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Ditferent drone concepts QD
2aS

Legend OEM Vehicle

1 Airbus CityAirbus

2 Airflow Model 200

3 Archer Maker

4 Bell 4EX

s Beta Technologies Alla $250¢

6 Dufour Aerospace akro 3

7 Ehang EH-216

8 Ehang VT-30

9 Electra eSTOL

10 Elroy Air Chaparral
Eve Urban Air

1 Mobility Eve
Solutions
Hyundai Urban

2 ieMobiity oM

13 Jaunt Air Mobility Journey

14 Joby Aviation 54

15 Lilium Jet

16 Overair Butterfly

17 Pipistrel Nuuva V300

18 Sabrewing Rhaegal RG
Aircral ft Company 1

1 Vel VAX4
Aerospace

20 Volocopter VoloCity

21 Volocopter VoloConnect

22 Wisk Co

Acoustic source models need to be adapted to the propulsion concept! Akustikdoktorn
Sweden AB
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Dronarbuller: vad ar det som |ater RN
Turbulence Ingestion
| 6 o2
« Self generated rotor/propeller noise | @@f
 |Interaction between airflow and SRS
fuselage s )
. Blade Thickness & Loading (Steady)
* |nteraction between blades and
turbulence iade-Airivame
interaction Blade-Wake Interaction
NB: Typically the drive system (motors/engine) e s

vl

Engine/Motor

IS not contributing significantly.

https://ntrs.nasa.qgov/api/citations/20205007433/download
SINASA-TP-2020-5007433.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

APIS
i
Cargo drones GO

‘ -Q/

Single-mode cargo drones (multicopters): St

Customizable

« Fixed lifting rotors (loud)

Dual mode cargo drones:
 Lifting rotors (loud)
« Pulling/pushing propellers (relatively silent)

~—

@ﬁfw\ /?7-@ https://www.hongfeidrone.com/agricultural-drone/page/6/
A A

Foto Gustav Wiberg


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

UAV source spectrum

* Highly tonal spectrum

—)

* Increased annoyance in
relation to e.g. jet aircraft

APIS
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Stockholm health-care UAV use-case

Five main acute Stockholm Qo \|K7. CAA: UAV flights below
hospitals+ logistics center SO AR . i e perisir
More than 5 000 packages ¢ " £ oo fmmBmmma o contel
delivered yearly, of which 98% vediCarie Karolinsa i | PR e
weighs less than 2 kg 99 3 g O
Crucial items: blood samples or Stogjhol “

material and equipment from e

suppliers or other hospitals. |

Use-case: Replacing most of ground
transport with UAV logistics? @ )

Here: Focus on three non-central
hospitals due to CAA restrictions.

JJ& Region Stockholm ) Pre-study regarding drone transport between Stocholm acute hospitals EVERDRONE ‘kfgggfgﬁ;,ggspert



Health-care delivery use-case scenario: %“!@

Yearly number of deliveries (m < 2 kg)

Huddinge South General Danderyd
To From Total To From Total To From Total Overall
UAV UAV UAV UAV
Huddinge 401 715 1674 15 4 28 1702
South
General 715 401 1674 271 625 1344 3018
Danderyd 4 15 28 625 271 1344 1372

Assumptions:
O Due to weather limitations (risk of icing) 75% of the total number of deliveries can be made by
UAV transport whereas the rest must be transported by standard ground delivery solutions.
d  Ca50% of UAV deliveries return empty (urgency requirement)

nnnnnnnnnnnnnn

JJ& Region Stockholm 1) Pre-study regarding drone transport between Stocholm acute hospitals /ERDRONE ‘krpbots.gxpert



Health-care delivery use-case : R
Candidate routes: Huddinge - South General

Routes: Low ground risk (left), medium ground risk (center and right).
Densely populated areas are marked with a blue colour.

Low ground risk: SAIL2 drones sufficient

JJ& Region Stockholm Forstudie géllande drénartransporter mellan Region Stockholms akutsjukhus CVERDRONE ‘kabOtS-EXPE‘ﬁ

Shapng Urmanred Mvaiion
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EASA: Measurement guidelines (from 2023)

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.

_ 26 30-sec hovers
njjg__

25m

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

Weather station

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

- Distance.

- Atmospheric absorption.




Field measurements according to EASA guidelines
Fixed wing delivery drone: 20 kg MTOL, 2 kg payload.

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

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

» Added sound power at take- off estimated from

test bench data with 10 % increase of thrust s
vs. hover oor
c 95 <
= 90 -
E 80
o 75 . N7 “ -~
70 - T -- S < g

65 ‘ ‘ , |
© @ & B 0 & .S H O N oo @ aF o o
S S T S R AN S S

one-third octave band frequency (Hz)
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Air vehicle noise mapping. Principles for simulation method

Sound source —
(sound emission)

7
7

with

—

—» (varying
—>

> altitude)

Sound source
model and time
discretised flight
trajectory

)

sound propagation

Turbulence

Sound propagation
model, spherical or
refractive spreading,
absorption — ground
and screening effects

v

AR
N

)

9,
S /CUAM 2

—> sound immission
(reaching ground/people,...)

