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Background
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Original Scaled model in Wind Tunnel

𝑅𝑒 ≈ 1.4 Mio

standard
cryogenic and

pressurized

𝑅𝑒 ≈ 5.2 Mio𝑅𝑒 ≈ 20 Mio 𝑅𝑒 ≈ 20 Mio

(Drawings adapted from Prof. Asai K, Tohoku University, Sendai, Japan)

cryogenic or

pressurized
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Previous work

Aeroacoustic measurements

in wind tunnels

Hayes [1999] at NTF

▪ Pressurized environment

Stoker [2008] at NTF

▪ Pressurized and

mild cryogenic (𝑇 = 226.5 K)

Ahlefeldt [2010] at DNW-KKK

▪ Cryogenic (𝑇 = 100 K)

[1] Hayes, J. A. et. al., „Measurement of Reynolds number effects on

airframe noise in the 12-foot pressure wind tunnel”, 5th AIAA/CEAS, 1999.

[2] Stoker, R.W. et. al., “High Reynolds Number Aeroacoustic Testing in

NASAs National Transonic Facility (NTF)”, 46th AIAA-ASM, 2008.

[3] Ahlefeldt T. and Koop L., “Microphone-Array Measurements in a 

Cryogenic Wind Tunnel”, AIAA-Journal, Vol.48, No.7, 2010.

[4] Ahlefeldt T., “Aeroacoustic Measurements of a Scaled Half Model at High 

Reynolds Numbers”, AIAA-Journal, Vol.51, No.12, 2013.
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Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparability

(different wind tunnels)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparability

(different wind tunnels)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



Background: acoustic sources in beamforming

Numerical approach
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Lighthill equation

”Equivalent sources“

𝑉𝑄: Domain with

non-linear effects

Outside domain:

no flow, 𝑄 = 0

Turbulent domain

𝜕

𝜕𝑡2
𝜌′ − 𝑐2∆𝜌′ =

𝜕2

𝜕𝑥𝑖𝑥𝑗
𝑇𝑖𝑗

𝜌′ =
1

4𝜋𝑐2
𝜕2

𝜕𝑥𝑖𝑥𝑗
න
𝑉𝑄

𝑇𝑖𝑗 Τ𝒚, 𝑡 − 𝒙 − 𝒚 𝑐2

𝒙 − 𝒚
𝑑3𝒚

Approximate solution without boundaries

Application:



Background: acoustic sources in beamforming

Beamforming approach
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How do we obtain source maps ?



Background: acoustic sources in beamforming

Beamforming approach – time domain
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+

source model

𝑝𝑚 𝑔𝑚 𝐵

𝐵 = ෍

𝑚=1

𝑀

𝑝𝑚 𝑔𝑚



Background: acoustic sources in beamforming

Beamforming approach – time domain
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+

𝑝𝑚 𝑔𝑚 𝐵

𝐵 = ෍

𝑚=1

𝑀

𝑝𝑚 𝑔𝑚

𝑝1(𝑡)

𝑝2(𝑡)

𝑝3(𝑡)

𝐵(𝑡)

+

source model



Background: acoustic sources in beamforming

Beamforming approach – frequency domain
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𝒑(𝑘) 𝜔 =
𝑝1
(𝑘)

𝜔

⋮

𝑝𝑀
(𝑘)

𝜔

𝑪 𝜔 =
1

𝐾
෍

𝑘=1

𝐾

𝒑(𝑘) 𝜔 𝒑(𝑘) 𝜔 ∗

Pressure signals and cross spectral matrix

(sampled in time blocks 𝑘)

𝒈 𝒚,𝜔 =
𝑔1 𝜔, 𝑥1, 𝒚

⋮
𝑔𝑀 𝜔, 𝑥𝑀, 𝒚

𝑮 𝒚, 𝜔 = 𝒈 𝒚,𝜔 𝒈 𝒚,𝜔 ∗

Steering vector and steering matrix

Microphones in

far field 𝑥𝑚
Map domain

with focus points 𝑦𝑛

𝑔 =
𝑒−𝑗𝜔∆𝑡

4𝜋 𝑴 ⋅ 𝒙 − 𝒚
2
+ 𝛽2 𝒙 − 𝒚 2

Green’s function of

convective Helmholtz equation

with 𝛽2 = 1 − 𝑴 2



Background: acoustic sources in beamforming

Beamforming approach – frequency domain
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𝑪 𝜔 =
1

