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Outline

= noise reduction — why?

= aerodynamic sources of sound at transport aircraft (...and fans)

* noise reduction technologies — from basics to fly-over tests and back

= source noise localization & quantification — prerequisite for low noise design
= summary + conclusions




Why? Community noise !

DLR
= source noise reduction o —y
= flight paths/routing R
= passive measures (sound insulation buildings) ‘
= air traffic restrictions

journey oR-tume;
'Y

- By 2050 technologies,
| operational improvements and
noise abatement procedures
reduce the perceived noise
emission of flying aircraft by
— 65%? per operation relative to
the 2000 baseline;

13 a reduction of 65% equals ~ -15dB/operation = -97% in sound intensity
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Sources of sound at turbofan aircraft
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flap side edge slat tracks
spoiler
slats
fan (rwd) turbine
landing gear wake combustion
flap interference
jet flap
interference compressor
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padecssse Sas engine
airframe
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nose landing gear
dressings

leg doors
nose landing gear

jet
brake system

main landing gear
brake system

Photo: H. Siller
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Sources of airframe noise — flyover array results
DLR
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not so different from
fan tip gap noise

Jm fm = 3150Hz —_—
- R

flaps full — 170kts overhead S le R ¢
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L spL 67687071 H. Siller, T. Schumacher W. Hage, AIAA 2021-2160
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Full scale Flyover simulation (ATRA) ,_

sound sources

E' |
= |
mean flow: TAU ?5 821
sources: FRPM é flaps full, 135kt.

acoustics: DISCO++/FW-H gear up, 100m

component wise simulation

A320 left wing, pressure side
Case number. name

2. slat

, track Il.
| 4. pylon junction
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Full scale Flyover simulation (ATRA)

sound sources

mean flow: TAU
sources: FRPM
acoustics: DISCO++/FW-H

component wise simulation

2. slat
, track Il.

A320 left wing, pressure side

) ) Case number. name
| 4. pylon junction

edges / gaps

3. slat track V.
14. de-icing tube

lat. distance[m]

18. outboard

slat track 5. outboard

slat edge
vortex &
wingtip fence

inboard flap
edge / flap gap

lat. distance[m]

7. flap junction 10. flap

side edge, LN

15. inboard flap 8. flap side

edge & gap

DLR SIAM
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— A DLR project to demonstrate the potential of noise reduction

L N -AT RA technologies (NRT) for current transport aircraft
— Implementation/test of known airframe+jet NRTs on real a/c
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Flight test for noise reduction technologies

Concept: ¢
Test of all measures simultaneously at DLR Advanced Technology Research Aircraft‘ g’
o J
1.
. stagnation
Programme: e

« Reference test 2016

1. part test 2017 (co-operation with EU AFLoNext)
2. part test 2018 (5 years preparation)

main test, 1. part 2019

‘maimtest2—part-202x —prepared, not flown—

)

y axle
slat horn fairing

filler

A ‘f/

Partners: ’». 
S SAFRAN smms AMAS
Deharde  sPORL
=EE L AIRBUS

leg door fairing

SEIN
Leichtwerk AG Slat gap

variation (1)

torque link fairing brake cover

orous flap side edge
Coop. EU-AFLoNext Coop. EU-AFLoNext P D 9

Coop. EU-AFLoNext
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nozzle guide element



' - LNATRA o/
Jet noise reduction o elLia T | é
take-off — flaps 2: 22°/20° - gear up DLR

Nozzle modification

SPLporm [dB]
QH |

NRT - noise reduction technology

[aa)
=
s
i fon = 160Hz : //
1 1 1 | | | | | | )j _’4\\__\"\/
50 60 70 80 90 100 110 120 130 = |
polar radiation angle ¢[°] ]10 frm = 250Hz
P 50 60 70 80 90 100 110 120 130

. . o
standard nozzle (2016) polar radiation angle ¢|°]

modified nozzle (2019)
SPLporm = SPLimeas — 80 lg (12—t [B]

ref

= significant reduction at low frequencies, slight increase (~1dB) at high

frequencies
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NRT - noise reduction technology

11

Landing gear noise reduction

Nose/Main LG modification

azimuthal radiation angle ¥[°]

LNATRA o/
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approach flaps full —gear down — 135 kts
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= wide area broadband noise reduction ~ 2-3dB (single mics!)
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NRT - noise reduction technology

12

High Lift noise reduction

HLD side edge modification

open cell urethane foam

LNATRA o/ !
DLR

approach flaps full — gear up — 135 kts
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= wide area broadband noise reduction ~ 2-3dB (single mics!)

