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APIS 0 Acoustics and annoyance of future aviatiod G
simulation Platform and Implementation System

AKTH -CSA project starting 2023
ATime frame: 2023024 (24 months)
AFinancing TrafikverketCSA 3.2MSek Partners (in kind)
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ungsbin (Apis) ar ett slakte i insektsordningen steklar som tillnr familjen langtungebin.



S4B, | APIS
APIS 0 Acoustics and annoyance of future aviam{rq%)
A,

0 simulation Platform and Implementation System

Overall aim (from CSA application):

To provide knowledge, guidance and recommendations to central
stakeholders to facilitate implementation of future air vehicle
services in a sustainable manner with respect to noise and
annoyance.



fK;;%%APlS O Partners

AKTH/INDEK: Main applicant, WP 4 lead ( Sod¢exhnical analysis) R,
AKTH/MWL: Aviation acoustics competence, measurements and analysis

A Akustikdoktorn Sweden AB: Project Management, WP3/WP5 lead (UAV source
modelling and mitigation)

A AurskallAkustikAB: WP2 lead (Aviation/UAV noise modelling)

Alndependent Business Group (IBG): WP1 lead (Drone and airport operation,
aviation infrastructure, industrial network)

Reference group:

lvan Delepiny EASAMarie Hankanen TransportstyrelsenJeanMarie SkoglundTrafikverket;Lisa
Johansson, Naturvardsverket; Olivier Petit, LFV; Charlotta Eriksson, KI; Ulrika Nordenfjall SKR; Ben

MobergVemamack
kall %@%
ID G E&?ﬁ:&de"t Akustikdoktorn AuUrska %,
Group Sweden AB Akustik AB § verewscar

5&4,% %9?3
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fm Dronarbuller

Buller oonskat ljud

Kan ha negativ paverkan pa innovation
Storning upplevs individuellt

Upplevd storning beror ocksa av
Installning och attityd, tillit och kansla a
kontroll 6ver sin livssituation

OO OO

Om tilliten brister ¢ ar det nastan omdjligt att aterfa |
fortroende!
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Sourcanodelsneedio beadaptedo thepropulsionconcept

Akustikdoktorn
Sweden AB
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Turbulence Ingestion
: Reo @2
A Selfgeneratedrotor/propeller noise @@f

Blade-Vortex Interaction

A Interactionbetweenairflow andfuselay
A Interactionbetweenbladesand
turbulence

Blade Thickness & Loading (Steady)

Blade-Airframe

Interaction Blade-Wake Interaction

Pt gt RN

NB:Typicallythe drive system (motorghging is not Fuselage-Waka
contributingsignificantly

vl

Engine/Motor

https://ntrs.nasa.qgov/api/citations/20205007433/downloads/N
ASATR20205007433.pdf Akustikdoktorn

Sweden AB



https://ntrs.nasa.gov/api/citations/20205007433/downloads/NASA-TP-2020-5007433.pdf
https://ntrs.nasa.gov/api/citations/20205007433/downloads/NASA-TP-2020-5007433.pdf
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Transportdronare

Singlemode cargodrones(muticopters):
A Fixedlifting rotors (oud)

Dual modecargodrones
A Liftingrotors (oud)
A Pullingpushingpropellers (elativelysilent)

OEM/ODM

Customizable

https://www.hongfeidrone.com/agriculturatrone/page/6/

Foto Gustav Wiberg


https://www.hongfeidrone.com/agricultural-drone/page/6/

H) parametersaffecting noise exposure iR

AUAV design parametersutayotor rpm and pitch
AOperational molfeshover, free flight

AFlight datdfajectary
o Groundtracld viawaypointsin Google Earth
o Profiled altitude speed

APopulation denSiBB data
AScreenimgg. from buildings (shadow zones)
AFacade insulatioterior noise)

Akustikdoktorn
Sweden AB
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¢ EASA: Measurementguidelines (from 2023) |AP'5

Noise measurement procedures

Weather station

=6 level-flights

S0m

Inverted microphone
ower reflective plate

Mandatory Level-Flight procedure with post-test noise
adjustments for:

Distance.

Atmospheric absorption.
Duration correction.
Speed.

Weather station

_ 26 30-sec hovers
njjg__
25m

Independent positioning system
(ATE, photo scaling,...}

For UAS capable of stationary flight, Hover
procedure with post-test noise adjustments
for:

- Distance.

- Atmospheric absorption.

