0 0 L 0
0 5 10 15 20 0 5 10 15 20 25 30

Wind speed (m/s) Wind speed (m/s)

Figure29 a and b. Wind direction and speed. a) 20182-05 UTC12b) 2019-08-15 UTC18

Above, aiginal AROME wind data shown together with splines representations of the sandata.

Wind vector as a function of altitude Wind vector as a function of altitude
AROME 2018120912 Ia,lo = 59.65,17.91 AROME 2019081518 la,lo = 59.65,17.91

Altitude (km)

5o s 10 () 0w g 20 (mis)
(m’s) South - North (mis) South - North
West - East West - East

Figure 30 a and b Wind vectorsin 3D, alt. 0- 10 km. a) 201812-05 UTC12b) 2019-08-15 UTC18
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Figure 30 show the same data as ifrigure 29 but as 3D vectors as a fcn of altitude (no attempt to
cover vertical velocities ismade)

Wind vector as a function of altitude up to 2km Wind vector as a function of altitude up to 2km
AROME 2018120912 la,lo = 59.65,17.91 AROME 2019081518 la,lo = 59.65,17.91

Altitude (km)
Altitude (km)

5 (m/s)

South - North (mis) South - North
West - East West - East

Figure 31 a and b Wind vectors in 3D, alt. 0 3 km. a) 201812-05 UTC12b) 2019-08-15 UTC18
Figure 31 a and bshow the same data as ifigure 30 but limited to 0 -2.5 km.

(m/s)

Effective Sound velocity. Effective Sound velocity.
AROME 2018120912 la,lo = 59.65,17.91 AROME 2019081518 la,lo = 59.65,17.91
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Figure 32.a and b. Effective sound spee@10km. a) 201812-05 UTC12b) 2019-08-15 UTC18

Effective Sound velocity. Effective Sound velocity.
AROME 2018120912 la,lo = 59.65,17.91 ) AROME 2019081518 la,lo = 59.65,17.91
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Figure 33 a and b. Effective sound speed;Zkm. a) 201812-05 UTC12b) 2019-08-15 UTC18
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Figure 33 show the zoomed in 0- 2 km of the inFigure 32 presented 0z 10 km effective sound
velocity data.

The effective wind speed is a common approximationsed in ray-tracing, here the wind speed
vector is added to the sound speed in a corresponding media without winds, fag the sound velocity
at altitude zin the ; -direction, eq(6):

o o & U & (6)
where: 0 & = the wind component in the/ -direction

Note in Figure 32 and Figure 33 the difference of the effective sound velocityin the principal
directions, N(orth), E(ast), S(outh) and W(est) between a) and b): Case ahows a clear positive
gradient in S and W-directions (and negative d:o in Eand N-dir.) which correspondsto the change
of wind speed the first ca 300 m togetér with the northeast wind direction20 shown in Figure 29 a).
Both cases show dominating wind directions from NE to E with the case b) tending to go to towards
SE directions at higher altitudes. We also see that themperature impact on the sound velocity, both
the absolute and the effective, is negative, i.e. a negative temperature and sound velocity gradient
found at all altitudes. This means that we have no temperature inversions, neither elevated or at
ground in the studied data The effective sound velocity in case b) is seen to have much weaker
gradients close to ground then in the a) case, which indicate comparably less impact of refraction
j OO OIARTAAEU Cco6 q

Ray radius in sound propagation direction Ray radius in sound propagation direction

, R<0up ing (sound shadow), R > 0 down-bending
10 o T pror—ry T - -
—N
—E
—S &
w
— —_— 1Dc - =T
E E T
= >
(5] [+]
=} =}
2 2
G G
; J
w0
/ 14
f & &
A
\
e K1 i o I == L L AW G i L L
10 102 A0t 40%0 100 40! 102 102 10 -10? A0t 4090 10° 40! 102 102
Ray radius (km) *) T=only temp.effect Ray radius (km) *) T=only temp.effect

Figure 34 a and h Ray radius asa function of alt.a) 2018-12-05 UTC12 b) 201908-15 UTC18
The approximation of an effective sound velocity as in ed) leads to a simple expression for the
local ray-bending radius,Rand the effective sound speed gradientice/dz, as a function of altitude,
z [46], eq.(/):
W
[O X 7
5 @)
A positive R, i.e.given bya cerrincreasing with z, tend to bend sound rays towards ground while
Dcet < Owith increasing z gives aR < 0, or upward bending rays The mod general effects of such

'Y(:}

20wind direction = (in common language and here) the direction frm which the wind blows, i.e. in contrary
tothewind-OAAOTI Oh O OT A POT PACAOETIT AEOAAOEITT 10 A& O OEA
etc.
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refractive patterns are that asituation with up-bending rays up-wind propagation, may cause sound

shadow zones if the sourc« O BT OEOEI T AA Al T OA AT1T OCRIr Ot QDI AD A
Concentrations of rays compared with a spherical propagation in ahomogenous atmosphere

without winds, is linked with increased sound intensity and viceversa. In order to get an direct

indication of the character of the atmosphericprofiles with regard to refraction and possible sound

shadow zonesSAFTcomputesand plotsthe Rvalue as shown inFigure 34 as a default action when

reading in AROME atmosphere dat&t EA Ei DPAAO T £ OAEOAAOEI T h OOI 01 A
outlined in section4.9.2The TL refraction term’ YD

Figure 35 below show a detail inR-range of what is already shown irFigure 34.

Ray radius in sound propagation direction Ray radius in sound propagation direction
, R <0 up-bending (sound shadow), R > 0 down-bending
10
—N
—E
3] —s [
100 B - W
E — -=--TH E
3 S~ 2
2 Sy - 2
Al
10 o
P
102 0!
Ray radius (km) *) T=only temp.effect Ray radius (km) *) T=only temp.effect

Figure 35 a and h Ray radiusz Detail as a funcof alt. a) 2018-12-05 UTC12b) 2019-08-15 UTC18

In a thought situation with no winds at all,but a well-mixed surface layer without temperature
inversions, Dcer and R are < 0 andgovernedby temperature only (cer = €). Rimpact from suchsolely
temperature dependentprofiles are, compared with wind effectstend to be weaker in strength and
more constant over time and altitude The Rvaluesin Figure 35 a) and b), caused by the temperature
gradient only, is seen to be around 6AL00 km and 60 km respectvely, as indicated bythe black
dashed lines The Rvalue impact we can expect from wind variations is more strongly linked with
the properties of the boundary layer of the earth. With this follows, for a typical daytime situation,
that the convective bourdary layer (CBL), [47], typically ~1 km high and with a surface layer of one
or a fewhundred meters height, show a stronge.rzgradient/small Rclose to groundz in Figure 35
a) R<O0 and |R| < 2 km up to z = 0 m giving 10-20 km:s ray up-bending radii for E(asterly)
propagation, indicating possible sound shadow zones. hife Figure 34 b) show ca 20-30 km:s ray
up-bending radii for E(asterly) and N(ortherly) propagation, indicaing a comparably weaker
tendency forcreation of sound shadows.
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Figure 36. Principle sound shadows
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Figure 37 a and bh Temperature profiles. a) 2018-12-05 UTC12 b) 201908-15 UTC18

In the sanple profiles no clear inversions exist. It may be noted that the temperature gradient the
first to km:s above ground differs between ca Bkm in a) andnearly 10 /km in b), compared with
ca 6.5/km for a standard atmosphere.