Aeroacoustic research and noise reduction for aircraft, Delfs, FAN 2025, Antibes 09.04.2025




NRT - noise reduction technology

13

High Lift noise reduction

HLD side edge modification

»
!
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open cell urethane foam

LNATRA o/ !
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approach flaps full — gear up — 135 kts
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= wide area broadband noise reduction ~ 2-3dB (single mics!)

Aeroacoustic research and noise reduction for aircraft, Delfs, FAN 2025, Antibes 09.04.2025




LNATRA -/
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NRT - noise reduction technology
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/= SPeIIEFReISE eliminated

/= 1I— 2 dB reauction at departure

up to 5dB reduction at approach (if including slat modification)
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flap side edge slat tracks

spoiler
slats

fan (rwd)

landing gear wake
flap interference

jet flap
‘éi interference

nose landing gear
dressings

leg doors

nose landing ger

main landing gear brake system

brake system

BEYOND LNATRA — Further research on sources of sound

and respective noise reduction technology




SLAT - noisereduction by slat cove liner

filler

A

F15LS (4:1 sister of F16)
1200 mm chord,
Re ~ 4 Mio.@ 55 m/s

kY

NRT, - nois¢ reduction technology

Baseline

r ‘a : .,& m

! " Y
2t | —

\ 9&
E 0 §)  2-3 dB reduction
| broadband
* no lift penalty
-4 | e, AR |
-5 -4 -3 =2 -1 i frequenCy f [HZ] 5 10 15 Lufo MOVE.ON
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Low noise high lift: leading edge device shapes #7

slat

Kriger
HL1

NRT - noise reduction technology

Kriger
HL19t

— - Mic 13
m C
N — 89°
2 90f IS
w L _ o
o F Py = 27
@ s
f 80 : 130°HLA1
{1115 R g 80F 1.t | 130°HL10t
10° 10° =
f11'3 octave [Hz] E 125°HL15t
same high lift performance | 1/3-Oct. Band frequency [kHz]

— 3D proof of low noise potential of Krtiger flaps
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Importance of SLAT TRACK noise

NRT - noise reduction technology

SPL [dB]
60

Clean-SC
f,=6.3kHz
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integrated SPL / dB
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1 frequency / kHz
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10
« track noise may dominate spectrum in wide frequency range

Pott-Pollenske, Jansen, AIAA 2002-2807



NRT - noise reduction technology

Importance of SLAT TRACK noise — influence of shape

Uiy = 61.5 m/s
AOA ., = 14°

S
rd

integrated SPL[dB]

track 2

track 3

frequency / kHz 10

e noise reduction by design
track 1
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slat isolated

track 1 — w/o plate
track 1 — w plate
track 2 — w/o plate
track 2 — w plate
track 3 — w/o plate
track 3 — w plate



JET-FLAP INTERFERENCE noise

DLR
Measurement of JFI noise dual stream nozzle in DLR-AWB (F16 High lift)
flap setting
O=25° O0p=35°
Co-flow fn = 2500.0 Hz
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f, = 5000.0 Hz

aBamie

+4 dB

SPL[dB]
74

U, = 129 m/s U, = 108 m/s
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Presentation Notes
A particularly challenging jet inferference noise problem was solved in the EU project JERONIMO based on a new simulation approach (Forced Eddy Simulation=FES) of DLR (R. Ewert), which combines stochastic turbuence modelling for small scales with direct simulation on large scales and is much more efficient compared to LES approaches. A NACA0012 airfoil with zero angle of attack is placed above a single stream jet (Experiment : Jordan, Poitiers). A 10dB increase in the low frequency domain of the jet noise spectrum is observed perpendicular to the airfoil planform (blue and red curves). This could be identified as trailing egde noise. The increase is due to co-herent vortical structures forming in the initial jet shearlayer and which interact with the airfoil. In comparison, sound detected along the span is not affected and represents classical isolate jet noise (black curves). For high frequencies the overall spectrum is dominated by isolated jet noise. For high frequencies acoustic shielding of the airfoils reduced the signal on the airfoil side (blue), while a slight increase is observed on the airfoil‘s opposite side.