Akustkdoktorn
Sweden AB
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=t EASA: Guidelinesfor measuringnoisefrom

UAVs

Noise metrics

i APIS
52
R

e
=10
.20 |/':'V

Gain dB

-0 {not dehned]:‘-__
(-3 b
-40
-50 .
1
10 / 100 1000 10k Freq, Hz DOk

A-frequency weighting: best
compromise between UAS annoyance
and available equipment.

¢

For the Hover procedure, L,
will be the A-weighted noise
level averaged over 30

cecssssssmms e ——————

seconds.
Fh
1 r( i)}
L. 10I¢-g,‘,r_[_| " ot
v 1L -l

Tirma

o
e

|/

For the Level-Flight procedure, SEL (“Sound
Exposire Level”) will be the A-weighted
noise integrated over time.

t
= 101 —_
SEL=L, +10log 15|

piE)
i \\ ,
7 \
/ 5\\

ESEASA

EW A kustikdoktorn

Sweden AB



fK"f‘}%Fleld measurementsaccordingto EASAguidelinegAPIS
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Y5 Fixed wing delivery drone:20 kg MTOL, 2 kg payload C‘ 2,

A No spectral data available from EASA test: Calculated
sound pressure spectra based on tonal noise
components (rotor RPM => fundamental blade
passing frequency and harmonics)

A Levels tuned to field test dBA measurements (EASA
guidelines)

A Added sound power at takeff estimated from test
bench data with 10% increase of thrust vs. hover

A Test data modified to account for increased weight oL
and higher rotor pitch of KATLA UAV (40 kg/10 roto:r) %

105

100 -

70 LW,win =99dBA BN

AN

o RS
S P @ P

L 1 L | 1 | | | | | | |

S L P . N
= o < o Akusukdoktorn
one-third octave band freqt

Sweden AB




(i UAV source spectrum = CA\PI’%
2aS
AHighly tonal spectrum o BPF _

—)

Alncreased annoyance in 1
relation to e.g. jet aircraft —

10° 10° 10*
Frequency (Hz)

background

Akustikdoktorn
Sweden AB
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1. Utveckling av ett berakningsprogram SAFTu

A Behov:
- nytt trafikslag/miljofraga
- forsta framtida situation

2. SAFTu karakteristik och magjligheter
A Overblick
A Berakningsexempel fran Ostersund

3. Framtida behov och mgjligheter

A Nyckelfragor for framtida AAM buller
A Framtida utveckling

Bullerstorning fran dronare SKR WS 6 nov 2024 Bullersimuleringar, varfor?

Nof people exposed within 5dB-bands

3 Bullersimuleringar med SAFTU

Noise impact from 3 flights
%103 Nof people within 5dB LAmax bands

20

15

10

I Bondegat-straight-Tele2-2p6km
I Bondegat-Ringviigen-Tele2-3p2k
[ IBondegat-Hbyhamnen-Tele2-3p5k

R

45

50

55 60 65 70

Sound level in LMMax (dB, bands spanning 5 dB)

UIf Tengzelius Aurskall Akustik
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VETENSKAP
28 OCH KONST 2%

et A E Weq2l#HtGc! WHUJI et URUNY GI YNNI ¢ G Wb f A
men majligheten att kunna nyttja dessa i Sverige kanns avlagsen

A Kommersiella program fér omgivningsbuller, som t.ex. Soundplan och metoder
som NORD2000, &r sa vitt vi vet &nnu inte lampade for generella rérliga ljudkallor

Flygprofll simple_fixed_eVTOL SubGrid Pattern - Flightpath SAFTu Stockholm
bld = hojd som fkn av distans, rodhastighet;svartmarkhojdlangs flygbana) Duration: 05:09 min:sec Distance: 8.62 km Mean GSP: 28 m/s

Grid points closest to groundtrack

2000 | MainGrid border
High Resolution Profile input Altitude and Speed(GSP) as fcns of dist. —First and last SubGrids
i 1000 | SubGrid borders(every 10th along traj.) 1
100 T T i — ¥ 45 *  No direct sound from traj.pos Head|
g0 / f—l-)—l-&—ﬂ\....h_.... 40 0} |
80+ - ,r'; \ ) 35
. / [ Flight Allitude (184 pts.) | \\k 1 — -1000
70~ Flight AlL. org.wp:s(13 pts.) ¥ £
. : / Ground Altitude (184 pts.) ' £ 2000 |
g 601 / GSP.Ground Speed(184 pts.) | o b
1 : / GSP trimmed WP:s (51 pts.) f ° g zZ
= 50 / | x  GSPorgwp:s (13 pis.) | = -3000 |
= ; 20
g 40+ O
. ZI"',—E 18 ‘4000 r
30 ||
20 Ff e -5000 |
o
10
_T -6000 * - - - :
e . ! L T . -7000 -6000 -5000 -4000 -3000 -2000 -1000 O 1000
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Distance(km) Bullersimuleringar, varfér?  Ulf Teng2eiiskall Akustik 19



gAFTu karakteristik och mojligheter = CA\PI%
%;;;&? Overblick: | Qx\_)

