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Propositions
accompanying the dissertation

Aeroacoustic testing in acoustically disturbed
environments

Improvements to closed test section wind tunnel experiments

by

Hugo Filipe MOURÃO BENTO

1. The best wind tunnel wall microphone placement is in a cavity with
maximum volume, and as far from the wall as possible (Chapter 4).

2. Flat Melamine foam liners (and other liners with similar roughness
and inertial resistivity) do not cause any significant disturbance
to the aerodynamic or noise generation characteristics of a wind
tunnel. Thus, it is better to place them at the wind tunnel walls
without any Kevlar or wire-mesh covers (Chapters 5, 6 and 7).

3. A well characterized wind tunnel wall liner is better than a liner
with superior acoustic absorption (Chapter 7).

4. Sound reflections are beneficial for wind tunnel acoustic measure-
ments (Chapter 7).

5. A research problem cannot be solved at the office.

6. The goal of an aeroacoustics researcher/engineer is not to make
things silent, but to find more noise sources that need noise
reduction.

7. Europe (and not only) should fight climate change caused by
aviation by making trains and train rails instead of greener aircraft.

8. The biggest threat to science is that society sees it as religion.

9. PhD candidates in the Netherlands should receive extra salary for
doing sports outside working hours.

10. Thanks to their nutritional value, oranges and chicken skin are a
huge help for doing a PhD.

These propositions are regarded as opposable and defendable, and
have been approved as such by the promotors Prof.dr.ir. M. Snellen, Dr.

D. Ragni and Prof.dr. F. Avallone.



Stellingen
bij het proefschrift

Aeroacoustic testing in acoustically disturbed
environments

Improvements to closed test section wind tunnel experiments

door

Hugo Filipe MOURÃO BENTO

1. De beste plaatsing van een microfoon op de wand van een windtunnel is

in een holte met het maximale volume, en zo ver mogelijk van de wand

(Hoofdstuk 4).

2. Platte melamine schuim liners (en andere liners met vergelijkbare ruwheid

en inertiële resistiviteit) veroorzaken geen significante verstoring van de

aerodynamische of geluidsgenererende kenmerken van een windtunnel.

Het is dus beter om ze op de wanden van de windtunnel te plaatsen

zonder Kevlar- of gaasbedekking (Hoofdstukken 5, 6 en 7).

3. Een goed gekarakteriseerde wandbekleding voor een windtunnel is beter

dan een bekleding met superieure akoestische absorptie (Hoofdstuk 7).

4. Geluidreflecties zijn voordelig voor akoestische metingen in een windtunnel

(Hoofdstuk 7).

5. Een onderzoeksprobleem kan niet op kantoor worden opgelost.

6. Het doel van een aeroakoestisch onderzoeker/ingenieur is niet om dingen

stil te maken, maar om meer geluidsbronnen te vinden die geluidsreductie

nodig hebben.

7. Europa (en niet alleen) zou de klimaatverandering veroorzaakt door de

luchtvaart moeten bestrijden door treinen en treinrails te maken in plaats

van groenere vliegtuigen.

8. De grootste bedreiging voor de wetenschap is dat de samenleving het als

religie ziet.

9. Promovendikandidaten in Nederland zouden extra salaris moeten ontvan-

gen voor het doen van sport buiten werktijd.

10. Dankzij hun voedingswaarde zijn sinaasappels en kippenvel een enorme

hulp bij het doen van een PhD.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn
als zodaniggoedgekeurd door de promotoren Prof.dr.ir. M. Snellen, Dr.

D. Ragni and Prof.dr. F. Avallone.
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SUMMARY

The widespread implementation of new technologies from the aviation,
automotive and renewable energy sectors, among others, is often
slowed down by noise emission concerns. Excessive noise emissions
lead to human discomfort and even health issues. Populations are
protected by strict noise regulations. Reducing noise emissions from
new engineering products is therefore a must for their success in the
market. Many industries are now invested in research and development
in the acoustic field. Aeroacoustics is the field which studies the noise
impact from aerodynamically generated sound. Aerodynamic noise
sources are always present, e.g., in new aircraft, wind turbines or home
appliances such as vacuum cleaners. The process of understanding
and mitigating the aerodynamic noise sources from these engineering
products is ideally done with state—of—the—art prediction methods,
including experiments and numerical simulations.

Most commonly, aerodynamic experiments are done in wind tunnel
facilities. The highest aerodynamic fidelity can be achieved with closed
test section wind tunnels. As consequence, these are also ideal testing
facilities for aeroacoustic investigations. However, performing reliable
acoustic measurements in closed section wind tunnels is challenging.
Unlike acoustically treated open—jet test sections, closed (or even
hybrid) test sections suffer from strong acoustic disturbances. Very
noticeable are the disturbances resulting from the acoustic reflections
on the walls of the wind tunnel. These lead to acoustic interference
at the points of acoustic measurement, which in turn leads to over
or under predicting noise emissions. Acoustic measurements are most
often recorded with microphones. For these measurements, the signal
to noise ratio is a critical parameter. The signal to noise ratio represents
the strength of the acoustic signal from the test object, with respect to
the strength of the remaining pressure fluctuations at a measurement
point. The signal to noise ratio is reduced in closed test section wind
tunnels by spurious acoustic noise sources, e.g., aerodynamic noise
sources in the facility such as the wind tunnel fan, and by potentially
strong reverberation. Additionally, wall mounted microphones suffer
from the recording of hydrodynamic pressure fluctuations present in the
turbulent boundary layer of the wind tunnel walls.

This research aims at improving aeroacoustic testing in acoustically
disturbed environments, with particular focus on closed test section
wind tunnels. Ideally, it should become possible to perform fully reliable

ix



x Summary

aeroacoustic experimental campaigns without the need of anechoic
open—jet facilities.

The improvement of microphone placement is tackled by studying wall
cavity designs. The improvement of the testing facility is investigated by
analyzing the impact of lining the wind tunnel walls on the aerodynamic
performance of the tunnel, on reverberation and on acoustic interference
in the test section. Additionally, the step of post—processing acoustic
wind tunnel data is improved by using data from a Finite Element
Method (FEM) numerical acoustic solver.

The investigation of wall cavities for microphone placement was
done with Computational Fluid Dynamics simulations, which in turn
were validated experimentally. Cavities covered with a mesh cover
were investigated, since previous literature shows that these reduce
hydrodynamic noise while allowing for the transmission of waves to the
microphones. The numerical simulations show that covering microphone
cavities with a mesh cover results in a stagnant flow inside the cavities.
This avoids the convection of hydrodynamic noise to the microphone
position at the cavity bottoms. As consequence, the only source of
pressure fluctuations at the cavity bottoms are acoustic waves. The
hydrodynamic pressure fluctuations from the wall’s boundary layer
still propagate acoustically to the cavity bottoms. The findings show
that increasing cavity size, in particular increasing the cavity opening
diameter with respect to the length of the eddies in the turbulent
boundary layer, leads to a lower propagation of spurious pressure
fluctuations to the cavity bottoms. This in turn leads to an increased
signal to noise ratio of acoustic measurements recorded at closed test
section wind tunnels.

Wind tunnel wall liners have been characterized based on their viscous
resistivity, inertial resistivity and roughness. Several porous liners have
been tested experimentally. The aim was to analyze their impact
on the aerodynamic properties of the wind tunnel boundary layer, on
the generation of spurious noise, and on the absorption of acoustic
reflections. The results show that the ideal choice of liner consists
of a liner: with high viscous resistivity, which leads to high acoustic
absorption; with low roughness, to reduce the impact on the wind
tunnel wall’s boundary layer; and with low inertial resistivity, to reduce
the generation of spurious noise. The best lining material tested was
melamine foam.

The improvement caused by lining a closed section wind tunnel
was analyzed by lining a singular section of the tunnel circuit, the
test section, with melamine foam. It was possible to verify a clear
reduction of reverberation time by lining exclusively this section of the
circuit. More importantly, acoustic interference at the microphones
reduces drastically by lining the test section. On the other hand, the
reverberation caused by the remaining sections of the wind tunnel circuit



xi

was found to have a negligible influence on acoustic interference at the
microphone locations, at the frequencies of interest. Further reducing
reverberation in the wind tunnel circuit is expected to be beneficial for
lowering background noise during the measurements.
The acoustic propagation and acoustic interference in a closed wind

tunnel test section were predicted with a FEM acoustic solver. The
propagation was modelled on a baseline test section and on test
sections with lined walls. The baseline section walls are considered fully
reflective. The numerical results were found to give a very accurate
prediction of the acoustic experimental tests. It was possible to use
the numerical results to improve the post—processing of experimental
data. The Green’s function used to process experimental microphone
data with beamforming was corrected, using the numerical results.
Beamforming with the Green’s function corrected for the acoustically
disturbed environment led to a higher beamforming spatial resolution.
In addition, the estimated noise levels are more accurate when the
correction is used. This improved approach was shown to work for
post—processing experimental measurements of a monopole sound
source placed at the center of the test section, with and without
free—stream flow. For the flow—on cases, improving beamforming
spatial resolution with the corrected Green’s function also helps to
increase the signal to noise ratio.
The research in this thesis presents an important step towards

achieving optimum acoustic testing conditions in acoustically disturbed
environments, such as closed section or hybrid test section wind tunnels.
The understanding of the physics of the state—of—the—art cavities for
microphone placement was extended, the understanding of the benefits
of lining a wind tunnel circuit was explored, and the post-processing
of acoustic data recorded in a disturbed environment was improved.
However, there are still many improvements to be made within the
field of aeroacoustics experimental testing. The findings of this thesis
suggest that further exploring the best design for wind tunnel covered
microphone cavities should be done with purely acoustic numerical
studies, as pressure fluctuations propagate acoustically towards the
microphones. The benefits of lining further sections of the wind tunnel
circuit (besides the test section) should be investigated by analyzing
its impact on reverberation and, consequently, on background noise.
Finally, the FEM acoustic predictions presented in this thesis should be
extended to different acoustic sources, such as line sources, rotating
bodies, and sources with a different directivity, e.g. dipolar. This will
enable the accurate estimation of noise levels from wind turbine blades,
wind turbines and propellers from closed or hybrid test section wind
tunnel data, by using the post—processing methodology proposed in
this thesis.





SAMENVATTING

De brede implementatie van nieuwe technologieën uit onder andere
de luchtvaart-, auto- en hernieuwbare energiesectoren wordt vaak ver-
traagd door zorgen over geluidsemissies. Overmatige geluidsemissies
leiden tot menselijk ongemak en zelfs gezondheidsproblemen. Bevolkin-
gen worden beschermd door strikte geluidsregulaties. Het verminderen
van geluidsemissies van nieuwe technische producten is daarom een
vereiste voor hun succes op de markt. Veel industrieën investeren
tegenwoordig in onderzoek en ontwikkeling op het gebied van akoestiek.
Aeroakoestiek is het vakgebied dat de geluidshinder bestudeert die
ontstaat door aerodynamisch gegenereerd geluid. Aerodynamische
geluidsbronnen zijn altijd aanwezig, bijvoorbeeld in nieuwe vliegtuigen,
windturbines of huishoudelijke apparaten zoals stofzuigers. Het proces
van het begrijpen en beperken van de aerodynamische geluidsbronnen
van deze technische producten wordt idealiter uitgevoerd met state-
of-the-art voorspellingsmethoden, inclusief experimenten en numerieke
simulaties.

Meestal worden aerodynamische experimenten uitgevoerd in wind-
tunnelvoorzieningen. De hoogste aerodynamische nauwkeurigheid kan
worden bereikt met windtunnels met een gesloten testsectie. Als
gevolg hiervan zijn dit ook ideale testfaciliteiten voor aeroakoestische
onderzoeken. Het uitvoeren van betrouwbare akoestische metingen in
windtunnels met gesloten testsecties is echter uitdagend. In tegen-
stelling tot akoestisch behandelde openjettestsecties, lijden gesloten
(of zelfs hybride) testsecties onder sterke akoestische verstoringen.
Zeer opvallend zijn de verstoringen die ontstaan door akoestische
reflecties op de wanden van de windtunnel. Deze leiden tot akoestische
interferentie op de meetpunten, wat op zijn beurt leidt tot over- of on-
dervoorspelling van de geluidsemissies. Akoestische metingen worden
meestal geregistreerd met microfoons. Voor deze metingen is de signaal-
ruisverhouding een kritieke parameter. De signaal-ruisverhouding geeft
de sterkte van het akoestische signaal van het testobject weer ten
opzichte van de sterkte van de resterende drukfluctuaties op een
meetpunt. De signaal-ruisverhouding wordt verminderd in windtunnels
met gesloten testsecties door spuriëuze akoestische geluidsbronnen,
bijvoorbeeld aerodynamische geluidsbronnen in de faciliteit, zoals de
ventilator van de windtunnel, en door mogelijk sterke nagalming.
Bovendien lijden muurbevestigde microfoons onder de registratie van
hydrodynamische drukfluctuaties die aanwezig zijn in de turbulente
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xiv Samenvatting

grenslaag van de windtunnelwanden.

Dit onderzoek heeft als doel de verbetering van aeroakoestische
tests in akoestisch verstoorde omgevingen, met bijzondere focus op
windtunnels met gesloten testsecties. Idealiter zou het mogelijk moeten
zijn om volledig betrouwbare aeroakoestische experimenten uit te
voeren zonder de noodzaak van anechoïsche open-jetfaciliteiten.

De verbetering van de microfoonplaatsing wordt aangepakt door
wandholte-ontwerpen te bestuderen. De verbetering van de testfaciliteit
wordt onderzocht door de impact van het bekleden van de windtunnel-
wanden te analyseren op de aerodynamische prestaties van de tunnel,
de nagalming en de akoestische interferentie in de testsectie. Bovendien
wordt de stap van post-processing van akoestische windtunnelgegevens
verbeterd door gebruik te maken van gegevens van een Finite Element
Method (FEM) numerieke akoestische solver.

De studie van wandholtes voor microfoonplaatsing werd uitgevoerd
met Computational Fluid Dynamics-simulaties, die op hun beurt expe-
rimenteel werden gevalideerd. Holtes bedekt met een gaasbedekking
werden onderzocht, aangezien eerdere literatuur aantoont dat deze
hydrodynamisch geluid verminderen terwijl ze de doorgang van golven
naar de microfoons mogelijk maken. De numerieke simulaties tonen
aan dat het bedekken van microfoonholtes met een gaasbedekking
resulteert in een stilstaande stroming binnen de holtes. Dit voorkomt
de convectie van hydrodynamisch geluid naar de microfoonpositie op
de bodem van de holtes. Als gevolg hiervan is de enige bron van
drukfluctuaties op de bodems van de holtes akoestische golven. De
hydrodynamische drukfluctuaties van de grenslaag van de wand blijven
akoestisch door de holtes naar de bodem van de holtes propagateren.
De bevindingen tonen aan dat het vergroten van de holtegrootte, met
name het vergroten van de diameter van de holteopening ten opzichte
van de lengte van de wervelingen in de turbulente grenslaag, leidt tot
een lagere propagatie van spuriëuze drukfluctuaties naar de bodem van
de holtes. Dit leidt op zijn beurt tot een hogere signaal-ruisverhouding
van akoestische metingen die in windtunnels met gesloten testsecties
worden geregistreerd.

Windtunnelwandbekleding is gekarakteriseerd op basis van hun
viskeuze resistiviteit, inertiële resistiviteit en ruwheid. Verschillende
poreuze bekledingen zijn experimenteel getest. Het doel was om hun
impact op de aerodynamische eigenschappen van de grenslaag van de
windtunnel, de generatie van spuriëuze geluiden en de absorptie van
akoestische reflecties te analyseren. De resultaten tonen aan dat de
ideale keuze van bekleding bestaat uit een bekleding: met een hoge
viskeuze resistiviteit, wat leidt tot hoge akoestische absorptie; met lage
ruwheid, om de impact op de grenslaag van de windtunnelwand te
verminderen; en met lage inertiële resistiviteit, om de generatie van
spuriëuze geluiden te verminderen. Het beste bekledingsmateriaal dat
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werd getest was melamine schuim.

De verbetering die wordt veroorzaakt door het bekleden van een
windtunnel met een gesloten sectie werd geanalyseerd door een enkel
gedeelte van het tunnelcircuit, de testsectie, te bekleden met melamine
schuim. Het was mogelijk om een duidelijke vermindering van de
nagalmtijd te verifiëren door uitsluitend dit gedeelte van het circuit
te bekleden. Belangrijker nog, de akoestische interferentie bij de
microfoons wordt drastisch verminderd door de testsectie te bekleden.
Aan de andere kant werd de nagalming die werd veroorzaakt door
de resterende secties van het windtunnelcircuit als verwaarloosbaar
beschouwd in de invloed op de akoestische interferentie op de
microfoonlocaties bij de frequenties van belang. Verdere vermindering
van de nagalming in het windtunnelcircuit wordt als voordelig beschouwd
voor het verlagen van de achtergrondruis tijdens de metingen.

De akoestische propagatie en akoestische interferentie in een
windtunnel testsectie met gesloten wanden werd voorspeld met een
FEM akoestische solver. De propagatie werd gemodelleerd op een
basistestsectie en op testsecties met beklede wanden. De wanden
van de basistestsectie worden als volledig reflecterend beschouwd.
De numerieke resultaten bleken een zeer accurate voorspelling van
de akoestische experimentele tests te geven. Het was mogelijk
om de numerieke resultaten te gebruiken om de post-processing
van experimentele gegevens te verbeteren. De Green’s functie die
wordt gebruikt om experimentele microfoongegevens te verwerken
met beamforming werd gecorrigeerd met behulp van de numerieke
resultaten. Beamforming met de Green’s functie gecorrigeerd voor
de akoestisch verstoorde omgeving leidde tot een hogere ruimtelijke
resolutie bij beamforming. Bovendien zijn de geschatte geluidsniveaus
nauwkeuriger wanneer de correctie wordt toegepast. Deze verbeterde
benadering bleek te werken voor de post-processing van experimentele
metingen van een monopoolgeluidsbron die in het midden van de
testsectie was geplaatst, met en zonder vrije-stroom. Voor de gevallen
met stroming helpt het verbeteren van de ruimtelijke resolutie van
beamforming met de gecorrigeerde Green’s functie ook de signaal-
ruisverhouding te verhogen.

Het onderzoek in dit proefschrift presenteert een belangrijke stap
naar het bereiken van optimale akoestische testomstandigheden in
akoestisch verstoorde omgevingen, zoals windtunnels met gesloten
secties of hybride testsecties. Het begrip van de fysica van de
state-of-the-art holtes voor microfoonwandplaatsing werd uitgebreid,
het begrip van de voordelen van het bekleden van een windtunnelcircuit
werd verkend, en de post-processing van akoestische gegevens die
in een verstoorde omgeving werden geregistreerd, werd verbeterd.
Er zijn echter nog veel verbeteringen te maken op het gebied van
aeroakoestisch experimenteren. De bevindingen van dit proefschrift
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suggereren dat verder onderzoek naar het beste ontwerp voor
beklede microfoonholtes in de windtunnel moet worden uitgevoerd
met puur akoestische numerieke studies, aangezien drukfluctuaties
akoestisch naar de microfoons kunnen propageren. De voordelen
van het bekleden van andere secties van het windtunnelcircuit
(naast de testsectie) zouden moeten worden onderzocht door de
impact op de nagalming en daarmee op de achtergrondruis te
analyseren. Ten slotte zouden de FEM akoestische voorspellingen die
in dit proefschrift zijn gepresenteerd, moeten worden uitgebreid naar
andere akoestische bronnen, zoals lijnbronnen, roterende lichamen en
bronnen met een andere directiviteit, bijvoorbeeld dipolair. Dit zal
de nauwkeurige schatting van geluidsniveaus van windturbinebladen,
windturbines en propellers op basis van gegevens van windtunnels
met gesloten of hybride testsecties mogelijk maken, door de post-
processingmethodologie die in dit proefschrift wordt voorgesteld te
gebruiken.



1
INTRODUCTION

Scientific knowledge is a body of statements of varying degrees of
certainty – some most unsure, some nearly sure, none absolutely

certain.

Richard P. Feynman

Noise pollution causes discomfort and health problems to both
humans and animals [1]. The aviation, automotive, and renewable
energy industries strive to mitigate noise emitted by their new
technologies. Besides acknowledging the need to reduce the impact of
noise pollution on the environment, these industries face the need to
comply with noise regulations [2, 3]. These regulations limit the noise
which can be emitted in a certain area. In the aviation industry, these
noise regulations may limit the number of flights for each airport, and
delay a widespread adoption of Urban Air Mobility vehicles [4]. In the
wind energy industry, regulations and noise concerns limit the growth
of onshore wind turbine farms [5]. This effectively reduces renewable
energy generation from wind, and has a negative impact on the climate
crisis [6].

The study of aerodynamically generated noise and the development
of innovative noise mitigation technologies needs proper verification,
through numerical and experimental tests. Experimental tests may
be carried out in wind tunnel facilities and outside in the field
[7]. Computational AeroAcoustics (CAA) methods make use of
Computational Fluid Dynamics (CFD) solvers in order to numerically
calculate aerodynamic phenomena which leads to noise radiation.
In CAA, noise at a receiver can be calculated directly by the CFD
solver, or by post-processing of the numerical aerodynamic data.
CAA calculations are computationally too expensive to cover as large

1
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parametric studies as laboratory experiments, but have the advantage
of providing more complete data, for instance detailed flowfield data.
Combining wind tunnel experiments and CAA in a study is beneficial,
and is also commonly used for validation of the simulations [8, 9].
Field measurements are important for quantifying the overall benefit
of a given noise mitigation technology, in the most realistic scenario.
Examples of state–of–the–art wind turbine noise field measurements are
the studies by Oerlemans et al. [10] and Luesutthiviboon [11].

1.0.1. AEROACOUSTIC EXPERIMENTAL MEASUREMENTS

Aeroacoustic experimental investigations are most frequently carried out
using wind tunnel facilities. The aerodynamic conditions in a wind tunnel
should be realistic or scalable to real field conditions [12]. Aerodynamic
wind tunnel measurements aim at quantifying the aerodynamic response
of the test model to the prescribed inflow parameters. Acoustic
measurements are directed at investigating pressure fluctuations
generated during the test. These relatively low-energy fluctuations
propagate as waves, away from their source and towards the far–field.
During aeroacoustic experiments, acoustic pressure fluctuations are
typically recorded with microphone measurements [13].

Common examples of test objects in aeroacoustic studies are aircraft
components, such as jet–engines [14], propellers [15] or landing gears
[16]; and wind turbine components, such as their airfoil sections [17]. As
noise mitigation technologies evolve, measuring the noise of improved
test models in free-field or wind tunnel tests becomes more challenging,
due to the lower noise of the model in comparison with the background
noise during the test. Therefore, wind tunnel facilities must be designed
(or adjusted) to achieve optimal aeroacoustic measurement capabilities.

Traditionally, there are two types of wind tunnel test sections used
for aeroacoustic testing: open–jet and closed test sections. Closed test
sections have the advantage of constraining the wind tunnel jet, leading
to more controlled aerodynamic conditions. Open–jet test sections
have less realistic conditions when the test model causes a strong
jet–deflection. Jet-deflection can cause changes on a wing model’s
effective angle of attack of over 50% [18]. The pressure distribution
over a wing may also vary, depending on the ratio between jet width
and frontal wetted area of the wing [18]. This second effect is more
challenging to correct for [19]. Indeed, Sanders et al. [20] obtained
a difference in pressure of close to 0.4 of the free-stream dynamic
pressure, between the suction peak of an airfoil in an open-jet section
and the reference values, for the same lift coefficient of the airfoil. In
closed test section wind tunnels, the necessary aerodynamic corrections
are smaller and more precise [20]. Closed test section wind tunnels
have a superior aerodynamic fidelity [21].
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On the other hand, open–jet test sections are more easily adapted
for acoustic measurements, e.g., by applying acoustic liners to the
walls [22]. Reflections on an unlined closed test section lead to
acoustic interference [23]. Furthermore, background noise can be
over 20dBHz−1 higher on a closed test section than on the open-jet
configuration of the same aeroacoustic wind tunnel. This considerable
background noise difference was recorded at low frequencies, close to
500Hz, at the Aeroacoustic Wind Tunnel of the University of Twente [20].
Recent developments in hybrid test section design result in a

compromise between completely closed and open–jet test sections, as
both aerodynamic fidelity and acoustic fidelity are equally accounted
for, in the design. Hybrid test sections make use of permeable walls to
constrain the jet, leading to a considerably lower jet-deflection than in
open-jet test sections [20]. However, closed sections remain the only
test section class for which the boundaries of the wind tunnel jet are
completely fixed in space. The permeable Kevlar walls of the 1.8m by
1.8m Virginia Tech Stability Wind Tunnel hybrid test section have been
recorded to get displaced by 0.1m, in their perpendicular direction, due
to the pressure field of a 0.9m NACA0012 airfoil at high angle of attack
[19].

1.0.2. CHALLENGES WITH CLOSED–SECTION WIND TUNNEL

AEROACOUSTIC TESTS

Several closed wind tunnel facilities are adapted for aeroacoustic
measurements, e.g., the Deutsche WindGuard aeroacoustic tunnel at
Bremerhaven [24, 25]. The main aeroacoustic wind tunnel design
challenges originate from background noise sources, and from the test
section’s acoustic response, which, dominantly due to reflections, may
be extremely different from a free–field response.

REDUCTION OF THE GENERATION OF BACKGROUND NOISE

Background noise contaminates acoustic measurements, leading to
difficulties in separating this noise from aerodynamic noise sources of
interest. This noise propagates acoustically through the wind tunnel
circuit and can have different origins, e.g., aerodynamically generated
noise, or the noise from electric devices, such as the wind tunnel motor
[11]. Improving the aeroacoustic design of wind tunnel components
which generate noise can significantly improve the acoustic quality of
the facility [26].
By improving the design of wind tunnel fan blades, Neise et al.

have been able to decrease the peaks of their tonal noise by up
to 30dB. Inside the empty test section, the background noise at
the most affected 1/12-octave bands reduced by close to 10dB, at
42ms−1 free-stream velocity. This resulted in a reduction of the overall
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A-weighted background noise inside the empty test section of 3dB(A)
[26].

MICROPHONE PLACEMENT

Turbulent pressure fluctuations in the boundary layer of the wind tunnel
walls are also recorded by microphones, which is commonly referred
to as hydrodynamic noise. A poorly placed microphone may record
hydrodynamic noise orders of magnitude stronger than the acoustic
signal from the aerodynamic noise source of interest. In open–jet or
hybrid test sections, this problem is solved by placing the microphones
outside the jet. However, this is not possible in closed test section wind
tunnels. In closed wind tunnels, microphone arrays are usually mounted
along the test section walls.

Placing wall mounted microphones inside cavities can lead to a strong
reduction of the recorded hydrodynamic noise [27]. The objective of
improving microphone placement in a wind tunnel consists not only in
reducing hydrodynamic noise, but in effectively improving the signal to
noise ratio of the measurements. The signal to noise ratio describes the
relative strength of the acoustic source of interest, at the microphone
location, with respect to the background noise strength. For cavity
mounted microphones, this means that the cavity needs to minimise
the propagation of hydrodynamic noise towards the microphone, while
not decreasing the propagation of the acoustic signal from the source of
interest [28, 29].

REFLECTION MITIGATION

For an acoustically untreated wind tunnel, reflections through the circuit
lead to the propagation of spurious noise towards the test section,
where microphone measurements are taken. This can lead, e.g., to
the propagation of strong tonal noise from the wind tunnel fan to the
acoustic measurement location [26, 30].

Additionally, reflections in the test section itself can lead to strong
acoustic interference at the microphone location. This acoustic
phenomenon can lead to deviations of more than 10dB with respect to
the direct (i.e. unreflected) noise signal [23]. A common solution to
lessen this problem is to reduce the reflection coefficient of the test
section walls by covering the walls with an acoustic liner [30]. The
choice of liner in terms of material and thickness needs to be made
taking into account the frequencies of interest for the aeroacoustic
studies. The characteristics of the flow inside the test section should
also be analysed, so that the liner does not disturb the aerodynamic
fidelity of the tunnel. An excessively rough liner leads to a thicker
and more turbulent boundary layer over the tunnel walls [31]. This
contributes towards an increase in background noise generation, and
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towards a reduction of the effective test section area. A smaller test
section area would increase the aerodynamic blockage effect [32]. Wind
tunnel liners need, therefore, to be designed with both the acoustic and
aerodynamic impact in mind.

POST–PROCESSING (ALGORITHMS)

For an acoustic source in the free-field, measurements with an
isolated microphone may be sufficient to completely characterise
the sound emissions. In aeroacoustic studies [33], it is common
practice to measure noise with a phased–microphone array. Simply
adding the signals from all microphones already mitigates the error
which originates from the occurrence of acoustic interference at the
measurement location, assuming that this interference pattern varies
along the several microphone positions. However, to best exploit the
potential of phased–array measurements it is necessary to develop more
advanced post–processing methods. Beamforming techniques allow for
the usage of the microphones’ phase information to distinguish between
sound sources and to separate the noise of a given sound source from
background noise [34]. In a closed environment, beamforming may also
be used to distinguish a sound source from its reflections [35].

In practice, the benefits of each beamforming formulation are limited.
The spatial resolution that allows the localisation of different sources in
an experimental setup is finite. The increase in signal to noise ratio
which can be achieved with beamforming is also dependent on the setup
(e.g., number of microphones) and on the beamforming formulation
used [34]. The development of new beamforming methods and of new
computational tools for increasing the precision of acoustic experimental
results needs therefore to be a continuous effort.

1.0.3. RESEARCH OBJECTIVES AND OUTLINE
There are many challenges associated with performing successful
aeroacoustic experimental studies. An experimental aeroacoustic test
can be considered successful when it is possible to achieve controlled
and well characterised aerodynamic conditions for the test object,
to perform reliable acoustic measurements, and to obtain a precise
quantification of the test object’s noise emissions. For wind tunnel
experimental investigations, closed test section wind tunnels provide
the most reliable aerodynamic conditions. This thesis has the goal
of improving the reliability of acoustic data measured in acoustically
disturbed environments, with particular focus on data obtained with
closed test section wind tunnels. This is achieved by reducing sources
of error in the measurement of acoustic pressure fluctuations and by
improving the post-processing of the experimental data.



1

6 1. Introduction

It is interesting to note that aeroacoustic experimental studies may
also be carried out without the direct measurement of pressure
fluctuations. An example is the measurement of density gradients in
the flow, with the Schlieren technique [36, 37]. However, these types of
measurements are outside the scope of this thesis.

Following from the previous discussion, the research objective can be
divided into the following sub–objectives:

• Microphone cavity design: the goal is to understand how wind
tunnel microphone cavities should be designed. This requires
a complete understanding of the aerodynamic and acoustic
phenomena that occur in these cavities when grazed by a turbulent
boundary layer. The investigation is carried out by simulating
microphone cavities with a high–fidelity numerical solver, based on
the Lattice–Boltzmann method.

• Wall liners for acoustic absorption: the goal is to provide
recommendations on how to best choose the material to line a
wind tunnel wall. To achieve this, the impact of lining a wall on the
aerodynamic and acoustic characteristics of the wind tunnel test is
evaluated. The liners investigated are characterised based on their
viscous resistivity, inertial resistivity and roughness. The study
makes use of wind tunnel experiments with a simplified single wall
setup, in an open-jet anechoic wind tunnel test section.