𝐾
෍

𝑘=1

𝐾

𝒑(𝑘) 𝜔 𝒑(𝑘) 𝜔 ∗

Cross spectral matrix

𝑮 𝒚,𝜔 = 𝒈 𝒚,𝜔 𝒈 𝒚,𝜔 ∗

Steering matrix

min
𝜇∈ℝ

𝑪 𝜔 − 𝜇𝑮(𝑦, 𝜔) 𝐹

Minimization problem
Unique solution (Conventional Beamforming)

𝑩 𝒚,𝜔 =
𝒈 𝒚,𝜔 ∗𝑪(𝜔)𝒈 𝒚,𝜔

𝒈 𝒚,𝜔 𝒈 𝒚,𝜔 ∗
𝑭
𝟐

Microphones in

far field 𝑥𝑚
Map domain

with focus points 𝑦𝑛
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparability

(different wind tunnels)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency

✓

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



▪ Model fidelity

▪ Installation effects

▪ Reynolds number, Mach number, Strouhal

number

▪ Model fidelity

▪ Installation effects

▪ Reynolds number, Mach number, Strouhal

number

Background
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Original Scaled model in Wind Tunnel

𝑅𝑒 ≈ 1.4 Mio

standard
cryogenic and

pressurized

𝑅𝑒 ≈ 5.2 Mio𝑅𝑒 ≈ 20 Mio 𝑅𝑒 ≈ 20 Mio

(Drawings adapted from Prof. Asai K, Tohoku University, Sendai, Japan)

cryogenic or

pressurized



Wind Tunnel
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Drawing, ETW-Logo and Photo: Copyright ETW

▪ European Transonic Windtunnel (ETW)

▪ Provision of real-flight Reynolds numbers by

virtue of both decreased temperature and increased pressure

▪ Test section:

2.0 m × 2.4 m × 9.0 m

▪ Operational range:

0.15 < 𝑀 < 1.35

313 K > 𝑇 > 110 K

110 kPa < 𝑝𝑠𝑡𝑎𝑡 < 450 kPa



Setup
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Airbus K3DY half-model

▪ Scale: 1:13.6 (7.35%), 𝛿 ≈ 0.3 m

▪ Slat: 26 deg, Flaps: 34 deg

▪ High-lift configuration identical to

EWA-Benchmark test 2007 at LSWT

Data points (𝑀 = 0.203)

T [K] ptot [kPa] Reδ [106] q/E [10-8]

DP I 310 110 1.42 1.57

DP II 125 115 5.16 1.57

DP III 310 399 5.16 5.70

DP IV 120 419 20.00 5.70

Deformation negligible*

*Ahlefeldt T., “Aeroacoustic Measurements of a Scaled Half-Model at High Reynolds Numbers”, AIAA Journal, Vol. 55, No. 1 (2017).



▪ Limited positioning of microphones:

▪ Significantly restricted angle/area of observation

Setup
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Data processing
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▪ Algorithms:

▪ Conventional beamforming with DR

▪ Increased dynamic range:

CLEAN-SC*

▪ Speed of sound:

function of temperature and pressure

▪ Observation plane: 1.30 m × 1.32 m
(𝑑𝑥𝑦 = 5 mm, 69165 grid points)

▪ Grid rotated with α and dihedral angle

*Sijtsma P., “CLEAN based on spatial source coherence”, International Journal of Aeroacoustics, Vol 6, 2012.



Setup
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Microphone-Array

▪ 96 microphones (flush mounted)

▪ Inserts: compressed laminated wood

6.4 mm

Brüel&Kjær cryogenic-type 4944A

Microphone membrane on test section wall
Microphone array integrated in test section wall
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparability

(different wind tunnels)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency

✓

✓

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



Sensor calibration
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Cryogenic vessel of the ETW

▪ 120 K ≤ 𝑇 ≤ 290 K

▪ 100 kPa ≤ 𝑝𝑠𝑡𝑎𝑡 ≤ 400 kPa

Measurements

▪ 4 microphones

(B&K cryogenic-type 4944A)

▪ PULSE measurement system

(Brüel&Kjær)

▪ Excitation: electrostatic actuator

fexc = 1 kHz to 100 kHz

Ahlefeldt T. and Quest J. ”High-Reynolds Number Aeroacoustic Testing under Pressurized Cryogenic Conditions in PETW”, 50th AIAA-ASM, 2012
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𝒑𝒔𝒕𝒂𝒕 = 𝟏𝟎𝟎 𝐤𝐏𝐚
𝟏𝟐𝟎 𝐊 ≤ 𝑻 ≤ 𝟐𝟗𝟎 𝐊