JET-FLAP INTERFERENCE noise reduction

Test of single stream jet combined with F16 flap / effect of porous flap inserts DLR
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3
best variant: 0 —_reduction|
coarse porous metal + mesh cover ——T——penalty-—
_3 L T B % 6 0 O ] 3 R

05 06 0.7 M,

— appropriate materials
extremely effective

. . . . . *
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Presentation Notes
A particularly challenging jet inferference noise problem was solved in the EU project JERONIMO based on a new simulation approach (Forced Eddy Simulation=FES) of DLR (R. Ewert), which combines stochastic turbuence modelling for small scales with direct simulation on large scales and is much more efficient compared to LES approaches. A NACA0012 airfoil with zero angle of attack is placed above a single stream jet (Experiment : Jordan, Poitiers). A 10dB increase in the low frequency domain of the jet noise spectrum is observed perpendicular to the airfoil planform (blue and red curves). This could be identified as trailing egde noise. The increase is due to co-herent vortical structures forming in the initial jet shearlayer and which interact with the airfoil. In comparison, sound detected along the span is not affected and represents classical isolate jet noise (black curves). For high frequencies the overall spectrum is dominated by isolated jet noise. For high frequencies acoustic shielding of the airfoils reduced the signal on the airfoil side (blue), while a slight increase is observed on the airfoil‘s opposite side.


JET-FLAP INTERFERENCE noise reduction

wing model DLR
AIRBUS RDJ80 | -

b two-element wing flap d.=14°
| engine model

NRT - noise reduction technolodi@)

wen |\ W4 Y SAFRAN dual stream short cow 5
v . UHBR Ag,,/Acore~7: Dpix ~ 9100mm

******************************* inst. jet hard flap Q E,i”St- jet hard flap
inst. jet porous fl. = inst jet porous fl.
|soI Jet |ncI pylon o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 8
,,,,,,,,,,,,,,,,,,,,,, |1 1T
o :
117O (upstream) TR — 60 (downstream) ; R
1 frequency/kHz 10 1 frequency/kHz 10 e

Aeroacoustic research and noise reduction for aircraft, Delfs, FAN 2025, Antibes 09.04.2025 Chr. Jente. J. Schmidt. J. Delfs. M. Pott-Pollenske. H. Siller AIAA 2022-3040 t )»»
f . y . y . 1 . w



Presenter
Presentation Notes
A particularly challenging jet inferference noise problem was solved in the EU project JERONIMO based on a new simulation approach (Forced Eddy Simulation=FES) of DLR (R. Ewert), which combines stochastic turbuence modelling for small scales with direct simulation on large scales and is much more efficient compared to LES approaches. A NACA0012 airfoil with zero angle of attack is placed above a single stream jet (Experiment : Jordan, Poitiers). A 10dB increase in the low frequency domain of the jet noise spectrum is observed perpendicular to the airfoil planform (blue and red curves). This could be identified as trailing egde noise. The increase is due to co-herent vortical structures forming in the initial jet shearlayer and which interact with the airfoil. In comparison, sound detected along the span is not affected and represents classical isolate jet noise (black curves). For high frequencies the overall spectrum is dominated by isolated jet noise. For high frequencies acoustic shielding of the airfoils reduced the signal on the airfoil side (blue), while a slight increase is observed on the airfoil‘s opposite side.


LANDING GEAR - FLAP INTERFERENCE noise
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-> at large deployment angle installation excess noise increased
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Gear wake / flap

LANDING GEAR - FLAP INTERFERENCE noise interaction noise

Acoustic Windtunnel studies AWB
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NRT - noise reduction technology
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— significant low frequency noise source at flap leading edge 1

frequency f [kHZ] 10
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S .
4 FANTIP CLEARANCE NOISE - reduction by flow control #7
(&)
[}
= (kindly provided by U. Tapken, DLR Institute of propulsion technology) DLR
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FAN TIP CLEARANCE NOISE - reduction by flow control #7
DLR

steady air injection at rotating instability operating point (¢=0.2)
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noise reduction technologies - conclusions #7
DLR

effective aeronoise reduction may be achieved by
= aero-shaping But: how to arrive at ,best shape“in MD context?

= materials But: what are ,best properties*?
= with existing materials
= modified materials (graded, anisotropic)
= newly designed materials, i.e. taylored (meta) materials
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= flow control But: what is the most effective/efficient way of air injection?
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Source noise localization & quantification
— a pre-requisite for low noise design —

* Where exactly happens the sound generation inside a complex structure ?

* How unique are beamforming maps ?
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« Sound generated at installed components ?

« What is a ,source of sound” at all?
— Can one define a ,surface source quantity“?