• Lining a segment of the circuit: the goal is to investigate
the benefit of lining exclusively a small portion of the wind
tunnel circuit. It is investigated how lining the test section
influences reverberation through the circuit, background noise at
the measurement location, and reflections from a source placed
inside the test section. The study is based on experimental tests
performed at a closed test section wind tunnel, where the test
section was installed in lined and unlined configurations.

• Modelling the wind tunnel acoustic response: the end goal
is to improve the post-processing of acoustic data recorded in
environments where acoustic interference caused by reflections is
a dominant phenomenon. This is the case in closed wind tunnel
test sections. The improved post-processing is based on the usage
of a more precise propagation function. The propagation function
of a closed test section is determined by modelling its acoustic
response with a numerical acoustic solver. The acoustic modelling
is validated against wind tunnel experiments.

With these objectives in mind, the dissertation is structured as follows.
The theoretical background that supports the research done in this work
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is presented in Chapter 2, along with the state–of–the–art research in
the field of wind tunnel aeroacoustic testing.
The methodology employed in the research is described in Chapter

3. This chapter describes the experimental approach, including the
facilities and the measurement techniques used. The computational
approach is also described. Subsequently, this chapter describes the
post–processing techniques used.
The research of the aerodynamic and acoustic response of cavities

for microphone placement is presented in chapter 4. The numerical
Lattice–Boltzmann method assesses the performance of cavities with
varying geometries, when grazed by a turbulent boundary layer. The
performance of each cavity is analysed in an uncovered and covered
setup. Permeable cloth cavity covers had been shown to improve
the signal to noise ratio of acoustic measurements in a wind tunnel.
However, prior to this research, the understanding of the physical
phenomena that primarily influence the response of covered cavities
was very limited.
The resistivities and the roughness of sound absorbing wall liners

is varied, and tested experimentally. The aerodynamic response of
these liners to a grazing turbulent boundary layer is analysed. The
improvement in the acoustic measurement of a point source placed
in front of a wall, when this wall is lined, is quantified. The acoustic
measurements are obtained from tests with and without flow in the test
section. The results are presented and discussed in Chapter 5. The best
liner is used to treat the walls of a closed–section wind tunnel at TU
Delft, the Low Turbulence Tunnel (LTT). The benefits of lining the test
section of this tunnel are explored in Chapter 6.
Although lining a wind tunnel test section results in a strong mitigation

of reflections, it is found to be extremely challenging to achieve free–field
conditions inside the facility. Modelling the acoustic response of a closed
wind tunnel makes it possible to correct the results, by improving the
post–processing of the microphone array data. FEM simulations are
used to predict the sound propagation in a closed test section, for both
lined and baseline (unlined) test section configurations. These FEM
results are presented in Chapter 7, along with the approach suggested
for using FEM acoustic modelling to improve the post–processing of the
measured microphone signals. This approach is successfully validated
with experimental data.
Chapter 8 summarizes the main findings of this research. The findings

are used as basis for recommendations of future research, so that
acoustically disturbed environments, such as closed test section wind
tunnels, may become fully reliable for aeroacoustic testing.





2
THEORETICAL BACKGROUND

The idealized condition for performing acoustic measurements is the
free–field. This means that the acoustic pressure fluctuations are
measured by microphones placed outside the flow, in a quiescent fluid
region. It is also ideal to perform these acoustic measurements with the
microphones placed in a location where sound reflections do not reach,
and background noise is relatively low, so that the sound waves radiated
by the test object are the dominant source of pressure fluctuations at
the measurement points. A free–field test setup is sketched in Fig. 2.1.
When the measurement is performed in free–field conditions, it can be
assumed that the sound propagation from the source to a measurement
point, at distance r, follows:

g(free–field) =
exp (−2πƒΔt)

r
, (2.1)

where c is the speed of sound and Δt = r/c is the sound propagation
time. 2πƒΔt is the phase change for a sound wave of frequency ƒ during
its propagation. g(free–field) is therefore the Green’s function of sound
propagation of a spherical wave, in undisturbed conditions.

However, aeroacoustic studies often rely on acoustic measurements
recorded in non–ideal conditions. When the environment contains walls
or objects which alter the propagation of sound with respect to free–field
conditions, this is named an acoustically disturbed environment. Closed
test section wind tunnels, besides modifying the propagation of the
sound radiated from a test object, also contain potentially strong
sources of background noise [22]. This chapter provides the necessary
theoretical background for understanding the challenges with wind
tunnel aeroacoustic tests, and how these have been tackled in previous
literature.

9
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Figure 2.1: Sketch of idealized free–field microphone measurements.

2.1. ACOUSTICALLY DISTURBED ENVIRONMENTS

This section discusses the acoustic phenomena which disturb the propa-
gation of sound in wind tunnels, particularly for facilities non–optimized
for aeroacoustic testing. Solid walls or objects in the facility cause sound
reflections and diffraction. The interaction between the flow and sound
waves also disturb their propagation. The flow conditions may lead to
the convection of sound and to an increased dissipation (i.e., loss of
sound transmission). The phenomena introduced in this section leads to
a modification of the Green’s function of sound propagation with respect
to the free–field case (eq. 2.1).

2.1.1. REFLECTIONS

The study of acoustic reflections is inherently part of the design of
facilities designed for optimum acoustic performance. This assessment
is done in the design of anechoic rooms [38], concert halls [39] or
wind tunnels [23]. The study of reflections is important in room
acoustics because reflections lead to acoustic interference, e.g., with a
direct (non–reflected) sound wave. The acoustic interference between
a direct sound wave and its reflections is constructive or destructive
[40], depending on the wavelength and the geometry of the room.
When occurring at a measurement point, constructive and destructive
acoustic interference can cause, respectively, the overprediction or the
underprediction of source noise levels by over 10dB [23]. Furthermore,
reflections in an enclosed space cause reverberation. Reverberation is
the prolongation of sound in the room after a sound source has stopped
emitting noise. The reverberation time T20 is the time required for sound
to decrease by 20dB. A room’s reverberation time can be estimated
with Sabine’s equation [41]:
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T20 =
0.161V

3
n∑

=1

Sα

, (2.2)

where V is the volume of the room, n is the number of absorbing
surfaces, S is the area of each wall and α is its absorption coefficient.

αα

Diffuse R.

Specular R.

Incident

wave

Figure 2.2: Sketch of specular and diffuse reflections.

Reflections on solid boundaries can be divided into specular and
diffuse [42]. In specular reflections, the reflection angle is equal to
the angle between the incoming sound wave and the wall. Diffuse
reflections propagate in all directions, from the reflection point. These
phenomena can be visualised in Fig. 2.2. For a flat and smooth surface,
all reflections are specular. In fact, the roughness of a solid surface
is an important parameter for predicting the percentage of acoustic
energy reflected with a specular path, or as a diffuse reflection [42].
The irregularities in the surface should be analysed with respect to
the wavelength of the incident waves, as irregularities much smaller
than the wavelength have a negligible effect on the reflection path.
Irregularities much larger than the wavelength should be considered as
curved surfaces, in case the reflection path is to be predicted.

The scattering coefficient is the ratio of diffuse reflections’ energy to
the total reflected acoustic energy [42]. A scattering coefficient of 0
means that purely specular reflections occur. Vorländer and Mommerz
measured this coefficient experimentally, for different combinations of
rough surfaces and sound wavelengths [43]. For a surface roughness
consistent of hemicylinders, the scattering coefficient has been found to
approximately vary from 0.1 to 0.8 when the ratio of the hemicylinder’s
diameter to the sound wavelength increases from 0.1 to 1.4.
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Figure 2.3: Experimental characterization of the sound absorbing prop-
erties of a wall liner [44].

Reflections can be dampened by applying treatments to the surfaces.
A common approach is to line surfaces with sound absorbing materials,
such as melamine foam. When a sound wave enters these highly porous
materials, friction between the fluid and the material’s fibres causes the
acoustic energy to dissipate into heat, i.e., via viscous dissipation [45].
The viscous resistivity is a key parameter for predicting sound absorbing
performance of a porous material [46]. The thickness of the liner, with
respect to sound wavelength, is also an important parameter. Figure 2.3
shows the testing of a flat porous liner, with respect to the absorption
of sound waves at oblique incidence angles. It is relevant to notice
that the walls of the room in Fig. 2.3 are lined with wedged foam, to
improve the performance of the room for acoustic testing, i.e., to reduce
reflections in the room. Wedged liners have been found to lead to a
higher absorption than flat liners, for constant liner depth and porous
material [38, 47]. However, for many practical applications, it can be
more convenient to line solid surfaces with flat liners, e.g., when these
liners are expected to be in contact with the flow.

2.1.2. DIFFRACTION

When sound waves reach a solid obstacle or an opening between
obstacles, they propagate to regions for which there is no direct or
reflected path, from their source. Such physical problem can be
described through the solution of the Helmholtz wave equation of sound
propagation (Eq. 3.7), considering that the spatial gradient of pressure
at the walls of the obstacle(s) is zero in their wall normal direction [48].
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The difference between the resultant sound field and the geometric
acoustic field (i.e. the sound field which includes the direct and reflected
waves) is referred to as the diffracted wave field [48].

Figure 2.4 shows an illustration of sound diffraction around a barrier.
Solving the Helmholtz wave equation in the presence of a wedge barrier
gives that the complex pressure fluctuation of the diffracted wave, p̂diff,
is approximately [48]:

p̂diff =
Ŝ

2βwedge

�

2π

kLedgerrrs

�1/2

e(kLedge + π/4)D

�

ϕr , ϕS
�

, (2.3)

where Ŝ is the complex pressure fluctuation at the monopole point
source, 2π − βwedge is the wedge angle, rs is the shortest distance
from the point source to the edge of the barrier, and rr is the shortest
distance from the receiver to the edge of the barrier. D

�

ϕr , ϕS
�

is a
function dependent on the angle between the barrier and the receiver,
ϕr , and on the angle between the barrier and the source, ϕs. k is the
sound wavenumber and Ledge is the shortest distance from the source
to the edge of the barrier and then to the receiver.
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Figure 2.4: Sketch of sound diffraction around a wedge barrier.

In Fig. 2.4, it is clear that the receiver would be in a shadow region, in
case the waves would propagate as rays. Equation 2.3 shows that the
phase variation of the diffracted wave is proportional to kLedge. Thus,
the diffracted wavefronts have a constant Ledge. Indeed, diffraction is
commonly perceived as the bending of waves around an opening or an
obstacle [49]. Diffraction around an infinitely thin edge may also be
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understood as the scattering of waves by this edge, when reached by
sound waves [50].

Acoustic diffraction is a phenomenon of critical importance for many
applications. These include room and building acoustics, as well as the
study of the propagation of noise in public areas [51]. This phenomenon
is also expected to play an important role in the acoustic behaviour of
facilities designed for aeroacoustic experimental testing.

2.1.3. SOUND CONVECTION AND REFRACTION

α

α

U∞

Convected

wave Wave propagation
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Shear layer
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U∞ = 0
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∞

Refracted

wave

ө
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Figure 2.5: Sketch of sound convection by the mean flow and refraction
at the shear layer.

When propagating through a fluid, sound waves are convected by the
local flow velocity [52]. This means that the propagation velocity of the
sound wave, at each point of the wavefront is given by ⃗sondwve = c⃗+ ⃗,
where ⃗ is the local flow velocity. c⃗ is the velocity of propagation of the
sound wave, at that point of the wavefront, considering the wave to be
propagating in a quiescent medium. When a sound wave propagates
through a shear layer between a moving fluid and a fluid with zero mean
velocity, its direction of propagation appears to change, as represented
in Fig. 2.5. In addition to the sound not being convected in a quiescent
fluid, waves experience refraction when passing through a shear layer
[53]. This phenomenon further changes the propagation direction of a
sound wave.

Sound convection and refraction are important phenomena to be
taken into account for many aeroacoustics applications, including
experimental wind tunnel investigations [54] and atmospheric sound
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propagation models [55]. For acoustic studies in open–jet wind tunnels,
the relation between the angles φ and θ (as defined in Fig. 2.5) can be
found with the analytical model derived in Ref. [56].

2.1.4. TRANSMISSION LOSS

When a sound wave propagates through an obstacle, it is expected for
this wave to experience a transmission loss, i.e., the transmitted wave is
likely to have less acoustic energy than the incident wave. The obstacle
may be a solid medium, a porous material, or a shear layer, as depicted
in Fig. 2.5. In aeroacoustic testing, the transmission loss in a shear
layer may be a critical phenomenon, particularly for experiments at a
high free–stream Mach number (M∞). The transmission loss trough a
shear layer, e.g. in a open–jet wind tunnel, is caused not only by partial
dissipation of the sound wave which is being transmitted, but also by
partial reflection of the incident wave [53].
Devenport et al. [57] characterised the transmission loss of

sound waves transmitted through a Kevlar cloth, commonly used
in aeroacoustic testing, and through shear layers, in this case the
boundary layer of wind tunnels walls. Results are shown in Fig. 2.6. The
transmission loss through a boundary layer shows a strong dependence
on free–stream velocity. For U∞ ≥ 36ms−1, the transmission loss
through a shear layer should be taken into account, when analysing
results at high frequencies. The transmission loss through the Kevlar
cloth starts being non–negligible from 6kHz.

Figure 2.6: Transmission loss when a sound wave propagates through
a Kevlar cloth and through a boundary layer, when the
free–stream velocity of the flow is U∞ = 36ms−1 and
U∞ = 72ms−1. Adapted from [57].

Fischer et al. [58] studied the influence of the pressure difference
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through a Kevlar membrane on the acoustic transmission loss of sound
waves passing through it. At U∞ ≥ 33ms−1, deflecting an airfoil by
4° (inside a Kevlar-walled wind tunnel test section) caused a frequency
dependent shift in the Kevlar’s transmission loss of up to 1dB. This
effect increases with U∞ (due to increasing pressure gradients).

2.2. BACKGROUND NOISE IN A WIND TUNNEL

2.2.1. ACOUSTIC NOISE SOURCES

Figure 2.7: Low Turbulence Tunnel circuit [59], at Delft University of
Technology.

Spurious sound waves present during a wind tunnel test are
predominantly of aerodynamic origin, e.g., originating from the unsteady
interaction between the flow in a wind tunnel and components of the
circuit [60]. Figure 2.7 shows the circuit of a closed loop closed test
section wind tunnel at TU Delft, the Low Turbulence Tunnel (LTT). There
are several possible sources of aerodynamic noise in in this type of wind
tunnels, which reach the test section. The directivity characteristics of
the noise emitted depends on the physical generation mechanism. This
is important to identify, as the scaling of noise produced with free-stream
Mach number also depends on how noise is being generated. The
directivity of aerodynamically generated sound can be:



2.2. Background noise in a wind tunnel

2

17

• Monopole: this occurs when a body moves, displacing fluid. The
displacement of fluid particles causes the emission of sound,
uniformly in all directions. This type of noise is also named
thickness noise, as the volume of fluid displaced increases with
the thickness of the moving body, increasing the magnitude of the
sound waves produced. The power of the noise radiated scales
with M2

∞
[61].

• Dipole: the generation of sound with a dipole directivity occurs
due to the unsteady interaction between a fluid flow and a solid
boundary [52]. More specifically, due to variations in fluid pressure
at the solid boundaries or due to the movement of a pressure field
along with the movement of a solid body. The power of the noise
radiated approximately scales with M6

∞
[61].

• Quadrupole: this occurs when sound is produced by unsteady
fluctuations in a fluid, without a direct contribution of a solid body
towards the sound generation. A typical example is sound produced
by free–stream turbulence. The power of the noise radiated scales
with M8

∞
[52].

These noise generation mechanisms can be associated with several
components, in a wind tunnel circuit. It is important to identify these
components, in order to understand how to mitigate the noise emissions.
Common background noise sources in a wind tunnel are:

• Wind tunnel fan: as in Fig. 2.7, the fan that powers the flow in a
wind tunnel is often placed opposite to the test section, within a
closed wind tunnel circuit. However, the sound generated at the
fan can still reach the test section, by propagating and reflecting
through the circuit. Rotating components, as a wind tunnel fan,
produce strong tonal noise at the blade passing frequency and
subsequent harmonics (multiples of the blade passing frequency)
[62]. This tonal noise has both monopole and dipole nature,
and is present when the aeroacoustic problem is analysed from a
non-rotating reference frame. The fan may also produce strong
broadband noise [63], e.g., from the interaction of turbulence in
the flow with the leading edge of the fan blades (dipole noise), or
from the interaction between the turbulent boundary layer over the
fan blades with the blades’ trailing edge (dipole noise).

• Free-stream turbulence: the turbulent fluctuations in the wind
tunnel jet also lead to the generation of noise, in this case with a
quadrupole directivity [52]. This turbulence can be found in the
wake of components of the wind tunnel circuit, such as the wind
tunnel fan. This phenomenon is already mitigated by trying to
improve the flow quality in the test section, as wind tunnels are
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designed with turbulence screens, usually placed between the fan
and the test section, for reducing free–stream turbulence intensity.

• Corner or guide vanes and safety screens: the interaction of
turbulent structures with vanes or with security screens also leads
to the generation of broadband dipole noise [60]. In the case
of the LTT, it can be understood from Fig. 2.7 that turbulent
fluctuations originating in the test section, due to the model being
tested, are likely to impinge in the metal grid downstream of
the diffuser (safety screen) and on the guide vanes immediately
downstream. The leading edges of these components can become
dominant sources of background noise in the test section. The
corner vanes upstream of the test section, on the other hand, are
typically located in a section of the circuit where the velocity of the
flow is lower, due to the larger area [64]. These upstream corner
vanes are therefore less likely to lead to the generation of strong
background noise.

• Wind tunnel walls and discontinuities: the turbulent boundary layer
over the walls of the tunnel also results in the radiation of noise.
Smooth wall surfaces result in the mirroring of this quadrupole
noise source [60]. On the other hand, discontinuities on the walls
or on the setup are expected to contribute towards a considerable
increase of noise generation. This is due to the interaction between
these irregular solid boundaries and the turbulent structures in the
wind tunnel boundary layer [65] (dipole noise).

Furthermore, in wind tunnel tests there may also be sources of
background acoustic noise of non–aerodynamic nature [17]. These can
be, for example, the motor that powers the wind tunnel fan, or electric
devices used to operate the tunnel.

2.2.2. PSEUDO-SOUND IN TURBULENT BOUNDARY LAYERS

The turbulent pressure fluctuations which do not radiate as sound waves
into the far-field may be referred to as pseudo-sound [66]. These
fluctuations are recorded by microphones placed in the turbulent region,
and their propagation is perceived to follow the local mean flow velocity
[67]. This is because turbulent structures are convected by the local
flow. In reality, pseudo-sound also propagates from its source at sound
speed. Due to the fast decay with respect to distance, the pseudo-sound
field is typically small enough that any time delay is negligible [66].
Pseudo-sound is relevant because, in a turbulent region, the amplitude

of its pressure fluctuations is orders of magnitude higher than that of the
sound waves being generated. In a subsonic jet flow, only 10−4 of the
turbulent energy radiates as sound [66]. For high Mach number rocket
flows, this ratio is still below 10−2. Another interesting characteristic
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of pseudo-sound is that its magnitude is mostly uninfluenced by
compressibility. For this reason, broadband pseudo-sound is commonly
referred to as hydrodynamic noise [66]. This is the case of turbulent
pressure fluctuations in boundary layers, e.g. the turbulent boundary
layer over wind tunnel test section walls [68, 69].

Microphone placement in a wind tunnel needs to be decided
considering the presence of acoustic and hydrodynamic background
noise. Furthermore, measurement devices should be as less intrusive
as possible, in order to avoid disturbing the aerodynamic and acoustic
testing conditions in the wind tunnel test section. Common solutions
include the placement of microphones away from the jet, in open–jet
or hybrid test sections (described in more detail in the following
section). For closed test section wind tunnels, it is common to
place the microphones at the wind tunnel walls. This type of
acoustic measurements is non–intrusive, but may suffer from increased
hydrodynamic spurious noise.

For the placement of wall mounted microphones, it is a common
solution to try to recess the microphones with respect to the wind
tunnel wall surfaces. This can be done, e.g., by recessing individual
microphones in a cavity, or by placing a set of microphones in a recessed
plate [68]. Prior research also indicates that covering a microphone
cavity with a cloth helps to reduce hydrodynamic fluctuations at the
microphone, while allowing for acoustic fluctuations from a test model
to be measured [27]. Figure 2.8 is illustrative of a state–of–the art
strategy for placing a microphone on a wind tunnel wall. Figure 2.9
shows a result from a previous study where the hydrodynamic noise at
a wind tunnel wall was quantified, by a microphone installed at the wall
surface, and by a microphone recessed at the bottom of a cylindrical
cavity [68]. For this microphone cavity design, covering the recessed
microphone with a mesh cloth resulted in a clear attenuation in the
spectra of the hydrodynamic noise, at most frequencies investigated. At
2kHz, the noise attenuation was close to 20dB.

The acoustic transfer function of a microphone cavity is defined as
the ratio between the magnitude of acoustic pressure fluctuations at
the cavity bottom, and the magnitude of the incoming acoustic waves
which enter from the top of the cavity. This transfer function is also
an important research topic, as the cavity geometry may lead to the
generation of strong acoustic modes inside the cavity. Ideally, these
acoustic modes should be minimised, especially at the frequencies of
interest. Otherwise, if the cavity’s acoustic transfer function is not
perfectly characterised, this will lead to experimental errors. Prior
research shows that cavities with a conical shape, i.e., where the
opening is larger than the bottom surface of the cavity, lead to optimum
acoustic measurements [28]. Finding a cavity design which leads to
an optimal compromise between its acoustic transfer function and the
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Figure 2.8: Sketch of a cavity designed for wind tunnel wall microphone
placement.

Figure 2.9: Hydrodynamic noise at the surface of a wind tunnel wall
(reference), at the bottom of an uncovered cylindrical cavity,
and at the bottom of a cylindrical cavity covered with a
metallic cloth [68]. Free–stream velocity U∞ = 20ms−1.

minimisation of hydrodynamic noise remains a topic of large interest.

2.3. ANECHOIC WIND TUNNEL DESIGN

Wind tunnels, when conceived for improved aeroacoustic testing, are
designed with the challenges discussed in the previous two sections in
mind. The facility is designed in order to cause the least disturbance
possible to sound propagation in the test section, at the frequencies of
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interest. The wind tunnel circuit is designed in order to lead to the least
propagation of background noise towards the measurement locations in
the test section. A commonly referred anechoic wind tunnel design goal
is to reach a background noise at least 10dB lower than the sound of
any test object, at the measurement locations [22, 30, 60].

2.3.1. WIND TUNNEL CIRCUIT

As previously mentioned, there may be numerous sources of background
aerodynamic noise through a wind tunnel circuit. These include the
fan, the corner guide vanes, protection or turbulence mitigation screens
and any discontinuities through the walls of the circuit. Gomes et al.
[30], as shown in Fig. 2.10, suggest an approach for aeroacoustic wind
tunnel design which distinguishes the airline circuit design (see first and
second airline cross legs) from the design of the wind tunnel drive fan
and of the test section (an anechoic open–jet section in the figure).

Figure 2.10: Sketch of the Low speed wind tunnel Braunschweig (NWB)
of the German–Dutch Wind Tunnels Foundation (DNW)
[30]. Dark blue areas correspond to acoustically treated
surfaces).

Figure 2.10 shows that, in a state–of–the–art aeroacoustic wind tunnel,
there are large areas of the circuit which are treated acoustically.
These include airline walls, the corner vanes, the fan tail cone and the
walls immediately downstream of the drive unit. The lining applied
through the wind tunnel circuit helps to absorb sound waves, in order to
avoid these waves from reaching the test section. However, acoustic
treatments applied through the circuit should not lead to a poorer
aerodynamic performance of the wind tunnel. If the pressure loss
through the circuit were to increase, the drive fan would have to work
at a higher power setting, in order for the same free–stream velocity to
be reached in the test section [30]. As the wind tunnel fan may be one
of the dominant sources of background noise, it is desirable to have this
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component operating at lower rotational velocities and with minimum
blade loading.

The noise from a wind tunnel drive fan can be expected to scale with
the 5th power of the flow velocity, with respect to each blade section
[70]. This explains why reducing the rotational velocity of the fan is
crucial for reducing background noise. For achieving the necessary
static pressure increase at the fan, while reducing fan velocity, it is
recommended to use state–of–the–art aerodynamic design tools, such
as Computational Fluid Dynamics (CFD) [30]. Possible practical solutions
may be to increase the solidity of the fan, either by increasing the
number of blades or the blade chord.

For a rotor–stator configuration of the drive unit, additional sound
sources are added at the stator stage [30]. These are mainly caused by
strong variations of loading at the stator, due to the non–uniform inflow,
and due to the impingement of turbulent eddies on the leading edge of
the stator blades. These noise sources can be reduced by increasing
the distance between the rotor and the stator, so the stator’s inflow
becomes more uniform. However, a too large distance may result in
an aerodynamic penalty. Adding sweep to the blades may also reduce
tonal noise generation at the stator stage [71].

Besides the targeted aeroacoustic design of the drive unit, also
the corner guide vanes may be adapted. The corner vanes seen in
Fig. 2.10 are longer than typical corner vanes designed exclusively
for aerodynamic performance (compare, e.g., with vanes in Fig. 2.7).
The reason is that aeroacoustic wind tunnel guide vanes should be
designed with space for acoustic treatments, while not decreasing their
aerodynamic performance, i.e., while successfully causing the mean
flow to turn, without an increase in drag. The noise generated by the
turning vanes upstream of the test section also decreases when the
contraction ratio is increased, at the contraction stage. This causes the
flow upstream of the contraction to reach lower velocities, due to the
increased section area of the second airline cross leg of the circuit.

2.3.2. TEST SECTION

The test section design is key for the aeroacoustic testing capability of
a wind tunnel. Open–jet test sections provide the most flexibility for
improving the acoustic performance. Closed test section wind tunnels
are typically able to provide the highest aerodynamic fidelity [72].
Hybrid wind tunnels attempt to achieve the benefits of both open–jet
and closed–section wind tunnels [73].

OPEN–JET

In the test section of an open–jet circuit, the jet of the tunnel is
not closely surrounded by walls. Instead, the jet is surrounded by a
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quasi–quiescent fluid, which typically occupies most of the test section
space. The main acoustic advantage of open–jet sections is that the test
section walls, not being grazed by high–velocity flow, may be treated
with highly absorbent liners. This lining possibility has allowed TU Delft’s
anechoic open-jet test section to reach a reverberation time T60 of
0.22 s, which is considered acoustically dead, i.e. anechoic, by the ISO
norm 3382 [22]. The possibility to install free–field microphones outside
the moving flow, relatively far from spurious hydrodynamic noise, is
also an important upside of these test sections [22]. The out–of–stream
background noise, in an anechoic open-jet test section, may reach a
25dB noise reduction with respect to the in–airstream spurious noise
[33].

Figure 2.11 shows the anechoic chamber of the DNW–NWB wind
tunnel. As discussed in Sec. 2.1.1, wedged liners are able to provide a
higher sound absorption than flat configurations, and are for this reason
applied to the DNW–NWB test section, outside the flow. Open–jet test
sections are designed with a large collector, as seen in Fig. 2.11, where
the jet and shear layer enter the remaining closed sections of the wind
tunnel loop. A collector with dimensions lower than the shear layer
width could lead to a strong generation of noise, at the collector lips,
besides leading to a decreased aerodynamic efficiency of the tunnel.
Figure 2.10 also illustrates the large area of the collector, with respect
to the jet nozzle area.

U   ∞

Collector

Sound absorbent foam

Figure 2.11: Anechoic test section of the DNW–NWB wind tunnel, in
Braunschweig. Adapted from [30].

Similarly to the DNW-NWB wind tunnel, the Audi open-jet wind
tunnel has also been designed with the goal of maximising acoustic
performance. The main efforts include the design of the wind tunnel
fan, with an increased number of fan blades for decreased fan noise;
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a high contraction ratio from the settling chamber to the test section,
to decrease flow velocities and, consequently, noise generation in the
settling chamber; the application of sound absorbing lining in the test
section walls and throughout the circuit; and the reduction of low
frequency noise associated with pulsation of the jet, by improving the
design of the collector and by active noise control of the sound field.
By using a loudspeaker to emit sound waves in antiphase which respect
to the phase of jet pulsation, it was possible to reduce the pressure
fluctuations associated with this pulsation by 20dB, and to completely
eliminate the associated velocity fluctuations [74, 75]. The advanced
acoustic features of this wind tunnel lead to a reduced background noise
in the test section, with an overall sound pressure level 30dB(A) lower
than a comparable aerodynamic wind tunnel and 15dB(A) lower than a
previous generation of automotive aeroacoustic wind tunnels [30, 74].

The main disadvantages of open–jet test sections are associated
with their aerodynamic behaviour. When a test model experiences
strong lift forces, or any strong aerodynamic forces with a direction is
perpendicular to the jet axis, this leads to a deflection of the jet. This
reduces the effective angle of attack perceived by the test model. For
an airfoil placed in an open-jet section, its effective angle of attack (in
radians) can be estimated from [76]:

αeff. = αmes. −
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where

σ = (π2/48)(c/h)2, (2.5)

being c is the airfoil chord and h the vertical open-jet dimension,
considering that the wing span is aligned with the horizontal direction.
The subscript mes. stands for the values measured during the test. α
is the angle of attack, c is the sectional lift coefficient, and c

m
1
4
is the

quarter chord moment coefficient. The correction of Eq. 2.6 considers
ceff. = cmes..

Sanders et al. [20] tested a DU97W300 cambered airfoil with 0.25m
chord in an open-jet test section with h = 0.9m. At U∞ = 55ms−1 and
cmes. = 1, this led to a correction αeff. − αmes. ≈ −4°, according to Eq.
2.6. In comparison, testing this airfoil in a closed test section with the
same height led to αeff. − αmes. ≈ 0°, at the same free-stream velocity
and airfoil sectional lift coefficient. This highlights the need to accurately
correct the operating conditions in open-jet facilities.

Besides leading to a change in effective angle of attack, jet deflection
also leads to a change in effective camber line of the airfoil [76]. This
causes the pressure distribution over the airfoil to be different than in
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free-field conditions, even if the angle of attack correction is accounted
for. Moreau et al. [18] also studied the effect of jet deflection on the
pressure distribution over an airfoil and concluded that, at c/h = 1, the
airfoil pressure distrubtion resembles more the distribution of a cascade
airfoil than that of an isolated one.

CLOSED–SECTION

Closed test section wind tunnels are commonly preferred for aerody-
namics research, due to their high aerodynamic fidelity. As the wind
tunnel jet remains always bounded by walls, the jet does not experience
deflection or interaction with a collector. Instead, the wind tunnel
walls cause a blockage effect which, for example, increases the lift
experienced by a wing at a high angle of attack [32]. However, blockage
in a closed section alters the aerodynamic behaviour of a test model
considerably less than jet-deflection in an open-jet experiment. In a
closed section wind tunnel, the angle of attack of an airfoil (in radians)
can be corrected with [20, 77]:

αeff. = αmes. +
57.3σ
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which leads to a considerable smaller difference αeff. − αmes. than Eq.
2.6. According to Barlow et al. [77], if c/h < 0.7, any wall blockage
effects on the lift distribution can be neglected.

Figure 2.12 shows the airframe of a model aircraft being tested
at DNW–LST wind tunnel. A microphone array is mounted on the
wind tunnel wall, aligned in the streamwise direction with a potential
noise source of the model, the aircraft wing. As mentioned in Sec.
2.2.2, wall–mounted microphones are expected to record high levels
of hydrodynamic background noise, which is a main disadvantage of
closed test section facilities for aeroacoustic studies.