Relative Humidity Relative Humidity
AROME 2018120912 la,lo = 59.65,17.91 AROME 2019081518 Ia,lo = 59.65,17.91
10 T T T T T T . . T T 10 T T —— T . . T T T
\&. — spline fen ‘ " —spline fen
9 5\@ O origdata | 7 ar ¢ O origdata | 7
8l S 1 8t A 1
| \ | | (é/
E 6f 5 1 E 6y
x ) X b
g s e $s %
= 3 2 A .
= w\(&@\ T4 \6\&&"
e
2F 2 : ~B——r
o
1r 1F &{-ﬁ'('
0 10 20 30 40 50 B0 70 80 90 100 110 0O 10 20 30 40 50 60 70 80 90 100 110
RH(%) RH(%)

Figure 38. Relative humidity (RH) profiles. a) 2018-12-05 UTC12 b) 201908-15 UTC18
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Density Density
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10 = 10 -
\_\. humid air spline fen '\___ humid air spline fen
ar O humid air orig.data | 9r N O humid air orig.data | |
ey dry air orig.data % dry air orig.data
8 . 8 N
9, &
7 '\\. 7 &
S e
: R,
E st \ T 6r
= = “n
e
g s 3 L5 =
2 G = ¥
= w, = -
I 4f -.-.f\ T 4r s
i ],
3 B 3 S,
5 e

2r 2r

ir 1r

o . L 0 L .

0.2 0.4 0.6 0.8 14 0.2 0.4 0.6 0.8 14

p (kg/m’) p (kg/m?)

Figure 39. Air density profiles. a) 2018-12-05 UTC12 b) 201908-15 UTC18

The air density (and air pressure) at a specific altitude doot vary much over time in absolute
terms and do neither have aignificantimpact on noise levels. Though, the density (and air pressure)
vary quite significantly with altitude which have asignificant impact on aircraft noise. First it has an
effect on the source generation mechanisms, and secondly dhe resulting noise on ground-
depending on the difference in altitude between source angceiver. For the last effecseeFigure 40

below.

TL from pc change down to ground TL from pc change down to ground
AROME 2018120912 la,lo = 59.65,17.91 AROME 2019081518 la,lo = 59.65,17.91
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Figure 40. SPLTransmission Loss from changef rc.a) 2018-12-05 UTC12 b) 201908-15 UTC18

This is an effect of loss of sound energy for a sound propagation through a media of varying
specific acoustic impedancerc. It may be explained in the following way:

If we start out from a sound ray wave sectorclose to a sound sourcei.e. a 2D space angle
perpendicular to the propagation direction for the sound ray, and neglect any othesound energy
loss mechanisms than the geometrical expansion of this gec and look at the sound intensity, I, (in
W/m 2), assuming a plane wave and considering the rraglue, as in eq.8):

o N
1 8
0 (8)
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...andthen looking atthe fact that the intensity would be kept canstant between two altitudes when
setting aside the rayarea change, we gdor the sound intensity levels ataltitudes z; and z»:

. N a A
(oo TR L S 9)
a wa a wa
Y
we get the difference in sound pressure andound pressurelevel, Y0 , between altitude 1 and 2
as:
N a SO G Yo SRR R B ATt
r‘|: —————h €YD puETT—— (10)
na o wa a wa

which also may be named sound pressure Transmission Loss (TL) between altitude 1 and 2, which
is seenin Figure 40 to have a valueof about -1 dB between 1 km height and groundi.e. an increase
in sound pressure level due to the higher pressure and density at ground.

It could be mentioned that the second effect from noise level changes with altitude, namely noise
sources and their noise generation mechanisms, in many cases gicthe opposite way, i.e. giving a
xAAEAO O1 OOAA AOA O1 OEA Oi OOAA bPiI OEOGET 1T xEOEEI
Local absorption as fcns of altitude. Parameters: Abs.model and freq.

AROME 2019081518 la,lo = 59.65,17.91

Local absorption as fcns of altitude. Parameters: Abs.model and freq.
AROME 2018120912 la,lo = 59.65,17.91
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\7 Absorption model: Absorption model:
off 1509613 g 1S09613
h O  Bass-Sutherland ©  Bass-Sutherland
8 = = = SAE-ARP-866A 8 = = =SAE-ARP-866A

Altitude (km)

Figure41 a and b Sound absorption as a fcn of altitudea) 2018-12-05 UTC12 b) 201908-15 UTC1¢
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Figure42 a and b TL due to absorption down to grounda) 2018-12-05 UTC12 b) 201908-15 UTC1¢
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In Figure 41 and Figure 42 above the sound absorption for the two atmosphere data examplese
studied. Thedata include 3 specific frequencies, 200, 500 and 1000 Hz, which may be seen as
representative for typical aircraft noise spectra, and 3 different absorption models (outlined in
chapter4.8.2). In Figure 41 we can see aignificant difference between results in local dB/km, from
the older SAEARR866A (dashed) and newer absorption modelsBassSutherlandand ANSI S1.26
1995/1S09613-1:1993 (and as expected/mentioned previously: no differencebetween the newer
ones). These differences of several dB at higher altitudes is seen to reduce close to ground, only 1 kHz
AOOOGAO OEI x A OECIEEEAAT O AEZAZZAOAT AA EI O OEA OxE
1 AOO OEAT p A" TEI 8 &lbptheGiiifdkendc® @okal dbdptiorh@ivden thed
models tend to be slightly smaller.