▪ wavy frequency response

with several resonances

𝒑𝒔𝒕𝒂𝒕 = 𝟒𝟎𝟎 𝐤𝐏𝐚
𝟏𝟐𝟎 𝐊 ≤ 𝑻 ≤ 𝟐𝟗𝟎 𝐊

▪ not a linear combination

of FR(T) and FR(p)

 look-up table with

2D-interpolated data

Sensor calibration – frequency response
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparability

(different wind tunnels)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency

✓

✓

✓

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



Source mechanisms: 𝑝′ = function(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟)

Corrections / Assumptions
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▪ Aeroacoustic similarity:

Reynolds number, Mach number, Strouhal number, (Helmholtz number)

▪ Conditions

▪ Change of static pressure 𝑝𝑠𝑡𝑎𝑡 and temperature 𝑇

▪ 𝑀 =
𝑢

𝑐
= 𝑐𝑜𝑛𝑠𝑡.

Change of density 𝜌, speed of sound 𝑐, flow speed 𝑢, Reynolds number 𝑅𝑒

 𝑆𝑡𝑐, 𝑢 𝜌, 𝑐, 𝑢

𝑀 = Τ𝑢 𝑐

𝑆𝑡 = ൗ𝑓𝐷
𝑢

𝐻𝑒 = ൗ2𝜋𝑓𝐷
𝑐



Corrections / Assumptions

Amplitude
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Δ𝑑𝐵 = 20𝑙𝑜𝑔10
𝜌𝑐2

𝜌0𝑐0
2 with 𝜌0 = 1.25 Τkg m3 and 𝑐0 = 337 Τm s

*Curle N., “The Influence of Solid Boundaries upon Aerodynamic Sound”, Proc. R. Soc. Lond., A, Vol 231 (1955).

Ahlefeldt T., “Aeroacoustic Measurements of a Scaled Half-Model at High Reynolds Numbers”, AIAA Journal, Vol. 55, No. 1 (2017).

Dipole* Quadrupole#

▪ Compact source in far-field: 𝐼 ∝
𝜌𝑢∞

6

𝑐3
𝐷2

𝑟2
f(Re) 𝐼 ∝

𝜌𝑢∞
8

𝑐5
𝐷2

𝑟2
g(Re)

▪ In terms of acoustic pressure:

𝐼 = ൗ𝑝′2 𝜌𝑐 𝑝′2 ∝
𝜌2𝑢∞

6

𝑐2
𝑝′2 ∝

𝜌2𝑢∞
8

𝑐4

▪ In terms of the Mach number: 𝑝′2 ∝ 𝜌2𝑐4𝑀6 𝑝′2 ∝ 𝜌2𝑐4𝑀8

 Correction for cryogenic and pressurized conditions (𝑀 = 𝑐𝑜𝑛𝑠𝑡.):

#Lighthill M.J., “On sound generated aerodynamically I. General theory”, Proc. R. Soc. Lond., A, Vol 211 (1952).



Corrections / Assumptions
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▪ Aeroacoustic similarity:

Reynolds number, Mach number, Strouhal number, (Helmholtz number)

▪ Source mechanisms: 𝑝′ = function 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟

▪ Comparison at 𝑀 = const.

▪ Differences in results attributable to

▪ Reynolds number

▪ Deviations to assumptions made

(compactness, far-field, no entropy, incompressible, …, array processing)

𝑆𝑡 𝜌, 𝑐, 𝑢

Δ𝑑𝐵 = 20𝑙𝑜𝑔10
𝜌𝑐2

𝜌0𝑐0
2



Comparability

(different wind tunnels)
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Experimental setup in ETW

Comparable Results

 Statements on Reynolds number dependency

✓

✓

✓

✓

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



Comparability

(different wind tunnels)
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Experimental setup in ETW✓

✓

✓

✓

Comparable Results

 Statements on Reynolds number dependency

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔 𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔
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𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑𝟑𝟓 𝐇𝐳

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔 𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 𝟑. 𝟎 𝐤𝐇𝐳 𝑻 = 𝟏𝟐𝟎 𝐊 𝒑 = 𝟒𝟏𝟗 𝐤𝐏𝐚𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 𝟒. 𝟕 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟏𝟏𝟎 𝐤𝐏𝐚 𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 𝟒. 𝟖 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟑𝟗𝟗 𝐤𝐏𝐚