The closed test section configuration seen in Fig. 2.12 has solid, fully
reflective walls. This is expected to cause a strong disturbance to the
propagation of sound in the test section, as sound waves generated
by the test model have multiple reflection paths towards the array.
The phenomenon causes the Green’s function of sound propagation in
a closed test section to largely deviate from the Green’s function in
free–field conditions (Eq. 2.1). Correctly estimating source noise levels
from measurements in highly reflective environments therefore requires
the extra (non–trivial) work of estimating the exact acoustic transfer
function from a source to the microphones.

In contrast with the open–jet test section seen in Fig. 2.11 the lack
of wall lining in the test section of Fig. 2.12 is expected to cause
background noise to easily propagate through the test section, with
minimal dampening. As it is not feasible to line closed sections of a
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wind tunnel with foam cones, it is more difficult to reduce the reflection
coefficient of these walls to optimum values (close to 0). This means
that reverberation and, consequently, acoustic background noise are
expected to be higher in closed test section wind tunnels.

Mic.
array

u  

Figure 2.12: Closed test section aeroacoustic testing of an aircraft model,
at DNW–LST wind tunnel. Adapted from [78].

HYBRID TEST SECTION

Hybrid wind tunnel test sections are designed to make use of the
advantages of both closed and open–jet test sections [61, 79]. This
leads to reduced aerodynamic corrections (compared to open-jet tunnels)
and relatively low background noise in the acoustic measurements [80].
Figure 2.13 shows the hybrid anechoic test section at Virginia Tech. The
side walls of the rectangular test section have been replaced by Kevlar
windows (see Fig. 2.13a). These hybrid walls are designed to allow
sound to be transmitted, while keeping the wind tunnel jet bounded,
i.e., in order to avoid jet deflection [79]. The measurement device
(microphone array) may in this way be placed outside the jet, where
hydrodynamic pressure fluctuations are lower, as in an open–jet wind
tunnel. Figure 2.13b shows two anechoic chambers, one at each side of
the test section. The walls at these rooms are lined with sound absorbing
wedged foam, which absorbs background noise and reflections from the
test model.
Hybrid test sections, however, also have drawbacks. Precisely

predicting the aerodynamic behaviour of a test section bounded by
Kevlar walls is more complex than for closed sections. In a hybrid test
section, wall blockage is usually reduced by the flow outside the Kevlar
panels [19]. In the facility of Fig. 2.13, this is caused by interaction,
or leakage, between the flow of the two lined chambers [69]. On
the other hand, the pressure field around a high lifting model causes
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(a) Hybrid test section (b) Sketch of the anechoic chamber

Figure 2.13: Hybrid anechoic test section at Virginia Tech Stability wind
tunnel (VTSWT) [69].

a displacement of the Kevlar sheets, which reduces the test section
size. This second phenomenon increases wall blockage. Brown et al.
[19] estimated the streamwise velocity increase due to blockage in the
hybrid test section of the VTSWT, during the testing of a 0.91m chord
NACA0012 airfoil. The experiments were carried at M∞ = 0.2 and at
the chord based Reynolds number Rec = 4 × 106. The open area of the
Kevlar fabric was used to characterise its porosity. For the Kevlar panels
with an open area of 1.2%, the streamwise velocity increase due to
blockage varies between 2% and 4% of U∞, depending on the airfoil’s
angle of attack. In comparison, the streamwise velocity increase at a
closed section of the same dimensions would be approximately 1% of
U∞, independently of α.

Additionally, when a model is tested at high lift, transpiration through
the Kevlar panels is associated with a negative transverse velocity
component in the test section. This contributes towards a decrease of
the model’s free-stream angle of attack. This phenomenon opposes the
angle of attack deviation due to an increased blockage. For the Kevlar
fabric with 1.2% open area, the NACA0012 experiences an effective
increase in angle of attack of 0.2° and an increase in maximum lift
coefficient of 0.13C,mx. [19]. Instead, a Kevlar fabric with 5.9% open
area led to αeff. − αmes. ≈ 0.1° and to an increase in maximum lift
by 0.07C,mx. [19]. This shows the influence of Kevlar porosity and
permeability on the test. A comparable NACA0012 airfoil test in an
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open-jet section leads to angle of attack corrections of over 7° [19].
Independently of the characteristics of the Kevlar fabric selected, the
aerodynamic interference between a model and the testing facility is
considerably lower in a hybrid test section than in an open-jet section.
Although Kevlar windows allow for a high transmission of sound, there

is also a percentage of the incident acoustic energy which is either
reflected or dissipated, as discussed in Sec. 2.1.4. In addition, it may not
be possible to design a perfectly anechoic hybrid test section (see, e.g.,
floor and ceiling in Fig. 2.13a). This means that acoustic propagation
in hybrid test sections is still different from the free–field. Aeroacoustic
investigations carried out in hybrid test sections therefore also benefit
from continuous improvements in the fields of acoustic modelling and
signal processing.



3
METHODOLOGY

Measure what is measurable, and make measurable what is not so.

Galileo Galilei

The previous two chapters presented the challenges of aeroacoustic
wind tunnel measurements. The physical phenomena associated with
those challenges were introduced. The present chapter explains the
methodology followed in order to tackle these challenges and improve
wind tunnel experiments, particularly for the case of closed test section
wind tunnels.

The improvements to aeroacoustic testing proposed in this work were
validated experimentally, in wind tunnels at TU Delft. Section 3.1
describes the wind tunnels and measurement techniques used. The
propagation of sound in wind tunnels may be disturbed by undesirable
acoustic phenomena, as discussed in Sec. 2.1. A prediction of these
phenomena was attempted with a geometric modelling method, which
is described in Sec. 3.2, and with a higher fidelity numerical method.
The problem of hydrodynamic noise propagation towards measurement
points, introduced in Sec. 2.2.2, was also investigated making use of
a numerical solver. The numerical methods used in this thesis are
described in Sec. 3.3. Finally, Sec. 3.4 describes the state–of–the–art
methods of processing pressure fluctuation measurements which were
used in this thesis.

29
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3.1. EXPERIMENTAL

3.1.1. FACILITIES

The research results presented in this thesis are either based on or
validated with experimental campaigns. These campaigns were carried
at two different wind tunnels at Delft University of Technology: an
open–jet wind tunnel and a closed section wind tunnel.

Figure 3.1: Sketch of the A–tunnel circuit [22].

ANECHOIC TUNNEL

The A–tunnel is the anechoic wind tunnel facility at TU Delft. This tunnel
has a closed circuit, with a vertical open–jet test section. The facility was
particularly designed for research in the aeroacoustics and flow–control
fields [22]. Figure 3.1 shows the circuit of the anechoic tunnel. The
circuit is powered by two centrifugal fans, each with 10 rotor blades.
Each of the fans is connected to a 30kW motor. As in the open–jet
tunnels described in Sec. 2.3.2, the walls of the A-tunnel test section
(see J in Fig. 3.1) are lined with sound absorbing wedged foam, in this

case melamine foam. This allows for accurate acoustic measurements
in the test section from 200Hz [22].
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The interchangeable nozzle is located at F . For the experiments
carried in this thesis, a 40 × 70cm nozzle was used. With this nozzle,
the free-stream turbulence intensity is below 0.1% of the free–stream
velocity, U∞, from 10ms−1 up to the maximum reachable velocity
of 35ms−1 [22]. At the nozzle exit, the flow is uniform within this
free-stream velocity range, with spanwise variations lower than 0.01U∞

[22].

LOW TURBULENCE TUNNEL

The Low Turbulence Tunnel is a closed test section wind tunnel, initially
designed for aerodynamic testing. The circuit is powered by a six-bladed
wind tunnel fan, which is connected with a 525 kW DC motor. The flow in
the test section of 1.8× 1.25m can reach free–stream velocities, U∞, up
to 80ms−1 with an average turbulence intensity, T, below 0.05% [81].
The wind tunnel circuit has been previously shown in Fig. 2.7, along with
a discussion of its possible background noise sources. As the tunnel has
not been designed for aeroacoustic testing, reflections throughout the
wind tunnel circuit contribute towards a long reverberation time.

Acoustic reflections at the LTT test section are dictated by its elongated
octagonal shape, which can be seen in the computer-aided design (CAD)
diagram reported in Fig. 3.2a. This test section has been adapted
for aeroacoustic tests. The floor and ceiling have been acoustically
treated, with 3cm flat melamine foam. The foam panels have ramps
at the leading edge and trailing edge, in order to avoid undesirable
aerodynamic phenomena, such as separation at the trailing edge of
the lining, or strong streamwise loads. The test section side–panels
have also been modified, for maximising sound absorption. The treated
panels contain 5cm thick wedged melamine, covered by a tensioned
Kevlar sheet, as sketched in Fig. 3.2b.

In addition to the absorption of reflections, the test section has been
modified in order to reduce hydrodynamic background noise at the
measurement location. Shown in Fig. 3.2, the microphone array is
installed (15cm) behind a tensioned Kevlar panel. As discussed in Sec.
2.3.2, this approach is characteristic of hybrid wind tunnel test section
designs. Luesutthiviboon et al. [17] have assessed the aerodynamic
performance of the LTT aeroacoustic test section (without floor and
ceiling lining). Air transpiration through the hybrid wind tunnel side–wall
was found to modify the lift polar of an airfoil at large angles of attack,
α ≥ 10degree, due to the modification of the wall blockage effect
experienced by this test model. This test was made with a 0.9m chord
NACA633–018 airfoil, at Rec = 3 × 106 [17].
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Lined 

side-panels

Floor and ceiling

3cm liningMic.

Array

Kevlar

panel

Speaker

(a) Test section

Kevlar sheet

5cm wedged

Melamine foam

(b) Lined side–panels

Figure 3.2: Aeroacoustic test section of the Low turbulence tunnel. CAD
of the lined test section, as seen from the inlet (left) and
representation of the lined melamine side–panels (right). b)
has been adapted from [11].

3.1.2. MEASUREMENT TECHNIQUES

The experimental data collected during this thesis was collected to
characterise the flow and acoustic fields during the tests. The hot–wire
technique and the surface measurements were taken to characterise
the flow, whereas the acoustic microphone measurements were taken
out–of–flow.

HOT–WIRE

The flow velocity measurements were made with the hot–wire technique.
In this technique, a thin wire is placed in the flow, at the measurement
location. The wire is heated, in the case of this experimental work
to 340 °C, in order to allow for the flow to receive energy from
the wire through convection. The temperature of the wire is kept
constant by an electric current. The voltage required to keep the
wire at this temperature is then recorded, and is related to the flow
velocity after calibrating the sensor. The highest source of error in
hot-wire measurements is typically the temperature variation in the
room. During measurements, the ambient temperature and pressure
were continuously measured, in order to correct for the temperature
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variations, as discussed in [22].

The hot–wire probe used was a Dantec Dynamics hot-wire 55P15
probe. This probe is specifically designed to measure velocities in a
boundary layer, without disturbing the flow. Figure 3.3 shows the probe
installed and measuring at the A-Tunnel. The wire in this figure is placed
parallel to the wall and perpendicular to the free–stream flow, in order
to measure the streamwise velocity in the lined plate’s boundary layer.

Hot-wire probe

U∞

Figure 3.3: Hot–wire probe measurements of a turbulent boundary layer,
at TU Delft’s A–Tunnel.

SURFACE PRESSURE flUCTUATION MEASUREMENTS

The measurement of turbulent pressure fluctuations was taken with
microphones mounted on a surface. This was done to measure the
magnitude of pressure fluctuations in a boundary layer, e.g. over the
plate seen in Fig. 3.3, and at the bottom of cavities. Cavities have been
designed for reducing the magnitude of these hydrodynamic fluctuations
at the measurement location, as discussed in Sec. 2.2.2.

These surface measurements were taken with three microphone types:
a Linear–X M51 microphone and small electret Sonion 8044 and Sonion
8010T microphones. The Linear–X has been designed for free–field
measurements, and was used for redundancy, as this microphone is
capable of measuring very high pressure fluctuation magnitudes, up to
150dB. The Sonion microphones have the advantage of having a small
membrane (diaphragm of the microphone) of 0.05mm, which allows
for the measurement of smaller eddies. This translates into a higher
measurement frequency range. However, these smaller microphones
are only able to measure up to 130.5dB (Sonion 8044) and 119dB
(Sonion 8010T), at 1kHz.
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ACOUSTIC MEASUREMENTS

Acoustic measurements were taken both at the A–Tunnel and at the
LTT. These measurements were taken with microphone arrays placed
outside the flow. The microphone array of the A–Tunnel consisted of
64 G.R.A.S. 40PH free-field microphones. The free-field microphones
have an uncertainty of 1dB, from 50Hz to 5kHz [82]. The microphones
have been installed in a grid, as sketched in Fig. 3.1, I . The array
has an elliptical shape, formed by 7 spiral arms, and extending 2m in
the streamwise direction (vertical) and 1m in the horizontal direction.
The location of the microphones in the spiral arms of the array was
optimised in order to maximize spatial resolution and minimize side lobe
levels in the A-tunnel [83].

The array used in the LTT consists of 62 PUI AUDIO 665–POM–2735P–R
microphones. The microphone coordinates were defined by scaling
from the A–Tunnel array design. The LTT array extends 1.6m in the
streamwise direction (horizontal) and 0.4m in the vertical direction, and
is shown in Fig. 3.4a. The microphones are held by a solid plate, lined
with 5cm plane melamine foam. The microphones are positioned flush
with the foam surface. During measurements, the microphones are
recessed 15cm behind a stretched aviation-standard Kevlar 49 T 965
sheet (see Figs. 3.2a and 3.4b).

(a) Installed array (b) Microphone placement.

Figure 3.4: Low Turbulence Tunnel microphone array: array installed in
test section, without the array’s Kevlar panel (left); and
microphone placement, behind the Kevlar panel (right).
Figure b) adapted from [84].

3.2. SOUND WAVE GEOMETRIC MODELLING

A geometric modelling algorithm was developed, in order to predict
the propagation of sound in a reflective environment. The algorithm is
based on the mirror–source method, and has corrections for reflections
on lined walls and for the convection of sound waves by the mean flow.
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3.2.1. MIRROR–SOURCE METHOD

The mirror–source method is an efficient technique for predicting
reflections on flat and smooth walls, particularly when the wall is large
with respect to the wavelength. This method considers reflections to
be specular, neglecting the existence of diffuse reflections. Diffraction
is also neglected in the present model. The mirror–source method
assumes the modelled walls to be infinite, and loses accuracy at lower
frequencies, when the acoustic wavelength becomes comparable to the
size of the walls [42].

The LTT test section has an octagonal shape, as seen in Fig. 3.2.
The primary reflections on the three larger walls of the test section
(floor, ceiling and wall opposite to the array) can be modelled as a
mirror–source, as represented in Fig. 7.3. The effect of lining was taken
into account in this geometric model by considering the complex valued
surface reflection coefficient of the lined walls, Rc(ƒ ). The reflection
coefficients of the lining were used in the algorithm, by adjusting
the amplitude and phase of each mirror reflection signal, SMR(ƒ ), with
respect to the direct source signal, SDS(ƒ ):

SMR(ƒ ) = SDS(ƒ )Rc(ƒ ). (3.1)

Figure 3.5: Setup for simulation of the acoustic response of the LTT test
section, with the mirror–source method. Modelling of the
primary reflections on the floor, ceiling and wall opposite to
the array.

3.2.2. FLOW CORRECTION

The conventional mirror-source method does not take into account
the convection of the sound wave by the tunnel jet. However, this
phenomenon may considerably alter the propagation of sound in a
wind tunnel environment, as represented in Fig. 2.5. For the flow-on
cases, the path of each sound ray from the mirror source to the
receivers (microphones) is re-calculated taking into account convection
by the flow. The method used to calculate the path of the sound
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ray, from each mirror–source to the receiver, resembles the ray tracing
technique discussed by Savioja [42]. With the present method, the
number of reflections to be calculated for each mirror source equals
the number of receivers. In contrast with the widely used stochastic
ray tracing techniques, this modelling tool is thus deterministic, as the
"conventional" mirror–source methods [42].

3.3. NUMERICAL METHODS

Two numerical solvers have been used in this thesis, for aiding the
investigation of solutions to improve wind tunnel aeroacoustic tests.
A Lattice–Boltzmann method (LBM) solver has been used to simulate
aerodynamic phenomena, including acoustic fluctuations generated
aerodynamically. A Finite Element Method solver has been used to
simulate the acoustic response of wind tunnel test sections, with a
higher fidelity than the geometric model previously introduced, but at
the expense of higher computational cost.

3.3.1. LATTICE–BOLTZMANN METHOD

The numerical flow simulations were performed with the commercial
software SIMULIA PowerFLOW 6-2019, which is based on the Lat-
tice–Boltzmann method, coupled with a Very-Large Eddy Simulation
(VLES) approach. The LBM is based on kinetic models which take into
account mesoscopic processes in order to obtain reliable continuum
flow quantities, in agreement with the macroscopic dynamics of a fluid.
PowerFLOW solves the LBM equation on a lattice, i.e., a Cartesian grid.
The lattice consists of cubic cells, referred to as voxels, with 19 degrees
of freedom. The LBM-VLES solver considers a discrete form of the
lattice-Boltzmann equation, which can be written as [8]:

F ( + VΔt, t + Δt) − F(, t) = C(, t) (3.2)

where  and t are the space and time coordinates. F is the particle
distribution function along the th lattice direction, and V is the discrete
particle velocity in the same direction. The collision operator, C, is
based on the Bhatnagar–Gross–Krook kinetic model [85], and is defined
as:

C = −
Δt

τ

�

F(, t) − F
eq


(, t)
�

, (3.3)

where F
eq


(, t) is the equilibrium distribution function, estimated from

statistical physics considerations [86]. τ is the viscosity dependent
collision relaxation time [86].
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In a LBM-VLES approach, the small scales of turbulence are accounted
for by correcting the relaxation time used in the calculation of the
collision term. Following the work of Ref. [87], a two-equation k − ε
renormalization group is used to compute a turbulent relaxation time
that is added to the viscous relaxation time, such that the effective
relaxation time reads as:

τeff = τ + Cμ
k2/ε

(1 + η2)0.5
, (3.4)

where k is the turbulent kinetic energy and ε is the rate of dissipation
of turbulent kinetic energy. Cμ = 0.09 and η are a combination of the
local strain, local vorticity and, local helicity. The term η mitigates the
sub-grid scale viscosity in presence of large resolved vortical structures.
The solver can realistically represent boundary layer profiles at large
Reynolds numbers, without resolving the flow in the viscous sub–layer of
the boundary layer, by using a pressure gradient–dependent wall model
[86].

POROUS MODEL

The LBM–VLES solver allows for the simulation of flow through a porous
material, without fully resolving its fibre structures. This is done through
modelling the volume occupied by the porous material, e.g. a lining
foam, as a porous medium. This model uses the material’s viscous and
inertial resistivities, R and R, to impose Darcy’s law in the porous
medium. Darcy’s law relates the pressure drop across the porous
medium, Δp, to the Darcy’s velocity, d, according to [8]:

Δp

tpm
= Rd + ρR

2
d
, (3.5)

where tpm is the thickness of the porous medium and ρ is the density of
air. Previous literature [8] suggests this simulation approach is capable
of predicting the influence of a porous region on a grazing turbulent
boundary layer.

3.3.2. FINITE ELEMENT METHOD ACOUSTIC MODELLING

The FEM solver COMSOL Multiphysics was used to solve the wave
equation:

1

c2

∂2p

∂t2
− ∇ · (∇p) = 0, (3.6)

where c is the sound speed, p is pressure, t is time, and ∇ is the
nabla operator. The Pressure Acoustics Frequency Domain interface,
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part of the Acoustics module, was used. The iterative solver assumes
the acoustic source terms and consequent pressure fluctuations to be
time–harmonic, to reduce Eq.3.6 to the Helmholtz equation:

∇ · (∇p) +
ω2

c2
p = 0, (3.7)

where ω is the angular frequency. In this study, an acoustic monopole
source was introduced in the simulations by adding a sphere whose
surface was defined by the normal acceleration boundary condition:

n · ∇p = ρn, (3.8)

where n is the wall normal vector and n is the inward normal
acceleration. Both the speed of sound and the fluid density, ρ, were
assumed constant. The corresponding ambient temperature was 15 °C.
The sound hard boundary and the symmetry boundary conditions were
included in the simulation by imposing Eq. 3.8 with n = 0 at these
boundaries [88].

ACOUSTIC WAVE DISSIPATION

The porous liners over the wind tunnel walls were modelled by defining
an equivalent fluid domain, at the location of the lining [88]. In
these porous fluid regions, pressure waves are dissipated according to
the Delany–Bazley–Miki model [89]. This empirical model allows for
the prediction of sound absorption in a porous liner with a porosity
close to 1, as is the case of Melamine foam, based on the material’s
viscous resistivity [46]. The porous materials are the only regions
inside the test section where acoustic dissipation occurs, as any other
thermoviscous effects were neglected. Atmospheric dissipation was
considered negligible, due to the relatively small size of the numerical
domain. Furthermore, these acoustic simulations were conducted for
flow-off scenarios, in which no viscous losses associated with shear
layers occur.

3.4. POST–PROCESSING

The recording of acoustic pressure fluctuations in the wind tunnel tests
was done in this thesis with phased–microphone arrays. This allows to
preserve the phase information between microphones. Beamforming
is a post–processing technique which uses this phase relation between
microphone measurements to localise acoustic sources and to more
accurately quantify each noise source [34]. Beamforming facilitates
noise quantification, e.g., by increasing the signal to noise ratio with
respect to the background noise.
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The processing of microphone signals in this thesis was mostly done
in the frequency domain, i.e., after converting the recorded pressure
fluctuations from the time–domain. The conversion was made by means
of a Discrete Fourier Transform (DFT):

X[ƒ ] =

Ns−1∑

n=0

[ns] · e
− 2πƒ

n
Fs , (3.9)

where [ns] is the time domain input signal at discrete time index ns,
Ns is the total number of samples of this measured signal, and Fs is the
sampling frequency of the measurement. ns/Fs is the time coordinate at
which each sample was recorded. X[ƒ ] is the frequency domain output
of the DFT, at the frequency ƒ .

3.4.1. CONVENTIONAL BEAMFORMING

The beamforming technique used in this thesis is the conventional
frequency domain beamforming, from here on referred to in this thesis
as Conventional Beamforming (CBF). This post–processing technique is
widely used in aeroacoustics research, e.g., in Refs. [90, 91], as this is
an intuitive and robust beamforming method [34]. In CBF, the measured
signals of the N microphones in the array are treated in the frequency
domain:

p(ƒ ) =







p′
1
(ƒ )
...

p′
N
(ƒ )





 , (3.10)

where p′
n
is the pressure fluctuation recorded at each microphone, n. N

stands for the number of microphones in the array. The propagation of
the sound wave is considered in beamforming in the definition of the
steering vector, gj,n. The steering vector takes into account the sound
wave’s spherical spreading and phase shift from a scan grid point, j,
to a microphone n, by assuming the wave to propagate in free–field
conditions (see discussion of Eq. 2.1):

gj,n (free–field) =
exp
�

−2πƒΔtj,n
�

∥n − ξj∥
, (3.11)

where Δtj,n =




n − ξj




/c is the sound propagation time from the grid
point location ξj to the receiver at n. c is the speed of sound. || · || is
the Euclidean norm of a vector. The vector n contains the coordinates
of all microphones in the array. For each grid point, the noise levels are
estimated from:
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A
�

ξj
�

=
g∗
j
(pp∗)gj

∥gj∥
b

, (3.12)

pp∗ is a N × N matrix, commonly referred to as Cross-Spectral Matrix
(CSM), where the asterisk, (·)∗, represents the complex conjugate
transpose. b is a scalar and is set to 2 or 4, depending, respectively,
on whether it is intended to compute the noise levels at the observer
(microphone array) or at the source.

For beamforming experimental wind tunnel data, it is common to
consider a 2D scan grid parallel to the array, which includes the
expected location of sources within the test model/ setup. Figure 3.6
shows the beamforming map obtained from experimental microphone
array data, recorded with the LTT array. This purely acoustic test,
carried without flow, was made with a small omnidirectional source
(speaker) positioned at the streamwise and vertical centre of the array,
(, y) = (0,0)m. The source was positioned 1.05m away from the array
plane, and this measurement is representative of free–field conditions.
Sound Pressure Level is here defined as:

SPL = 20 log10

�

p′rms

pref

�

, (3.13)

where p′rms is the root mean square of the pressure fluctuations, and
the reference pressure, pref, is 2× 10−5 Pa.

From Fig. 3.6, it is easy to identify the streamwise location of the
speaker. However, the speaker noise spreads in the vertical direction,
in this beamforming map. The reason for this difference in resolution
between the streamwise and vertical direction is the horizontally
oriented array shape. The LTT microphone array is 4 times longer on the
horizontal direction than on the vertical direction. If we assume sound
waves to propagate in a direction close to perpendicular to the array,
resolution of a conventional beamforming map can be approximated by
[83]:

RL(ƒ ) = hscan tn

�

1.22
c

ƒLarray

�

, (3.14)

where hscan is the scan plane distance to the array plane, c is the sound
speed, and Larray is the array length in a specific direction. RL(ƒ ) is the
frequency dependent Rayleigh Limit, in that same direction.
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Figure 3.6: Beamforming map of the reference speaker measurement,
for the 1kHz centered third–octave band. Speaker located
at a 1.05m distance from the LTT array. A Source Power
Integration region is represented by the dashed line.

3.4.2. SOURCE POWER INTEGRATION

After calculating the beamforming maps, the speaker noise levels can
be obtained with the Source Power Integration (SPI) method [54]. Figure
3.6 shows a 24×24cm2 SPI region, centered at the source position. In
the SPI method, the experimental CSM is normalised with the CSM of
a simulated point monopole source, with unit strength. This is done in
order to quantify the noise levels of the experimental source:

ASPI(ƒ ) =

∑K

j=1
A
�

ξj
�

exp.
∑K

j=1
A
�

ξj
�

sim.

, (3.15)

where K is the number of grid points considered in the integration. The
simulated map is typically calculated from [92]:

A
�

ξj
�

sim.
=
g∗
j
(gkg

∗
k
)gj

∥gj∥
b

, (3.16)

where gk is the steering vector to the kth grid point, usually selected as
the grid point at the centre of the SPI region.
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MICROPHONE PLACEMENT:

CAVITY DESIGN

Microphone measurements in a closed test section wind tunnel are
affected by turbulent boundary layer (TBL) pressure fluctuations. These
fluctuations are mitigated by placing the microphones at the bottom
of cavities, usually covered with a thin, acoustically transparent
material. Prior experiments showed that the cavity geometry affects
the propagation of TBL pressure fluctuations towards the bottom.
However, the relationship between the cavity geometry and the flowfield
within the cavity was previously not well understood. Therefore a
very large–eddy simulation was performed using the Lattice–Boltzmann
method. A cylindrical, a countersunk and a conical cavity were simulated
with and without a fine wire-cloth cover, which is modelled as a porous
medium governed by Darcy’s law. Adding a countersink to an uncovered
cylindrical cavity is found to mitigate the transport of turbulent structures
across the bottom by shifting the recirculation pattern away from the
cavity bottom. Covering the cavities nearly eliminates this source of
hydrodynamic pressure fluctuations. The eddies within the boundary
layer, which convect over the cover, generate an acoustic pressure field
inside the cavities. As the cavity diameter increases compared to the
eddies’ integral length scale, the amount of energy in the cut–off modes
increases with respect to the cut–on modes. Since cut–off modes decay
as they propagate into the cavity, more attenuation is seen. The results
are in agreement with experimental evidence.

This chapter is based on the work published in Physics of Fluids 34, 10 (2022) [93].
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4.1. INTRODUCTION

The signal–to–noise ratio (SNR) of flush mounted microphone array
measurements in closed test section wind tunnels is reduced by the
presence of a turbulent boundary layer (TBL) over the tunnel walls.
The amount of SNR reduction by the TBL pressure fluctuations can be
minimized, relative to a microphone mounted flush to the tunnel wall,
by placing microphones within cavities. Research on flow over cavities
has focused primarily on radiated noise from the interaction of the shear
layer over rectangular cavities. The research presented in this article
focuses on how the pressure fluctuations at the bottom of axisymmetric
cavities, resulting from turbulent flow, are affected by cavity geometry.

Pressure fluctuations within cavities are produced by several mech-
anisms, which include the Rossiter feedback loop, turbulence within
the shear layer, and the transport and production of turbulence
due to recirculation within the cavity. The Rossiter feedback loop
[94–96] is a self–sustaining noise generation mechanism produced by
Kelvin–Helmholtz type vortices [97] shed from the cavity upstream
edge. When the vortices impinge on the downstream wall, pressure
waves are produced [98, 99] that perturb the shear layer, which
further produces vortex shedding. The feedback loop is characteristic of
cavities exposed to a boundary layer with relatively large momentum
thickness, with respect to the cavity aperture [100]. For rectangular
cavities, these vortices extend along the spanwise length of the cavity
[101] and their impingement produces tonal peaks in the far-field noise
spectra. Axisymmetric cavities exhibit similar behavior [102], however
the vortices shed by cylindrical cavities are affected by the curved cavity
edge [103]. Specifically, the vortex spanwise length is smaller than
the cavity diameter and they are shed from multiple spanwise locations
along the upstream edge [104]. This results in a weaker and broader
spectral peak compared to rectangular cavities [95].

In addition to the shed vortices, the shear layer contains randomly
fluctuating turbulence, which produces pressure fluctuations that
propagate into the cavity, referred to as turbulent rumble [105]. The
strength of these fluctuations increases from the leading edge towards
the downstream edge as shown by PIV measurements [104]. The shape
of the upstream edge influences the stability of the shear layer because
non–sharp edges can cause the location of the separation point to vary
in time [106], which affects the amplitude of the turbulent rumble [107].

Recirculation of the fluid due to the flow entering the cavities results
in the presence of turbulent pressure fluctuations at the cavity bottom
[108]. For deep cylindrical cavities, the recirculating flow is symmetric
with respect to the cavity centerline [109]. The recirculation patterns
within these deep cavities are stable, in contrast to shallower cavities,
which feature unsteady and asymmetric recirculation patterns [110,
111]. The recirculating flow causes strong wall shear, which generates
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fluctuations as high as ≈ 35% of the local velocity [108]. These velocity
fluctuations are highest between the downstream bottom corner and
the cavity center, along the cavity centerline [102, 111]. This region of
increased turbulence corresponds to a region of higher static pressure
[111].

These phenomena can excite acoustic cavity modes that radiate
acoustic noise into the far-field. For example, the Rossiter mode
produces strong acoustic tones if they are locked on with an acoustic
cavity mode [112–114]. Acoustic depth modes are also excited by the
turbulent rumble as well as the acoustic energy produced by the shed
vortices [98]. For the deep cavities, defined as L/D ≤ 1, acoustic depth
modes are the most significant [115, 116].