In Figure 42 a) and b) the total absorption from a downwards vertical sound propagation is
examined. Again weseea stronger discrepancy beiveen SAE ARB66A and the other absorption
iTAAT O &£ O OEA OxEIl OAOTemich3dBwdakei. | OPEAOA AgAi PI A ]

In the last plots in this chapter we look in more detail on the differences in TL a change from SAE
ARR866A to the newer absorption modelsmay introduce. The plotting approach contains quite
some information and requires thus a thorough introduction:

&1 O OEA OAI A OEAIT 1T TxEI OAOO6 AT A O0OI 1 A06 AgGAI DI
chosento look at the absorption/TL for a sample aicraft type spectrum, this spectrum ischosento
be the ANP spectrum 202 for approach, representing-Engine Low to High by-pass turbo-fans
(among them the Airbus A321-232). Moreover, we look at the TL due to absorption, assuming
straight rays, at a set oflistances corresponding to the NPD distancg200, 400, 630, 1k, 2k, 4k, 6.3k,
10k, 16k and 25k feet, e.g. 100 distances between 60m and 7.6 km). For each of these distances we
look at the difference in TL, with regardto ARR866A, for vertical propagationand all angles down
to horizontal propagation, though, a limitation of aircraft altitude was made to 1.8 km. Each such
NPDdistance, diep;, represent a specific colour and curve set in tHeTL plots. For each of the coming
DTL plots, in Figure 44 and Figure 45, anindividually coloured set ofcurves represent propagation
as shown inFigure 43 below (example given for dpp7= 1.9km = 6300ft). I.e. each dppi-curve is a
parametric curve given by the aircraftreceiver angle towards the horizon, 90 to 0 degrees, i.e.
starting at a max altitude equal to its length (though not shown above y=1800m in tHeTL plots)
which corresponds to a vertical propagation down to ground and then, for @onstant NPDdistance,
the source/aircraft goes continuously towards lower altitude, ending at ground, Om, with a
horizontal propagation.

dypp7=1.9km, alt=1.9km

dypp 7= 1.9km, alt=1.8 km

1.9km \

1.9km

1.9km

dyppy=1.9km, alt=0m

Figure 43. Principle for fixed distance TL curves, examplexgh7= 1.9km
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NPD distances SPL absorption model differences for ANP spectrum class 202 . Assumed straight rays.
From AC altitude down to mic-alt. Atmosphere data as of: AROME-atmType Atm.data: AROME_oneHour_2018120912_59.6519_17.9186.txt
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AdBid WPOI1-101 from resp. AC alt. to mic (at 1.2m) vs SAE-ARP-8664A (NOTE: AC-mic distance constant along curves)

Figure 44. DTL from different absorption models vs ARFB66A. Meteo data2018-12-05 UTC12

NPD distances SPL absorption model differences for ANP spectrum class 202 . Assumed straight rays.
From AC altitude down to mic-alt. Atmosphere data as of: AROME-atmType Atm.data: AROME_cneHour_2019081518_59.6519_17.9186.ixt
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AdBIdNPDI.1_1m from resp. AC alt. to mic (at 1.2m) vs SAE-ARP-866A (NOTE: AC-mic distance constant along curves)

Figure 45. DTL from different absorption models vs ARFB66A. Meteo data:2019-08-15 UTC18

Again we can seeleat differences between ARFB66A and the newer absorption models. The
tendency is that the older ARPB66A estimates a relatively higher TLi.e. slightly underestimates
noise levels on ground? As already mentioned, the BasSutherland absorption model give the sae

21 This might be of concern for airports where air traffic noise contours previously have beeromputed
with ARP-866A, where decisions has been taken based on those, where a notable ground area increase with
higher noise levels can be anticipated in noise mappings when changing to SAE ARB4.

51(93)



result as IS@G9613/ANSI-S1.26, for the altitudes of concern in our examples (the two different dashed
curves not possible to separate visually).

Remark:in Figure 44 and Figure 45the x-axis represens DdB/d npp; @absorption, i.e. the difference
in absorption along a fixed NPEdistance i, diepi, between ARRPY @ @ ! AT A A OTARR 11 EOR
5534 or ISG9613/ANSI-S1.26 which may be written as:

DdB/d NPDi = dB/d NPDj (ARP—866A) -dB/d NPDij‘ C)T A X A A O 8 i .|. A A i 0 q
i.e. aDdB/d nepi Value > 0 denotes stronger absorption(and TL) predicted by ARBG6A.

&1 O OEA O-gAmple Atmdsphé&ddatéand distance 1.9 km we see differences from 1 to
1.75 dB, increasing with the altitude of the sound source/aircraft andofr the 3 km distancefrom 1.25
to225dB4 EA OOOI i AO6 AAOA OEI x ET CAT AOAI-868MHEAO AE
still higher noise levels.The difference between SAE ARB534 (accounting for assumed 1/3octave
spectra) on one hand and the othe®T Ax 6 AAOT OP OE 19613 &ntl thefejuddlentARA 8 ) 3/
S1.26, show a very small, ca 0.1 dB, stronga&bsorption/TL for SAE ARP5534 which may indicate
that the narrowband approximations could be acceptable in most situations.

NOTE: currently in SAT we apply a 2D atmosphere data model, i.e. assuming thragrizontal
variations of atmospheric data are neglectable.

An initial study was carried out within the SAFTproject for quantification of atmospheric impact
over time on TL between fixed positionsthe results is found in48]. An attempt comparing a full 3D
atmospheric and ground model with the SAFT 2D atmospheric data is made here but since different
ground reflection/attenuation approaches (narrow band coherent[span: cancelation to +6 dBJvs.
wideband uncorrelated[span: ° 3dB] in SAFT) the largest differences could probably be attributed to
this situation z in which differences due to other mechanisms would be hiddemMOTE: Here a more
detail study separating different TL-mechanisms and assuring that the samenodel approaches
should be used in both the 3D and 2D caseould be of interest.

4.9 The Transmission Loss (TL) and the SAFT Tihterpolant matrix

4.9.1 Over all Transmission Loss

The already mentioned concept otransmission Loss (TL) is very useful within the fieldbf sound
propagation. This ispartly since it is closely related to the physics of sound propagation and thereby
contribute to a good understanding of the processes behinsound propagation But also, ateast
when applying a raytracing method[46],[49] +[50], as in SAFT, it makes it possible to separate the
sound intensity loss contributions from the individual physial processes between source and
receiver. The total TI22may be written as a sum of its constituents as:

YO YO "YO "YO YO YO (11)

where the individual mechanisms/contributions are:

22 note that a negative TL, i.e. TL < 0, denotes anfiease in sound level along the propagation path
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"YO Transmission Loss due to spherical propagation between the assumed point source to
the receiver [no refraction as in a homogenous mediumgiving a 6 dB reduction in
sound pressure and intensity levels per dubling of distance 20log( p(2r)/p(r) ) =
20log((1/2r)/ (1/r) ) =20log(1/2) °20€D.3 =6 dB]

YO TL due to refraction, i.e. a curved, instead of @on-straight spherical-, propagation
between source and receivedue to a change of effecti¥ sound velocity eq.6), with
altitude

"YO TL due to ground reflection (not an effect along the complete transmission path but a

I1TAAl AEEAAO AAOOAA AU cOl OT A OA&E AAOGEI T h I

YO TL due to attenuation in the free air along propagation path between source and
receiver
YO TL of sound pressure level& due to a change in air acoustic impedanceg, r = density

of air,c = sound velocity

All the TL termsare outlined in more detail in the following.