A SAFTu har utvecklats i APIS projektet som en wdargutveckllng BAFTP T ett beraknlndsprogra
nBl WwnR+WJI Ws RUNot qc Ul ¢!l T Wnd! NG ¢ Um

AE [ RNesawWwi el Wwewlll WO éwWIGGNI WO ~SWaBTA A1 D BT e’
Input av: e .
A Farkosttyp (val ur en uppséttning implementerade)  tound b1 o ot o - 8598)
A Godtycklig flygbana, forst markspar (groundtrack, lat lon) och sen profil (h6jd) .
A Hastighet och flygmod langs flygbanan K
Etablering av ljudkalla l1angs en diskretiserad flygbana (tidssteg typiskt 1s) )
Berékning av. o z.Drmeuo d? r rSIDtd ;,Eigm] 0o .

IA Ljudhistorik inkl. spektrum i samtliga gridGe Ut q 11 Wl Rt t | Jq WraRG 1IJWI 1J T Al
A Konturlinjer (ljudnivakurvor) av onskat ljudnivamatt (L., 0r Lyg in dBA or other metric)

A Skillnader i dB, L-L,| WI,JOAJG G ¢ UWYGRY ¢WncddAWqOl+OWaq2gWYdRt ¢ WO
A Antalet boende inom olika ljudnivaintervall

AxTel DGRt RYOWYHS W qAl 3T ORONDWE T Wt ql §a DgUDiH##ﬁfUR
|

3 SAFT Simulering avAtmosfar och Flygtrafik for enTystare omgivning
se lank:Aircraft noise mapping code SAFT

Bullerstérning fran drénare SKR WS 6 nov 2024  Bullersimuleringar, varfor? UIf Teng2eliakall Akustik 20


https://docs.google.com/document/d/1OhJqkSLCMbYAqSwZzUtK1rZXEuKq-0t1lsiLvkwUIRg
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wWeesk A Topografi och populationsdata integrerat i korningar x()

s

Nu anvands i SAFTu data som ska mojliggora simulering av flygning var som helst pa Jorden

(testat Sverige, Norge och Schweiz):

A Topografi/markhojd: Copernicus Global DEM 30m x 30nvia QGIS + plugih
A Populations férdelning: Humanitarian Data Exchange (HBE)

A Anvandarvanligt

A Berakningseffektivt

Exempel, konturlinjer
Femundsmarka, Norge:

Nof people exposed within 5dB-bands

Noise impact from 3 flights

Nof people within 5dB LAmax bands

x1of

- Bondegat-stralght -Tele2-; 2p6km
[ Bondegat-Ringvigen-Tele2-3p2k
[ 1Bondegat-Hbyhamnen-Tele2-3p5k |

“Hnﬂub.;

45 50
Sound level in L {dB bands spanning 5 dB)

4 Download DEMsin QGISfor a Specified Extent with theODenToooqrathDEM Downloader PluginyVideo: Hans vander Kwast data: OpenTopography

5 Sweden: High Resolution Population Density Mapswe_general_2020_geotiff.zig)CHA

Bullerstorning fran dronare SKR WS 6 nov 2024 Bullersimuleringar, varfor? Ulf Teng2eiliskall Akustik 21


https://www.youtube.com/watch?v=EMwPT7tABCg
https://data.humdata.org/dataset/sweden-high-resolution-population-density-maps-demographic-estimates
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w*Rutt 1: Gjoviken heliport 8 Orrviken, ca 16 krﬁ’ S
_ ,. AN,

Flightpath SAFTu Jamtland
Duration: 07:08 min:sec Distance: 16.3 km Mean GSP: 74 knots
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. Rutt 1. Gjoviken Heliport o Orrviken

4 Bullerkonturer: OBS uppskattad kallstyrka

m

60dBA
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Bullernivaer med avseende pa antal boende som utsatts rXN