A previous study [68] characterized how axisymmetric cavities with
different diameters, depths, countersink depths, coverings, and wall
angles affect the pressure fluctuations, produced by the TBL, at a
microphone placed at the bottom. Cavities with angled walls, e.g.,
cavities with a countersink, reduce the TBL noise more than cylindrical
cavities [68]. Additionally, covering the cavity with Kevlar [117] or
finely woven stainless–steel cloth [68] reduces the amplitude of pressure
fluctuations at the microphone location by 10 - 20dB [117]. This
reduction is assumed to be caused by the cover preventing flow into
the cavity, reducing the hydrodynamic source of pressure fluctuations.
Previous experiments, conducted as part of this project [27, 29],
have measured the effect that cylindrical cavities, with and without a
countersink, and conical cavities, as illustrated in Fig. 4.1, have on
the attenuation of pressure fluctuations due to the TBL. When these
three cavities are uncovered, the countersunk cavity attenuates the TBL
pressure fluctuations the most, followed by the cylindrical one. The
conical cavity performs the worst as the pressure spectra at the bottom
are higher than the spectra measured by a flush mounted microphone.
Covering the cavities alters this trend: the conical cavity attenuates
the pressure spectra at the bottom more than the countersunk and
cylindrical cavities. However, better insight into the relationship
between the mechanisms that produce pressure fluctuations and cavity
geometry is needed to further optimize the geometry. Currently, there
is a lack of literature describing the physical mechanisms that affect
the amplitude of pressure fluctuations at the bottom of axisymmetric
microphone cavities, especially for covered cavities.

The objective of this work is to understand the effect of aperture size,
different countersink depth ratios, i.e., the ratio between the cavity
depth and the countersink depth, wall angles, and the presence of a
covering have on the recirculation within the cavities, vortex shedding,
and turbulence generation, which contribute to the pressure fluctuations
at the cavity bottoms. Given the size and geometry of the cavities,
non–intrusive velocity–field measurements to identify and study the flow
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phenomena within the cavity are challenging. Hence, a very–large
eddy simulation (VLES) was performed using a Lattice–Boltzmann
method (LBM) solver, SIMULIA PowerFLOW. This article is organized as
follows: Section 4.2 describes the cavity geometries and the PowerFLOW
simulation parameters, the validation measurements, and the post-
processing used in this analysis. Section 4.3 discusses the simulation
verification and validation. Section 4.4 analyses the flowfield and
pressure field in the time–averaged, instantaneous, and wavenumber
domains. Section 4.5 evaluates the porous covering’s effect on the
flowfield in the time–averaged, frequency, and wavenumber domains.
Additionally, the effect of geometry on the propagation of the pressure
fluctuations is analyzed. Finally Section 4.6 summarizes the major
findings of this article.

4.2. METHODOLOGY

4.2.1. COMPUTATIONAL SET-UP

The LBM–VLES simulations are performed with the commercial software
SIMULIA PowerFLOW 6-2019. The equations behind this numerical
method have been previously described, in Sec. 3.3.1.

GEOMETRY

The following axisymmetric cavity geometries are studied: a cylindrical
cavity with and without a countersink, and a conical cavity. These three
cavities and their geometric parameters are shown in Fig. 4.1. These
cavity geometries were chosen because they are representative of the
cavities commonly used in wind tunnel experiments [27, 29]. Each
cavity is investigated with and without a stainless–steel cloth cover. The
following cavity geometric parameters are defined in Table 4.1: aperture
size (L), depth (D), countersink depth ratio (dc/D), ratio of aperture size
to BL momentum thickness (L/θ), and wall angle (ψ). For the cylindrical
cavity, the aperture diameter is L = 2.5θ, where θ is the momentum
thickness of the incoming boundary layer (described in Sec. 4.3.2). The
relatively small L/θ is expected to avoid the cavity wake mode described
in Ref. [100]. For an array of microphone cavities, the cavity wake
mode would likely cause the downstream cavities to experience a highly
turbulent incoming flow.

Table 4.1: Cavity geometric parameters.

Cavity L, cm D, cm dc/D L/θ ψ

Cylindrical 1.0 1.0 0.0 2.5 90◦

Countersunk 1.6 1.0 0.3 4.1 45◦

Conical 4.5 1.23 1.0 11.4 30◦
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Figure 4.1: Simulated cavity geometries: a) Cylindrical, b) Countersunk,
and c) Conical.

POROUS MODEL

The covered cavities are covered with a finely woven stainless–steel
cloth, which has a wire diameter of 2.6× 10−3 cm and a density of 200
wires per cm2. This cloth was used in prior cavity experiments [29] and
for this work is modelled as a porous medium, as proposed in Ref. [118].
This porous medium model has been previously introduced in Sec. 3.3.1.

In order to have sufficient cells inside the porous region, so that
the solver can simulate the relationship between flow velocity and
pressure gradient, the thickness of the porous medium in the simulation
is approximately three times larger than the thickness of the physical
stainless–steel cloth. To account for this, the resistivity values R and
R were multiplied by the ratio between the thickness of the measured
sample and the thickness of the porous medium in the simulation. A
permeability tube simulation was performed (with the numerical setup
described in Ref. [119]) to confirm that the porous medium with
increased thickness, and corrected R and R, matches the experimental
Δp/t.

DOMAIN AND OPERATING CONDITIONS

The computational domain for the circular and countersunk cavities is
shown in Fig. 4.2. The bottom of the domain is a flat plate with a no-slip
condition at the wall. The cavity, which also contains no-slip walls, is
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placed at the origin of the domain, i.e., at the center with respect to the
length of the streamwise and spanwise domain lengths. This center is
located 150cm (150 LCylindrical) downstream of the inlet. At the inlet, a
turbulent boundary layer mean velocity profile, based on experimental
measurements from Ref. [29], is imposed (δ99 = 1.4cm at the inlet).
A zigzag trip is placed downstream of the inlet, introducing coherent
vortices in the boundary layer. The (no-slip) zigzag trip is 0.16cm
high and has 0.427cm length, 0.427cm pitch and 90° of top angle
(dimensions as defined in Ref. [120]). The boundary layer downstream
of the zigzag trip is turbulent. The free-stream velocity, U∞, is set at
32ms−1, which is within the U∞ range of interest for closed wind tunnel
wind turbine airfoil aeroacoustic testing [90]. As shown in Fig. 4.2, the
sides of the domain have a periodic boundary condition (BC). The span
of the domain was chosen to minimize the influence of the boundaries
on the cavity flowfield. For the cylindrical and countersunk cavities,
a value of 3.2LCountersunk was selected. The distance from the cavity
to the boundaries is larger than the spanwise coherence length of the
pressure fluctuations in the boundary layer, which is typically on the
order of the boundary layer displacement thickness [121]. The span of
the domain for the conical cavity simulations is increased to 1.7LConical
(covered configuration) and 2.6LConical (uncovered). The top of the
domain is bounded by a free-slip wall and is located 136cm above the
bottom wall (flatplate). The outlet of the domain imposes an ambient
static pressure (sea level pressure). Figure 4.2 shows a representation
of the variable resolution (VR) regions in the computational domain. The
VR regions specify the amount of lattice refinement, where VR0 is the
finest and VR5 the coarsest, for the uncovered cavities. The VR regions
are similar for the covered cavity simulations, which have an additional
finer resolution region around the location of the cloth cover, as shown
in Fig. 4.3. The Appendix in Ref. [93] contains additional details on the
domain and VR dimensions.

4.2.2. EXPERIMENTAL SET-UP

CAVITY PRESSURE MEASUREMENTS

The experimental data used for validation were measured in the TU
Delft A–Tunnel using the same procedure as described in Ref. [29].
The tunnel is described in Sec. 3.1.1. The cavities in Fig. 4.1 were
made of poly–carbonate and mounted on a plate flush with the exit
nozzle. The cavities were placed 76cm downstream of the tunnel nozzle
exit. Two plates with dimensions of 110cm × 40cm were used. One
was uncovered and the other was covered with a 200 threads per cm2

(#500) stainless–steel cloth. A flush-mounted microphone was placed
3.2 cm downstream with a spanwise offset of 4.5 cm. The three cavities
were tested in each plate. The tunnel flow speed was 32ms−1 at the
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Figure 4.3: Grid topology at the cavities location: a) uncovered cylindrical
cavity; b) covered conical cavity.

cavity’s location.

Sonion 8010T omni-directional MEMS microphones were used to
measure the pressure fluctuations. This microphone has an outer
diameter of 2.5mm and a transducer diameter of 0.05mm. The
microphones were center mounted on a 7mm diameter holder in order
to fit securely within the cavities. All the microphones were calibrated
individually using a G.R.A.S. 42AG pistonphone following the guidelines
of Mueller [33]. The microphones have a flat frequency response within
±1dB from 100Hz to 10kHz. The data acquisition system consists of a
National Instruments (NI) NI9215 analog input module mounted in the NI
cDAQ-9178 CompactDAQ with 16–bit resolution. The sampling frequency
of the measurements was 51.2kHz and the data were recorded for 45s.
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STAINLESS–STEEL CLOTH PERMEABILITY MEASUREMENTS

A 7.5× 10−3 cm thick stainless–steel cloth sample was installed in a
permeability tube to determine the viscous and inertial resistance of
the cloth. The pressure drop, Δp, across the sample as well as
the volumetric flow, Q, through the sample were measured. The
Darcy velocity, d, is calculated as follows: d = Q/A, where A is the
cross–sectional area of the tube. The measured Δp and d are fit to the
Hazen-Dupuit-Darcy equation (Eq. 3.5) using a least squares fit method
[91, 122] to determine the permeability, K =

μ

R
, and the form drag

coefficient, C = R, where μ is the viscosity of air. Further details on the
permeability tube can be found in Refs. [91, 122].

The cloth sample was mounted between two 9.0 cm × 9.0 cm
polycarbonate plates each with 5.1 cm diameter holes at the center.
Epoxy was applied to one polycarbonate plate and the cloth was then
stretched across the plate so that the material was tensioned across
the opening. Pressure taps within the tube are located 5cm upstream
and downstream of the sample [91]. The static pressure was measured
with a Mensor 2101 differential pressure sensor, which has a range
of 1.2–15kPa and an accuracy of 2Pa. The volumetric flow rate was
controlled using an Aventics pressure regulator and measured by a
TSI4040 volumetric flowmeter. The Darcy’s velocity flow range in the
tube is between 0 and 2.5ms−1, and the permeability tube has a
cross–sectional area of 2.04× 10−3m2. The flowmeter has an accuracy
of 2% [91, 122]. The pressure drop was measured at 22 discrete
velocities ranging from 0 to 2.2ms−1. The resulting permeability K, the
form drag coefficient C, inertial resistance, and viscous resistance are
provided in Table 4.2.

Table 4.2: Experimentally measured stainless–steel cloth permeability
characteristics with 95% confidence intervals.

K, m−2 C, m−1 R, s
−1

3.0× 10−11 3.1× 104 5.0× 105

± 1.0× 10−14
± 1.6× 105 ± 1.7× 102

4.2.3. POST-PROCESSING METHODS

SPECTRAL ANALYSIS

The power spectral density (PSD) of the pressure field at a given point
within the cavity, P, was calculated using the Welch’s method [33].
A Hanning window was used with 50% overlap when computing the
spectra. For all cavities, with and without a covering, a window size of
512 samples was used. The PSD was converted to a decibel scale with
a reference pressure of 2× 10−5 Pa.
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WAVENUMBER ANALYSIS

A wavenumber-frequency spectral analysis was performed to decouple
the acoustic and hydrodynamic contribution to pressure fluctuations
propagation within the cavity. The acoustic region contains the
pressure fluctuations’ propagation at the speed of sound. The acoustic

wavenumbers, k0, associated with this region are between −
ƒ

c
and

ƒ

c
. The hydrodynamic region is defined by wavenumbers outside of

the acoustic region. However, at low frequencies, the hydrodynamic
wavenumbers are difficult to decouple from the acoustic wavenumber.
Therefore, a limiting frequency is defined, below which the distinction
between acoustic and hydrodynamic spectra is uncertain. This frequency
is defined as [123] ƒ ≤ U∞Δk, where Δk is the wavenumber resolution.

∆x

Lcyl

Figure 4.4: Illustration of the sampling location of p′ along the centerlines
at the top and bottom of the cylindrical cavity, with a spacing
of Δ.

The wavenumber spectra were calculated using a 2-D Fourier transform
applied to the pressure fluctuations sampled along the cavity centerline,
as illustrated for the cylindrical cavity in Fig. 4.4. A Hanning window
with 50% overlap was applied in the time domain using the approach
described in Ref. [123]. The data were sampled with a spacing of Δ =
1.5× 10−2 cm at the top and bottom of each cavity in the streamwise
direction. For the covered cavities, the pressure was sampled just below
the interface between the porous region and the cavity volume. The
sampling rates, number of time steps, Hanning window size (Nfft), and
sampling locations are defined in Table 4.3.

PROPER ORTHOGONAL DECOMPOSITION

Proper orthogonal decomposition (POD) was used to decompose the
pressure fluctuations into a linear combination of orthogonal modes to
identify coherent structures [124, 125]. The tool MODULO [126] was
used to perform this decomposition. The pressure fluctuations were
sampled from the PowerFLOW simulation output with an equal spacing
of Δ = Δz = 2.5× 10−2 cm. MODULO requires a Cartesian grid of
equally sampled points, thus a square grid was used. As the cavity
cross-sections are circular, the data for the region outside of the cavities
are padded with zeros. The sample rate and sampling location with
respect to cavity depth (y) are the same as described in Table 4.3. The
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Table 4.3: Wavenumber—Frequency spectrum calculation parameters
for each cavity, normalized by Lcyl = 1.0cm.

Cylinder Countersunk Conical

Uncovered

Sample Rate, kHz 15.32 15.32 15.32
# Time steps 4307 4307 10052
Nfft 512 512 512
Δƒ , Hz 29.9 29.9 29.9
Δ, cm 0.015 0.015 0.015
Top Sampling Location, y/D 0.0 0.0 0.0
Top Sample Length, cm 1.0 1.6 4.5
Bot. Sampling Location, y/D -1.0 -1.0 -1.0
Bot. Sampling Length, cm 1.0 1.0 0.7

Covered

Sample Rate, kHz 183.8 183.8 367.6
# Time steps 7353 7353 14705
Nfft 2048 2048 2048
Δƒ , Hz 89.7 89.7 179.4
Δ, cm 0.015 0.015 0.015
Top Sampling Location, y/D -0.015 -0.015 -0.024
Top Sample Length, cm 1.0 1.6 4.5
Bot. Sampling Location, y/D -1.0 -1.0 -1.0
Bot. Sampling Length, cm 1.0 1.0 0.7

resulting modes are defined in terms of their spatial structures, ϕ, and
temporal bases, ψ, [125]. The estimated energy, i.e., the amplitude,
of each mode, σr is weighted by

p

NsN, where Ns are the number of
sampled spatial points and N are the number of time samples [125].

4.3. GRID AND DATA VALIDATION

4.3.1. GRID RESOLUTION VALIDATION

The effect of grid resolution on the flat plate’s boundary layer profile
and the pressure spectrum inside the cylindrical cavity (covered and
uncovered) were evaluated using five grid refinement levels. For the
uncovered simulations, these levels are specified in Table 4.4. The
smallest voxels are located inside the uncovered cavities. The minimum
size of the voxels above the flat plate, upstream of the cavity, is twice
the minimum voxel size inside the cavity. Table 4.4 lists as well the
non-dimensional wall distance, y+ , from the center of the smallest voxels
to the flat plate wall. The non-dimensional wall distance is defined as:
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y+ =
yτ

ν
, (4.1)

where y is the vertical coordinate, τ is the friction velocity, and ν is the
kinematic viscosity. The value of τ is measured 3LCylindrical upstream of
the cavity center. Table 4.4 shows the relative cell size between grids,
h/h1, where h1 is the smallest voxel size of the finest grid tested, and h
is the smallest voxel size of grid . The timestep in the LBM simulation is
set to maintain a Courant-Friedrichs-Lewy number of 1, considering the
sound speed, and is therefore dependent on voxel size. For the different
grids, the timestep at VR0 is shown in Table 4.4.

Table 4.4: Grids used in the convergence study (uncovered cylindrical
cavity).

Grid 

Min. voxel
size outside
the cavity [m]

Min. y+

outside
the cavity h/h1

Min.
timestep
at VR0 [µs]

Very Coarse 4.00× 10−4 15 3 0.34

Coarse 2.67× 10−4 10 2 0.23

Medium 2.00× 10−4 8 1.5 0.17

Fine 1.60× 10−4 6 1.2 0.14

Very Fine 1.33× 10−4 5 1 0.11

The convergence of the boundary layer velocity profile, 3.0 cm
upstream of the cavities, is analyzed with respect to the displacement
thickness, δ⋆, and the boundary layer momentum thickness, θ. The
grid dependence of δ⋆ and θ is shown in Fig. 4.5a. Figure 4.5b shows
the convergence of the pressure fluctuations at the bottom center of
the cylindrical cavity (covered and uncovered), for the one–third-octave
band centered at 6.3kHz since this band contains the acoustic depth
mode for the cylindrical cavity. Furthermore, this band is associated with
smaller eddies (at higher frequencies), which are therefore expected to
be more sensitive to the cell size.

The fits shown in Fig. 4.5 are defined by:

ƒ (h) = ϕ0 + αhc

, (4.2)

where α is a constant, c is the order of convergence, ϕ is the parameter
(e.g., δ⋆) obtained from the simulation with grid , and ϕ0 is the estimated
exact solution, i.e. the solution for a grid with infinite resolution. The
order of convergence is 3 [8]. ϕ0 and α are calculated with the least
squares regression described in [127]. Figure 4.5a indicates that the
grids with a medium, fine, and very fine resolution (see Table 4.4) result
in approximately equal values of δ⋆ and θ. Figure 4.5b also shows that
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the medium grid (h/h1 = 1.5) results in a pp, at the bottom of the
cavity, close to the estimated exact solution, i.e., the value at h/h1 = 0

for the 6.3kHz one–third-octave band.
Based on the previous results, the fine resolution is chosen for the

cylindrical and countersunk cavities (covered and uncovered). The
conical cavity simulations use the medium grid resolution because it
has a larger outer diameter, which increases the computational costs,
particularly for the simulation with the cloth cover.
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Figure 4.5: Grid convergence study comparing the following variables:
a) BL displacement and momentum thicknesses, δ⋆ and
θ, and b) pressure fluctuations (in the 6.3kHz centered
one–third–octave–band) at the bottom of the cylindrical
cavity.
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Figure 4.6: PSD of the turbulent kinetic energy (TKE) at 3 VR regions over
the flatplate, from the uncovered conical cavity simulation.

Figure 4.6 shows the PSD of the turbulent kinetic energy (TKE) of the
simulated boundary layer at four VR regions. The TKE was calculated
from the sampled turbulence (′, ′, ′) upstream of the conical cavity
for the medium grid (Table 4.4). The VR1, VR2, and VR3 data were
sampled at x = −3.0 cm. This figure shows that the voxel sizes for the
VLES simulation are sufficiently small to simulate the turbulent eddies
for this work.

Figure 4.7 shows the spanwise correlation of turbulent pressure
fluctuations at  = 0 and y = 0, keeping as reference a point at
the spanwise location of the periodic boundary. The figure shows
the correlation coefficient, r, for the flatplate and uncovered cavities
simulation. The correlation between pressure fluctuations at the
boundary condition and at the spanwise location where each cavity
begins (cavity edge) is below r = 0.1, being close to the minimum
correlation calculated: rnoise ≈ 0.05. The figure indicates that the
spanwise length of the domain is sufficient for a low influence of the
boundary condition in the cavity flowfield. In wall units, the distance
between the periodic boundary condition and the countersunk cavity
edge is z+ = 1.4× 103. The spanwise distance is one order of magnitude
larger than the spanwise extent of the turbulent structures characteristic
of high-amplitude pressure peaks, as expected in a zero-pressure
gradient turbulent boundary layer, with a similar Reθ [128].

4.3.2. COMPARISON WITH EXPERIMENTS

Figure 4.8 shows the experimental and simulated streamwise velocity,
, and turbulence intensity (TI) profiles of the boundary layer, measured
upstream of the cavity location. The profiles from the simulation are
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Figure 4.7: Spanwise variation of correlation coefficient for the flatplate
and uncovered cavities simulation. The points are sampled
at the streamwise centre of the domain, and at the flatplate
surface height, i.e., at  = 0 and y = 0. The reference point
is the spanwise location of the periodic boundary (positive
z). The vertical dashed lines are the spanwise location of the
cavity edges.

measured 3cm upstream of the cylindrical cavity center and the profiles
for the experimentally measured profiles were sampled 10cm upstream
of the cylindrical cavity. The turbulence intensity is defined as:

T = ′/U∞, (4.3)

where ′ is the root mean square (RMS) of the streamwise velocity
fluctuations in the boundary layer. The profiles are normalized with
the free–stream velocity, U∞. Figure 4.8a indicates that the simulated
TBL has a slightly higher velocity deficit than the experimental TBL.
The boundary layer thickness is 3.3 cm in the simulation and 3.7 cm
in the experiment. This leads to a negligible difference in momentum
thickness between the experiment and the simulation (below 3%). The
ratio θ/L has been identified as a dominant driving parameter for cavity
flow [100, 130], and the simulation and experiment have equivalent
ratios. The momentum thickness–based Reynolds number is therefore
also identical in the experiment and the simulation: Reθ = 8.6×103. The
shape factor of δ∗/θ = 1.3 is indicative of a fully developed simulated
turbulent boundary layer [131].

Figure 4.8b shows that, for y+ > 100, the boundary layer TI levels in
the simulation are close to those from the experiment. y+ ≈ 50 was
the lowest wall distance at which experimental hot-wire measurements
were made, due to limitations of the hot–wire measurement system.
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Figure 4.8: Simulated and experimental boundary layer profiles: a)
Velocity profile and b) turbulence intensity profile. Empirical
turbulence intensity profiles were obtained with Marusic’s
model [129].

Marusic’s empirical model was used to estimate the boundary layer
TI profile close to the wall [129], using experimental data as input.
Marusic’s empirical model estimates a boundary layer TI profile from
the inputs: δ99, U∞ and τ. The experimental τ is obtained from
Reθ, using the Kármán–Schoenherr (KS) formula [132]. Figure 4.8b
shows a reasonable agreement between the simulated and empirical
TI profiles, with the model’s estimate of TI having a lower peak. This
result indicates that the highest TI levels in the simulation may be
slightly higher than in the experiment. The result is associated with the
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(approximately 10%) higher wall shear in the simulation, in comparison
with the experiment. The study focuses on the relative difference
between the turbulent fluctuations upstream of the cavities and at the
cavity bottoms. Therefore, small differences in turbulence levels over
the flat plate, between experiment and simulation, are assumed to have
minimal effect on the analysis.

Figure 4.9 compares the wall pressure spectra at the bottom of each
cavity from the experiment with those of the simulations. ΔSPL is
defined as the difference between the wall pressure spectrum at the
bottom of the cavity and the wall pressure spectrum upstream of the
cavity, i.e., the flush microphone measurement:

ΔSPL = SPLcavity − SPLflush. (4.4)

Figure 4.9 shows a good agreement between the numerical and
experimental ΔSPL for each uncovered cavity. This indicates that the
flow features that lead to pressure fluctuations at the cavity bottoms
are realistically represented in the simulations. Only for frequencies
above 4kHz, do the simulations over–predict the pressure fluctuations
at the bottoms. Figure 4.9 shows that the simulations for the covered
cavities show a reduction of the TBL pressure spectra at the bottom
of the cavities with respect to the flush spectrum. These trends agree
with the experiment but under–predict the amount of attenuation. This
result suggests that the attenuation, caused by the stainless–steel cloth
cover, is higher in the experiment than in the simulation, especially
towards higher frequencies. The results suggest that, when eddy
size becomes small in comparison with cavity aperture diameter (see
discussion of Fig. 4.10), the validity of the equivalent fluid approach for
simulating covered cavities is reduced. The discrepancy in the amount
of attenuation is independent of the cavity geometry, and is therefore
considered to not affect the conclusions of this investigation.

Figure 4.10 shows the coherence length of the TBL pressure
fluctuations calculated from a flat plate simulation without a cavity
present. The sampling location of the data was centered at  = 0,
i.e., at the cavities’ streamwise location. Figure 4.10a shows that
the streamwise coherence length, which is indicative of eddy size, is
comparable to the cylindrical and countersunk cavity aperture diameters
at low frequencies (at 1000Hz). The spanwise coherence length of
the pressure fluctuations, is considerably smaller than the cylindrical
cavity’s diameter, for frequencies higher than 350Hz). As seen in
previous experimental studies, e.g., Refs. [133, 134], the coherence
length agrees with Efimtsov empirical model (see dashed line) at high
frequencies.
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Figure 4.9: Simulated and experimental pressure spectra: difference
between the spectra at the bottom of the cavities, and the
spectra over the flat plate for both uncovered cavities and
covered cavities.

4.4. UNCOVERED CAVITIES

4.4.1. EFFECT OF CAVITY GEOMETRY ON THE TIME–AVERAGED

FLOWfiELD

Figure 4.11 presents the average streamwise velocity, , and static
pressure coefficient:

Cp = (ps − p∞)/q∞, (4.5)

inside the uncovered cavities. ps is the static pressure, p∞ is the
free-stream static pressure and q∞ is the free-stream dynamic pressure.
Figure 4.11 shows /U∞ and Cp in a plane aligned with the cavity
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Figure 4.10: Coherence length of the pressure fluctuations at y = 0

for the flat plate simulation, in comparison with Efimtsov
empirical models: a) Streamwise coherence length and
b) Spanwise coherence length. The cavity diameters are
shown for reference as horizontal lines. Data extracted from
a flat plate simulation (without cavity), at  = 0.

center–line, z = 0. The streamtraces in Fig. 4.11 are defined as lines
which follow the local in–plane velocity vector.

The comparison of Figs. 4.11a and 4.11b indicates that decreasing
the wall angle ψ from 90◦ to 45◦ and increasing dc/D to 3, for the
case of the countersunk cavity, shift the center of recirculation away
from the bottom, resulting in a lower velocity along the bottom when
compared to the cylindrical cavity. Figure 4.11c indicates that further
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Figure 4.11: Uncovered cavities average flowfield, located at the z = 0

plane (center of the cavities). Streamwise velocity contours
and in–plane streamtraces: a) cylindrical, b) countersunk,
and c) conical. Pressure coefficient contours: d) cylindrical,
e) countersunk, and f) conical.



4

62 4. Microphone placement: cavity design

increasing dc/D to 1.0 (see Fig. 4.1) and increasing the cavity aperture,
increases the recirculation velocities at the bottom, in contrast with
the countersunk cavity. Furthermore, the streamtraces in Fig. 4.11c
indicate that, due to the upstream wall angle, the stagnation point on
the downstream cavity wall moves toward the bottom, changing the
recirculation pattern. Shifting the recirculation towards the bottom of
the cavity increases pressure fluctuations at the bottom, as it leads to
the convection of eddies from the boundary layer towards the bottom.
Additionally, higher velocities inside the cavity are associated with
higher shear forces, which generate turbulence. The wall friction due
to increasing cavity wetted area has minimal effect on recirculation
because the reduction in velocity at the bottom does not increase
substantially with the increasing wetted area.

A comparison of Figs. 4.11d and 4.11e shows that the downstream
angled wall of the countersunk cavity leads to regions of higher positive
and negative Cp, with a corresponding larger pressure gradient. The
downstream edge of the conical cavity also leads to a high Cp region at
the stagnation point inside the cavity (Figs. 4.11c and 4.11f). Pressure
gradients can accelerate or decelerate the flow inside the cavity, further
increasing the shear forces acting on the fluid.

Figure 4.12 shows average spanwise velocity, , contours in the
 = −0.25L plane. The angled walls of the countersink and conical
cavities increase the spanwise velocity at the top, compared to the
cylinder, as shown in Figs. 4.12b and 4.12c. This result and the previous
one indicate that the upstream angled wall of the countersunk and
conical cavities cause stronger velocity fields within the cavities that
contribute towards increased pressure fluctuations, i.e., turbulence, at
the top of the cavity.

4.4.2. INflUENCE OF WALL ANGLE AND COUNTERSINK DEPTH ON

PRESSURE FLUCTUATIONS

Figure 4.13 shows the contours of the root mean square of the pressure
fluctuations, p′

rms
, for the uncovered cavities. This figure shows that

p′
rms

is higher in the shear layer at the top of the cavities due to the local

turbulence generation and vortex shedding. Beneath the shear layer,
the differences between the cavities are associated with the cavities’
respective recirculation patterns, as discussed previously. p′

rms
increases

near the downstream walls and the bottoms of the cavities compared
to the upstream wall where the local velocity is lower. Decreasing
the recirculation velocity at the bottom results in lower values of p′

rms
as seen when comparing the countersunk cavity in Fig. 4.13b to the
cylindrical (Fig. 4.13a) and conical cavities (Fig. 4.13c).

Decreasing the downstream wall angle from 90◦ (Fig. 4.13a) to 45◦

(Fig. 4.13b) or from 45◦ to 30◦ (Fig. 4.13c), increases the levels
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(a) Cylindrical (b) Countersunk

(c) Conical

Figure 4.12: Average spanwise velocity, , contours and in-plane vectors
( = −0.25L plane) for the following uncovered cavities: a)
cylindrical, b) countersunk, and c) conical.

of p′
rms

in the vicinity of the stagnation point. This location is where

vortex impingement and subsequent deformation occurs, due to strong
pressure gradients in the region. However, the effect of decreasing
downstream wall angle on p′

rms
at the bottom is minimized when

the cavity has a countersink depth ratio of 0.3, as indicated by the
comparison between cylindrical and countersunk cavities (Figs. 4.13a
and 4.13b). Decreasing the upstream wall angle from 90◦ to 30◦

increases p′
rms

within the shear layer. This is in line with the inclined

angle backward facing step flow results presented in Ref. [107].

Figure 4.14 shows the pressure contours and the vortices present in
an instantaneous streamwise slice at z = 0. The λ2 criterion is used to
identify vortices, where λ2 < 0 indicates vortex structures [135]. The
streamtraces show instantaneous convection paths for vortices within
the cavities.

The shedding location of the Kelvin–Helmholtz type vortices [99] is
near the spanwise center (z = 0) of the upstream edge of the cylinder in
Fig. 4.14a. For the cylindrical cavity, these vortices are of approximately
constant size in the spanwise direction. The vortices are convected
within the shear layer until they impinge on the downstream wall,
emitting a pressure wave, or are convected towards the cavity bottom.
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(a) Cylindrical (b) Countersunk

(c) Conical

Figure 4.13: Contours of the root mean square of the pressure fluc-
tuations, for the uncovered cavities: a) cylindrical, b)
countersunk, and c) conical.

Decreasing the wall angle alters the convection path of the vortices
and results in the vortex shedding behavior becoming increasingly
unsteady. This is shown in Figs. 4.14b and 4.14c. When ψ decreases
to 45° for the countersunk cavity, the vortices exhibit similar shedding
behavior as the cylindrical cavity. However, the recirculation region
at the angled downstream wall entraps and distorts the shed vortices,
which partially explains the larger region of elevated turbulence spread
along the angled downstream wall shown in Fig. 4.13b. This is in
contrast to the cylindrical cavity where the region of elevated turbulence
is concentrated in the shear layer. However, unlike the cylindrical
cavity with dc/D = 0, the vortices for the dc/D = 0.3 case tend to be
transported away from the cavity bottom, reducing p′

rms
at the cavity

bottom. For the conical cavity, the large region of pressure fluctuations
shown in Fig. 4.13c, is explained by the vortices not following a
well–defined streamtrace, and thus impinging at random locations along
the downstream wall as well as the flowfield induced by the conical
cavity’s upstream angled wall increasing the deformation of the vortices.