4.9.2 The TL refraction term,”Y0

The definition and the features of the'YO -term implementation in SAFT are outlined in the
following:

If a set of sound rays are emitted with a certain (small) space angle ietiwveen each other, from
an assumed directional spherical point source, they will stay straight in an isotropic (uniform)
medium. And, assuming no losses, the sound energy between the rays will stay constant along the
(radial) propagation path. For a spheical propagation this means that the sound intensityl, will
depend only on the radial distancer, from the point source, orl(r /.9 = b(/, g)/4 pr2, or 6 dB per
doubling of distance, wherelo(/, g) = the sound intensity at a distance of one meten the (/, g)-
direction. In the case where we have a nemniform atmosphere instead, i.e. a (vertical) gradient in
the effective sound velocity, the sound rays will not be straight/radial any longer but refract (bend).
Then the area between neighbaring rays will not follow the 1/4 pr2 pattern anymore. Either the rays
get closer to each other, resulting in a relatively higher sound intensity with regard to the spherical
propagation case or vice versa.Y0 is a measure of this differenceand becomes< 0 in zones of
compressed ray packages and > 0 if the expansion is wider than the spheriddiis refraction term
hasin the so called caustic zones, where rays are crossing each other and theted ray-cross area
gets zero,resulting in an infinite value of the sound intensity. This urphysical behaviour may be
handled in different ways, in SAFT simply by a curve smoothing approach in which a weighted
moving window mean is applied for'Y0 & h fy) along the radial coordinater and for all aircraft
altitudes zacand propagation planes; . An example of atmospheric wind + effective sound velocity
profiles and the resulting ray pattern and”Y0  for two opposite j -directions, headwind and

23this TL-cterm is = O for sound intensity levelsLi, but when changing altitude, and thereby specific acoustic
impedance,rc,, 0 for sound pressure levelslp. All other TL terms are identical for pressue and intensity.
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downwind, are givenfor a sampleAROMEO OB OE 1 C dtniospheke idafad(20170420 UTC 6in
Figure 46 to Figure 49 below:

Wind direction ("blows from”) Effective Sound velocity.
,“5 v " '_\llo . Alm.dat?: 2017042006 UTC: 6
8 8 8
17
3 e § s
g s 8 2
Aim data: 201704 2006
utc:6 2
! ] '.\ 10 1‘5 '.:‘.[] 2‘5 ';[;‘ 0260 280 300 320 340 360
Wind speed (m/s) €, (s - in propagation dir.) *) T=only temp.effect
Figure 46. Meteorologicaldata - Wind profiles Figure 47. Effective sound velocity profiles

met.no/SMHI [38], [39]

As seen above a strong wind speeidcreaseup to 1 km, possibly showing an examm of a low
level jet (fast decrease of wind speed above 1 kmThewind speed gradientbelow 1 kmis > 0 in the
easterly sound propagationdirection (tailwind sound propagation direction giving down-bending
sound rays,Figure 49) and < 0 in the westerly direction, i.e. headwind propagation direction giving
up-bending sound raysas shown inFigure 48. Note that in Figure 48 and Figure 49 below both 1.
sample sound rays Bunch of curves|eft y-axis) and2.the TlLrer (yellow curve,right y-axis), is plotted
for: r=01t0 10 km zac=500 mand; =270 and 90 respectively.

Rays (r,z in km) and TL"" (vs spher.prop. in dB) Rays (r,z in km) and TL"" (vs spher.prop. in dB)
Source alt: 0.5 km, 2D plane at: 270 © (up to last refr.+straight ray shown) Source alt: 0.5 km, 2D plane at: 90 ° (up to last refr.+straight ray shown)
| 25 7
0.7 | /

'S o o

Altitude (km)

TL contribution from refraction (dB)
Altitude (km)
v @

TL contribution from refraction (dB)

Horizontal propagation distance, r(km) Horizontal propagation distance, r(km)

Figure 48. Headwind saund rays + Figure 49. Tailwind sound rays +
YO  (yellow curve) “YO  (yellow curve)

The SAFT implementation of raytracing is limited to a first and single raybounce and to a
maximum horizontal distance of 10 km. Themax altitude is 10 km but can be limited to a lower level
if wanted by the user (could be that trajectories to study are at lower altitudes).

In the headwind caseFigure48,x A OAA A 1 A O@oufind thérCoerBiAgEpEard3.o
To the right of the touchdown of this limiting ray,r m ¢k&xwe have no rays penetrating and
according to the approximate raytheory neither any sound energy AOE OOAOQET T OOOAI T U A
OE AAforrdn ¢ 8 )Suck tonesgcompletely free from sound energywould not be the situation
in reality though. Insteadwe would have some buttcomparably much weaker sound intensityin the
sound-shadow zones typically several 166 @f dB lower than within in the neighbouring sonified

regions at the same distance. Even more detailed solutidechniquesfor the wave equation,e.g.
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numerical field models, which do result in a finite sound intensity within shadow zones, usually
strongly underestimate these levels if one do not account for the atmospheric turbulence and its
effect of scattering and refraction intothe shadow zones. Typically jusinside a shadow zone, close
Ol AOO AAUTT A @RAANIDI OER AR HPEIEGDiithe brder c020CH dB E O
[51] dependingon the atmospheric turbulence. Stochastic methods, lich do exist for estimates of
sound levels within the shadow zone, accounting for the strength in the random turbulence, but
becomes soon very costly since most of them involve a high number of repetitiofsay N > 10)since
we need to get a statisticallysignificant result. This holds whether we apply a field method or a ray
method. Though we are often more interestedin the higher noise levels and where they occuand
consequently asimplified approximation of how noise decay isoften enough.CQurrently in SAFTa
simple 10 dB/km decay within shadow zones (for all frequenciesis applied. Thisis believed to be a
conservative estimate.Someanalytical approaches tries to circumvent the need fothe statistical,
repeated computationsby applying curve fit to parameter studies based orprevious statistical
algorithms applied on the physics of turbulent sound scattering. One such method is proposed52]
and applied in[53]. This method involve onlytwo variables, the radius of the limiting ray + the
turbulent kinetic energy, TKE. The TKE is directly given in atmospheric profile data within weather
forecasts such as froni38], [39], while the limiting ray radius is a result of raytracing based on
wind, temperature and pressure (+ humidity) as a function of altitudeNOTE:This [52], or any other
physics based shadowzone noise predictionmethod, is not yet implemented in SAFTz though, if
found needed basic matlakfunctions for this task are prepared.