Quantitative comparison (identical scale), corrections applied



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟕𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟏. 𝟐 𝒌𝐇𝐳

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔 𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟕𝟎 𝟏𝟎. 𝟓 𝐤𝐇𝐳 𝑻 = 𝟏𝟐𝟎 𝐊 𝒑 = 𝟒𝟏𝟗 𝐤𝐏𝐚𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟕𝟎 𝟏𝟔. 𝟓 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟏𝟏𝟎 𝐤𝐏𝐚 𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟕𝟎 𝟏𝟔. 𝟔 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟑𝟗𝟗 𝐤𝐏𝐚

Quantitative comparison (identical scale), corrections applied



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟐. 𝟐 𝒌𝐇𝐳

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔 𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 𝟏𝟗. 𝟔 𝐤𝐇𝐳 𝑻 = 𝟏𝟐𝟎 𝐊 𝒑 = 𝟒𝟏𝟗 𝐤𝐏𝐚𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 𝟑𝟎. 𝟕 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟏𝟏𝟎 𝐤𝐏𝐚 𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 𝟑𝟎. 𝟗 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟑𝟗𝟗 𝐤𝐏𝐚

Quantitative comparison (identical scale), corrections applied



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑. 𝟒 𝒌𝐇𝐳

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔 𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 𝟑𝟎. 𝟏 𝐤𝐇𝐳 𝑻 = 𝟏𝟐𝟎 𝐊 𝒑 = 𝟒𝟏𝟗 𝐤𝐏𝐚𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 𝟒𝟕. 𝟑 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟏𝟏𝟎 𝐤𝐏𝐚 𝑺𝒕𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 𝟒𝟕. 𝟓 𝐤𝐇𝐳 𝑻 = 𝟑𝟏𝟏 𝐊 𝒑 = 𝟑𝟗𝟗 𝐤𝐏𝐚

Quantitative comparison (identical scale), corrections applied



Results – Spectra: flap and slat
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SLAT SOURCES
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FLAP SOURCESSLAT SOURCES



Comparability

(different wind tunnels)
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Experimental setup in ETW✓

✓

✓

✓

Comparable Results

 Statements on Reynolds number dependency

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

✓



Summary
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▪ Small-scale model airframe noise data at real-flight Reynolds numbers

▪ Significant Reynolds number dependencies

▪𝑆𝑡𝛿 < 100 (𝑓𝑓𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒 < 1,8 𝑘𝐻𝑧):

▪Slat tones at low Re

▪Various peaks with combined Re & St dependency

▪𝑆𝑡𝛿 > 100 (𝑓𝑓𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒 < 1,8 𝑘𝐻𝑧):

▪Inboard slat sources at mid-level Re

▪Dominant broadband peaks on flap at real-flight Re



Comparability

(different wind tunnels)
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Experimental setup in ETW✓

✓

✓

✓

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparable Results

 Statements on Reynolds number dependency
✓



Comparability – Setup

> Keynote Presentation: Measurements at flight-Reynolds numbers > CEAA 2018. Светлогорск, РоссияDLR.de  •  Chart 40

LSWT ETW

Spehr C. and Ahlefeldt T., “Comparison of Microphone Array Measurements in the Closed Test Section of LSWT and ETW”, CEAS Journal, 

accepted for publication (2018).

▪ Identical model

▪ Identical configuration

▪ Identical flow parameter

(Low Reynolds number)

▪ Different wind tunnels

▪ Different microphone arrays

▪ Different microphones



Comparability – spectra
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Spehr C. and Ahlefeldt T., “Comparison of Microphone Array Measurements in the Closed Test Section of LSWT and ETW”, CEAS Journal, 

accepted for publication (2018).

▪ Overall spectra similar: ±2𝑑𝐵

▪ Increased Background noise at 

LSWT  peak at ≈ 3.2 kHz

▪ Differences for tonal components 

(“slat tones”)

▪ Differences at frequencies > 40 kHz
 microphone calibration



Comparability – source maps
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ETWLSWT

▪ Main sources are at 

same positions

with minor differences

in level

▪ Sources on slat vary 

significantly



Comparability

(different wind tunnels)
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Beamforming procedure

Sensor calibration (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Corrections, Assumptions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Experimental setup in ETW

Aeroacoustic Measurements at the ETW

Measuring under different conditions (𝑝𝑠𝑡𝑎𝑡, 𝑇)

Comparable Results

 Statements on Reynolds number dependency

𝑩 𝒚,𝜔 =
𝒈 𝒚,𝜔 ∗𝑪(𝜔)𝒈 𝒚,𝜔

𝒈 𝒚,𝜔 𝒈 𝒚,𝜔 ∗
𝑭
𝟐

Re ≈ 1,4 Mio 

Re ≈ 5,2 Mio 

Re ≈ 20 Mio 
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Questions?