« Can one extract a ,source indicator” without propagation to the farfield ?

« Can one overcome assumptions in beamforming and do localization
based on first principles ?

- special thanks to ebmpapst for cooperation on this -
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Concept for alternative source localization — source hypothesis #7
DLR

no sound generation by pure reflection of an incident pressure field
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Concept for alternative source localization — translation to math #7

Ffowcs-Williams & Hawkings (Kirchhoff) equation, solid surface

(low Mach no., freq. domain):
~ 0

pla) = pr(z) + 4= / exp(—ikr) |(ikr + 1) €225 () - %g,gﬁ ds(¢)

Ve
1 QLH
pr(x) / =L exp(—ikr) dV(§) free field signature

T Arm r
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Choose reception point = on surface:

() = 2iy(@) + 5k F exp(—ik)(ikr + DE5(E) dS(©

T
T oV

solve for
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Concept for alternative source localization — reading the equation #7
DLR

no sound generation by pure reflection of incident pressure fieps

= source of sound on surfaces is pure diffraction of pressure field
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S
g . L ~
o Acoustic surface pressure ps and the surface source § #7
S DLR
5
; B(w) = 20 (x) + 5& - exp(—ikr)(ikr + )< dS(€)
9 N ~ A
g Ve P —— P =Ds + 2py
'S
. pl) — 2y(@) = 5 f exp(—ikr)(ikr + 1) <257 p dS(¢)
oVe

= pg(x) = 24 + Ljé exp(—ikr)(ikr + 1) e;;nﬁg(ﬁ) dS (&) (Kirchhoff equation)

oVp
Lqm — ok L exp(—ihr) ihr + 1) 2527 (6) dS(¢

27 r
oVpg

< pg is physically realizable pressure field

Fil()) = g F exp(-ikr)kr + 1)) dS(©
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Test case airfoil edge noise

localization 4 low noise design

045 Acoustic WT BTU, Cottbus, German

| |
-0.8 =06 -04 —0.2 0 0.2 04 0.6
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Test case airfoil edge noise #7
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g Test case airfoil edge noise — simulation data base
B
2 DLR
= SRS/FW-H results, 23M polyeder cells, Siemens Star-CCM+, courtesy of ebm-papst
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Results: acoustic surface pressure ps #7
DLR

@
&
2 2000Hz
= y
c @
= =
N
S
S
£
suction side 3| < |
A, |o
n
=
=
ps = — 2 X py
SPL(m)=88dB SPL(m)=94dB

Aeroacoustic research and noise reduction for aircraft, Delfs, FAN 2025, Antibes 09.04.2025



Results: acoustic surface pressure ps
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Concept validation — acoustic surface pressure #7
DLR

Does pg carry the source information of the original surface pressure p ?
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summary: pressure p :> surface source § vs. beamformingb #7
3% ps 7 ss 0 ps DLR
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Leading edge noise from inflow turbulence - ps #7
DLR
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Some more edges...

i DLR
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localization 4 low noise design

|
Tip gap noise (flap side edge)

\

BTGNX experiment
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Conclusions on source localization

pressure p source ¢

AN 7
” diWer”

surface source quantity ¢ enables source identification w/o beamforming
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localization first principles based on the hypothesis, that reflection does not generate sound

source guantity ¢

= super resolution
= objective (not depending on observer, nor acoustic installation)

= patural basis for aeroacoustic cost function (optimisation)

given flush surface mounted MEMS technology ¢ could be determined
experimentally
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Summary & Conclusions #7
DLR

= demonstrated that aircraft noise may be reduced at the source
= know, what to do (1%t set of dominant sources successfully treated by , 15t gen“ NRTs)

= any further improvement? — yes!
m 2nd set of dominant sources identified, sucessfully treated by , 15t gen“ NRTs
= Next: go from ,15t gen” to optimum (2"d gen) NRTs
= aero-shaping (in sense of MDO)
= materials (best placing, inverse design of meta materials, adaptive/switchable)
= active (steady flow control, ultimately unsteady source control «— MEMS-
sensors/actuators+num. simulation+Al)
" How?
= Exploit today‘s (num./exp.) capabilities to generate relevant detailed/high quality data

= Make sense out of data; use relevant source quantities, physical + correlation based models
with ordinary brains and Al-brains.

= aeroacoustic problems in a/c and ventilation fans very similar
= |earn from each other (— meet on conferences like this)
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Thank you !
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