Sound spectrum time
histories in ground grid
and

Noise contours in noise
metric wanted

‘ Further analysis ...



Bullersimuleringar med SAFTu

SAFTu - har utvecklats i APIS projektet (vidareutveckling av

SAFTY)

Input: Kallkaraktaristik, flygvag, populationsdata,

topografi, (meterologiska data)

Metodik: Stralgangsberakning till adaptivt marknat, "grid”

Beraknade resultat:

* Ljudhistorik i samtliga grid-punkter

* Konturlinjer (ljudnivakurvor) av 6nskat ljudnivamatt
(Lamax, I‘DEN EtC)

* AdB,, mellan olika fall, t.ex. tva olika UAV:er, tva olika
flygprofiler.

* Antalet boende inom olika ljudnivaintervall

LSAFT : Simulering av Atmosfar och Flygtrafik for en Tystare omgivning
se lank: Aircraft noise mapping code SAFT

Nof people exposed within 5dB-bands

45 50 55 60 65 70
Sound level in Lpnmx (dB, bands spanning 5 dB)

Bullerstorning fran dronare SKR WS 6 nov 2024 Bullersimuleringar, varfor?  Ulf Tengzelius Aurskall Akustik


https://docs.google.com/document/d/1OhJqkSLCMbYAqSwZzUtK1rZXEuKq-0t1lsiLvkwUIRg

Huddinge- South General: (low ground risk route)

* Flight height above ground 40-60 m
* Two different operational modes: Major sound reduction using wing mode

Trajectory at starting point Quadcopter mode the entire way Transition to wing mode.




Huddinge- South General: (low ground risk route)

* Flight height above ground 40-60 m
* Two different operational modes: Major sound reduction using wing mode

Quadcopter mode the entire way Transition to wing mode.

carrier_eVTOL_MTOW_20kg Flightpath SAFTu Stockholm
Duration: 04:31 min:sec Distance: 13.8 km Mean GSP: 51 m/s
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Conclusions &)

 Fixed wing UAV at 50 m above ground:

v' wing mode operation fairly quiet: L, .., ~45-55 dBA
v’ quadcopter mode : L .~ 70 dBA

« Air traffic noise regulation: The Swedish reference levels regarding L ., at building facades
will govern compliance rather than Ly levels (energy summation based).

 Using measured data from a state-of-the-art delivery drone, the present L, . air traffic
reference levels at building facades will be met if the droneport is placed at least 50 m from
adjacent buildings.

* In view of the tonal character of drone noise, it is anticipated that future UAV reference
values may be lowered in relation to those for standard aircraft to reflect the greater
annoyance perceived by drones (Gwak et al 2020).

Gwak et al. Sound quality factors influencing annoyance from hovering UAV. J. Sound Vib. 2020, 489, 115651



Utblick och reflektion o4
e UAV trafik kommer att oka

O

 Lagre flyghojd an dagens flyg — dagens flyg bullerreglerat endast vid start/landning

e Svenska riktvarden for “storande” buller fran UAV saknas annu:

0 Aven om ljudnivderna fran en flygande dronare i sig inte ar héga i relation till andra

bullerkallor, kan subjektiva reaktioner kopplade till bullerhandelsen, som
overraskningsmoment, okand ljudkaraktar, position ovanfor, ..., starkt paverka
upplevelsen

0 Ett brett spann av farkoster vad galler storlek och ljudkaraktar

EASA Open Category - Low Risk - Civil Drones <25 kg

Class: CO < 250g, C1<900g, C2 <4kg, C3,C4 <25 kg Katla 40kg nyttolast 15 kg (lank till Katla Aero och bild) Joby eVTOL - level flight (lank till Joby och bild)

Bullerstorning fran dronare SKR WS 6 nov 2024  Bullersimuleringar, varfor?  Ulf Tengzelius Aurskall Akustik AkUStlkdOktom

Sweden AB


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

Extra material

Akustikdoktorn
Sweden AB
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Remark on noise and innovation

How to increase chances of successful integration in an urban environment:

* Don't introduce surprises, stick to your promises, grow wisely and in 5
agreement ‘_

* Be proactive with actions and explain noise levels from restrictions and
measurements. Educate residents in acoustics, simulate quantity and
qguality, number of movements and share "noise forecasts".

e Cooperate with the city and the region, follow processes for neighbourhood
collaboration, prepare environmental case for new facilities, be prepared
for appeals and possibly trials, listen and communicate.