Noise impact from flight
Nof people within LAm“ bands
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Population Density as of Meta
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63.1
latitude 14.3 longitude (swe_general 2020 geotiff.zip), OCHA


https://data.humdata.org/dataset/sweden-high-resolution-population-density-maps-demographic-estimates
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iy Rutt 20 Sollidend Faker, ca 28 km
" Flygprofil

High Resolution Profile input Altitude and Speed(GSP) as a fcns of time
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A2, Rutt 2: Sollidend Faker
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% Bullerkurvor |I: OBS uppskattad kallstyrka
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. Rutt 2: Sollidend Faker
W Bullerkurvor II: OBS uppskattad kallstyrka
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Population Density as of Meta
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Bullernivaer med avseende pa antal boende som utsatts RS

Noise impact from flight
Nof people within Lﬁmmx bands
14000 -

12000

10000

8000

6000

Nof people exposed within dB-band

40 45 50 55 60 65 70 75 80 85 90 95 100
Sound level in LpAmax (bands spanning 5dB)

Computation is based on open data from:

Sweden: High Resolution Population Density Maps

(swe_general_2020_geotiff.zip), OCHA


https://data.humdata.org/dataset/sweden-high-resolution-population-density-maps-demographic-estimates

Rutt 3: Sollider® Orrviken
Bullerkonturer 'OBS uppskattad kaIIstyrka
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¥ Flygvag Ostersund(
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Trajectory incl. Groundtrack
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#fermy Preliminara slutsatser \J APIS
40 kg leveransdronarmedfastavingarcal20m overmark

A Vingmodrelativttyst L, ma~4555dBA
A Multicoptermod L .~ 75-80 dBA vid landning
A OBSKalldatafor dronareruppskattadéran designparametraMatningarnodvéandigal

A Nuvaranderiktvarden De svenskariktvardenafor L, ., vid byggnadsfasaddtommer att
styrasnarareinL , ¢o-nivaer/FBN(energibaserade)

A Med hansyntill dentonalakaraktarerhosdronarbullerférvantasatt framtidareferensvarden
for UAV kan kommaatt sankas forhallandetill de flygplan for att aterspegladen storre
Irritation somdrdnaregerupphovtill (Gwaketal 2020.

Gwaket al. Soundquality factorsinfluencingannoyancdrom hoveringUAV J SounaVib. 2020 489, 115651
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o . . . . | APIS
Naturvardsverkets tillsynsvagledningar inom & Q D
buller S

Industribuller
e Leq Leq LA,maxLeq lordag, sdbndag ol
Rl dag kvall Leq nat natt helgdag (0€L8)
dBA 50(45)| 45(40)| 40(35)| 55(50) 45 (40)

(Nivaerna i tabellen ovan avser immissionsvarden vid bostader, forskolor, skolor och vard
galler utomhus vid fasad och vid uteplatser och andra ytor for utevistelse i bostadens nart

Ur Miljéprovningsfoérordning (2013:251)
24 kap. Hamnar och flygplatser

Buller fran flygtrafik och flygplatse

(inklusive helikoptrar)
FlygbullerniviMaximal niva

85 Anmalningsplikt C och verksamhetskod 63.50 géller Riktvarde Laren LAEmax

for flygplats for motordrivna luftfartyg dar mer an 500

flygrorelser per kalenderar ager rum.

dBA 25 70

| anslutning till en helikopterplatta kan trafiken vara &
en sadan omfattning att olagenhet for manniskors
halsa kan uppsta om inte skyddsatgarder vidtas.



Slutord: Buller och innovation 13

AHur 6ka chanserna for lyckad integration i stadsmiljo?

AlIntroducera inga 6verraskningar, hélla sig till det man lovat, vaxa
forstand och i samférstand

AVar proaktiv med atgarder och forklara bullernivaer fran restriktioner
matningar. Utbilda boende i akustik, simulera kvantitet och kvalitet, a
r°rel ser och delge O6bull erprog

A Samarbeta med staden och regionen, folj processer fér grannsamv
bered miljétillstand for anlaggningar med planerad trafik, var beredd pa
overklagan och miljomal, kommunicera, lyssna.