4.9.3 The ground reflection term,”Y0

Ground reflections for outdoor sound are typically modelled by a locally reacting sound
impedance models for porous materialgs4], assuming a plane wave, a stationary harmonic source.
For a moving broadbandsource the standard ground reflection modek assuming stationary
narrowband sourcestend to exaggeratehe effect of ground reflections on thdinal noise levels close
to ground. The narrowband models, for perfectly correlated direct and reflected noisd a hard wall
give up to 6 dB amplification and down to total cancelation while uncorrelated direct and reflected
noise typically would result in a mean amplification of 3 dBCurrently a variant of astandard ground
reflection model which accountsfor a broadband sourcehas been implemented in SAFETThis model
corresponds toequation 21 from ref.[55] (= equation 2.7 in ref[49]).

Input data for the locally reacting ground reflection model implenented in SAFTIs limited to one
variable, the flow resistivity of ground. The flow resistivity for any part of Sweden may be estimated
from the knowledgeof groundtype class agiven in the European database CORIN#th a resolution
of 25x25 m(Swedishresourcesto be found in[56]). The ground type class can then be related tn
approximate value of flow resistivity oracousticimpedance[57].

NOTE: currently in SAFTonly a possibility to input a fixed ground type (flow resistivity, ground
impedance) over a ground grid is implemented. Anextension 0T OOAAlI &8 OAOQOUET C C¢CC¢
planned. This matter is related to 1. the planned inclusion of topographyincident angle also of
concern for the resuling noise at receiver some height above ground) and @ompatibility with the
TL-interpolation matrix concept, where the TLinterpolation matrix might be possible to decouple
from the ground reflection effects.
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Remark: The matter of snow cover, potentiaj changing the ground effectsather drastically, is

in SAFT simply handled by a fixedow) flow resistivity set by the user.

Examples ofground reflection impact onreceiver noise levels are foundn chapter5.3.2

In Table 2 below typical flow resistivity values for different ground types are given.

Ground surface Flow Resistivity
(cgs rayls = kPa*s/m 2)
Dry, new fallen snow 15-30
Sugar snow 25-50
In forest, pine or spruce 20-80
Grass, rough pasture 150-300
Roadside dirt, ilkdefined, small rocks up to 10 cm diametel| 300-800
Sandy silt, hard packed 800-2500
Clean limestone chips, thick layer (125mm mesh) 1500-4000
Earth, exposed and rairpacked 4000-8000
Quarry dust, fine,very hard packed by vehicles 5000-20000
Asphalt, sealed by dust and use >20000

Table2. Example flow resistivity valueg51], [58]

NOTE: SAFT TL interpoition matrix approach in SAFT 4.9.4) involve currently the ground
reflection effect. In coming studies this situation may be overlooked aiming for a separation of this
TL-effect fromthe TLET OAODIT | AOET T 1 AOOE @rosOEGEA 8001 PACAOET 1
NOTEs: 1. During the coming implementations also of narrow band noise in SAFT the current
ground reflection model has to be overlooked andsupplemented with a narrowband model

accounting for a moving source2.Upocoming deeper studies of aircraft nise measurement results
from the CSA ULLA projedtL2] might support the selection of alternative ground reflection models.

4.9.4 The airattenuation term, "Y0

This term contain the reduction in sound intensity levels between source anegceiver due to the
absorption of sound energy along the propagation path. I.e. data of the kind showrHigure 42 for a
vertical propagation but for general propagation paths through the atmosphere. Strongly frequency
dependent.

Remark: The effect of propgation model choice, straight or refracted raystend to haveonly a
very small effecton the resulting"Y0 Z seeFigure 50 and discussion below whereasthe choice
of absorption model isshown to have a rather strong impacg as already seen in Figure 44 in
chapter4.8.3above.
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Figure 50. Comparison curved(red) vs straight (blue) sound ray
with regard to absorption.

Figure 50 aboveis used to estimate typical impact on TL from solely absorption, depending on if
a refractive or straightray-model is applied. First weassumea constant radius of curvaturefor the
curved ray, and for both the straight and curved ray a constant absorption in dB/mwhile other
factors, such asrefraction, do not contribute to the TL Thenwe study the elongaion of therefractive
propagation, or more precisely, the difference in distance,DRcus, between the curved ray and the
straight ray. Thismay be written as:

DRcust=rlc-2rsinj ¢2) =1 ¢ OEF g q xEAOA O EO OEdsthedngle AAT AE
it spans in radians. FurtherrU E ¢®PcOQBEE g1 AT A JOQERHPy OET § 4

For some samplestrongly conservativeOAT OAO 11 Oh j.(@E][308,4p xwelgdt:q AT A
Ray radius le z(m) s(km) absorption Elongation DdB
r(km) in dB DRcustr (M) absorption
assuming assuming
straight ray 1kHz and
1kHz and 5dB/km
5dB/km
10 15 340 2.6 13.1 7.5 0.0375
10 30 1340 5.0 25.9 60 0.3

Table 3. Example cases of simplified rajength elongationswhen going from straight to curved

rays modeltogether with estimated added absorption at 1kHz

(Remark:5 km and even 10 km bending radius considerednrealistically short/curved)
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As seen inTable 3, even for such a probably unrealistic value as for a 10 km ray bending radius
and a propagaion over ca 5 km, the longer path, compared with a straight ray, would not add more
absorption than ca 0.3 dB at 1 kHZ he situation is further emphasisedwithin were a maximum ray
ATTTCAOEITh OAOOOO OOOAECEO OA Gituation s skibwA Suénbaddy A E /EE A
elongation maxima are by default identified when computing SAFT Tihterpolation matrices.

The largest extention of a last ray in any phi-plane (limited to 10 km horisontally)
2FDUI1I:| to be: 0.22% in direction 225.00° sound source at the alt. 0.014125 km

_,l I I I I | | | I I

Figure 51. Example of max sound ray extension whagoing from straight to refractive rays.
Red large dottel = curved ray, (red small dotted = straight ray),
yellow dashed = straight ray emitted at same angleem, as the curved ray.
(bm= incident ray angle)

We may from this conclude that the refraction impact on final noise levels typically depend on
other factors than the effect of added absorptionsuch as refraction and changed source emission
and receiver immission angles.