The regions of negative Cp, shown in blue in Figs. 4.14a and 4.14b for
the cylindrical and countersunk cavities, correspond to the vortex cores
[99], an example of which is indicated with an arrow in Fig. 4.14a. When



4.4. Uncovered Cavities

4

65

(a) Cylindrical (b) Countersunk

C   p

(c) Conical

Figure 4.14: Instantaneous visualization of the pressure fluctuation
contours, p′, vortex shedding, and velocity streamtraces.
Vortex cores are identified using the λ2 criterion with the
isosurfaces defined by λ2 < −2× 108 for the following
cavities: a) cylindrical, b) countersunk, and c) conical.

these vortices impinge on the downstream wall, a rarefaction acoustic
wave is produced and propagates from the impingement location [99].
The resulting negative pressure from this wave can be seen within
the cylindrical cavity in Fig. 4.14a. Acoustic compression waves are
generated in between the impingement of these vortices, as described
by Ref. [98]. Unlike the cylindrical and countersunk cavities, the
pressure fluctuations within the conical cavity are not substantially
influenced by vortex impingement.

HYDRODYNAMIC AND ACOUSTIC COMPONENTS OF THE PRESSURE SPECTRA

The wavenumber–frequency spectra at the bottom of the uncovered
cavities are shown in Fig. 4.15. In this figure, the contributions to the
spectrum by both the hydrodynamic and acoustic phenomena are seen.
The spectra within the hydrodynamic regions are concentrated near
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(a)

Figure 4.15: Wavenumber - frequency spectra across the bottom of the
uncovered cavities (- -) lines represent the hydrodynamic
peak due to recirculation, (– •) represents the area between
the acoustic region. pref = 2× 10−5 Pa.
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Figure 4.16: Wavenumber spectra decomposed into acoustic and hy-
drodynamic components for all three uncovered cavities.
Shaded area is the region of uncertainty, defined as
ƒ ≤ U∞Δk.

the wavenumbers, k =
ƒ

Uc
, associated with the recirculation velocity,

i.e., Uc along the bottom of the cavity. This velocity is −4.9ms−1,
−3.0ms−1, and −7.6ms−1 for the cylindrical, countersunk, and conical
cavities. The spectrum levels within the hydrodynamic region decrease
with decreasing recirculation velocity due to the reduced transport of
turbulence across the bottom. The spectra in and near the acoustic
regions, seen for the cylindrical and countersunk cavities, are due to
the pressure waves from the vortices impinging on the downstream
wall. Peaks at 6.0kHz and 6.3kHz are the cylindrical and countersunk
cavity acoustic depth modes. However, the conical cavity does not
have a well–defined acoustic region. This suggests that the scattered
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energy due to the vortex impingement seen in Fig. 4.14c does not
result in strong pressure waves from the downstream wall. At the top of
all cavities (not shown), the spectrum levels are highest near the TBL

convective wavenumber, kc, which is defined as kc =
ƒ

Uc
. The flow at

the top of the cavities has a convective velocity, Uc = 18ms−1, which is
52% of the free stream velocity, U∞.

Figure 4.16 shows the pressure spectra for the acoustic and
hydrodynamic components of the pressure field. The acoustic
component is calculated by integrating the spectrum within the
acoustic wavenumber domain, while the hydrodynamic component is
represented by the integrated spectrum outside this acoustic region. In
these simulations the cavity diameters are smaller than the acoustic
wavelength, i.e., for frequencies below 34kHz for the cylindrical cavity.
Therefore the wavenumber resolution, Δk, is larger than the acoustic
wavenumber, k0 = ƒ /c0, below this frequency. Δk = 1/L is 100m−1 for
the cylinder and countersunk cavities, and is 142m−1 for the conical
cavity. As a result, the spectral energy of the acoustic region is
concentrated in the k = 0 region. The shaded area in the figures
highlights the frequency bands where differentiating between acoustic
and hydrodynamic propagation is difficult.

The hydrodynamic components of the spectra in Fig. 4.16 are
dominant relative to the acoustic component for all three cavities. The
cylindrical cavity’s acoustic depth mode at 6.0kHz is identifiable in the
spectrum of the acoustic component and has an amplification of 8.5dB
with respect to the broadband spectrum level. The frequency of this

depth mode agrees with predictions, using the expression ƒ =
(2n+1)c0
4D+δ

,
where n is the mode number beginning at 0, c0 is the speed of sound,
and δ is the correction term for the cavity diameter [28]. The acoustic
component is higher for the cylindrical cavity than those of the other
cavities due to the stronger pressure waves generated by the impinging
vortices. The countersunk cavity’s hydrodynamic component is lower
than that of the cylindrical cavity due to the lower recirculation velocity.
The countersunk cavity’s depth mode at 6.3kHz is also identifiable
within the acoustic component of the spectrum. The countersunk
cavity’s acoustic mode is amplified by 7.5dB, which is less than the
cylindrical case due to the higher countersunk ratio of 0.3 resulting in a
shallower straight walled portion [28]. The conical cavity’s hydrodynamic
component is higher than its acoustic component because the vortex
impingement produces lower amplitude pressure waves compared to
the other cavities. Additionally, the flow along the downstream wall
transports turbulence across the bottom resulting in higher pressure
fluctuations. This explains the higher hydrodynamic spectral levels for
the conical cavity compared to the other two cavities. The depth mode
for a conical cavity is estimated to be at ƒ = 5.0kHz using the method
described in Scavone [136]. This mode is not identifiable, presumably
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because conical cavities have much weaker depth modes than straight
walled cavities due to their lower quality factor [28].

4.5. COVERED CAVITIES

(a) Cylindrical (b) Countersunk

(c) Conical

Figure 4.17: Average streamwise velocity field for the following covered
cavities: a) cylindrical, b) countersunk, and c) conical.

In contrast to the uncovered cavities, the streamwise velocity
magnitudes of the covered cylindrical, countersunk, and conical cavities
are below 0.002U∞, as shown in Fig. 4.17. Therefore, the flow
beneath the cover is nearly stagnant. Covering the cavities eliminates
the dominant propagation mechanism of the pressure fluctuations. As
expected, eliminating recirculation partially explains why the covered
cavity spectra in Fig. 4.9 are lower than the uncovered cavities.

4.5.1. PRESSURE FLUCTUATIONS DUE TO TBL EDDIES OVER THE

COVERING

Figure 4.18 shows the band–pass filtered pressure at the 1kHz
one–third–octave band for each cavity. This frequency band was chosen
because the integral length scale of the eddies, as shown in Fig. 4.10a,
is of the order of the diameter of the cylindrical cavity. The TBL
eddies convect across the top of the covering at the boundary layer
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(a) Cylindrical (b) Countersunk

(c) Conical

Figure 4.18: Band–pass filtered pressure fluctuations at the 1.0kHz
one–third–octave frequency band. The streamwise slice is
centered at z = 0.0cm for the following covered cavities: a)
cylindrical, b) countersunk, and c) conical.

convective velocity, Uc [137]. Immediately above the covering, y =
0.0cm, the pressure fluctuations due to the eddies are visible. The
distance between these eddies is indicative of the TBL streamwise
coherence length, which approximates the size of the eddies. The
eddies immediately above the cover create a pressure field inside the
cavity. This pressure field decays as it expands within the cavity volume.
This pressure field is the dominant source of noise (p′) at the bottom
of the covered cavities and can be considered a near field acoustic
perturbation.

The cylindrical cavity band–passed pressure field is shown in Fig.
4.18a. The pressure field within the cavity is almost spatially uniform
(coherent) due to the eddies at the top of the cavity being close in
size to the cavity aperture size. As a result the pressure field within
the cavity is highly coherent with respect to the microphone location
(center of the cavity bottom). The countersunk cavity in Fig. 4.18b
exhibits similar behavior as the cylindrical cavity with the pressure field
becoming increasingly uniform towards the cavity bottom. At the top,
the eddies are smaller than the aperture size. This results in a more
complex pressure field at the top of the cavity, especially near the
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angled walls. The pressure field within the conical cavity, shown in Fig.
4.18c, is much less uniform than the other cavities. This is due to the
aperture being approximately a factor of 4.5 larger than the eddies, as
indicated by Fig. 4.10a. The resulting pressure field within the conical
cavity is the summation of the rarefactions and compressions at the top.
The eddies immediately above the conical cavity center contribute to p′

at the microphone location. This is shown by Fig. 4.18c.

HYDRODYNAMIC AND ACOUSTIC COMPONENTS OF THE PRESSURE FLUCTUATIONS

The wavenumber–frequency spectra for the cylindrical cavity are shown
in Fig. 4.19. Figure 4.19a shows the spectrum just beneath the
covering, y = −1.5× 10−3 cm. The covering reduces the amplitude of
the spectrum at the top of the cavities compared to the uncovered
case in Fig. 4.15 by approximately 20dB. The spectral energy is
more concentrated near the convective wavenumber, kc, as shown by
a similar wavenumber analysis in Ref. [138]. This convective ridge is
due to the convecting eddies within the TBL being the primary source of
pressure fluctuations. At the bottom of the cylindrical cavity, shown in
Fig. 4.19b, the spectrum is highest at or near the acoustic wavenumber,
k0, i.e., at the bottom of the cavity the pressure fluctuations propagate
primarily at the speed of sound. The countersunk and conical cavities
exhibit similar wavenumber-frequency spectra.

Figure 4.20 compares the hydrodynamic and acoustic components of
the spectra at the bottom of all three covered cavities. The acoustic
component is dominant at the bottom of all covered cavities. For the
covered cylindrical cavity, the acoustic contribution is approximately
20dB higher than the hydrodynamic contribution at the bottom. The
depth mode is visible near 6.0kHz with a reduced amplitude compared
to the uncovered cavity in Fig. 4.16. The porous cover changes the
acoustic impedance at the top of the cavity and consequently reduces
the quality factor of the cavity [28]. The countersunk cavity’s spectrum
levels are 5–10dB lower than the cylindrical cavity. The depth mode is
also visible at 6.3kHz. The covered conical cavity reduces the acoustic
spectrum by an additional 10dB for frequencies greater than 4.0kHz
compared to the countersunk cavity. A small peak near the conical
cavity’s predicted depth mode can be seen near 4.5kHz. The acoustic
component of the TBL spectra levels at the bottom decrease with
increasing cavity aperture size.

MODAL DECOMPOSITION OF p′

Proper orthogonal decomposition was performed on the pressure
fluctuations in the 2–D plane at the top (under the covering) and bottom
of the covered cavities. Figure 4.21 shows the first three mode shapes,
ϕr , sorted by the energy content of each mode, σr , at the top of a
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(a) Cylindrical, covered, top
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(b) Cylindrical, covered, bottom

Figure 4.19: Wavenumber - frequency spectra across the covered
cylindrical cavity (- -) lines represent the hydrodynamic
peak, (– •) represents the area between the acoustic region.
pref = 2× 10−5 Pa. a) Top of the cylindrical cavity; b) Bottom
of the cylindrical cavity.

covered cylindrical cavity. The energy of each mode, as a percentage
of the sum of the energy of all the modes, is illustrated by the vertical
grey bar. The first mode contains about 61% of the total energy and
resembles an acoustic plane wave mode (m = 0, μ = 1), where m is the
azimuthal mode number, and μ is the radial mode number [139]. This
work uses the numbering convention where the radial mode number
index begins at 1, per the Refs. [140] and [139]. This mode is dominant
because the cavity diameter is close to the eddy size for frequencies
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Cylinder Countersink Conical
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Figure 4.20: Decomposition of the wavenumber spectra into acoustic and
hydrodynamic components for all three covered cavities.
Shaded area is the region of uncertainty.
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Figure 4.21: First three mode shapes, ϕ, at the top of the covered
cylindrical cavity, y = −1.5× 10−2 cm. The modes are
sorted by energy content, with the grey bars indicating the
percentage of total energy,

∑
σ, each mode contains.

below 2.0kHz, shown in Fig. 4.10. Modes 2 and 3 have the same
shape as the acoustic modes in a circular duct [139]. Specifically, they
are the m = 1, μ = 1 acoustic mode. Thus, Fig. 4.21 suggests that
acoustic modes are dominant when the eddy size is larger than the
cavity aperture.

The first three POD modes at the top of the covered conical cavity
are shown in Fig. 4.22. Unlike the cylindrical cavity, whose first mode
represents the majority of the energy in the pressure field, the energy
at the top of the conical cavity is spread out across more modes, with
the first mode having only 1.3% of the total energy. This is due to
the conical aperture diameter being larger than the TBL streamwise
coherence length, as shown in Fig. 4.10. The mode shapes do not
correspond to acoustic mode shapes as the pressure fluctuations are
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Figure 4.22: First three mode shapes, ϕ, at the top of the covered conical
cavity, y = −1.5× 10−2 cm. The grey bars indicate the
percentage of total energy,

∑
σ, each mode contains.

not coherent with a single eddy due to the conical cavity diameter being
a factor of 4.5 larger than the cylindrical diameter.
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Figure 4.23: First six unique modes, ϕ, at the bottom of the covered
conical cavity. The grey bars indicate the percentage of
total energy,

∑
σ, each mode contains.
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At the bottom of the covered cavities, the mode shapes correspond
to the acoustic mode shapes of a circular duct. This is shown in Fig.
4.23 for the conical cavity. POD mode 1 is similar to the acoustic plane
wave mode, (m = 0, μ = 1), mode 2 corresponds to the acoustic mode
(m = 1, μ = 1), mode 4 is similar to the acoustic mode (m = 2, μ = 1),
mode 6 matches the (m = 0, μ = 2) mode, mode 8 is the (m = 3, μ = 1)
acoustic mode, and mode 10 is the (m = 1, μ = 2) mode. The first POD
mode contains the largest percentage of the total estimated energy,
83%. This is in contrast to the same mode at the top in Fig. 4.22. The
explanation is that the higher order modes are cut off in the cavity and
thus exponentially decay as they propagate towards the bottom of the
cavity [139, 141]. The first mode and its associated energy propagates
to the cavity bottom resulting in it containing the majority of the energy
at the cavity bottom. The cut-off condition is defined by the following
expression,

ω

c0
> αmμ (4.6)

where  is the cavity aperture radius and αmμ is the radial wave number.
The radial wavenumber is the Bessel (of the first kind) derivative root
[139]. For example, for mode n = 2 in Fig. 4.23 (m = 1, μ = 1) the
root of the Bessel function of the first kind derivative is α11 = 1.8412.
Eq. 4.6 states that for the cylindrical cavity with a diameter of 1.0 cm
the first non-planar acoustic mode will propagate for frequencies above
20.1kHz. Therefore, only mode 1, the planar mode, is cut on for the
frequencies of interest and propagates without decaying.
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Figure 4.24: Normalized energy per mode, σr /∥σ∥, at the top and bottom
of the cavities with a stainless steel cloth covering.

The effect of cavity aperture size on the attenuation of the TBL spectra
is shown in Fig. 4.24. This figure shows the normalized energy content

of each mode, σr /∥σ∥, where ∥σ∥ =
Ç

σ21 + σ2
2
+ · · · + σ2

r
, at the cavity top

and bottom for all three covered cavities. At the top of the cylindrical
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cavity, the normalized amplitude of the first mode is 18dB higher than
the next highest mode. As the cavity aperture diameter increases for
the countersunk and conical cavities, the difference between the first
two modes at the cavity tops decreases to 10dB and 5dB. Thus, the
energy of the TBL pressure field is increasingly spread across the higher
order POD modes for larger cavities. This is due to the cavity aperture
size increasing with respect to the coherence length of the TBL and
therefore the number of pressure rarefactions and compressions present
at the top of the larger cavities, due to the TBL eddies, increases. In
contrast, the pressure fluctuations at the top of the smaller cavities can
be represented primarily by the planar mode as it contains significantly
more energy because the TBL eddies convecting over the cavity are
larger than the cavity, as shown in Fig. 4.10a.

At the bottom of all cavities, the first mode has a 30–40dB higher
amplitude that the next highest mode. This is explained by this mode
being planar and thus cut on. The higher–order modes are cut off, thus
their energy decays exponentially as they propagate from the top to
the cavity bottom. Furthermore, as the cavity aperture size increases,
the energy at the bottom of the cavity is increasingly concentrated in
the first mode, as shown by the conical cavity having a normalized
amplitude 6dB higher than the cylindrical cavity. This is attributed to the
TBL energy being spread out over higher–order modes. Therefore, larger
diameter covered cavities will attenuate the TBL pressure fluctuations
more than smaller ones. This explains why the covered conical cavity
attenuates the TBL pressure fluctuations the most, as plotted in Fig. 4.9.

An important result of the wavenumber and POD analyses is that
the pressure field beneath a covered cavity exhibits behavior similar to
an acoustic wave propagating in a duct. The wavenumber analysis in
Fig. 4.20 shows that at the bottom of the cavity the pressure spectral
energy is primarily contained within the acoustic wavenumber domain.
The POD analysis shows that the pressure fluctuations at the bottom
are decomposed into mode shapes that correspond to acoustic circular
duct modes. This suggests that modelling the propagation of the TBL
pressure field into a covered cavity can be simplified with an acoustic
model.

4.6. CONCLUSIONS

The present study used the Lattice–Boltzmann based commercial
software package PowerFLOW to simulate turbulent flow with a
freestream velocity of 32ms−1 over axisymmetric cavities placed in a
flat plate. The following geometries were simulated: a cylindrical cavity,
a countersunk cavity, and a conical cavity. In addition to simulating
these open cavities, the effect of a finely woven stainless steel cloth
covering is evaluated by using an equivalent fluid approach, modelled by
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imposing Darcy’s law, at the top of each cavity. The simulated pressure
spectrum at the bottom of the cavities is validated with experimental
measurements. Both show that the uncovered countersunk cavity has
the lowest TBL spectrum, followed by the uncovered cylindrical and
uncovered conical cavities. The simulated trend in covered cavity
performance is also in agreement with the measurements. The covered
conical cavity attenuates the pressure fluctuations at the microphone
location (cavity bottom) the most and therefore performs the best. The
covered countersunk cavity performs better than the covered cylindrical
cavity. The porous mediummodel is found to be capable of modelling the
effect of covering the cavities. This analysis identifies the behaviour of
the hydrodynamic and acoustic components of the pressure fluctuations
within these axisymmetric cavities.

Based on a wavenumber analysis, it is found that the pressure
fluctuations at the bottom of uncovered cavities are dominated by
hydrodynamic phenomena. These phenomena include recirculation and
turbulence generation inside the cavities. Adding a countersink at the
top of the cylindrical cavity is found to reduce recirculation towards the
cavity bottom by shifting the center of recirculation away from the cavity
bottom. However, extending the countersink to the bottom (conical
cavity) increases the recirculation velocity and turbulence generation
at the bottom. It is reasoned that the upstream angled wall deflects
the flow downwards and thus moves the downstream shear layer
reattachment point towards the bottom, increasing the recirculation
velocity. This is most noticeable in the conical cavity. Furthermore, the
angled downstream walls also cause strong pressure gradients inside the
cavities, which are associated with turbulence generation in the region
of vortex impingement. An optimal uncovered cavity should feature
a perpendicular upstream wall to reduce turbulence generation and
inflow, an angled downstream wall to reduce the strength of acoustic
waves generated due to vortex impingement, and a countersink that
does not extend to the bottom of the cavity to reduce the recirculation
at the bottom.

Covering the cavity opening with the cloth reduces the flow across the
covering, mitigating the entrance of turbulent structures into the cavity.
The flow is mostly stagnant inside the covered cavities, and turbulent
structures are not produced inside. The pressure field within the cavities
is due to the pressure fluctuations generated by the eddies convecting
across the top. The pressure field created by the TBL eddies propagates
towards the bottom of the cavities at the speed of sound, as shown
by the wavenumber analysis. The pressure field within the cavities is
dependent on the cavity size relative to the eddy size. When the cavity
diameter is nearly the same size as the eddy, the pressure field within
the cavity is coherent with the pressure fluctuations corresponding to the
convecting eddy. When the cavity is larger than the eddies, the pressure
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field from individual eddies is evanescent resulting in attenuation of the
pressure field at the cavity bottom.
The proper orthogonal decomposition (POD) analysis shows that the

energy distribution of the resulting orthogonal modes at the top of each
cavity is dependent on cavity aperture size. For smaller apertures, the
energy is concentrated in the first mode due to the cavity size being
close to that of the eddy size. For larger cavities, e.g., the conical cavity,
a larger ratio of the energy is decomposed into higher order modes
with less energy, relative to the smaller cavities, in the first mode. The
spectra at the bottom of the cavities is attributed to the first POD mode
as this mode is cut on. By shifting more energy into cut-off modes, the
larger cavities have lower spectra levels at the cavity bottom. At the
bottom of all cavities, the POD modes correspond to acoustic duct mode
shapes. This is an important finding as it suggests that the propagation
of TBL pressure fluctuations for covered cavities can be accurately
modelled with an acoustic approach. The acoustic modeling could be
performed using the same approach as Ref. [28]. With this approach, a
pressure field representative of the TBL at the top of the cavity could be
simulated as propagating acoustically into the cavity.
Covered cavities reduce the TBL spectral levels at the bottom of the

cavity more than uncovered cavities. Therefore, future optimization of
the cavity geometry should start with a covered cavity. The present work
suggests that the propagation of the pressure fluctuations into a covered
cavity can be simplified by solving only the wave equation. This may
enable optimization of cavity shape and wall material, with affordable
computational costs. However, the very-large eddy simulation using
the Lattice–Boltzmann method is capable of simulating the propagation
of the TBL pressure fluctuations into a cavity and therefore is suitable
for evaluating future cavity designs, to improve the attenuation of the
turbulent boundary layer pressure fluctuations.





5
WIND TUNNEL WALL LINING FOR

AEROACOUSTIC

MEASUREMENTS

Sound absorbing porous materials are used to line a wind tunnel wall,
in order to reduce reflections. However, lining can have a detrimental
effect on acoustic measurements due to an increase in the noise
radiated from the walls. In addition, the aerodynamic fidelity of the
tunnel can be affected. In the present study, the influence of porous
materials on boundary layer aerodynamic characteristics is assessed.
The consequent aerodynamic noise scattering is also studied, and
compared against the acoustic benefit from absorbing reflections in the
test section. Geometric modelling is used to understand the influence
of varying absorbing materials in reducing the acoustic interference
caused by reflections. The aerodynamic and acoustic results are related
to the roughness, and to the viscous and inertial resistivities of the
three porous materials studied. The material with highest roughness
(polyester wool) is found to result in the strongest turbulent fluctuations
in the boundary layer. However, it is the material with the thickest
fibre diameter (PU foam), and consequent highest inertial resistivity,
which generates the strongest surface noise scattering. Materials with
high viscous resistivity, together with low inertial resistivity, are found
to provide good sound absorbing capabilities. The results therefore
indicate that the best choice of sound absorbing wall treatment for
wind tunnel applications results from minimizing roughness and inertial
resistivity, while maximizing viscous resistivity.

This chapter is based on the work published in Applied Acoustics 199 (2022) [142].
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5.1. INTRODUCTION

Aeroacoustic wind tunnels may suffer from strong reflections, unless
acoustically treated. Following from the discussion of Sec. 2.3.2,
reflections in open–jet test sections can be mitigated with relative ease,
by installing liners outside the flow. On the other hand, closed test
section wind tunnels have solid walls at the boundaries of the wind
tunnel jet. Hybrid test sections often have walls in this condition as well
[79]. These wind tunnels would therefore benefit from the installation
of liners which are at the same time acoustically and aerodynamically
efficient.

Lining closed wind tunnel walls with a porous material affects the
aerodynamic characteristics of the wind tunnel walls’ boundary layer.
The changes in boundary layer profile can affect (closed) wind tunnel
aerodynamic corrections, e.g. if the displacement thickness, δ∗,
increases and the effective area of the tunnel reduces. Moreover,
increases in the turbulence levels in the boundary layer can increase
the scattering of spurious noise sources in the tunnel, e.g. from
discontinuities [65]. The influence of porous materials on boundary
layers is widely studied (e.g. by [143, 144]). However, literature is
lacking studies with a complete trade-off of lining materials for wind
tunnels, considering both the aerodynamic changes in the boundary
layer, the consequent scattered noise, and the absorption of sound
reflections.

The prediction of reflections over lined walls were done in this study
with a Geometric Modelling method, previously introduced in Sec. 3.2.
Guidatti et al. proposed a similar image-source method in order to
obtain a reflection canceller, and in this way to improve experimental
beamforming maps [145]. More recent studies have also used the
image-source method in order to provide theoretical modifications to
the Green’s function used in the beamforming algorithm [23, 146].
The post–processing methods discussed in previous studies can be
applied to wind tunnel test sections with fully reflective walls, as
well as lined walls, by considering the actual reflection coefficient of
the walls. However, most of the methods have been tested against
experiments with hard-walled wind tunnels. Literature is lacking studies
on the applicability of geometric modelling methods, and in particular
the image-source method, to the prediction of reflections in lined wind
tunnel test sections. The present study helps to fulfil this gap, but
the main focus is on investigating the effect of the aerodynamic and
acoustic properties of the lining materials, on the aerodynamic and
acoustic fidelity of a wind tunnel.

Three sound absorbing materials were tested in the A-Tunnel, at TU
Delft. The wind tunnel models consist of acoustically treated plates,
each with its own reflection coefficient. The lining materials also have
different surface roughness and flow resistivity. The influence of the
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lining in the aerodynamic properties of the boundary layer (BL), and,
consequently, in the background noise of the tunnel, is characterized.
The positive effect of lining the plates is accessed, by analysing the
interference between the sound emitted by a known source, with the
reflections at each plate. The acoustic measurements are compared
against predictions based on geometric modelling. The geometric
modelling tool developed in the present study is based on the image
source method. For the cases with flow-on, the position of the image
source is corrected, in order to take into account the convection of the
reflected sound wave.
The methodology followed in the present study is described in Section

5.2. The section includes a description of the experimental setup, of
the measurement techniques and computation methods used. Section
5.3 characterises the influence of the lining materials used in the
aerodynamic properties of the boundary layer, and consequently on
the aerodynamic noise sources in the tunnel, when the flow is on.
Sections 5.4 and 5.5 show the comparison between experimental results
and geometric modelling predictions, for the flow-off case and for the
flow-on case, respectively. Finally, section 5.6 presents an overview of
the findings.

5.2. METHODOLOGY

5.2.1. FACILITY AND MODELS

The experiment was carried out in the A–Tunnel, previously described
in Sec. 3.1.1. The 40 x 70cm nozzle was used. At the bottom
of the nozzle, the boundary layer is forced to turbulent by a zigzag
trip. A vertical wooden plate was installed on the shorter side of the
rectangular nozzle, for the baseline tests (hard–wall case). A smooth
transition from the nozzle to the plate was ensured by using tape, in this
way removing possible gaps. For the acoustically treated test cases,
the smooth plate was lined with sound absorbing materials. Figure 5.1
shows that, for the lined plate case, a 0.1m wooden plate is placed
between the nozzle and the start of the lining foam. This wooden plate
is flush with the nozzle. The difference in thickness between the 0.1m
wooden plate and each lining leads to a small step, no larger than
3mm. Figure 5.1a shows the plate lined with polyurethane PU foam
installed in the A-Tunnel. The microphone array is placed outside the
jet, and parallel to the lined plate. As Fig. 5.1b shows, the speaker was
placed 0.25m outside the jet. The sound source is a miniature QindW
speaker [147], which was verified to have very good omnidirectional
characteristics up to 2kHz. The speaker is placed between the plate
and the array, so that the plate is representative of a closed wind tunnel
back wall. Figure 5.1c indicates the location where flush microphones
were installed on the plate. Microphones were installed 1m downstream
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of the nozzle, at locations 0 and 1, with z-coordinates 0.02m and
−0.02m, being z = 0 at the plate’s spanwise centre. Locations 0c, 0l,
2 and 3 represent the locations where the flow velocity was measured
with hot-wire anemometry. The respective physical coordinates are:
(0.46, 0, 0)m, (0.46, 0, 0.045)m, (-0.42, 0, 0)m and (-0.46, 0, 0)m.

(a) Side-view (picture) (b) Side-view (sketch) (c) Front-view

(sketch)

Figure 5.1: Experimental setup. Side-view of a lined plate (with PU foam)
installed in the anechoic room (left). Representation of the
setup with a lined plate: side-view (centre) and front-view
(right).

Four different plates were tested. In addition to the acoustics, the
aerodynamic characteristics of the surface also varied, since the plates
have different roughness and resistivities. The baseline plate is a
clean wooden plate, which is the most sound reflective test-case. The
other 3 models consist of the clean plate lined with melamine foam,
polyurethane (PU) foam, and polyester wool. The porous materials are
shown in Fig. 5.2. The roughness of the materials was inferred from
3D scans of the porous surfaces, obtained with a Keyence VR-5000
series microscope. The arithmetical mean height parameter was
used for evaluating surface roughness [148]. The flow viscous and
inertial resistivities, R and R, were obtained from permeability tube
experiments (setup described in [91]). The main parameters which
affect the aerodynamic and acoustic performance of the test plates
are summarized in Table 5.1. Both melamine and wool have very
good sound absorption characteristics, whereas PU is more reflective.
The sound absorption characteristics of the melamine and wool can be
related to their higher viscous resistivity, according to Delany’s empirical
model [149]. A more detailed characterisation of the acoustic properties
of the liners can be found in Section 5.2.3, where the impedance tube
tests are discussed. The high viscous resistivity of the melamine and
wool also make the materials less permeable to the incoming flow. The
high inertial resistivity of the PU foam is also expected to avoid strong
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flow velocities inside the material. The polyester wool was the roughest
model tested.

Figure 5.2: Samples of melamine foam (left), PU foam (center), and
polyester wool (right).

Table 5.1: Acoustic and aerodynamic properties of the plates tested.

Plate
Average

roughness size

Viscous
resistivity R
[kPa s m−2]

Inertial
resistivity R
[kPa s2 m−3]

Clean Low - -

Melamine
Medium
(∼ 0.1mm) 9 2

PU
Medium
(∼ 0.1mm) 2 40

Wool High (∼ 0.6mm) 8 2

5.2.2. MEASUREMENT TECHNIQUES

The present section describes the measurement techniques used in
the experimental campaign. The flow velocity was measured with the
hot-wire, the pressure fluctuations on the wall were measured with



5

84 5. Wind tunnel wall lining for aeroacoustic measurements

surface microphones, and the acoustic measurements were made with
a free-field phased microphone array.

FLOWfiELD MEASUREMENTS

The hot–wire flow measurement technique, discussed in Sec. 3.1.2,
was used to measure the streamwise velocity over the plates. The
measurements were taken at four locations. Two locations approximately
10cm downstream of the nozzle, locations 2 and 3, and two locations
1m downstream of the nozzle, locations 0c and 0l (see Fig. 5.1c).
At each location, the boundary layer profiles were taken with a 60
point-distribution, following an exponential function. The distribution
of the points provides a higher resolution close to the wall, where the
velocity gradients are the highest. The minimum sampling frequency
used was 25.6kHz, and the measurement time was 10s. The velocity
measured with the hot-wire was calibrated based on a 4th order
polynomial, with respect to the output voltage. A Pitot tube was used
as reference, during calibration. The repeatability of the results was
confirmed by comparing measurements at equal streamwise location,
e.g. locations 0c and 0l.