Comments?

thomas.ahlefeldt@dlr.de

Take aways

▪ How do microphone array 

measurements in WT work

▪ Corrections and assumptions

▪ Offer: Sharing data, results and 

knowledge for cooperation
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Background: acoustic sources in beamforming

Numerical approach

1

𝑐2
𝜕

𝜕𝑡2
𝑝′ − ∆𝑝′ = ෍

𝑖,𝑗=1

3
𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
𝜌𝜈𝑖𝜈𝑗 − 𝜏𝑖𝑗 +

𝜕2

𝜕𝑡2
1

𝑐2
𝑝′ − 𝜌′
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Lighthill equation with fluctuating pressure 𝑝′ = 𝑝 − 𝑝0

„Equivalent sources“

(contains also kinematic effects: refraction, convection…) 

Domain with

non-linear effects
Outside domain:

no flow, 𝑄 = 0

Turbulent domain



Setup
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Airbus K3DY half-model

▪ Scale: 1:13.6 (7.35%)

▪ High-lift configuration identical to

EWA-Benchmark test 2007 at LSWT

Data points (𝑀 = 0.203)

𝑇 [K] 𝒑𝒔𝒕𝒂𝒕 [kPa] 𝑹𝒆𝜹 [10
6] 𝑞/𝐸 [𝟏𝟎−𝟖]

DP I 310 110 1.42 1.57

DP II 125 115 5.16 1.57

DP III 310 399 5.16 5.70

DP IV 120 419 20.00 5.70

Ahlefeldt T., “Aeroacoustic Measurements of a Scaled Half-Model at High Reynolds Numbers”, AIAA Journal, Vol. 55, No. 1 (2017).



▪ Limited positioning of microphones:

▪ Significantly restricted angle/area of observation

▪ Conventional beamforming: strong sidelobes

▪ Different microphone groups

used for conventional maps

(“nested arrays”)

▪ After validation:

*CLEAN-SC with all microphones

Setup
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*Sijtsma P., “CLEAN based on spatial source coherence”, International Journal of Aeroacoustics, Vol 6, 2012.



Comparability – Setup
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LSWT ETW

Spehr C. and Ahlefeldt T., “Comparison of Microphone Array Measurements in the Closed Test Section of LSWT and ETW”, CEAS Journal, 

accepted for publication (2018).

▪ Identical model

▪ Identical configuration

▪ Identical flow parameter

(Low Reynolds number)

▪ Different wind tunnels

(but similar dimensions)

▪ Different microphone arrays



Comparability – PSF
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Sensor calibration – amplitude response

𝒑𝒔𝒕𝒂𝒕 = 𝟒𝟎𝟎 𝐤𝐏𝐚
𝟏𝟐𝟎 𝐊 ≤ 𝑻 ≤ 𝟐𝟗𝟎 𝐊

With standard deviation
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𝑻 = 𝟏𝟐𝟎 𝑲
𝟏𝟎𝟎 𝐤𝐏𝐚 ≤ 𝒑𝒔𝒕𝒂𝒕 ≤ 𝟒𝟎𝟎 𝐤𝐏𝐚

▪ Standard deviation

up to 10 deg

▪ ≈ commercially used

array microphones

▪ Influence on beamforming

result < 0.05 dB

Ahlefeldt T., “Aeroacoustic Measurements of a Scaled Half-Model at High Reynolds Numbers”, AIAA Journal, Vol. 55, No. 1 (2017).

Sensor calibration – phase response



Sensor calibration



Atmospheric absorption
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• Shields, F. D.; Bass, H. E. “Atmospheric absorption of high frequency noise 

and application to fractional-octave bands” NASA CR-2760, 1977



Assumptions / Corrections
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▪ Aeroacoustic similarity:

Reynolds number, Mach number, Strouhal number, (Helmholtz number)

▪ Static pressure 𝑝𝑠𝑡𝑎𝑡

▪ Temperature 𝑇

Test section environment Changing properties 𝑴 =
𝒖

𝒄
= 𝒄𝒐𝒏𝒔𝒕.