NOTE: SAFT TL interpolation matrix approach in SAFT4(9.4) involve currently the absorption
effed. In coming studies this situation may be overlooked aiming for a separation of this Jdffect
fromthe TLET OAODIT 1 AOGET T 1 AOOE @ @il A AGEAE 1DQ0 SEnd4GiA@ad H A GD b |
of handling with regard to the TL-ground reflection effects, he TL-interpolation matrix would
representthe refraction mechanismsonly.
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4.9.5 Transmission Loss interpoldion matrix

This is, as far as we knowa new conceptnot found previously in the literature, where a TL-
interpolation matrix , TLp_may, iS establishedand applicable for estimation of theTL as a function of
frequency between any relevant (aircraft) position in the 3D space to any receiving point close to
ground?4, for a givenarbitrary atmospheric profile condition25. TheseTLi, matS are established by2D
ray-tracing in vertical planes emanating from a verticakz-axis and stretchingradially outwards. All
planes represents a user selected specific atmosphere profile including horizontal wind
componentss, and one of the previously listed absorption moded that have beenselected

A SAFTTLp mat IS @ 4D matrix spaming the 3D aircraftzto-receiver space in discrete stepst
frequency,asfollows (given in Matlab formatasO O OGAMIOD ¢ AT A6 Qg

Zrmat, a@ircraft (sound source) altitudes 101:015:4= 101420 28 40 56 79 11258224 316...
447 6318911259 177825123548 ...
5012707910000m

Rrimat, horizontal propagation distances  0:100:10000m

/ Tumat, angles of vertical propagation planes 0 : [user input step, ) timai : 360

f113-0ctave, 1/3-0Ctave frequendies 24 frequency bandsbetween50Hz to10kHz
Also neededinput are:

Qrimat, €MISSsion angley - 78 : [user input step, Dgtimai : 45 ,a fcn ofRrimat
... and a last internal variable needed for the findlLi, margeneration and applicaion:

brimar, angles of incidence a function of Rrimat , valuebetween 0 and 90

As noted above both the emission anglegrma, and the angles of incidencgbrimat, in respective
J umar-plane are involved in theTLi, ma. This isin order to keep track of the sound source strength
(via grma @and / 1umar) @and getting the correct ground reflection (viaangle of incidence frimar). In the
final use of the TLip ma: the emission and incidence angles are functions of all three independent
TLip_mat variables Zrimat, Rrimat and/ TLmat-

As indicated above lhe userinputs with regard to TLi, matdefinition is, beside the atmospheric data
and choice of absorption model, limited to the vertical propagation planes step, ) tima:, and the
emission angles stp, Ogtimar. Dgrimat IS kept the samewithin each/ r.ma-plane and typically givena
value around 1 (a maxof 3 may be used, could be a good choice for faster test rure)d a typical
0 1imat value could be 15.

24 limits: source height 010 km, receiver height 010 m, horizontal distance 010 km

25 Atmospheric profile datafrom the ground surface up to slightly above the flight trajectory

26 The 2D simplification involves a limitation in that lateral bending of rays due to wind (or temperature-)
gradients cannot be covered.

27 horizontal emission angle = 0, vertically downward =90. Max = +45 but this is usually reduced to a lower
value, either due to a situation with an upbending ground touchinglimiting ray occurs at a smaller angle or
because the grounehit takes place outside the limiting 10 km radius
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It can be mentioned that Tk ma levels are smoothed (seeFigure 48 and Figure 49) and then
interpolated to the final r-values = Rrmat (Current ray-tracing method create a random ground hit
distribution) .

Sound source altitude vlues, Zrimat, are as seen given in a logarithmic sequence. Theare two
reasons behind this approach, 1. The atmosphenwind profiles tend to have the largest gradientsn
the atmospheric surface layeh O, Ax | £ WeKdé a sivplel addhfasteréterpolation by
introducing a constant step in the interpolation variablewhich are taken as the equidistant step of
the exponent series ofZmma , currently 0.15, i.e. using the exponentog(Zrma) as interpolation
variable instead of a varying step siz in the Zr marvalues

NOTEs: Future improvement here could bel. an adaptive emission angle algorithm, i.e. adaptive
to an even distribution ofr-valuesand 2. sound intensity in the current ray tracing implementation
rely on the perpendicular distance letween raysz by addingan equation it would be possible to trace
the sound intensity along a single ray.

The established TlLy, ma Matrices are then appliedin SAFT sound propagation studies by
interpolation of sound intensity loss in dB between the aircré (noise source) along the flight
trajectory to a grid of receiving points on a fix height above ground. This method, i.e. applying an TL
interpol ation matrix, linking any source point in the air with any ground point is, since the ray-
tracing is accompished only once for eachlLip mat altitude Zrima and for the limited set of vertical
planes,/ tumat, instead ofwithin a vertical plane for each trajectory grid point combination, resulting
in a significant reduction in computational time when computingnoise contours for an aircraft
passing.

A set of example data related to a TLma:matrix are shown inFigure 52 and Figure 53 below. Both
sets are resuls of a SAFT raytracing run based on the previous atmosphere AROME data example
for 20181205 UTC12 at Arlandagiven in Figure 32 a) above. InFigure 52, we can see a
representation of the"Y0D  part of the TLi,_mafor this atmosphere data for some of the fixed sound
sourcealtitudes, namely for ~55, 110, 220, 450 and 900 nmn the set of subfigures a to f. Here, the
strong“Y0 -gradient,from dark blue to yellowin the north-east direction, indicate a sound shadow
zonez seen to agree with ray bending radii in northern and easterly direction as shown iRigure 35
a). Note here that thicker dark contour line represent a zer6Y0  andthe area surounded by this
OEAEAO AOOOA OAlI AOGA @i <A k.gslighthidhar ndise kvei®than fofaA O A
non-refractive model would be predicted. An corresponingly, outside suclthicker dark contour
OEOI1 AT A Odedistell a Eedu@idn ofndise levels compared with aon-refractive/straight rays
approach We may alsanote the rather smooth transition of the”Y0  contours pattern when going
towards higher altitudes z this is even more striking when considemg that every second

A L oA N e

(logarithmically OOOADDAASG q Al OERéubdigie s£@sof Fiyuss2.1 OO0 ET OE
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TL ¢ AC alt: 56.2 m, dist.to RW (3°desc.): 0.58 TL i AGalt: 112 m, distto RW (3°desc.): 1.2 nm TL ;o AC alt: 224 m, distto RW (3°desc.): 2.3 nm
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Figure52 a-f."YO  examplein a TLi,_ma:matrix for aircraft altitudes ca:
55, 110, 220, 450and 900 mgiven for the atmosphere as ofFigure 29 a

Rays (r.z in km) AC 1.1 km from RW threshold for a 3° approach Rays (r.zin km) AC 2.1 km from RW threshold for a 3° approach Rays (rzin km) AC 4.3 km from RW threshold for a 3” approach
Source alt: 0.056 km, 2D planes at ¢ = 0:15:360° Source alt: 0.112 km, 2D planes at ¢ = 0:15:360° Source alt: 0.224 km, 2D planes at ¢ = 0:15:360°

Vest-East distance(km) West-East distanca(km)
sk Eastdsmncetin) South-Nerth distanceqkm) South-North dstance(im) South-North dstance(im)

Rays (r.zin km) AC B.5 km from RW threshold for a 3° approach Rays (r.z in km) AC 17.0 km from RW threshold for a 3' approach Rays (r,zin km) AC 33.9 km from RW threshold for a 3° approach
Source alt: 0.447 km, 2D planes at ¢ = 0:15:360° Source alt: 0.891 km, 2D planes at ¢ = 0:15:360° Source alt: 1.778 km, 2D planes at & = 0:15:360°