WALL PRESSURE MEASUREMENTS

The plate was instrumented with a small electret Sonion 8044
microphone, placed at location 0, and a Linear-X M51 microphone, at
location 1 (see Fig. 5.1c). The surface measurements were taken to
investigate the magnitude of the surface pressure fluctuations. The
Sonion microphone was calibrated with the omnidirectional speaker,
and using a reference free-field Linear-X M51 microphone. The
Linear-X microphones were calibrated with a G.R.A.S. 42AA pistonphone.
The surface microphone measurements were taken with a sampling
frequency of 51.2kHz, and with a measurement time of 20s.

FREE-FIELD ACOUSTIC MEASUREMENTS

The free-field acoustic measurements were made with the phased
microphone array shown in Fig. 5.1a. The array consists of 64
free-field microphones, and has been earlier introduced in Sec. 3.1.2.
The microphones were calibrated with a G.R.A.S. 42AA pistonphone.
The free-field microphone measurements were taken with a sampling
frequency of 51.2kHz, and with a measurement time of 20s. The array
was placed on the opposite side and parallel to the test plate, so that
the mirror source reflection stayed directly behind the speaker, from the
point of view of the array.
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5.2.3. POST-PROCESSING ALGORITHMS

The present section describes the algorithms which were used in the
present study. Beamforming was used to estimate the sound levels
of the direct source, with a decreased influence from spurious noise
sources. A geometric modelling tool was used to predict the reflections
in the experiment.

CONVENTIONAL BEAMFORMING

The measurements from the phased microphone array were post-
processed with conventional beamforming. This signal processing
technique was previously been described in Sec. 3.4.1. The
beamforming formulation used allows for quantification of the source
noise levels at the receiver location (CBF formulation with b = 2 in
Eq. 3.12). For estimating the speaker noise levels from the resulting
beamforming map, the Source Power Integration (SPI) method outlined
in Sec. 3.4.2 is applied.

In this paper, two beamforming scan-planes were considered: one
including the location of the speaker, and one scan-plane at the plane
of the test plate surface. Both planes are parallel to the array. The scan-
plane at the test plate location was used in order to characterize the
aerodynamic noise sources for the flow-on and speaker-off experimental
test cases. For identifying aerodynamic noise sources at the plate, a
correction for the convection of sound waves by the flow is applied in
the formulation, as described in [54]. The aerodynamic noise sources
were analysed for the test cases at the free-stream velocity, U∞, of
30ms−1.

ACOUSTIC GEOMETRIC MODELLING TOOL

The experimental acoustic results were compared against predictions
from a geometric modelling tool (see description in Sec. 3.2). The tool
was used to estimate the acoustic interference effect caused by the
reflections on the test plate. This algorithm includes corrections for the
sound absorption by the lined plates and for the convection of sound
waves by the jet.

Figure 5.3 shows the baseline result of the simulations with the
geometric modelling tool. Figures 5.3a and 5.3b show the prediction
of the path of the sound rays, from mirror-source to receiver, for the
flow-off and -on cases. For the flow-on cases, the perceived location
of the mirror-source is above its flow-off location, and is dependent of
receiver position. Figure 5.3c shows the predicted spectra, as perceived
at the location of the microphone at the centre of the array, for the
cases with and without a reflective plate. The spectra are shown as
Sound Pressure Levels (see Eq. 3.13).
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(a) Reflection path: Side-view (b) Reflection path: Front-view

(c) Spectra with and without reflec-

tion

Figure 5.3: Prediction of the reflections with the geometric modelling
tool. Reflection path for the flow-off and -on cases: side-view
(top-left) and front-view (top-right). Predicted spectra for the
flow-off cases without reflection and with perfect reflection,
from the signal simulated for microphone 41, at the array
centre (bottom).
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The difference (in dB) between the two spectra shown in Fig. 5.3c
is considered in the following sections as the measure of the acoustic
interference caused by the test plate reflections, for both experimental
and simulated microphone signals, at the receiver location. The acoustic
interference is therefore estimated from the difference between the
spectra measured with an installed plate and the spectra obtained from
the measurement with the speaker in a free-field configuration, i.e.
without any installed plate:

ΔSPL = SPLTest case − SPLFree-field speaker. (5.1)

Positive and negative peaks in ΔSPL are indicative of, respectively,
constructive and destructive interference between the direct and
reflected sound waves. The geometric modelling algorithm is validated
for frequencies in the range 0.3kHz to 2kHz, where the speaker
is omnidirectional. The speaker omnidirectionality was verified with
measurements of the speaker in the empty A-Tunnel room. The
measurements were taken with the speaker at constant distance from
the array (≈ 1m), and for different speaker orientations: 0°, 45°, 90° and
180°. The speaker was rotated with respect to a vertical axis aligned
with the speaker’s support (see Fig. 5.1a).

In order to predict the propagation of reflections with a mirror-source
algorithm, it is essential to consider the complex valued impedance of
the material [150]. The complex reflection coefficient, Rc, of the lined
plates was calculated based on surface impedance, Zs [150]:

Rc(ƒ , θ0) =
Zs(ƒ ) − Z0/ cosθ0

Zs(ƒ ) + Z0/ cosθ0
, (5.2)

with θ0 the specular reflection angle, and Z0 the impedance of air.
The surface impedance was estimated based on normal-incidence
impedance tests, which were carried out at the Netherlands Aerospace
Centre (NLR). In the impedance tube tests, the samples were placed
in front of a (fully reflective) solid wall, as in the two microphones’
impedance tube setup described in [151]. Figure 5.4a shows the
absolute Rc, and Fig. 5.4b shows the phase shift which occurs at
the moment of the reflection. Figure 5.4 also shows the prediction
based on Delany’s empirical model for surface impedance [149]. Fig.
5.4a shows that the empirical model accurately predicts Rc(ƒ ) for the
melamine and wool linings. For the PU foam, the prediction is very
poor at low frequency (around 700Hz), where the empirical model
predicts a stronger reflection. Delany’s model makes use of the viscous
resistivity for the surface impedance prediction, while neglecting the
inertial resistivity. The empirical model is therefore most accurate for
predicting the absorption of porous materials when viscous dissipation
plays a dominant role. The PU foam has, however, a low viscous
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resistivity and a very high inertial resistivity (see Table 5.1), which is in
line with the less accurate prediction from the empirical model for this
material.

In Fig. 5.4b, the theoretical phase shift, ϕ, corresponds to the phase
shift that occurs, per frequency, for a sound wave which passes through
the material and is fully reflected by the solid back plate:

ϕTheoretical = −2d/λ, (5.3)

being d the thickness of the material and λ the wavelength of the sound
wave. Figure 5.4b shows that the phase shift given by the empirical
model is, for all materials, similar to the theoretical. The empirical
model therefore assumes that the reflection is almost completely at the
solid back plate, identically to the theoretical prediction. This trend
is similar to what is indicated by the experimental tests for melamine
and wool. However, for the PU foam, the experimental phase shift
during the reflection is close to 0, indicating that most of the reflection
occurs directly at the surface of the foam. In practice, reflections
can occur at two locations: at the surface of the foam and at the
solid back wall. However, the impedance tube used in the present
investigation only provides a single reflection (or absorption) coefficient.
In order to take into account both reflections, it is required to have
an estimation of the transmission, absorption and reflection capabilities
of the material, for example by testing with a four microphones’
impedance tube, as described in [151]. Considering both reflections (on
the surface of the material and on the back wall) is expected to have a
positive impact on predictions based in the mirror-source method. The
present study considers one single reflection. The experimental and
empirical reflection coefficients indicate different reflection locations,
which influences the frequencies at which acoustic interference occurs,
between the direct and the mirror sources (see Fig. 5.3).

5.3. EFFECT OF WALL TREATMENT ON BOUNDARY LAYER

AERODYNAMIC CHARACTERISTICS AND

AERODYNAMIC NOISE

The present section describes the turbulent boundary layer over the
test plates (Sec. 5.3.1), and discusses its impact on the spurious
aerodynamic noise (Sec. 5.3.2). The goal is to characterize the
aerodynamic phenomena which can affect noise measurements in a
wind tunnel, counter acting the acoustic improvement achieved.
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(a) Reflection coefficient (b) Phase shift

Figure 5.4: Acoustic characterization of melamine, PU and polyester wool
when backed by a solid wall. Experimental data from the
impedance tube and empirical data, from Delany’s model.
Absolute reflection coefficient (left) and phase shift at the
surface of the foam (right), considering a normal incidence
reflection (θ0 = 0°).

5.3.1. TURBULENT BOUNDARY LAYER CHARACTERIZATION

Figure 5.5 presents the velocity and turbulence intensity,

TI = ′
rms

/U∞, (5.4)

profiles for the clean and lined plates, measured at locations 0c and
0l (see Fig. 5.1c). ′

rms
is the root mean square of the velocity

fluctuations. Figure 5.5a also shows the velocity profile at location 3,
measured with the clean plate. The shape of the velocity profile does
not change along the clean plate, between locations 3 and 0c (0.92m
apart). Figure 5.5a highlights the increase in velocity deficit in the
boundary layer, as the roughness of the liner increases. In Fig.5.5b,
turbulence intensity is plotted versus streamwise velocity, in order to
remove the error caused by the uncertainty in the distance from the
measurement point to the wall [152]. For the roughest plate (wool)
the hot-wire was located at least 0.5mm away from the wool surface,
due to the risk of damaging the measurement tool. Figure 5.5b shows
that the increase in turbulence intensity, with respect to the clean
plate, is dominated by the increase in roughness. The differences in
viscous and inertial resistivity between the melamine and PU plates are
shown to play a negligible role in the velocity and turbulence intensity
profiles. The agreement of the measurements at locations 0c and 0l
is indicative of the negligible spanwise variations in boundary layer
profiles between the two locations. For a clean plate, a sharp peak in
turbulence intensity is expected close to the wall, at y+ ≈ 15, being y+

the non-dimensional wall normal distance [129]. For the rough plates,
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the peak in turbulence intensity is less sharp and further from the wall
[153], and is shown in Figure 5.5b. The strong velocity fluctuations
caused by the rougher surfaces indicate that these liners can cause
stronger background aerodynamic noise, when applied to a closed wind
tunnel. Figure 5.5 also indicates that the differences in viscous and
inertial resistivity between melamine and PU foams (see Table 5.1) do
not considerably affect the turbulent boundary layer properties.

(a) Streamwise velocity profile (b) TI profile

Figure 5.5: Boundary layer velocity and turbulence intensity profiles at
U∞ =30ms−1, 1m downstream of the nozzle, for the 4 plates
tested.

Figure 5.6 presents the growth in boundary layer thickness, Δδ99,
displacement thickness, Δδ∗, and momentum thickness, Δθ, from
the streamwise location where the liner starts, location 2-3 (0.1m
downstream of the nozzle and 0.9m upstream of location 0c). The
boundary layer parameters 0.1m downstream of the nozzle were
obtained from averaging data collected at locations 2 and 3 (clean plate
test case), respectively 0.12m and 0.08m downstream of the nozzle
(see Fig. 5.1c). Each value is normalised with the growth of the specific
boundary layer parameter for the clean plate, from location 2-3 to 0c.
For the BL thickness, the normalisation value is:

Δδ99 (Clean, Loc. 0c) = δ99 (Clean, Loc. 0c) − δ99 (Loc. 2-3). (5.5)

The clean plate’s BL parameters, at the free-stream velocity 30ms−1,
are presented in Table 5.2. The boundary layer two dimensional friction
drag was estimated from:

D/b = ρU2
∞
θ, (5.6)

being b the wall length in the spanwise direction, and ρ the air density.
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Table 5.2: Boundary layer characteristics, for the clean plate case, at
U∞ = 30ms−1.

Location δ99 [mm] δ∗ [mm] θ [mm] D/b [Nm−1]

2-3 19 2.4 1.9 2.1

0c 31 4.1 3.2 3.6

Figure 5.6a shows that the boundary layer thickness is increased as
roughness increases, having the wool plate a growth 50% larger than
the clean case. At U∞ = 20ms−1 and U∞ = 30ms−1, the difference in
Δδ∗ and Δθ between the clean and lined cases approximately doubles,
as roughness is increased from ∼0.1mm (melamine and PU) to ∼0.6mm
(wool). At the present flow conditions, the rough wall lining materials
tested are not expected to affect closed wind tunnel aerodynamic
measurements. The changes in the boundary layer parameters are
small when compared to the dimensions of closed wind tunnel test
sections which are used for aeroacoustics research, e.g. the Low
Turbulence Tunnel at TU Delft [27, 90]. However, when a liner is applied
to a large portion of the wind tunnel’s circuit (e.g. lining of diffuser walls
in [154]), it is relevant to consider the increase in momentum losses
in the circuit. Lining a large portion of the tunnel with a very rough
material, such as polyester wool, can lead to a considerable increase in
drag of the wind tunnel walls. This would require the tunnel’s drive fan
to work at a higher power setting. The drive fan is a strong contribution
towards background noise in a wind tunnel test section, and can disturb
acoustic measurements [30].

(a) BL thickness (b) BL displacement thick-

ness

(c) Momentum thickness

Figure 5.6: Effect of the lining materials on BL parameters of the
flat plates, 1m downstream of the nozzle (location 0c).
Measurements taken at U∞ = 20ms−1 and U∞ = 30ms−1.
The plots show the BL thickness (left), displacement thickness
(centre) and momentum thickness (right).
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Figure 5.7 shows the changes in wall pressure fluctuations spectra,
caused by the three liners, for the free-stream velocity 30ms−1. The
results from the Sonion microphone of position 0 are in agreement
with the spectrum from the Linear-X microphone of position 1 (equal
streamwise location), which provides confidence in the result. At low
frequency, below 1kHz, the increase in roughness causes an increase
in intensity of the wall pressure fluctuations, which is in line with the
higher turbulence intensity seen in Fig. 5.5b.

According to Manes [143], who measured velocity fluctuations in
permeable walls’ boundary layers, the frequency band for which the
fluctuations are highest becomes narrower as permeability increases,
whereas the fluctuations over a smooth plate are distributed over a
larger frequency band. In the present study, the plate with highest
inertial resistivity (PU) shows a low gradient in the spectrum decay
towards higher frequency, as in the impermeable case (clean plate).
The materials with high viscous resistivity and low inertial resistivity
(melamine and wool), are observed to result in a faster decay in wall
pressure fluctuations’ intensity, towards higher frequency, which is in
line with the findings presented in [143]. The viscous resistivity of the
materials may be associated with a higher dissipation rate of eddies
at high frequencies, where the break down of eddies becomes more
dominated by viscous forces. To the authors’ knowledge, literature is
however lacking thorough studies differentiating the effect of viscous
and inertial resistivities in the velocity and pressure spectra of turbulent
boundary layers, and, consequently, in the spectra of scattered
aerodynamic noise. The aerodynamic noise scattered by the four plates
is therefore experimentally characterized in the following sub-section.

Figure 5.7: Spectra of the wall pressure fluctuations at U∞ = 30ms−1,
1m downstream of the nozzle. Measurements with a Sonion
microphone, at location 0, and with the Linear-X microphone
at location 1. SPL difference between the clean plate and the
lined plates.
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5.3.2. AERODYNAMIC NOISE SOURCES
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Figure 5.8: Beamforming maps at the plate location. Third-Octave bands
centered at 1000Hz (top) and 2000Hz (bottom). Hard-wall
(left) and lined plates (centre-left to right) cases. Free stream
velocity, U∞ = 30ms−1.

The purpose of analysing the aerodynamic noise sources in the
experiment is twofold: to identify which properties of the materials lead
to a higher aerodynamic noise, and to determine the dominance of the
aerodynamic noise levels in the present experiment, with respect to the
speaker noise. The beamforming maps of Fig. 5.8 show the noise source
in the plane of the test plate, for the four plates tested, and for the
one-third octave bands centered at 1kHz and 2kHz. At 1kHz, the four
maps identify the trailing edge of the plate and the nozzle exit as noise
sources. For the clean, melamine and wool plate cases the nozzle and
trailing edge noise sources are also visible at 2kHz.
Following from the discussion of Sec. 5.3.1, the boundary layers over

the melamine and PU plates are very similar, both in terms of velocity
profiles and intensity of the turbulent fluctuations. However, Figs. 5.8c
and 5.8g, relative to the PU plate, show higher noise levels than the
beamforming maps of the melamine plate (see Figs. 5.8b and 5.8f). At
1kHz, the intensity of the trailing edge noise is clearly higher for the
PU plate. At higher frequency, the figure indicates that the strongest
source of noise, for the PU plate case, is originated at the foam surface.
The results, therefore, indicate that porous materials with a higher
inertial resistivity (see Table 5.1) result in higher noise scattering, both
from a trailing edge and from the porous surface. The higher inertial
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resistivity of the PU foam (see Table 5.1) is associated with the higher
fibre diameter of this material, which increases the ratio of inertial to
viscous forces inside the porous medium [155].

Figure 5.9 shows the comparison between speaker noise levels
(without flow) and the scattered aerodynamic noise in the flow-on tests.
The aerodynamic noise was measured with the speaker off, and for five
setup configurations: only wind tunnel nozzle (no plate installed), clean
plate (baseline), and for the three lined plates. Figure 5.9a presents
the spectra averaged over the 64 microphones in the array. The figure
shows that the speaker noise is higher than the aerodynamic noise of
the configurations tested from approximately 700Hz. Figure 5.9b shows
the spectra obtained from source power integration of the beamforming
maps, at the source plane. The region of integration is the same as
shown in Fig. 5.8. The speaker noise levels obtained from source power
integration are higher than the background noise from 400Hz, meaning
that the beamforming results presented in section 5.5 are essentially
unaffected by aerodynamic sources.

Figure 5.9 highlights the higher aerodynamic noise which is scattered
by the PU plate. As indicated by Figure 5.8, the PU plate results in
both higher trailing edge noise, as well as higher noise from the entire
foam surface, resulting from the interaction with the turbulent boundary
layer. The results indicate that a porous material with a higher fibre
diameter, and consequently a higher inertial resistivity, leads to more
aerodynamic noise. The figures indicate that lining materials with a high
inertial resistivity should be therefore avoided, in closed wind tunnels.

(a) Average of the 64 micro-

phones

(b) Beamforming

Figure 5.9: Comparison between the speaker noise levels (without an
installed plate, and without flow) and background noise of the
tunnel with the flow-on, at U∞ = 30ms−1. Spectra averaged
from the 64 microphones in the array (left); and spectra
obtained from SPI at the source plane, from conventional
beamforming.
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5.4. EFFECT OF WALL TREATMENT ON ACOUSTIC SOURCE

CHARACTERIZATION

The present section presents and discusses the acoustic results, which
refer to the test cases without flow. The goal of the section is to evaluate
the acoustic benefit of the lining materials in a controlled environment.
The experimental results are compared with the geometric modelling
results for a more complete understanding. The measurements are
analysed by considering a single receiver, in Sec. 5.4.1, and by
analysing the beamforming results, in Sec. 5.4.2.

5.4.1. SINGLE RECEIVER - MEASUREMENT PERFORMANCE

(a) Simulation (b) Clean

(c) Melamine (d) PU (e) Wool

Figure 5.10: Acoustic interference caused by a reflection vs. frequency,
for a receiver located at the centre of the array (microphone
41). Comparison of simulations, considering different
reflections: Rc,1 = 1, Rc,2 = 0.5 and Rc,1(ƒ ) = RMelmine (top-
left). Clean plate, measurement and simulation, considering
Rc,1 = 1 (top-right). Lined plates, measurement and
simulation, considering Rc,1 = RFom (bottom). Reflection
coefficient of the lined plates obtained from experimental
impedance tube data. Flow-off case, U∞ = 0ms−1.

Figure 5.10 shows the acoustic interference caused by the reflection
in the measurements by a point receiver. The receiver considered is
located at the centre of the array. Figure 5.10a shows the simulation
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results, considering a complete reflection at the location of the foam
surface (Rc,1 = 1), a partial reflection at the solid wall behind the foam
(Rc,2 = 0.5), and a reflection on a plate lined with melamine, considering
the surface reflection coefficient obtained from the impedance tube
(Rc,1(ƒ ) = RMelmine). Figure 5.10a shows that, according to the
prediction, the lining causes a shift in the frequencies of constructive
and destructive interference (positive and negative ΔSPL, respectively).
The cases with Rc,1(ƒ ) = RMelmine and Rc,2 = 0.5 produce similar
results, at low frequencies (between 0.4 and 1kHz). The result could
be expected, since at low frequency the reflection coefficient of the
melamine plate is high, and also because the reflection occurs mostly
at the back plate (from the impedance tube data shown in Fig. 5.4).
The comparison between simulation and clean plate experiment can be
seen in Fig. 5.10b. The results indicate that the mirror-source method
is capable of predicting the interference caused by the reflections, with
the present setup, for the case of a highly reflective plate. Furthermore,
Fig. 5.10b shows the repeatability of the results, for the acoustic data
measured in tests 1 and 2. The two experimental data sets were
acquired with 21 days difference.

Figures 5.10c, 5.10d, and 5.10e, compare the simulated and measured
spectra for the test cases with the melamine, PU and wool linings,
respectively. The results indicate that the algorithm predicts well
the frequencies of interference, and the interference levels, for the
melamine and wool cases at low frequency (below 1kHz). At higher
frequency, the acoustic absorption of the melamine and wool are high,
and the error in the measurement can be dominated by acoustic
phenomena not predicted by the geometric modelling tool, e.g. diffuse
reflections and diffraction, or noise in the measurement device (see
uncertainty in Sec. 3.1.2). Furthermore, for smaller sound wavelengths,
predicting the frequencies of interference can be more challenging,
since the result is more prone to inaccuracies, resulting e.g. from
an imprecise reflection coefficient obtained from the impedance tube
measurements. For the PU foam (Fig. 5.10d), the simulation provides
a reasonable prediction at very low frequencies. At higher frequencies,
i.e. from 0.7kHz, when RPU is low (see Fig. 5.4), the experimental
result appears to be dominated by noise, e.g. due to diffuse reflections.
As discussed in Sec. 5.2.3, the fact that only one mirror-source is
considered in the simulation can be a source of added errors. It is
possible that, at certain frequencies, the reflections at the foam surface
and at the back plate can have constructive or destructive interference
with each other, at the receiver location.
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5.4.2. BEAMFORMING PERFORMANCE

Figure 5.11 presents conventional beamforming maps, at the source
plane, for the simulated and experimental cases of a free-field speaker
(Figs. 5.11a and 5.11d), speaker with a highly reflective back wall
installed (Figs. 5.11b and 5.11e), and speaker with a melamine plate
installed (Figs. 5.11c and 5.11f). The results show that the difference
between the beamforming maps is negligible, when the purpose is to
locate the position of the direct source in the scan plane. The next step
was to apply source power integration in a region close to the source,
in order to evaluate the consequence of installing a back wall in the
assessment of the source noise levels. The integration area is specified
in Fig. 5.11.

The ΔSPL in source level estimation with source power integration
caused by the reflections is presented in Fig. 5.12. Figure 5.12a presents

(a) Rc = 0, Speaker Only (b) Rc = 1, clean plate (c) Rc(ƒ ) = RMelmine,

melamine plate

(d) Experimental,

Speaker Only

(e) Experimental,

clean plate

(f) Experimental,

melamine plate

Figure 5.11: Beamforming of the simulated (top) and experimental
(bottom) microphone signals, at the source plane. The
maps are for the 1000Hz third-octave band. Free-field
speaker case (left), speaker with the clean plate installed
(centre), and speaker with a melamine plate installed
(right). Flow-off case, U∞ = 0ms−1.
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(a) Simulation

(b) Clean (c) Melamine

(d) PU (e) Wool

Figure 5.12: Acoustic interference caused by a reflection vs. frequency.
Simulation: isolated microphone (41) and beamforming
spectra (top-left). Beamforming of experimental data with
the clean plate and beamforming of the simulated data,
with Rc = 1 (top-right). Beamforming of experimental data
with the lined plates and beamforming of the simulated data
(bottom). Results obtained from Source Power Integration
of the beamforming maps. Flow-off case, U∞ = 0ms−1.

the results for the simulated signals. Figure 5.12a compares the ΔSPL
when a single receiver is considered (in this case microphone 41) to
the error when the spectrum is obtained from source power integration.
The results indicate that beamforming is capable of largely reducing the
error caused by the back plate reflection, particularly at high frequency,
close to 2kHz. The agreement in Fig. 5.12b indicates that the geometric
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modelling tool is capable of predicting the performance of beamforming
when the back plate is highly reflective (case without lining).
Figures 5.12c, 5.12d and 5.12e, show that the geometric modelling

tool is capable of incorporating the complex reflection coefficient of the
materials. The prediction is particularly good at low frequency, when the
performance of geometric modelling tools is most uncertain, as the ratio
between setup geometry sizes and sound wavelength reduces [42].
Figures 5.12c, 5.12d and 5.12e show the simulated spectra obtained
using both the experimental and empirical reflection coefficients (see
Fig. 5.4). The results for the melamine and wool cases indicate a slight
improvement in the prediction at high frequency (above 1kHz), when
the empirical reflection coefficient is used. The result therefore indicates
that most of the reflection occurs at the back solid wall, as predicted
by Delany’s empirical model (see Fig. 5.4). For the PU plate, however,
both the magnitude of the peaks and the frequencies of interference are
more accurately predicted when the experimental impedance tube data
is used. As discussed in section 5.2.3, Delany’s model only takes into
account the viscous resistivity, whereas the PU foam has a very high
inertial resistivity (see Table 5.1). The reflection location is therefore
mispredicted by the empirical model, resulting in errors in the prediction
of the interference between direct source and reflections. Figure 5.12
is indicative of the importance of knowing the exact reflection location,
when using a geometric modelling tool.

5.5. ACOUSTIC WAVE - flOW INTERACTION: flOW-ON

REflECTION PREDICTION

The present section discusses the interaction between the acoustic
reflected wave and flow, and its effect on the acoustic measurements.
To this end, Sec. 5.5.1 discusses the effect of the flow in the
measurements from isolated receivers, and Sec. 5.5.2 describes the
consequence of the interaction between acoustic wave and flow in the
beamforming results.

5.5.1. SINGLE MICROPHONE

Figure 5.13 presents the acoustic interference occurring during the
measurement of the speaker noise levels, due to the reflection, for
the flow-off and -on cases. Both the experimental and the simulated
results are shown. The data was obtained by three isolated receivers:
microphone 8, at the bottom of the array, microphone 23, at the top of
the array, and microphone 41, at the centre of the array (see Fig. 5.3b).
The simulation predicts that, when the reflected wave is convected by
the flow, the receiver sees a shift in the frequencies of interference
between the direct and reflected sound waves. The flow convection
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(a) Top Microphone (23)

(b) Centre microphone (41)

(c) Bottom microphone (8)

Figure 5.13: Acoustic interference caused by a reflection (and aero-
dynamic noise) vs. frequency, as perceived by isolated
receivers. Comparison between simulation with flow-off and
-on, and experiment with flow-off and -on. Microphones at
the bottom of the array (left), at the middle of the array
(centre) and at the top of the array (right). Clean plate test
case, at the free stream velocity, U∞ = 30ms−1.
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influences the travel time of the reflected wave, from source to receiver.
The shift in frequency depends on the location of the receiver. For
receivers located below the speaker, e.g. microphone 8, the reflected
wave is convected in the opposite direction of its path, and takes longer
to reach the receiver. The frequencies of interference therefore shift
towards lower frequency at the location of microphone 8, when the flow
is on. For a receiver above the speaker, however, the convection of the
reflected wave reduces the sound wave’s travelling time. Microphone
23, therefore, sees a shift in the frequencies of interference towards
higher frequency, as the flow velocity is increased. For receivers at
a height close to the speaker height, the travel time of the reflected
wave is essentially unchanged by flow convection, at the velocities
considered. Microphone 41, at the centre of the array, is predicted
to perceive equal interference between the reflected and direct sound
waves, at the free-stream velocities 0ms−1 and 30ms−1.

The experimental data in Fig. 5.13 shows very similar results for the
0ms−1 and 30ms−1 case, from 700Hz. Below 700Hz, the results for
the 30ms−1 case are dominated by background aerodynamic noise,
as indicated by the results of Sec. 5.3.2. Figures 5.13a and 5.13c
show a slight shift in the frequencies of interference in the experimental
data, as indicated by the geometric modelling prediction. However, the
experimental shift is very small compared to the noise in the results.
The following subsection analyses data from all the microphones in the
array, which helps reducing the influence of spurious acoustic noise
sources, e.g. diffuse reflections.

5.5.2. CONVENTIONAL BEAMFORMING

Figure 5.14 shows the error caused by acoustic interference in the
beamforming estimate of the speaker levels, for the flow-off and -on
cases. The spectra were obtained from source power integration of the
beamforming maps, with an equal scan plane and region of integration
as in Fig. 5.11. The figure shows that, according to the simulation,
the presence of the flow does not affect the beamforming results in the
present setup. The result is aligned with the discussion of the previous
sub-section (Sec. 5.5.1), where it was referred that the flow causes
a shift in the frequencies of interference, which is dependent on the
position of the receiver. Since the 64 microphones are approximately
equally spread above and below the speaker (see Fig. 5.3), when all
the microphones are considered, the shift in frequency of interference
becomes negligible.

The experimental results presented in Figs. 5.14a, 5.14b, 5.14c and
5.14d correspond to the test cases with the clean, melamine, PU and
wool plates, respectively. The experimental results are in agreement
with the predictions, since the difference in experimental spectra at
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(a) Clean (b) Melamine

(c) PU (d) Wool

Figure 5.14: Acoustic interference caused by a reflection, in the spectra
obtained from beamforming. Comparison between the
flow-off and -on (U∞ = 30ms−1) cases. Spectra obtained
from SPI of the beamforming maps at the source plane.
Experimental and simulated data relative to the clean
(top-left) and lined plates (top-right and bottom). Reflection
coefficient of the lined plates obtained from experimental
impedance tube data.

0ms−1 and 30ms−1 is also negligible. Small differences can be seen
at very low frequency, below 500Hz, due to aerodynamic background
noise. Considering the frequencies 500Hz < ƒ < 2000Hz, the correlation
between the spectra with and without flow is high for the 4 plates
tested. The correlation coefficient is 0.8, 0.7, 0.6 and 0.9 for the
clean, melamine, PU and wool test cases, respectively. The results
are therefore indicative that flow phenomena which are neglected by
the geometric modelling tool, such as transmission loss or refraction in
shear layers, play a minor influence in the experiment carried out in the
A-tunnel.
As discussed in section 5.4.2, a good estimation of the location of the

reflections, which can be at the surface of the foam or at the solid back
wall, is a dominant factor for an accurate prediction of the geometric
modelling algorithm. Figure 5.14 shows that, also for the flow-on cases,
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the interference peaks are approximately predicted by the geometric
modelling algorithm, as long as the reflection coefficient of the back
wall is sufficiently high, i.e. Rc(ƒ ) > 0.4 (see Fig. 5.4). For frequencies
where the reflection coefficient is low, the result becomes dominated
by spurious noise, which can be associated with diffuse reflections and
diffraction. When beamforming is applied, the convection of a reflected
wave by the flow can be neglected, as long as the direct sound source
is (approximately) aligned with the centre of the microphone array.

5.6. CONCLUSION

An experimental campaign was carried out in an anechoic open-jet
wind tunnel, in order to evaluate the influence of lining materials on
the aerodynamic and acoustic fidelity of wind tunnel test sections.
The test models consisted of plates lined with sound absorbing porous
materials. The porous materials were characterized based on their
surface roughness, viscous and inertial resistivities, and reflection
coefficient. The study focuses on the influence of the liners on
the boundary layer of the wind tunnel’s wall, on the boundary layer
aerodynamic noise, and on the absorption of sound reflections. A
geometric modelling algorithm was developed in order to improve the
understanding of the effect of lining the wind tunnel wall on the acoustic
measurements.