Calculated sound maps can be used as decision support and to explain
planning work to minimize disturbances



Aircraft noise metrics: (S

* Day-evening-night level. Ly
* Flygbullerniva, FBN

1 ( Lday Levening 5 Lnight+10)

Loeny = 1000940 12X 1010 +4x10° 10 +8x 10 10

L L forl9 00 - 23:00% (4 hours) day

evening °

Lyighe: L. for 23:00* - 07:00 (8 hours) 07:00 -
19:00
P : : 19:00 -

FBN — Flyg Buller Niva (Flight Noise Level) evening 5dB 10X%log10(3)~4.8 dB
: . : . 23:00

is a Swedish metric corresponding to L.,

: 23:00 -

night 07:00 10 dB 10%log10(10)=10 dB

*) different time period limits in different countries.
In Sweden: 6:00, 18:00, 22:00 for calculation of FBN



Parameters affecting noise exposure

 UAV design parameters: lay-out, rotor rom and
pitch

e Operational modes: lift, hover, free flight

* Flight data/Trajectory:
oGroundtrack — via way points in Google Earth
oProfile — altitude, speed

* Population density: SCB data
e Screening, e.g. from buildings (shadow zones)
* Facade insulation (interior noise)

Akustikdoktorn
Sweden AB



User Input:

Moise
mapping . p " . .

SUFTu »| Vehicle |,| Flightarea | | Groundtrack | | Flightprofile | | Timestep | | Include | | Ground | |  Select |
typeofrun |— - modelftype country/region (waypoints lat, altitude and forVTOLS: population grid size, atmosphere :
l long given in speed flight mode data yes/no type and data :
. Google Earth) | | (in GUI figures) changes resolution :
|_ » (alternative 9 9 :
runtypes ...} .
: Computation:
. Establish: Sound propagation from discretized Compiling sound pressure time history Contour lines+ :
Sound source, Trajectory, Ground grid | trajectory points to accompanying [®| levels reached in mainground gridasa [™ population in
C r'y 'y r 3 {moving) sub-grid points on ground function of frequency (1/3-octave bands) contour line regions |:
.’---.-----.------------- SEsEmsEmsnEE ".I.‘III'.II.III'II-.IIIIII-.I-'III'.I-.IIII .II.III;‘;
: Fixed input data : « Output, Results: .

" L]

Vehicle type Ground Elevation Atmosphere Population = . . .
Source data data profile data distribution data . Noise maps (contour lines) Number of people exposed |
. Presented in Google Earth (bar diagram withoneor § =
- (or on other background map) more cases) .
n [

Figure 2. Process flow chart for running SAFTu to produce noise maps from a given UAV flight. From the SAFTu manual
(Tengzelius et al 2025).

User input
of source
type and

trajectory

Vehicle type Sound propagation
fixed data Sound source from discretized
trajectory pointsto | _,
Trajectory, accompanying

Ground grid (moving) sub-grid
points on ground

v

Figure 5 Vehicle sound source representation in SAFTu flow

chart logics



SAFTu functionality list

SAFTu functionality

Sound Soures/Vehicles - simplified multicopters, "small" and d:o VTOL-taxi V
Flight mode and rpm-dependent sound sources including directivity ongoing
Noise mapping, contours and time history spectra in any receiving point and metric V
Atmospheric data import and profile implementation: Nordic countries V
Topographic data worldwide (NOTE: atmospheric data simple ISA outside Nordic countries) — V
Topography (buildings) impact on ground noise — topography "simple", buildings ... ongoing
Delta dB contours (L,., Or "any" metric) - generality trajectory ongoing
Refractive raytracing - incl. algorithm for wind turbulence dep. diffraction into "shadow" zones coming
Noise mapping, contours and time history spectra in any receiving point and metric V
UAM scenarios: L, ..y CONtours — realistic scenarios, gridding methodology ? needs

Synthesis with existing ground traffic noise data. Evaluation of “added” noise impact APIS II?



Noise metrics

EASA: Guidelines for measuring noise
from UAVS

vl
-0 T

%
.20 |/':'V

Gain 4B

-0 {not dehned]:‘-__
(-3 i
-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
seconds.
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L. 10I¢-g,‘,r_[_| " ot
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For the Level-Flight procedure, SEL (“Sound
Exposire Level”) will be the A-weighted
noise integrated over time.

t
= 101 —_
SEL=L, +10log 15|
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w T = \‘-. i
FoTTTTTT T -“: Leq
i \
/r. . \\‘\
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Ground track
data was in this

case given as 2 : ‘
curve on map > ! Ground track
r : % = ll] data manually w0 ] _ .
transferred via = s S o' B L TN R
waypoints input | ’pﬂmz ——— ‘ S8 w5 oA
on overlayed A b S L iy g )
input mapin GE B0 Sl Wi o oA I EENRR LR

by
. sl
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N WP15.'? o
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— P
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3
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0 4 Ground track
«?f ! _ computed in matlab
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. | ¢ ready and shown in
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Profile input GUI
| : |