LERTS

West-East distance(km) West-East distanca(km) \West-East dstance(km)
Soutn-North dlstancediom) South-North dstance(xm) South-North distanca(km)

Figure 53 a-f. Ray patternsexamplebehind the TLi, ma:data inFigure 52 for aircraft altitudes
ca:55, 110, 220, 450and 900 mgiven for the atmosphere as ofigure 29 a

In Figure 53 above the raypatterns behind the"YO  contours shown inFigure52is shown.Here

a limited set of rays for the same selected Zrma Sub-cases as Figure 52 are shown Thicker lines
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represent sound-rays hitting ground within the 10 km limiting radius while the thinner onesare
limiting rays that bend upwards without reaching (an assumed flat) ground, i.e. a first ray within a
shadow zone.Note that horizontal planes areplotted with a dasheddotted circle atr=10 km at z=0
and z=source altitudewith ; -vertical planesintersections plotted with dashed lines.

The same data as iffigure 53 is presented again irFigure 54, but this time in a 2D projection from
above.

Rays (r.2 in ko) AC 1.1 km from AW threshcid for o 3 approach Rays (7,2 In km| AG 2.1 km from RWhreshold for 2 3° approach Ratys |12 In kan) AC 4.3 km from RW thrashold for 2 3° approach
Sounce alt: 0.055 km, 20 planes at § = E15:360° Sourse alt: 2112 km, 20 planes 2t ¢ = &13:360° . Source ak: 1224 km, 20 planes ot 4 = 0133607

" I T i N T R
I

Sautehort clstanzelimi
LR s w x s w
Satnhoh dsareete]
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tn a4 s % om0 4 R A m
West-Cast dstroek|

Rays ir,zIn km| AC 8.5 km from W thrashold for a ¥ approach Rays (rzin k] AC 17.0 ki from RY thresheld for a 3° aggroach Raays {r:2irs ki) AC 33,9 km from RW threshold for a 3 apprasch
Sourse alt: 0.447 km, 20 planes at ¢ = 0:15:360° Source alt- 0,631 km, 20 pianes at & = 0:15:62° Source wt: 1.778 km, 20 planus at o = 0:15:360°
e g 2 (e — n - Py

Seuth-iath

West-Last cstancs(am) \éust Lt Setancelhm)

Figure 54 a-f. 2D ray patterns fromsame data as inn Figure 53 i.e.aircraft altitudes
ca:55, 110, 220, 450and 900 mgivenfor the atmosphere as oFigure 29 a

In Figure 54 we clearly see the) umat = 15 increment between computational planes and z if
zooming inZ the thicker rays related toground hits within 10 km + the thinner representing rays not
reaching ground. If zooming in one may also see coloured solid thin lines, depictslghtly distorted
circles which are not closed between 345and 360 . These show the distance to the closeshadow
zone and follows the correspondindast ground hitting ray (identified by its emission angle) around
all / -planes. Looking carefully we see that thdistortion from perfect circles tend to shift ground hits
further from origo in the head wind direction and vice versa. Anothemnoticeable pattern is that we
get asignificant TL>0 also in the tailwind direction (propagation towards southwest) close to the 10
km limit (see e.gsub-figures b inFigure 53 to Figure 54 above). This is sometimes a result of a kind
of bifurcation where ray bundles below a certain emission angle are compressed and reach ground
AOO A Oi Al1l ETAOAAOA 1 £ Al EOOEiet highet gath Aue toAe A OEA
atmospheric profile.

In An already mentioned limitation with the current implementation is that the ground
topography is not allowed to vary muchz though, alsoaddressedabove, the method is deemed to
work very well in flat landscape types such as around Arland@&xampe in Figure 55.
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Figure 55. Example ground topography profile along approach route TMA entry from south
(NILUG to RWO1L

To sum up:The TL-interpolation matrix is established with ray-tracing and given as a function of:
1/3 -octavefrequency aircraft altitude, horizontal distanceand azimuth propagation angle To these
data are also theaircraft soundemission and groundincidentangles related TheTLj, matcontains all
significant physical mechanisms that affects the sound intensity along a propagation path.

4.10 Time stepping trajectory to ground grid

The time-stepping from aircraft trajectory positions down to ground grid points involves in the
general case computation of noise levels in all grid points from all disgte aircraft positions covered
with the selected time increment, typically one or a few seconds#n SAFT, as form standard SEL
computation or measurement a reduction of time period, and thereby discrete source-receiver
combinations, are based on a noise level decay of 10 dBmpared with the max along the time
interval of concern. Thisreduction of source point to gridpoints is in SAFT based othe distances
between source to receéving points along grid lateral borders (see chapted.6 above andFigure 56
below).More precisely the distance from the aircraftn each trajectory pointto receiving points along
the longitudinal grid borders are compared with the closest among these distances for each
trajectory position. Based on the mentioned distance relation factor of 10 dBie related matrix
operations for ground grid noise histories and SEL are limited. The saméistance based estriction
is applied both for draight rays and refracted sound rays computationsA reason for this Euclidian
distance based approximation of noise level decay to work as a good approximation also for (most)
refracted rays modelling casess that the refracted propagation tend more seldomto give strong
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amplifications over larger areags, but more frequenty | AOCA OAAOAOEI 1 O j OO1 O1 A

levels compared with the nonrefractive sound propagation modelling.

Y\ AW-

grid Po‘ s

Figure56. Schematic view of trajectory section contributing_gt) and SEL in gridcolumn
pointsat longitudinal grid coordinate s (same trajectory part assumed for all |
w-values ats) Only trajectory pointsacn tO jac+m contribute toSEL and sounc

pressue level history in powﬂo p.\ Ué\ TEJ \Del N/

A corresponding relationA O &£ O O O O AEA A O I OU ODPAT fddridédetios] A
sonified above the criterialymax-10dB from single trajectory pointsa In the figure above the straight
sound ray borders of the red zone, e.g. from trajectory poiftcn to point (i, i, ) constitute borders

max

also forsuchground sectors where these trajectory points contributesignificantly with regard to the
10 dB SElkcriteria.

In this time-stepping procedure the orientation of the aircraft is essential in order to get the
correct sound source strength directivity in the propagation direction. Several coordinate systems,
and transformation of coordinates between them, arenvolved in a standard SAFIrun. The most
important ones arethe aircraft body systemin which the noise source strength is defined,-axis
pointing in length direction, y-axis along the right wing and zaxis down. Then ENU(EastNorth-Up)
systems origo could be putat a RW threshold (altitude could here either be sefs of curved earthy
for coordinate transformation purposes- or flat, for initial noise computation), lat long, i.e. for final
noise mapping. Beside these somatermediate coordinate sysems are needed for transformation
between body, ENUand lat, long. We also have thepreviously mentioned s,w coordinates for the
ground grid.