For the flow-on tests, the aerodynamic properties of the boundary
layer of each test plate were initially characterized. The turbulent
fluctuations in the boundary layer where confirmed to be most increased
for the roughest material tested, polyester wool, particularly at low
frequencies. However, it was the lining material with largest fibre
diameter (PU), and consequently higher inertial resistivity, which was
found to scatter most aerodynamic noise, both from the surface and
from the trailing edge.

During the acoustic tests, a well characterized speaker was placed in
front of the lined wall. Measurements were taken with a phased acoustic
array. The results show that the modelling algorithm is capable of
predicting the interference caused by acoustic reflections, for the clean
wall and lined cases. For the lined cases, however, at high frequencies,
when the absorption from the lining materials is increased, acoustic
spurious noise sources become more dominant in the experimental data.
Both the geometric modelling algorithm and the experiments show that
the highest improvement on the acoustic measurements occurs for the
lining materials with highest viscous resistivity, melamine and wool, due
to their increased sound absorption capabilities. The results indicate
that the best choice of acoustic lining material, for a closed wind tunnel,
results from maximizing viscous resistivity, while reducing roughness
and inertial resistivity.
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The present study highlighted the advantages and limitations of porous
wind tunnel lining materials with varying roughness, viscous resistivity
and inertial resistivity. The capabilities of a geometric modelling tool to
predict the acoustic benefit of each lining material were also assessed.
Future aeroacoustic investigations would benefit from the validation
of geometric modelling methods in closed wind tunnel environments,
with walls lined with sound absorbing materials. The presence of
the wind tunnel walls perpendicular to the array increase the amount
of specular and diffuse reflections, increasing the complexity of the
acoustic problem.



6
AEROACOUSTIC

MEASUREMENTS IN A LINED

CLOSED WIND TUNNEL

Aeroacoustic tests in closed wind tunnels are affected by reflections in
the tunnel circuit and background noise. Reflections can be mitigated
by lining the tunnel circuit. The present study investigates if lining
exclusively the most accessible segment of a closed wind tunnel circuit,
in particular the test section, is an approach which improves acoustic
measurements. Previous investigations show that a wind tunnel lining
material should have high acoustic absorption, low inertial resistivity
and low surface roughness. Therefore, the test section of TU Delft’s
closed Low Turbulence Tunnel is lined with melamine foam wall liners. A
total of 4 test section configurations were tested: baseline; test section
with lining on the floor and ceiling; test section with lined side–panels;
and test section lined at all surfaces (floor, ceiling and side–panels).
An omnidirectional speaker is used for evaluating the wind tunnel’s
acoustic performance. A geometric modelling algorithm, based on the
mirror-source method, is used to predict the effect of lining on primary
reflections in the test section. In addition, reflections in the test section
and in the tunnel circuit are characterized experimentally. The results
show that the closed loop of the tunnel circuit is responsible for a long
reverberation time in the test section. However, reflections inside the
test section itself are the dominant source of acoustic interference at
the microphone array location. The low fidelity geometric modelling
algorithm is shown to be a valuable approach for an initial estimation
of the acoustic benefit of lining, for both flow–off and –on conditions.

This chapter is based on the work presented in AIAA AVIATION 2023 FORUM [156].
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Lining of the test section walls significantly reduces reflections from the
reference source, as well as the aerodynamic background noise that
reaches the array.

6.1. INTRODUCTION

Lining of an aeroacoustic wind tunnel circuit has a strong influence on
the acoustic performance, and is often considered to be a justifiable
investment (e.g. in Refs. [30, 79] ). However, lining a closed wind tunnel
with a porous material also affects the aerodynamic characteristics of the
wind tunnel walls’ boundary layer. An increase in the turbulence levels
in the boundary layer can affect the scattering of spurious noise sources
in the tunnel, e.g. from discontinuities [65]. The influence of porous
materials on boundary layers is widely studied (e.g. by [143, 144]). The
noise scattering from wall porous liners has been investigated, and is
discussed in the previous chapter of this thesis. The results presented in
Chapter 5 indicate that a good closed wind tunnel liner has a low surface
roughness and inertial resistivity, and a high viscous resistivity, which
leads to high acoustic absorption. As a following step, closed wind tunnel
designs can benefit from research which assesses the improvement
obtained from lining individual segments of the circuit, e.g., the diffuser
or the test section. This can be very helpful for performing a trade–off,
e.g., when resources for designing or refurbishing a wind tunnel are
limited.

The present study investigates the benefit of applying wall treatments
to the test section of a closed wind tunnel. The study focuses on
the trade-off between different lining configurations, with respect to
a baseline (fully reflective) test case. Measurements of a known
sound source (omnidirectional speaker) with each configuration, are
used to assess the improvements achieved with each different lining.
Measurements were taken with and without flow, in order to take
into account the modifications in background noise. The experimental
campaign was conducted in the Low Turbulence Tunnel (LTT), at TU
Delft. The LTT is a closed wind tunnel intensively used for aerodynamic
and aeroacoustic research, see e.g. [17, 157, 158].

The present document is structured as follows: Sec. 6.2 describes the
facility, the measurement techniques, and post processing algorithms
used. Section 6.3 presents and discusses the experimental results.
Finally, Sec. 6.4 highlights the main conclusions.
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6.2. METHODOLOGY

6.2.1. FACILITY AND MODELS

The wind tunnel analysed with this experimental campaign, the LTT, has
been designed as a closed test section wind tunnel. As described in
Sec. 3.1.1, the LTT aeroacoustic test section features a Kevlar panel in
replacement of a wind tunnel wall, which is most characteristic of hybrid
test section designs (see Sec. 2.3.2). In the present experiment, 7 out
of 8 test section walls were kept closed (solid or lined walls), and no
strong pressure gradients were present at the Kevlar wall. Therefore,
the aerodynamic conditions in the test section are considered most
representative of closed test section wind tunnels.

(a) Without lining (b) With lining

Figure 6.1: Low turbulence tunnel aeroacoustic test section (view from
the inlet): test section with baseline reflective walls (left) and
fully lined test section (right).

Figures 6.1a and 6.1b show, respectively, a speaker installed in the
baseline (fully reflective) test section and in the fully lined test section.
The Kevlar wall, behind which the microphone array is placed, is seen in
both configurations (see the left side–panel).

REFERENCE ACOUSTIC SOURCE

The acoustic source seen in Fig. 6.1 is a miniature QindW speaker
model, developed by QSources [147]. As mentioned in the previous
chapter, this speaker has been verified to be omnidirectional at low
frequencies, up to 2kHz. The speaker is placed at the centre of the test
section, being aligned with the streamwise centre of the microphone
array. The aerodynamic shape of the speaker results in low aerodynamic
self–noise.
For the flow-off tests, the speaker’s input was based on an in–built

white–noise signal, in the range 300Hz to 6300Hz. For the flow–on
tests, the signal provided to the speaker was based on a sum of
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sine waves, with constant amplitudes, at the frequencies of interest.
This solution allows for the increase of the speaker’s noise signature
at each frequency, ƒ . Three distinct signals were provided to the
speaker: a sum of sinusoids in the range ƒ1 = 325Hz to ƒend = 825Hz
(low–frequency, narrow band), a sum of sinusoids in the range
ƒ1 = 775Hz to ƒend = 1275Hz (mid–frequency, narrow band), and a sum
of sinusoids in the range ƒ1 = 325Hz to ƒend = 2175Hz (broadband). The
signals, (t), were calculated from:

(t) =
∑

ƒ∈F

sin (2πƒ t + ϕrnd), (6.1)

where F = {ƒ1, ƒ1+ 5Hz, ƒ1+ 10Hz, ..., ƒend}, ϕrnd is a random phase shift
applied to each sinusoid, and t is the time coordinate.

AEROACOUSTIC TEST SECTION LINING

The experimental campaign evaluates four different test section
configurations (Table 6.1). The baseline (most reflective configuration)
is seen in Fig. 6.1a. The octagonal baseline test section contains 7 solid
fully reflective walls. The Kevlar left side–panel is present in all four
configurations, to allow measurements with the microphone array. The
plate that holds the microphones is lined with 5cm thick plane Basotect
melamine (see Fig. 3.4). The most anechoic configuration (Figs. 3.2a
and 6.1b), as described in Sec. 3.1.1, has the floor and ceiling lined
with 3cm flat melamine foam, and has lined side–panels. These consist
of 5 cm wedged melamine covered by Kevlar. Two intermediate test
sections were also tested: one with the top and bottom flat melamine
lining, and with the baseline side–panels, and the second with the
baseline top and bottom, and with the lined side–panels.

Table 6.1: Low Turbulence Tunnel test sections tested

Test
section

Mic. array
recessed

behind Kevlar

Top and bottom
flat 3cm

melamine lining

Kevlar side–panels,
with 5cm wedged

melamine

A ✓ - -

B ✓ ✓ -
C ✓ - ✓

D ✓ ✓ ✓

The high viscous resistivity of the melamine foam (specified in Sec.
5.2.1) leads to a high acoustic absorption. Figure 6.2 shows the
reflection characteristics of the melamine lining, when placed in front of
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a solid wall, and considering a 90° reflection. The figure shows that the
thicker melamine lining leads to a higher reflection mitigation, especially
at frequencies below 2kHz.

The experimental values were obtained from normal-incidence
impedance tube measurements at the Netherlands Aerospace Cen-
tre (NLR). The empirical values were obtained from Delany’s empirical
model for surface impedance, with the methodology described in 5.2.3.

(a) Reflection coefficient (b) Phase shift

Figure 6.2: Acoustic characterization of the plane Basotect melamine
foam. Absolute reflection coefficient (left) and phase shift at
the foam surface (right) for a normal incidence reflection.

6.2.2. GEOMETRIC MODELLING

The primary acoustic reflections in the LTT test section, from the source
to the microphone array, were predicted with a geometric modelling
(GM) algorithm. The algorithm is explained in Sec. 3.2, which includes
a representation of the setup used to model the primary reflections on
the LTT test section (see Fig. 3.5). The correction for the convection
of sound waves by the flow was implemented, in this investigation.
This geometric modelling method provides a good initial prediction of
acoustic reflections on a single wall, with similar dimensions to the
dimensions of the LTT test section walls (i.e. of the same order of
magnitude), for both fully reflective and lined (with melamine foam)
cases [142].

In order to model the lined walls, the experimental reflection
coefficients shown in Fig. 6.2 were used in the algorithm. The lining
on the wall opposite to the array was simplified with respect to the
experiment, from 5cm wedged melamine (covered by Kevlar) to 5cm
plain melamine.

6.2.3. ACOUSTIC MEASUREMENTS AND SIGNAL PROCESSING

The data was recorded with 62 PUI AUDIO 665–POM–2735P–R micro-
phones. The phased microphone array configuration and installation
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have been discussed in more detail in Sec. 3.1.2. In this study, the
microphones were calibrated with a Brüel & Kjaer 4230 pistonphone,
at the frequency of 1kHz. Each measurement was taken with a
measurement time of 20s and a sampling frequency of 50kHz.

The spectra of the isolated microphones were obtained with the
Welch’s method [159]. The 20s signals were divided into chunks of
0.1 s, with a 50% overlap. Each chunk was multiplied by the Hanning
window. The spectrograms analysed in the study were obtained by
dividing the 20s signals in time blocks of 0.05 s, with 50% overlap. SPL,
defined in Eq. 3.13, was calculated considering a reference pressure of
pref = 2× 10−5Pa.

Acoustic interference in the test section was quantified by the
difference between the measurements in the reverberant environment
and the reference speaker measurement, which was taken outside the
wind tunnel test section, in a large room (with low reverberation) and
with the microphone array described in Sec. 3.1.1. ΔSPL is defined as:

ΔSPL = SPLSpeaker inside the test section − SPLReference, speaker, (6.2)

being positive and negative ΔSPL, respectively, indicative of constructive
and destructive interference between direct source and reflections, at
the measurement location. ΔSPL = 0 indicates that, at that specific
frequency, the measurement inside the test section is not disturbed
by reflections. The main assumptions are that the reference speaker
measurement is representative of free–field conditions; and that the
speaker’s response is consistent throughout all the tests.

CONVENTIONAL BEAMFORMING

The acoustic data from the microphone array was processed with
conventional beamforming, previously introduced in Sec. 3.4.1. The
beamforming formulation used outputs an estimation for the sound
levels at the array, of the noise originating from each scan grid point.
This is equivalent to setting b = 2 in Eq. 3.12.

The microphone data were processed considering two different
beamforming scan grids. For identifying the sound sources in the empty
test section, a 3D scan grid was designed, which covers the 8 walls
of the octagonal test section. This grid can be visualised in Fig. 6.3.
For estimating the noise levels of the speaker, when installed in the
test section, a 2D plane parallel to the array was considered. The 2D
grid is at a 1.05m distance from the array, and passes through the
spanwise centre of the test section, i.e. through the speaker location.
An equivalent scan grid was used for processing the reference speaker
measurements, for which the resulting beamforming map, at 1kHz, is
shown in Fig. 3.6. After calculating the beamforming maps, the speaker
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noise levels were obtained with the Source Power Integration (SPI)
method described in Sec. 3.4.2. In this study, a 24×24cm integration
region was considered, as illustrated in Fig. 3.6.

Figure 6.3: Scan grid along the 8 walls of the LTT test section. Microphone
array located behind the Kevlar panel, which is also evaluated
with the grid.

6.3. WIND TUNNEL ACOUSTIC CHARACTERIZATION

The present section analyses the results obtained from the experimental
data, and compares these with the results obtained from the geometric
modelling tool. The acoustic properties of the tunnel are characterized
by analysing the acoustic reflections in the test section (Sec. 6.3.1). The
background noise is analysed in Sec. 6.3.2 by evaluating speaker–off
measurements. In Section 6.3.3, the measurements with the flow and
speaker –on are analysed.

6.3.1. ACOUSTIC REflECTIONS IN THE WIND TUNNEL CIRCUIT

The prolongation of sound, due to reflections in the wind tunnel
circuit, was analysed with intermittent speaker measurements. During
these measurements, the speaker was paused at the time t0. To
characterize reverberation at the different test section configurations,
the spectrogram of the data was produced. The spectrograms of Fig.
6.4 were obtained by averaging the sound powers obtained from all the
microphones in the array, for each timestep, being therefore indicative
of the acoustic energy in the test section. The results are shown for the
third-octave band centres, ƒcen.

1/3
. Test section C, which has the baseline

top and bottom, and lining on the side–panels (see Table 6.1), was also
tested outside the wind tunnel circuit (Fig. 6.4e). The reverberation
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Figure 6.4: Spectrogram of the acoustic data obtained from the intermit-
tent speaker tests. The spectrogram shows the development
of reverberation in the test section from the moment the
speaker is interrupted. The plots a) to d) refer to the test
cases with the LTT test section installed in the tunnel circuit:
test sections A (top–left), B (top–centre), C (top–right), D
(bottom–left). Test section C, with the wedged melamine
Kevlar side–panels, was also tested outside the wind tunnel
circuit (bottom–right).

time, T25, is also shown in Fig. 6.4. T25 is the time in which the overal
sound pressure level reduces by 25dB, after turning off the speaker. T25
was calculated considering the frequencies shown in Fig. 6.4.

Figure 6.4 shows that both the flat melamine (top and bottom lining)
and the lined side–panels are efficient in reducing reverberation in the
test section, as reverberation reduces faster in Figs. 6.4b and 6.4c than
in Fig. 6.4a. There is however little difference between the performance
of the two lining solutions in reducing reverberation, as Figs. 6.4b and
6.4c show a similar pattern. When both linings are used simultaneously,
the improvement in reducing reverberation is further noticeable (see
Fig. 6.4d). The linings are particularly efficient at reducing reverberation
at high frequency, which is consistent with the reflection coefficients
shown in Fig. 6.2. Figure 6.4e indicates that reverberation in the
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test section is negligible, when the test section is placed outside the
tunnel circuit. The reverberation time, for the test sections installed in
the wind tunnel circuit, is considerably longer than at other facilities
commonly used for aeroacoustics research, e.g. TU Delft’s Anechoic
Tunnel (T60,A−Tnnel = 0.22s) [22]. The results suggest that it can be
advantageous to line further sections of the tunnel circuit, e.g. the
diffuser (see Fig. 6.1a).

ACOUSTIC INTERFERENCE INSIDE THE TEST SECTION

The present section investigates the acoustic interference that occurs
at the microphone array location, between a direct sound source and
reflections in the circuit. The objective is to quantify the disturbance
caused by primary reflections, which directly reflect towards the
microphones, by secondary reflections (here meant as any non-primary
reflections) in the test section, and by reverberation caused by the
remaining parts of the circuit. The final goal is to identify which parts
of a closed tunnel are beneficial to treat with acoustically absorbent
materials.
Reflections inside the test section lead to frequency dependent

constructive or destructive interference patterns at the microphone
locations. Figure 6.5 shows the interference mitigation achieved with
lining, from both experimental and simulation data. The spectra were
obtained by averaging the source powers between all microphones in
the array. A good test section acoustic performance is reached when
ΔSPL becomes close to 0dB.
Figure 6.5a shows the acoustic interference caused by the three

primary (specular) reflections in the test section that reach the
microphone array from the acoustic source (see the GM setup in Fig.
3.5). The figure shows that, for the four test sections, the primary
reflections cause a strong constructive interference peak for frequencies
in the vicinity of 600Hz, which is followed by a destructive interference
peak, near 800Hz. Below 1000Hz, the reflection coefficient of the lined
walls is still relatively high (see Fig. 6.2). Above 1000Hz, Fig. 6.5a
shows that, for the baseline test section (A), the interference caused by
the primary reflections is approximately 3dB. For the most anechoic
configuration, configuration D, ΔSPL becomes close to 0dB at high
frequencies. The result of Fig. 6.5a indicates that reducing the reflection
coefficient of the test section walls which cause the primary reflections
is important for achieving accurate acoustic measurements.
Figure 6.5b shows the acoustic interference patterns which occur in

test section C, for the case where the test section is installed in the
tunnel circuit, and for the case where the test section is outside the
circuit. As seen from Fig. 6.4, the wind tunnel circuit is responsible for
a long reverberation time, when the test section is installed. However,
Fig. 6.5b indicates that installing the test section in the wind tunnel
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(a) GM simulation of primary

reflections

(b) Experiment: installed vs.

uninstalled

(c) Experiment: installed test

sections

Figure 6.5: Acoustic interference caused by the reflections: difference
between the measurement inside the test section and the
reference speaker measurement. Primary reflections in the
test section, simulated with geometric modelling (top–left);
difference between installed and uninstalled test section,
from experimental data (top–right); and each installed test
section, from experimental data (bottom). Average from the
62 microphones in the array.

circuit does not change the dominant acoustic interference phenomena.
The result indicates that, at these frequencies, and in the absence of
aerodynamic background noise in the tunnel, reverberation caused by
the remaining parts of the circuit (besides the test section) is not visible
in the acoustic measurements.

Figure 6.5c, obtained from the experimental measurements with
the test sections installed, presents the acoustic interference pattern
caused by primary and secondary reflections in the test section, and
by reverberation in the tunnel. The comparison of Figs. 6.5a and 6.5c
shows that the experimental ΔSPL is noisier than for the simulated
case, where only the primary reflections are present. This is associated
with the fact that, besides likely experiencing diffraction, reflections
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in the experimental case are infinite. The experimental ΔSPL is also
higher: for the baseline configuration, the difference with respect to
the reference measurement is, for a wide range of frequencies, close
to 5dB. For the lined cases, the experimental ΔSPL is non-negligible
also at high frequencies, when the primary reflections on the lined walls
are relatively weak. This result indicates that secondary reflections
in the test section (i.e. any non-primary reflections) noticeably affect
the transfer function from the source to the microphone array. Figure
6.5 shows that it is beneficial to line as much area of the test section
walls as possible, for reducing acoustic interference at the measurement
location.

6.3.2. AERODYNAMIC NOISE SOURCES
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Figure 6.6: Beamforming along the (empty) test section walls, for the
1 kHz third–octave band. Free-stream velocity 40 ms−1.
Test sections A (left), B (centre–left), C (centre–right) and D
(right).

Figure 6.6 shows the beamforming maps of the empty test section
measurements, with the wind tunnel operating at U∞ = 40ms−1. The
scan plane is placed along the test section walls (see Fig. 6.3).
For the four test sections, the beamforming maps indicate that most
background noise originates from downstream of the test section (where
 < −1m). This can be e.g. from the diffuser’s boundary layer, or
discontinuities in the circuit, such as a gap between the test section
and the diffuser. Furthermore, the result indicates noise sources at the
Kevlar panel location. The figure also shows that, when lined, the noise
from a given wall/ side–panel is reduced. This occurs despite of the
higher surface roughness of the liner with respect to a solid wall, which
increases boundary layer turbulence [142]. Figures 6.6c and 6.6d show
the strong reduction in noise from the opposite wall, when the lined side
panels are installed. This can be explained by the reduction in reflection
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of background noise at the opposite wall, when the wall’s reflection
coefficient is reduced.

Figure 6.7: Background noise of the 4 empty test sections, at U∞ = 20

ms−1 and U∞ = 40 ms−1. Average between the 62
microphones in the array. The angular velocity of the wind
tunnel fan, for each test, is specified in rotations per minute
(RPM).

Figure 6.7 shows the background noise of the empty test sections,
at U∞ = 20ms−1 and U∞ = 40ms−1. Test sections A and C operated
with the wind tunnel fan at a higher angular velocity than B and D, for
reaching the same U∞. Test sections B and D include the top and bottom
flat melamine panels, which reduce the effective cross–sectional area of
the tunnel, without noticeably increasing the pressure loss in the circuit.
For test sections B and D, a lower wind tunnel fan rotational speed, Ω,
is therefore required. As a consequence of the higher wind tunnel fan
power setting, test sections A and C feature the highest background
noise. This result indicates that the aerodynamic background noise
sources produced in the wind tunnel circuit, outside the test section, are
dominant at the array location. These noise sources can be e.g. the
wind tunnel fan, or physical discontinuities throughout the circuit. The
scaling, k, of the aerodynamic noise levels with free-stream velocity was
obtained from:

�

U∞,2

U∞,1

�k

=

�

p′rms,2

p′rms,1

�2

, (6.3)

where p′
rms

was calculated considering the frequencies shown in Fig.

6.7. The high SPL peaks at ƒ = 600Hz, for the measurements
at U∞ = 20ms−1, have been previously identified to originate from
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electrical devices used to power the wind tunnel [11]. The third octave
frequency band centered at ƒ = 630Hz has therefore been filtered out,
for the calculation of k. For the four test sections, k has a value between
4 and 5. This indicates that most aerodynamic noise is generated due
to fluid–solid interaction. A value of k = 8 is considered to be ideal for
aeroacoustic wind tunnels, since it is indicative that jet–noise has the
strongest contribution to aerodynamic noise [22].
Figure 6.7 also shows that installing the wedged melamine Kevlar

side–panels (compare e.g. test sections A and C) reduces the
background noise by approximately 1 − 2dB. This result is consistent
with the lower levels found in the beamforming maps of Fig. 6.6, for
the test sections with lined side–panels. The results of Figs. 6.6 and 6.7
highlight the effectiveness of test section lining solutions, for reducing
the disturbance caused by background noise on acoustic measurements.

6.3.3. ACOUSTIC WIND TUNNEL MEASUREMENTS - WITH flOW

(a) Baseline test section - A (b) Most anechoic test section -

D

Figure 6.8: Acoustic interference caused by the primary reflections,
in the geometric modelling data, for varying free-stream
velocity in the test section. Baseline test section (left), and
most anechoic test section configuration (right). Spectra
obtained from source power integration of the beamforming
maps.

The effect of having the wind tunnel flow–on on the acoustic
measurement of a source inside the test section was initially assessed
with geometric modelling. The simulated spectra of Fig. 6.8 were
obtained from source power integration of the beamforming maps of
simulated data. The results obtained for the baseline (Fig. 6.8a)
and most anechoic (Fig. 6.8b) test sections show that, up to
U∞ = 30ms−1, i.e. at relatively low wind tunnel free-stream Mach
number (M = U∞/c = 0.09), the convection of the sound waves by the
flow does not affect the acoustic interference pattern at the microphone
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array location. At higher Mach number (M = 0.29), the convection
caused by the flow causes a significant shift of the interference pattern.
The intensity of the mirror sources, as perceived by the microphones,
is however not visibly affected, as the magnitude of the interference
peaks remains unchanged.

(a) Baseline test section (b) Melamine on floor and ceil-

ing

(c) Kevlar side-panels (d) Most anechoic test section

Figure 6.9: Acoustic interference caused by the reflections, in the
experimental data. Test sections A (top–left), B (top–right),
C (bottom–left) and D (bottom–right). Spectra obtained from
source power integration of the beamforming maps.

Figure 6.9 shows the SPI spectra obtained experimentally with each
test section configuration, for the free-stream velocities: U∞ = 0ms−1,
U∞ = 20ms−1 and U∞ = 30ms−1. Below 1kHz, the broadband and
the white noise signals emitted by the speaker are relatively low, in
comparison with the background noise. Therefore, the experimental
spectra of Fig. 6.9 in the ranges 500Hz to 800Hz, 800Hz to 1000Hz,
and 1000Hz to 2000Hz correspond, respectively, to the measurements
with the speaker emitting the low–frequency narrow band noise, the
mid–frequency narrow band noise, and broadband noise (see description
of the signals in Sec. 6.2.1).

In agreement with the geometric modelling data, the experimental
data indicates that the magnitude and the frequencies of the acoustic
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interference peaks remain unchanged, at low free-stream velocities.
The spectra of Fig. 6.9 also show that, at U∞ = 30ms−1, there are
frequencies for which the SPL is higher for the flow–on case than at
U∞ = 0ms−1 (most noticeable for ƒ close to 850Hz). This indicates that,
at these frequencies, the background noise is comparable or higher
than the noise levels from the acoustic source. The disturbance caused
by the aerodynamic background noise in the measurement is most
noticeable for the baseline test section configuration (Fig. 6.9a), which
is consistent with the higher background noise levels seen in Figs. 6.6
and 6.7, for this test section.

The results of Figs. 6.8 and 6.9 show that, for aeroacoustics
experiments at relatively low free-stream velocity (M < 0.1), the
disturbance on acoustic measurements caused by reflections in the test
section can be assessed without flow. The limit for which the flow–off
acoustic measurements are valid can be investigated with a geometric
modelling algorithm, based on the mirror–source method.

6.4. CONCLUSION

An experimental campaign was conducted in TU Delft’s closed test
section Low Turbulence Tunnel. Four test section configurations were
tested, as the test section was progressively lined with sound absorbing
treatments. An omnidirectional speaker was used as reference acoustic
source. The resulting acoustic signals were measured with a phased
microphone array. The disturbance in the acoustic measurement of
the source signal was analysed by assessing the effect of reflections
in the test section, reverberation in the wind tunnel, convection of
acoustic waves by the free-stream flow, and aerodynamic background
noise. A geometric modelling algorithm was developed for predicting
the disturbance caused by primary reflections in the test section on
acoustic measurements, for each lining configuration.

The experimental results show that reverberation in the wind tunnel
circuit is reduced with test section lining. Reverberation caused by walls
outside the test section (both upstream and downstream), although
strong, is shown to cause a negligible disturbance in the microphone
array measurements, in the flow–off tests. For the flow–on experimental
measurements, aerodynamic noise originating outside the test section
was identified to be a dominant cause of pressure fluctuations at the
array location. Lining over the test section walls was an effective
approach for reducing the aerodynamic noise reaching the microphones.
The geometric modelling results demonstrate that a strong improvement
of the acoustic capabilities of a wind tunnel can be achieved, by reducing
the reflection coefficient of the test section walls for which there is a
direct reflection path from the source to the microphone array. The
experimental acoustic tests show that the remaining test section walls
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should also be lined, for approaching anechoic conditions in the test
section. The convection of sound waves by the free-stream flow, at
low Mach number (M < 0.1), was demonstrated to cause a negligible
change in the acoustic interference pattern at the microphone array.
Based on the results of this study, it can be concluded that acoustic

reflections in a wind tunnel designed for aeroacoustic studies can be
investigated with a speaker, without flow. The flow conditions for which
the flow–off acoustic measurements are valid should be assessed, e.g.
with a geometric modelling algorithm. Measurements of aerodynamic
background noise should be performed with an empty test section,
and lining can be used to reduce the background noise that reaches
the microphone array. Future studies should investigate the benefits
obtained from lining other sections of the tunnel, such as the diffuser,
for reducing aerodynamic noise in the circuit. The use of higher
fidelity methods for predicting acoustic interference in the test section
is also expected to further help with designing acoustically treated test
sections.



7
SOUND PROPAGATION IN

ACOUSTICALLY DISTURBED

WIND TUNNELS

Sound propagation in closed test section wind tunnels suffers from
reflections and diffraction, which compromise acoustic measurements.
In this article, it is proved possible to improve the post–processing of
phased–array microphone measurements by using an approach based
on the combination of numerical acoustic simulations and beamforming.
A Finite Element Method solver for the Helmholtz equation is used
to model the acoustic response of the experimental facility. The
simulations are compared with acoustic experiments performed at TU
Delft’s Low Turbulence Tunnel, using both fully reflective (baseline)
and lined test sections. The solver accurately predicts the acoustic
propagation from a monopole sound source at the centre of the test
section to the microphones in the phased–array, for frequencies in the
range 500Hz < ƒ < 2000Hz. It is shown that a (lower fidelity) geometric
modelling method is unable to precisely predict the acoustic response of
the Low Turbulence Tunnel at these frequencies, due to strong acoustic
diffraction. The numerical results are used to implement corrections
to the post-processing of experimental data. A corrected version of
the Source Power Integration method is able to increase the accuracy
of the source’s noise levels calculation, based on a single numerical
simulation with the source at the same location as in the experiment. A
Green’s function correction increases the beamforming resolution and
the source’s noise levels estimation accuracy from the beamforming

This chapter is based on the work published in Journal of Sound and Vibration 600

(2025) [160] and in 4TU.ResearchData [161].
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maps, without a priori knowledge of the source’s location. Both
corrections perform well at processing flow–on acoustic measurements,
and the Green’s function correction shows an additional benefit. The
improvement in beamforming spatial resolution leads to an increase of
the signal to noise ratio.

7.1. INTRODUCTION

Most commonly, conventional beamforming takes into account the
sound propagation (through the Green’s function) from a source to an
observer by assuming the source to behave as a free–field monopole.
However, this can lead to errors, when the acoustic propagation is
disturbed by the environment or by its boundaries. Previous literature
has been directed at reducing the effect of non–free–field conditions,
e.g. reflections in the setup, on beamforming results.

Guidati et al. [145] and Fenech and Takeda [146] used a
geometric modelling algorithm to predict and correct for the influence
of mirror–reflections on the propagation of sound in a rectangular
wind tunnel test section. Sijtsma and Holthusen [35] reduced the
influence of specular reflections in the beamforming map with a "Mirror
Minimisation" technique, a correction which is less dependent on the
assumed strength and location of the mirror sources. Fischer and
Doolan [23] improved beamforming in a closed hard–walled wind tunnel
by calculating corrected Green’s functions based on the mirror–source
method and on experimental measurements. The Green’s function
obtained experimentally achieved better results, however, it requires a
complex measurement procedure. The experimental Green’s function
had to be measured for each beamforming scan grid location. Gombots
et al. [162] used a Finite Element Method (FEM) for estimating the
Green’s function of sound propagation in a disturbed environment,
which has been shown to be accurate for identifying and quantifying
sources simulated numerically. Lehmann et al. [163] also employed a
numerical method, the Boundary Element Method, for calculating the
acoustic Green’s function in a disturbed environment. The numerical
Green’s function has been shown to improve the beamforming maps of
experimental data, measured with a setup representative of a fan in a
heat exchanger, e.g., by reducing the main lobe width.