Static pressure 𝑝𝑠𝑡𝑎𝑡 Reynolds number

density 𝜌

speed of sound 𝑐

Young’s modulus 𝐸

Reynolds number

density 𝜌

speed of sound 𝑐

 flow speed 𝑢
 elastic deformation Τ𝑞 𝐸

Temperature 𝑇

𝑀 = Τ𝑢 𝑐

𝑆𝑡 = ൗ𝑓𝐷
𝑢

𝐻𝑒 = ൗ2𝜋𝑓𝐷
𝑐



Assumptions / Corrections
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▪ Aeroacoustic similarity:

Reynolds number, Mach number, Strouhal number, (Helmholtz number)

 𝑆𝑡, 𝐻𝑒𝑐, 𝑢 𝜌, 𝑐, 𝑢

𝑀 = Τ𝑢 𝑐

𝑆𝑡 = ൗ𝑓𝐷
𝑢

𝐻𝑒 = ൗ2𝜋𝑓𝐷
𝑐

Test section environment Changing properties 𝑴 =
𝒖

𝒄
= 𝒄𝒐𝒏𝒔𝒕.

Static pressure 𝑝𝑠𝑡𝑎𝑡 Reynolds number

density 𝜌

speed of sound 𝑐

Young’s modulus 𝐸

Reynolds number

density 𝜌

speed of sound 𝑐

 flow speed 𝑢
 elastic deformation Τ𝑞 𝐸

Temperature 𝑇

Source mechanisms: 𝑝 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟)



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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▪ Different Reynolds number

▪ 7% to 26% of real-flight Reδ
▪ Same deformation

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8
𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8



𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑𝟑𝟓 𝐇𝐳

Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟐. 𝟐 𝐤𝐇𝐳𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑. 𝟒 𝐤𝐇𝐳

𝑹𝒆𝜹 = 𝟏. 𝟒𝟐 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8
𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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▪ Same Reynolds number

▪ 26% of real-flight Reδ
▪ Different deformation

▪

▪

▪

𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8
𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 1.57 ∙ 10−8
𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8

𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑𝟑𝟓 𝐇𝐳𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟐. 𝟐 𝐤𝐇𝐳𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑. 𝟒 𝐤𝐇𝐳



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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▪ Different Reynolds number

▪ 26% to 100% of real-flight Reδ
▪ Same deformation

▪

▪

▪

𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8
𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8



Results – Source maps (CLEAN-SC)

M = 0.203 | α = 3° | Variation of Strouhal number
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𝑹𝒆𝜹 = 𝟓. 𝟏𝟔 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8
𝑹𝒆𝜹 = 𝟐𝟎. 𝟎 ∙ 𝟏𝟎𝟔

Τ𝑞 𝐸 = 5.70 ∙ 10−8

𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑𝟑𝟓 𝐇𝐳𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟏𝟑𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟐. 𝟐 𝐤𝐇𝐳𝑺𝒕𝜹,𝟏/𝟑𝑶𝒄𝒕 = 𝟐𝟎𝟎 | 𝒇𝒇𝒖𝒍𝒍−𝒔𝒄𝒂𝒍𝒆 = 𝟑. 𝟒 𝐤𝐇𝐳
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FLAP SOURCESSLAT SOURCES



50th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition,  January 2012. Nashville (TN), USA

Equations

pstat = 101 kPa

𝑐 =
𝛾 𝑝, 𝑇 ℛ𝑇

𝑚𝑚𝑜𝑙

𝜌 =
𝑝

ℛ𝑇
(ideal gas) 𝑀 = Τ𝑢 𝑐

𝑆𝑡 = ൗ𝑓𝐷
𝑢

𝐻𝑒 = ൗ2𝜋𝑓𝐷
𝑐



50th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition,  January 2012. Nashville (TN), USA

Electrostatic Actuator

[Microphone Handbook, Vol.1: Theory, Brüel&Kjaer, July 1996, BE 1447-11]



Repeat without disturbing sources

> MAAM-COURSE 2018 > Practice SWG > Göttingen, GermanyDLR.de  •  Chart 66

Source map u = 40 m/s; α = 0°

• Overview



Repeat without disturbing sources

> MAAM-COURSE 2018 > Practice SWG > Göttingen, GermanyDLR.de  •  Chart 67

Source map u = 40 m/s; α = 0°

• Comparison: „Diagonal Removal off“



Interpretation of data

> MAAM-COURSE 2018 > Practice SWG > Göttingen, GermanyDLR.de  •  Chart 68