Beraknade ljudkartor kan anvandas som beslutsstod samt for
att forklara hur man arbetar med att minimera storningar







Extra material



#ons 3. Framtida behov och mgjligheter i ,%
G ‘ x

A UAV trafik kommer att 6ka G

A Léagre flyghojd an dagens flyg dagens flyg bullerreglerat endast vid start/landning
A Vi kanannu bara gissa trafikens omfattning och representation av olika farkosstper

A Riktvardenn Bl Wt qBl ¢ Ul UwlWHz2 G4 I Wnl guwd éwt ¢t Uct WeUUe

A Avenom ljudnivierna frAn en flygande drénare i sig inte ar hdga, i relation till andra bullerkéllor, kan
subjektiva reaktioner kopplade till bullerhandelsen , som Overraskningsmoment, okand
GTel tclctgel ALGYH chRYULIJYZcUn'BI Alls AWt gqc¢cl t qWIGg2 11 t ¢ We

A Ett brett spann av farkoster i frdga om storlek och ljudkaraktar

EASA Open CategoryLow Risk- Civil Drones <25 kg o )
Class: C0<250g, C1<900g, C2<4kg, C3,C4<25 kg Katla 40kgnyttolast 15 kg(lank till Katla Aero och bild)

Joby eVTOHm level flight (Iank till Joby och bild)

Bullerstérning fran drénare SKR WS 6 nov 2024  Bullersimuleringar, varfor? UIf Tengzelius Aurskall Akustik


https://www.jobyaviation.com/news/joby-hosts-international-aviation-regulators-california/
https://www.katla.aero/
https://www.easa.europa.eu/en/domains/drones-air-mobility/operating-drone/open-category-low-risk-civil-drones
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Vit~ U 2 &), KMeasurement of noise and its correlation to performance and
geometry of small aircraft propellers, EPJ Web of Conferences ,114 02112 (2016)
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ferr UAV Annoyance rating 4| APIS
Schéafer et al 2021: A total of 24 studies included in systematic review CJ \D
on noise emissions of drones. g
S | 4 additional records 1208 records identified
:E identified through through database searching:
. . . £ it
A Conclusion IThe literature of drone noise effects on humans =~ £ L2225 '
still scarce. Nevertheless, the current literature provides a fair| 835 records afte duplicates
. . . - . PETIIOWE
consistent picture, suggesting that drone noisesubstantially @ 7
more ?nn%vlnq tha_mt_roao_l traffic or aircraft noidae to special : pevammr e [ Rreea———
acoustic characteristics, in b
particularly pure tones and higinequency broadband noise. i
] . . >, 6 full-text articles excluded
A COﬂC|USIOn ” The InCI'eased annoyance tO drone noise COUld .—E 10 full-text arn-:.'les assessed | R-EH.SI:IITLS for exclusion:
accounted for witHevel correctiongor, alternatively, stricter limi 2 for eligibility N e )
values for drone noise in environmental guidelines/legislation) l
However, currently available studie® not allow reliably defining | 8 studies included in

Included

such correction terms.

qualitative synthesis

Figure 2. PRISMA flow diagram of the systematic review on noise effects of drones.

Beat Schaffeet al 2021 Drone Noise Emission Characteristics and Noise Effects on HurAgBigste Akusiikdokion
Sweden AB

Review, International Journal dEnvironmental Research and Public Health
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Annoyance rating by comparing drone noise to road traffic or standard aviation noise

ExampleGwaket al. Sound quality factors influencing annoyance from hovering lA6un®ib. 2020, 489,
115651

ALpeq ~10dB
(large drone vs. aircraft);
ALpeq ~6 dB
(large vs. small drone);
ALpeq ~4 dB
(small drone vs. aircraft)
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Exempel: Dronartransport, Huddinge Sjh-S0S

Over 5 000 snabbtransporter gors arligen mellan akutsjukhusen Danderyd, Huddinge, Karolinska,
Sddersjukhuset och S:t Gorans sjukhus, samt lager i Spanga. 99% av transporterna ar gods under 2 kg,
vilket ofta passar utmarkt for dronartransporter

Bullerkonturer L A«

Trajectoryat startingpoint Quadcoptermode theentire way Transition towing mode.
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Twodifferent operationalmodes: Major soundeductionusingwing mode

Bullerstorning fran dronare SKR WS 6 nov 2024 Bullersimuleringar, varfor? UIf Tengzelius Aurskall Akustik 41
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A Multicoptersources somewhat directive, in particular at higher
frequencies.

A Raw data: Eperimental data sets measured for five smailticopter
UAVs (4-6 rotor, 0.8 kg €n<3.5 kg)Y.

A Fitting: Least absolute residual (LAR) method to a surface spanned by a
2nd order polynomial in frequency domain and8&ler polynomial in
the 7~domain.

DK. Heutschiet al. 2020Synthesis of realvorld drone signals
based on lab recordingsgta Acustica, 46 (2020) 24 dB re M-30@ 1000 Hz

dB re M-30 @ 10 000 Hz dB re M-30 @ 100 Hz