28 Typical atmospheric situations such as (temperature) inversions which are known to create strong
ET AOAAOGAOG T &£ 11 EOCA OIARDAG OES AroChssteadehisl A/RAS EoA dpherical
propagation, is more sensitive to sound sources (and receiver) close to ground rather than at typical aircraft
approach altitudes. The topic of elevated inversions has not yet been studied in emh detail but is not
expected to drastically change this conclusion about refractive increases of noise levels except at very local
sound propagation concentration zones (so called caustic points where ray cross section area =0 when
applying ray tracing methods)
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5. Examplesof output from SAFTFruns

In this chapter some sample results from SAFT runs are gathered. The ideads to present any
conclusions from a directed study but primarily aimed to verify that SAFT works in the wayE 08 O
designed for and alsdo show some featuresin SAFTthat can find their application in future studies.

5.1 Noise mapping in contour plots

Gereral input to example runl and 2

The example is taken for an Airbus A32232 approaching Arlanda airport from the south and is
landing on RWO1R. The atmospheric conditions are taken from the previoysshown AROME
atmospheric data for Arlandadated 20181205 UTC12 and presented ifrigure 29 a. SAFT is run ag
type 3. noise computation, .,eOx 8 2AOAO0OO0AA AT CET AAOET ¢ ASELaAET AA
CEOAT OPAAOOAIT iih Aariafidh OfAhe @igituBitiredtiAi) A-A A £FAO1 O O A&l Ox
E A A O U g flat/zéro Igngitudinal directivity. Since we deal with a sound sourcestablished with
OAABEI DACAOQEIT 1 O Adatd, asbEeyGiEdussed ichapted.d the source strength is
coupled with the assumed directivity. With this followsthat we get different source strengths in
example run 1, sedrigure 11 and Figure 12, compared with example run 2, with a assumedzero
directivity . Example run 2is shown to give to ca 3 dB higher source strength gt= 90 (ca 5 dB lower
at g=0 and ca 3 dB higher ap=180 ) as seen when comparinghe levels betweenFigure 11 and
Figure57.4 EA CcOT OT A OUDPA EO 11T AATT AA AO ODOALHE AT A C
kPa*s/mz2).

AC (combined total)Sound source intensity spectrum at 1m, ¢ = 90° derived by "back-propagation’ from NPD-SEL data + spectrum class 202
120 — T T —— i T

mm— Config.+ Engine cond.1 duration 251 s

s Config.+ Engine cond.2 duration 166 s
Config.+ Engine cond.3 duration 4 5

— Config.+ Engine cond.4 duration 2 5
Config.+ Engine cond.5 duration 30 s
Config.+ Engine cond.6 begin RW rall to gate

-
s
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-
=
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Figure 57. Sound source spectrum given for A321232 if default ANRstate trajectory and a
zero longitudinal directivity is assumed together withthe default ANRspectra 202.
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AXZT-232 standard ANP approach procedure profile - altitude and thrust as a fen of distance

Altitude (+config. andspeed nates)
Thrust
[CNT = Corrected Net Thrust)

gine (i

TagREE e

Axtude (fest) or Corecied N

TasEiTT

o rpocies

i~
25 20 15 10 5 0 5
Distance (NM) [0 = RW threshold]

Figure 58. Assumed standardANP-data altitude and CNT for an Airbus 32211 as a fcn of distance
Text: TAS =True Air ~Speed,,aAcc = acgqleration, ;E_EA FUITL‘_D, =Aconfig\ur§1tions denotir
OAlT AAT 6 AT A @dihg)Gear) davih Gedpechively C

Results presentatioz run 10 £1 O x A O lngifudinal@iceétivity

The results shown inFigure 60 to Figure 62 relate to a longitudinal directivity as ofFigure 12, i.e.

a constructed directivity with strongl U O AEBALOA AEAOAAOAO OABIGMAOAT OA

by-passturbo fans (but not necessarilyfor A321-232 with an older type of engines) in parts of the
frequency regime where fannoisetend to dominate during approach.The directivity is simplified to
So, the results presented here are nantended for conclusionsabout A321-232 absolute levels but
to give an example for ideas of the use of SAFT capabilitieshich include not only comparative and
trend analyses, but with validated source modelslso absolute sound level measures.
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Figure 59. Grid, trajectory and Gnicrophoned Figure 60. SEL refracted rays model contours
positions run examples 1 and 2 run example 1

In Figure 59 abovewe see theexample trajectory (blue), which stretches appioximately 35 kmin
the South-North direction and 15 kmin the West-Eastdirection. Here, at someparts underneath the
trajectory, the groundtrack can bediscerned (white = straight and red = curved parts). The red
i O. 1T EOA %@ Ard 0.8 from sveshto gasthnd green placemarks indicate positions where
detail noise event data is collected, and presented in a large number of figures below. The receiving
point 1.1 is placed almost straight below the trajectory, close to the groundick, while points 1.2 and
1.3 are positioned ca 3.5 km sideways, perpendicular, to the groundtrack. Note the curved
groundtrack following closely after passing the receiver position line, this situation will quite
naturally cause the noise levels in posibn 1.2 to decay faster than in 1.3, i.e. giving slightly lower SEL
levels in 1.3 (for simulation methods with or without refraction included).

Figure 60 above shows noise contourdor a refractive modelled atmosphee. Belowin Figure 61
and Figure 62 differences between a straight ray model versus a refracted/curved rays model is
presented. This is made for max levels and time histomptegrated SELlevels respectively, in both
cases Aweighted.
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Figure 61. DdB Lamax Straight - refracted rays Figure 62. DdB SEL straight refracted rays

contours (DAB>0Y straight>refr.) contours (DAB>0Y straight>refr.)
white curve: DdB=0 white curve: DdB=0
contour line step =1 dB contour line step =1 dB

In Figure 61 and Figure 62 above we see a strong impadrom the north-easterly wind, with its
gradient and impact on effective sound velocity (se€igure 29 a and the following 6 Afigures for
atmospheric wind-data andits impact on sound propagation) l.e. a reductiorof levels in the north
easterly direction along the last half of the flight path, with a stronger impact on SHevels than on
max levels.
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Results presentatiog run 2 éeroélongitudinal directivity
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Figure 63. ECAC Doc.294xax contours Figure 64. Refracted rays hmaxcontours
run example 2 run example 2

Figure 65. DdB Lamax ECAC Doc.29refracted Figure 66. DdB SELECAC Doc.29refracted
rays contours. White curve: DdB=0, rays contours. White curve: DdB=0,
contour line step =1 dB contour line step =1 dB
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