I ' = : :
180 pi: =—&— Flight profile - to be timmed
: —+— Ground altitude (beneath flight)
160 ! Heading between WP:s Speed +
140 | | L Flight mode
= 120 s | L —  changes input
r—y h H 1 | [=}
5 100 ! £
2 , -
- 80 ' [F]
o =
60
40
20
0
Distance flown (km)
High Resolution Profile input Altitude and Speed(GSP) as a fcns of time GUI Input FlightMode change positions
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carrier_eVTOL_MTOW_20kg SubGrid Pattern - Flightpath SAFTu Stockholm “

Duration: 10:07 min:sec Distance: 13.9 km Mean GSP: 23 m/s Ground rECE|V|ng gr :
Yo

12000 . . T PR N T s ) trajectory establis
‘ ' (topography data in this case
without buildings)
10000 - ]
8000 - -
6000 - —
€ 3
£ -
=]} =
= RIE:3 1 r '=~
4000 - -
2000 - Grid points closest to groundtrack . . : 3
MainGrid border | Ik
- First and last SubGrids ¥ |
SubGrid borders{every 10th along traj.) i j
Mo direct sound from traj.pos i -3
or | ;, :Q 7 S R—— Q
, . .r : :':..':
55 -
-2000 : ' A
-2000 0 2000 4000 6000 8000

East(m)



Task 4.1: UAV Annoyance rating

Schafer et al 2021: A total of 24 studies included in

systematic review on noise emissions of drones.

E-E 4 additional records 1"208 records identified
‘:E identified through through database searching:
Conclusion I: The literature of drone noise effects on E ey soees '
humans is still very scarce. Nevertheless, the current B 838 records after duplicates
literature provides a fairly consistent picture, suggesting that ® Iem;md
drone noise is substantially more annoying than road traffic g e E I R ————
or aircraft noise due to special acoustic characteristics, in &
particularly pure tones and high-frequency broadband noise. i
Conclusion II: The increased annoyance to drone noise could é 10 full-text articles assessed ?{i{jﬁﬂiﬁ;ﬂmm
be accounted for with level corrections (or, alternatively, Z for eligibility N e )
stricter limit values for drone noise in environmental B l
guidelines/legislation). However, currently available studies E | 8studiesincluded in
do not allow reliably defining such correction terms. 3 qualitative synthests

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

Beat Schaffer et al 2021. Drone Noise Emission Characteristics and Noise Effects on Humans—A Systematic

Review , International Journal of Environmental Research and Public Health



Task 4.1: Annoyance from drones

Annoyance rating by comparing drone noise to road traffic or standard aviation noise

Example: Gwak et al . Sound quality factors influencing annoyance from hovering UAV. J. Sound Vib. 2020, 489,
115651 :

ALpeq ~10dB
(large drone vs. aircraft);
ALpeq ~6 dB
(large vs. small drone);
ALpeq ~4 dB
(small drone vs. aircraft)

Ann wance

Dirone

- = = Reference sound source

Sound pressure level L

Beat Schaffer et al 2021. Drone Noise Emission Characteristics and Noise Effects on Humans—A Systematic
Review , International Journal of Environmental Research and Public Health, 2021, 18,5940



Example of delivery use-case scenario
(between stockholm hospitals)

Rutt 1: Danderyds sjukhus (H) — Huddinge sjukhus (H)

BN

Scenario 1: 32,4 km — 19 min 0 sek Scenario 2: 27,5 km — 16 min 17 sek Scenario 3: 20,5 km — 12 min 23 sek

Fargkodning: GUL=Befolkat omrade, BLA=Tatbefolkat omrade eller flygférbudszon som kréver koordinering, ROTT=Flygférbudszon.
Flygtid: Drénare med marschfart 30 m/s plus 1 min vid start/landning.

Scenario 1: Lagre markrisk, SAIL 2-drénare, langre flygstracka, dagens luftrum. Endast rutt 1, 3 och 7 méjliga.

Scenario 2: Hogre markrisk, SAIL 3- eller 4-dronare, kortare flygstracka, dagens luftrum. Endast rutt 1, 3 och 7 méjliga.

Scenario 3: Hogre markrisk, SAIL 4-drénare, kortare flygstracka, spekulativt framtida luftrum. Samtliga rutter méjliga.

JJ& Region Stockholm Forstudie géllande drénartransporter mellan Region Stockholms akutsjukhus CVERDRONE ‘krgﬁg}gﬁ}“{pert
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