Preceding literature has, however, not yet been able to demonstrate
that a numerically obtained Green’s function correction improves the
estimation of an experimental source’s noise levels. In this study,
simulations of an acoustic source inside a wind tunnel test section were
done with a FEM solver for the Helmholtz equation. The numerical results
are validated with an acoustic experiment carried out at TU Delft’s LTT
wind tunnel, described in 3.1.1. Following, two methods are proposed
for correcting the acoustic experimental results, making use of the FEM
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simulations. In the first method, the Green’s function is corrected,
similarly to the approach employed in literature, e.g., [162, 163]. In the
second method, only the Source Power Integration (SPI) step is modified,
making use of prior knowledge of the source location. SPI is a technique
commonly used to estimate source noise levels from beamforming maps
[92]. The second method removes the need of having to compute
the Green’s function in the entire test section, or at the beamforming
scan plane. To quantify the benefits achieved with each correcting
method, an experimental measurement of the source in an undisturbed
environment is used as reference. To the authors’ knowledge, this is the
first time that the approach of lining a closed wind tunnel test section is
combined with the approach of numerically simulating the wind tunnel’s
acoustic response, for improving the experimental beamforming results.

The study is structured as follows. Section 7.2 describes the method-
ology employed in the study, including the computational approach, the
experimental campaign, and the post–processing methods. Section 7.3
covers the validation and verification of the results presented. Section
7.4 describes the dominant acoustic phenomena present in the wind
tunnel test section, based on the computational solutions. Section
7.5 presents the results obtained after implementing the numerically
obtained corrections for processing the experimental data with beam-
forming. The discussion of the applicability of the post-processing
methodology proposed in this paper to flow–on measurements is pre-
sented in Sec. 7.6. Finally, Sec. 7.7 highlights the main conclusions
from the study.

7.2. METHODOLOGY

7.2.1. NUMERICAL MODELLING OF SOUND WAVE PROPAGATION

The acoustic propagation inside the LTT test section was predicted with
the FEM solver described in Sec. 3.3.2. This study evaluates each test
case for the acoustic frequencies in the range 300Hz ≤ ƒ ≤ 2000Hz, with
steps of Δƒ = 10Hz.

NUMERICAL SETUP

Figure 7.1 shows the numerical setups defined for understanding
the acoustic behaviour of the different wind tunnel test section (TS)
configurations. Figure 7.1a shows the setup defined for the reference
simulation, the simulation of a free-field monopole source. The acoustic
domain has a cylindrical shape, with streamwise (–direction) length
Lc = 1.65m and radius Rc = 1.8m. Reflections at the boundary of the
simulation domain were avoided by defining Perfectly Matched Layer
(PML) regions, where outgoing waves are dampened. The thickness
of the PML regions depend on the acoustic wavelength, λ, of each
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(a) Free–field (b) Baseline test section (c) Fully lined test section

Figure 7.1: Numerical setup used for the Finite Element Method acoustic
simulations: setup defined for the simulation of a free-field
monopole (left), setup of the baseline wind tunnel test
section (centre) and setup of the fully lined test section
configuration (right).

simulation: LPML = 2λ. As in [28], this approach allowed for the
simulation of an acoustically open domain [88].

The monopole source is a sphere of radius 0.02m, placed at the centre
of the cylindrical domain, with coordinates (s, ys, zs) = (0,0,1.05)m.
Only half of the sphere is simulated, as a symmetry boundary condition
is placed at the streamwise plane that passes through the centre of the
source. This plane is defined by  = 0. The microphone array used to
measure the source’s noise levels in the simulation is placed at z = 0

and is confined within −0.4m < y < 0.4m and  < 0.8m.

The vertical and spanwise coordinates of the 62 microphones that
make up the array are the same as in the wind tunnel experiment
(described with more detail in Sec. 7.2.3). The streamwise coordinates
of the simulated array are simulation = |experiment|, where |·| is the
modulus, so that all microphones have a positive streamwise coordinate,
and are thus placed inside the simulation domain. A rectangular box is
seen in Fig. 7.1a which encloses the microphone array. The box has been
exclusively defined for increasing cell refinement at the measurement
location.

Figure 7.1b shows the simulation setup of the baseline wind tunnel
test section. The test section has an octagonal shape with a constant
angle between walls of 135°. The test section’s height, spanwise
width and streamwise (half) length are hTS = 1.25m, TS = 1.8m and
TS/2 = 1.4m. TS is larger in the simulation than in the experiment
to allow for the assumption that the simulated test section is infinite
in the streamwise direction, from the perspective of the microphone
array (see description of the post–processing technique in Sec. 7.2.4).
Figure 7.1c shows the setup of the fully lined test section configuration.
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The floor and ceiling are lined with 3cm thick melamine panels, simply
placed over the baseline floor and ceiling (seen in Fig. 7.1b). The side
panels are lined with 5cm thick melamine, installed in panels which are
mounted on the walls, effectively increasing the fluid volume inside the
test section. The melamine side panels are enclosed (on 5 sides) by
walls, where the sound hard wall boundary condition is imposed. Sound
reflections still occur at these walls, mainly at lower frequencies. The
sound absorption characteristics of Melamine foam panels with 3cm
and 5cm thickness placed over a solid wall are dictated by Melamine’s
viscous resistivity, R = 9kPasm−2, and are detailed in Ref. [156].

Table 7.1 describes the different setups evaluated in this study.
The Reference, Test section A and Test section D simulation domains
are shown, respectively, in Figs. 7.1a, 7.1b and 7.1c. B and C are
configurations with intermediate lining, between the baseline (A) and the
fully lined (D) cases. Besides simulating the complete test sections, the
dominance of specular reflections and diffraction was also evaluated by
performing simulations with a reduced number of wind tunnel walls. This
is done in order to isolate each of the dominant acoustic phenomena.
For these simulations, the domain streamwise length and the walls’
half streamwise length were reduced, respectively, to Lc = 1.25m
and /2 = 1m. The remaining setup geometrical characteristics and
boundary conditions, as shown in Fig. 7.1, are uniform for all setups
described in Table 7.1.

Table 7.1: Numerical setups designed for the FEM simulations of a
monopole sound source.

Setup
Bottom and Side–panels
top 3cm lined with

designation Details melamine lining 5cm melamine

Reference Free–field monopole - -

Test section A Baseline section - -
Test section B Lined section ✓ -
Test section C Lined section - ✓

Test section D Fully lined TS ✓ ✓

2 walls Floor and opposite wall - -
3 walls Floor, ceiling and opposite wall - -

Walls Corner(s) between the floor/ - -
+ corner(s) ceiling and opposite wall

Walls Being edges the angled
- -+ edge(s) walls between floor/ ceiling

and the array

DISCRETIZATION

Figure 7.2 shows the coarse computational grid generated for studying
the response of the fully lined test section, with the source emitting
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Figure 7.2: Computational grid generated for the numerical simulation
of test section D, the fully lined configuration. Element size
correspondent to the simulation of the source emitting noise
at ƒ = 1kHz, with the coarse grid settings. The elements
coloured with blue represent the melamine lining regions
over the floor and ceiling, and the elements coloured with
yellow represent the lined side–panels.

noise at 1000Hz. The figure shows that the grid is unstructured, except
for the PML domains, where a swept grid was introduced. For each
computed frequency, the size of the mesh elements was defined based
on the sound wavelength, λ. For the medium grids, the cell size has
been defined to be not larger than λ/5. Regions of increased refinement
include the inner walls of the test section, the acoustic source and the
porous media. The region where the microphones are located have cells
smaller or equal to λ/20, in order to avoid complex interpolations (i.e.
non-linear interpolations) between cell elements during post-processing.
A grid refinement study was conducted to find the optimum grid
refinement. For the coarse and fine grids, the cell length settings of the
medium grid were divided by 0.75 and 1.5, respectively. The results of
the grid dependence study are discussed in Sec. 7.3.1.

7.2.2. GEOMETRIC MODELLING

The GM algorithm described in Sec. 3.2 is used to understand
the influence of specular reflections in the acoustic behaviour of the
octagonal wind tunnel test section. The comparison with FEM allows for
the understanding of how the remaining acoustic phenomena, such as
diffraction, alter the test section’s acoustic behaviour.

The specular reflections on the three larger walls of the test section
(floor, ceiling and wall opposite to the array) are modelled as a
mirror–source, as shown in Fig. 7.3. Primary, secondary and tertiary
reflections refer to waves which reflect over one, two or three walls on
the path between the source and a microphone. As in the numerical
(FEM) setup, the microphones in Fig. 7.3 are located slightly (15cm)
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Figure 7.3: Setup of the geometric modelling simulations. The reflections
on the three largest test section walls (floor, ceiling and wall
opposite to the array) are modelled with the mirror–source
model.

outside the test section in the z direction. This is done in order to
replicate the experimental installation of the microphone array. The
experimental setup is detailed in the following sub–section.

7.2.3. EXPERIMENTAL VALIDATION CASE

The wave propagation modelling method described in Sec. 7.2.1 has
been validated against measurements taken at the LTT wind tunnel,
at TU Delft. This wind tunnel is introduced in Sec. 3.1.1 and the
experimental campaign is described in Sec. 6.2.1.

All 4 LTT test section configurations described in Table 6.1 have been
analysed in this study. The experimental data analysed corresponds
to measurements taken with the following free–stream velocities in the
test section: U∞ = 0ms−1, U∞ = 20ms−1 and U∞ = 30ms−1.

ACOUSTIC MEASUREMENTS

The LTT acoustic array is described in Sec. 3.1.2 and shown in Fig.
3.4a. The campaign’s measurement procedure is detailed in Sec.
6.2.3. The main difference between the experimental and the numerical
microphone array setups is that the simulated microphones are placed
as free–field microphones, i.e., without the lined plate holder and without
the Kevlar sheet (shown in Fig. 3.4b). The lined holder can cause an
offset in the measured absolute noise levels at low frequencies, but this
offset is negligible when evaluating the difference between the noise
spectra of two test cases, e.g. the difference between the reference
simulation and the simulation with a test section.

The influence of the Kevlar panel on the measurements was verified
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by performing an additional measurement of the speaker noise with test
section C without the Kevlar panel, i.e., with an open wall, as shown in
Fig. 3.4a. This was possible since this measurement was taken at 0
free–stream velocity.

7.2.4. POST-PROCESSING ALGORITHMS

The numerical microphone data was extracted for each frequency,
as the simulations were done with the frequency domain formulation.
The experimental microphone data was instead measured in the time
domain. The experimental microphone signals were converted to the
frequency domain with the Welch’s method [159]. The 20s signals
were divided into windows of 0.1 s, with a 50% overlap. Each window
was multiplied by the Hanning function. The following steps in the
post–processing were equally applied to both the experimental and the
numerical microphone data, in the frequency domain.
As in Chapter 6, acoustic interference in the test section was

quantified as the difference between the measurements in the
reverberant environment and the reference speaker measurement, ΔSPL
(see Eq. 6.2).

CONVENTIONAL BEAMFORMING

The experimental and simulated acoustic data from the microphone
array were processed with conventional beamforming, which has been
introduced in Sec. 3.4.
In this study, the diagonal of the beamforming CSM (see Eq. 3.12),

i.e., the auto–powers, has been kept for the processing of the purely
acoustic results (flow–off), i.e. the results presented in Secs. 7.3, 7.4
and 7.5, and has been removed for obtaining the results presented in
Sec. 7.6, relative to the flow–on test cases. Furthermore, for the flow–on
cases, Δtj,n (see Eq. 3.11) was recalculated taking into account the flow
convection of sound waves.
For beamforming, the acoustic data were processed considering a 2D

scan grid parallel to the array. The 2D grid is at a 1.05m distance from
the array, and passes through the spanwise centre of the test section,
i.e., through the speaker location. After calculating the beamforming
maps, the speaker noise levels were obtained with the Source Power
Integration (SPI) method, previously described in Sec. 3.4.2.
Figure 3.6 shows a beamforming map of the reference speaker

measurement. A 24×24cm2 SPI region is illustrated. This SPI region was
used in this study to estimate the noise levels from the beamforming
maps obtained with the free–field Green’s function.
For the experimental beamforming maps calculated with a corrected

Green’s function, a 2×2cm2 SPI region was considered. The reason
is that correcting the Green’s function influences the resolution of the
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beamforming map. Equation (3.15) should not be used for integrating
noise levels in regions of the scan plane where the experimental
beamforming map (present on the numerator of Eq. (3.15)) has a
different resolution than the simulated beamforming map (present on
the denominator of Eq. (3.15)). This issue can also be overcome
by simultaneously using the Green’s function correction and the SPI
correction, both described in the following sub–section.

CORRECTIONS TO THE EXPERIMENTAL RESULTS

The numerical method described in Sec. 7.2.1 was used to model the
acoustic behaviour of a source inside closed wind tunnel test sections.
The numerical results were used in this study to correct the experimental
measurements taken in the LTT, in order to make these acoustic results
closer to the reference measurement of the source (the omnidirectional
speaker). Two methods were tested for improving the post–processing
of experimental data. The first focuses on refining the Green’s function
used for beamforming (see Eq. (3.11)). The second is based on changing
the denominator of Eq. (3.15), in this way improving the SPI method.

The reference numerical simulation models a free–field monopole
source. Therefore, the propagation in this simulation follows the Green’s
function described by Eq. (3.11). However, for the simulations where
the wind tunnel test section is present, the propagation of sound is
altered. For each numerical simulation, p′

s,o
(ƒ ) is the pressure fluctuation

at the observer position o, when the source is located at s. p′
s,o
(ƒ )

is complex valued and, therefore, contains both magnitude and phase
information. For each o and s, the Green’s function of a monopole inside
the simulated wind tunnel test section (i.e. in non-free field conditions)
is then:

gs,o (WT, corrected) = gs,o (free–field)

p′
s,o
(ƒ )WT simulation

p′
s,o
(ƒ )Ref. simulation

. (7.1)

Equation (7.1) was used for correcting the Green’s function used
for post–processing the experimental acoustic measurements with
beamforming. This correction requires that the Green’s functions of
sound propagation in the experimental and numerical wind tunnel
setups are equivalent. This is true when the computational modelling of
the experimental setup is accurate. The validation of the simulations is
discussed in the following Section.

To correct the Green’s function, gs,o (WT) is calculated for all
beamforming scan plane positions. The beamforming map of Fig. 3.6
was generated for scan plane positions spaced by 0.01m, i.e., 24000
positions. The most straight–forward approach for calculating gs,o (WT)

for the entire scan plane is to perform simulations with the source at
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each scan plane position. However, this is computationally expensive.
Three assumptions were made to reduce the number of simulations
required. Firstly, the wind tunnel setup was considered to be symmetric
in the vertical direction, with respect to the horizontal plane which
passes by the source, the plane y = 0. In this way, simulations were
performed for source locations defined by ys ≥ 0. To obtain the value
of gs,o (WT) for ys < 0, the observer and source’s vertical coordinates
were instead mirrored: y′

s
= −ys and y′

o
= −yo (see sketch in Fig. 7.4a).

This first consideration reduces the number of numerical simulations
required to approximately half. Secondly, the test section walls were
defined (in the numerical setup) with constant y and z coordinates,
leading to a constant test section area with respect to the streamwise
direction (whereas the experimental test section walls feature a slight
expansion). The simulated test section was also assumed to be infinite,
in the streamwise direction. To increase the validity of this assumption,
the streamwise test section length was increased in the simulation.
As described previously, the test section had been assumed to be
symmetric with respect to  = 0. Based on these assumptions, it
was possible to run simulations exclusively for source positions at the
streamwise centre of the test section, s = 0. To obtain the value of
gs,o (WT) for s ̸= 0, the observer’s streamwise coordinate was instead
moved: ′

s
= 0 and ′

o
= |s − o| (see sketch in Fig. 7.4b). Thirdly,

p′
s,o
(ƒ )WT simulation and p′

s,o
(ƒ )Ref. simulation were assumed to vary linearly,

for relatively short variations of the source’s vertical position. The
simulations were done for source locations spaced by Δys = 0.04m.
For scan plane locations at a vertical location which had not been
simulated, p′

s,o
(ƒ )WT simulation and p′

s,o
(ƒ )Ref. simulation were estimated by

linear interpolation. With this approach, it is possible to obtain gs,o (WT)

for the scan plane seen in Fig. 3.6 by simulating the source at 16
different locations, instead of 2400. In this study, the computational
cost was further decreased by reducing the scan plane to 0.8×0.32m2.
The second correction validated in this study was a correction to the

SPI method. This was implemented by correcting the denominator in Eq.
(3.15):

A
�

ξj
�

sim., correction
=
g∗
j(free–field)

(pp∗)FEMgj(free–field)

∥gj(free–field)∥b
, (7.2)

where (pp∗)FEM is the cross–spectral matrix calculated from the
numerical acoustic data. Considering the properties of the logarithmic
function, the corrected SPI for a source inside the test section can
equivalently be calculated from:

SPLSPI corr. = (SPLWT)SPI, Exp. − (SPLWT)SPI, FEM. . (7.3)

In this study, each correction was tested separately, i.e., the SPI
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(a) Mirror plane at y = 0 (b) Constant section – stream-

wise direction

Figure 7.4: Method of calculating the Green’s function. Mirror with
respect to y = 0 (left) and assumption that the test section is
constant and infinite in the streamwise direction (right).

correction was applied to process beamforming data obtained with the
free-field Green’s function. This was done to evaluate the benefits
from the two correction methods separately. The two corrections may,
however, be used simultaneously, which can be beneficial when the SPI
area is relatively large, as previously mentioned.

SUMMARY OF THE PROPOSED APPROACH

The diagram of Fig. 7.5 summarizes the methodology proposed in this
paper for improving the post–processing of experimental acoustic data
obtained in a disturbed environment, e.g., a closed test section wind
tunnel. The numerical FEM setup is discussed in Sec. 7.2.1, and the
acoustic wind tunnel experimental setup is described in Sec. 7.2.3.
The measurement (or extraction) of the pressure fluctuations from the
FEM results is discussed in Sec. 7.2.4, along with the calculation of
the corrected Green’s function. The beamforming and (uncorrected) SPI
methods are introduced in Sec 7.2.4. The correction to the SPI method
is described in Sec. 7.2.4.

The two alternative paths tested in this study (black and blue paths
in Fig. 7.5) represent, respectively, the proposed Green’s function
correction and the proposed SPI correction. The dashed lines suggest
possible alternatives to the methodology validated in this paper.

7.3. VALIDATION

7.3.1. GRID DEPENDENCE STUDY

Figure 7.6 shows the results from the grid dependence study of the
FEM simulations. Results are shown for the baseline test section (A)
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Figure 7.5: Summary of the methodology proposed, for using FEM
simulations to improve the post–processing of experimental
acoustic data collected in a disturbed environment. The
black and blue arrows refer to the two approaches suggested
and validated in this paper.

and for one of the lined configurations (B). For each test section,
three simulations with increasing grid refinement were carried out (grids
previously described in Sec. 7.2.1). The fine grid simulations were
computed for fewer frequencies, by setting ΔƒFine = 20Hz. For the
baseline test section, the numerical calculations with the medium and
fine grids had equivalent results (Fig. 7.6a), while differences are visible
for the coarse one. For the lined test section, it can be seen that the
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(a) Spectra TS A (b) Spectra TS B

(c) Overall noise level

Figure 7.6: Grid dependence study of the FEM simulations: spectra of
the Baseline test section A (top-left); spectra of the lined
configuration B (top-right); and overall noise level, for both
test sections (bottom). Spectra obtained from Source Power
Integration of the conventional beamforming maps, within
a 24 × 24cm2 region. The overall noise level is obtained
from the SPI spectra, considering frequencies in the range
300Hz ≤ ƒ ≤ 2000Hz, with steps of Δƒ = 20Hz. ΔSPL as
defined in Eq. (6.2).

spectra matches for all three grids (Fig. 7.6b).

The dependence of the overall noise levels with respect to grid
refinement is shown in Fig. 7.6c. The quantity analysed, p′


, is obtained

by integrating the noise levels shown in the spectra of Figs. 7.6a and
7.6b, for each grid resolution . The convergence of p′


is analysed

with respect to the relative cell size between each grid and the fine
resolution grid, h/hfine. Based on the lined test section results, p′


is not

expected to vary from the coarse grid to a grid with finer resolution, i.e.,
with h/hfine approximating 0. For the baseline test section, Fig. 7.6c
highlights the large difference in result between the coarse grid and the
remaining grids.
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Based on the results of Fig. 7.6, the resolution of the coarse grid was
deemed sufficient to simulate the lined test sections. For the baseline
test section, however, it was concluded that the medium resolution had
to be used. For the simulations with a reduced number of walls, the
medium refinement was also selected.

7.3.2. REflECTIONS THROUGHOUT THE WIND TUNNEL CIRCUIT

Figure 7.7: Acoustic interference caused by the reflections: difference
between the measurement inside the test section and
the reference speaker measurement. Comparison between
installed and uninstalled test section, from experimental
data, for test section C. Spectra obtained from Source Power
Integration of the conventional beamforming maps, within a
24 × 24cm2 region.

The simulations of the acoustic behaviour of a source inside the wind
tunnel were made by modelling the test section. However, this approach
does not account for possible contamination caused by reflections in
the remaining sections of the wind tunnel circuit. In order to quantify
this disturbance, an additional acoustic test was made. One of the
lined test sections (test section C) was removed from the wind tunnel
circuit, and placed in a large room, where reverberation is negligible.
The reverberation in this room and in the LTT circuit was quantified and
discussed in more detail in Ref. [156]. The acoustic measurements
conducted with test section C installed in the wind tunnel circuit and
placed outside the circuit were compared. The results are shown in Fig.
7.7. The resulting spectra show negligible differences between the two
cases. This indicates that, when the experimental phased–array data is
processed with beamforming, the reflections in the wind tunnel circuit,
outside of the test section, have a negligible influence in the resulting
spectra. Therefore, it is assumed sufficient to model the test section,
with the numerical acoustic solver.
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7.3.3. VALIDATION OF THE FEM SIMULATIONS

(a) Test section A – baseline (b) Test section B – lined

(c) Test section C – lined (d) Test section D – fully lined

Figure 7.8: Validation of the numerical acoustic simulations. Comparison
between the simulated and experimental spectra, for the
test cases with a monopole source at the centre of each test
section. Spectra obtained from Source Power Integration of
the conventional beamforming maps, within a 24 × 24cm2

region.

To validate the FEM numerical method, the simulated acoustic spectra
were compared against the experimental ones. The comparison was
done for the test cases with the monopole acoustic source inside each
of the four test sections. The experimental data from test section C
was obtained with and without the Kevlar wall placed in front of the
microphone array, as discussed in Sec. 7.2.3. During the experimental
measurements with test sections A, B and D, the Kevlar panel remained
installed. The spectra were obtained from SPI of the conventional
beamforming maps. Figure 7.8 shows the results. These spectra were
calculated with a 24× 24cm2 SPI region, although the spectra calculated
with a smaller integration region, of 2 × 2cm2, are identical.

The agreement between experiment and simulation is very good for
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all test cases, for frequencies above 500Hz. At lower frequencies,
the agreement is poorer due to differences between the experimental
and numerical setups, which are associated with the assumptions
previously discussed in Sec. 7.2.3. Figure 7.8c shows that the Kevlar
panel is partially responsible for this difference between experiment
and simulations at lower frequencies. The result appears to deviate
from results reported in literature, where the acoustic transmission
loss through Kevlar, without a grazing boundary layer, is shown to be
negligible below 2kHz [57]. This deviation is assumed to be due to
the finite size of the Kevlar sheet and of the tunnel opening where
it is installed (see Fig. 3.2a). This non–ideal installation causes an
increase of the acoustic disturbance at ƒ < 500Hz, where diffraction
is a relevant phenomenon (see discussion of Sec. 7.4.2). Due to
the challenging comparison between experiments and simulations at
low frequencies, the methodology proposed in this paper for improving
the post–processing of experimental data based on the FEM results is
applied for ƒ ≥ 500Hz (results of the improved methodology presented
in Secs. 7.5 and 7.6).

Figure 7.8 also shows that the best agreement between experiment
and simulation was found for test section B (Fig. 7.8b). As
mentioned in the previous section, this is the case for which the lining
was most accurately modelled in the simulation: the side panels’
wedged–melamine lining was simplified to flat melamine lining, for
simulating test sections C and D (Figs. 7.8c and 7.8d). Figure 7.8a shows
that the simulation of the baseline section captures sharper acoustic
interference peaks than seen in the experimental result, possibly
explained by the limited experimental measurement time (detailed in
Sec. 7.2.4).

7.4. KEY ACOUSTIC PHENOMENA

The present section identifies the dominant acoustic phenomena which
occur inside the octagonal LTT test section. Section 7.4.1 discusses the
significance of mirror reflections in the test section, Sec. 7.4.2 describes
the disturbance caused by diffraction on the test section’s acoustic
response, and Sec. 7.4.3 analyses the acoustic absorption which occurs
in the lined configurations.

7.4.1. MIRROR REflECTIONS

The relevance of mirror reflections on the acoustic interference at the
microphone array location was analysed by simulating a reduced number
of test section walls, both with the FEM solver and with the geometric
modelling algorithm. The acoustic interference results, obtained from
beamforming of the synthetic data, are shown in Fig. 7.9. Figure 7.9b
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(a) Setup (b) Spectra: 2 walls (c) Spectra: 3 walls

Figure 7.9: Acoustic interference caused by specular reflections in the
(fully reflective) test section, simplified to a reduced number
of walls. Simulation setup (left), and comparison between
FEM and geometric modelling of the two walls (centre) and
three walls (right) cases. Spectra obtained from Source
Power Integration of the beamforming maps of the simulated
data, within a 24 × 24cm2 region.

shows that the reflections on the floor and opposite wall can be modelled
by considering three mirror sources, i.e. by including the secondary
reflection. The result shows that, for the two walls’ setup (see Fig.
7.9a), specular reflections are dominant with respect to diffraction. The
spectra shown in Fig. 7.9c indicates that the tertiary reflections should
also be modelled for predicting the disturbance caused by specular
reflections, in the three walls case.

This GM algorithm does not account for diffraction and diffuse
reflections, thus it can only approximate the behaviour of the three
main walls of the LTT test section. However, the FEM spectrum shown
in Fig. 7.9c (3 main LTT walls) is considerably different from the spectra
of Fig. 7.8a, i.e., the spectra for the baseline LTT test section. This
indicates that the mirror source–method is insufficient for accurately
predicting the acoustic response of the LTT’s test section, even if an
infinite number of mirror reflections is considered.

7.4.2. DIFFRACTION

The present section analyses the disturbance caused by acoustic
diffraction inside the LTT test section. This effect is visible in Fig. 7.10,
where the acoustic fields of the two walls FEM simulations are shown,
for the frequencies ƒ = 500Hz and ƒ = 2000Hz. The acoustic fields are
taken at the  = 0 plane, from the FEM simulations. The two walls’
acoustic fields are compared with the case where a 45° angled edge is
added to the floor wall, close to the array (see Figs. 7.10b and 7.10e),
and to the case where a 45° angled corner is added, between the floor
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(a) 2 Walls, 500 Hz (b) + Edge, 500 Hz (c) + Corner, 500 Hz

(d) 2 Walls, 2000 Hz (e) + Edge, 2000 Hz (f) + Corner, 2000 Hz

Figure 7.10: Acoustic fields of the test cases with the floor and with the
wall opposite to the array. Simulations of the 2 walls case
(left), 2 walls with an angled edge (centre), and 2 walls
with the angled corner (right). Calculations with the source
emitting noise: at 500Hz (top); and at 2000Hz (bottom).
Acoustic fields at the  = 0 plane, obtained from the Finite
Element Method simulations. SPL2 walls is the acoustic field
of the 2 walls case (left), which in this figure is considered
as reference.

and the wall opposite to the array (see Figs. 7.10c and 7.10f). In the
test cases analysed in the previous sub–section (Fig. 7.9), each wall
could be substituted by its mirror reflections. However, the additional
angled edge and corner, which are part of the LTT test section, cannot
be simulated with a geometric modelling algorithm (either the mirror
source method or ray tracing), as there is no direct path from the
primary reflections on these walls to the microphone array.

Figures 7.10b and 7.10c show that, at ƒ = 500Hz, the primary
reflections on the angled walls lead to a considerable disturbance in
the entire acoustic field. Acoustic diffraction leads to the propagation
of reflected waves to locations for which there is no direct specular
reflection path, including to the microphone array location. This is also
a strong indication that, at low frequency (e.g. 500Hz), the LTT test
section’s acoustic response cannot be modelled with a (lower fidelity)
geometric modelling algorithm. Figures 7.10e and 7.10f show that, at
higher frequency, reflections on the angled walls become closer to what
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can be predicted with geometric modelling, i.e. by drawing the specular
reflections path.

(a) 2 walls (b) 3 walls

Figure 7.11: Acoustic interference caused by specular reflections in the
(fully reflective) test section, simplified to a reduced number
of walls. Comparison between the baseline 2 walls (left)
and 3 walls (right) cases and the cases where angled edges
and corners are added to the FEM setup. Spectra obtained
from Source Power Integration of the beamforming maps of
the simulated data, within a 24 × 24cm2 region.

Figure 7.11 quantifies the change which occurs in the SPI spectra by
adding the angled edges and corners to the two and three walls test
cases. Figure 7.11a shows that, for the 2 walls case, the disturbances
caused by the edge and corner are limited to low frequencies,
ƒ < 1000Hz. For the 3 walls case, the number of reflections which
reach the array becomes infinite, and the disturbance caused by edges
and corners increases. For this reason, the spectra in Fig. 7.11b are
dissimilar for all frequencies analysed. Still, the highest differences with
respect to the baseline 3 walls case are found for low frequencies, i.e.,
for ƒ < 1000Hz, where diffraction is more relevant.

7.4.3. WAVE ABSORPTION BY LINING

Figure 7.12 shows the acoustic field inside each test section, with the
simulated source emitting noise at the frequency ƒ = 1000Hz. Figure
7.12a indicates that, inside the baseline test section, the sound wave
pattern is largely dominated by specular reflections. In the region
where the microphones are placed, the waves appear to display a
curvature around the test section opening, highlighting the importance
of sound diffraction. Figures 7.12b, 7.12c and 7.12d show the difference
in acoustic field between each lined test section and the baseline
configuration. The figures clearly show that, as the lining over the walls
is increased, the acoustic energy inside the test section is reduced.
However, lining the test section walls also changes the acoustic
interference pattern. For this reason, there are also locations inside
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Figure 7.12: Acoustic field inside each of the LTT test sections: baseline
section A (top-left); test section B, with lining on the
floor and ceiling (top-right); test section C, with lined
side–panels (bottom-left); and fully lined test section D
(bottom-right). Calculations with the source emitting noise
at 1000Hz. Acoustic fields at the  = 0 plane, obtained
from the FEM simulations. SPLBaseline TS is the acoustic field
of the baseline test section (top-left), which in this figure is
considered as reference.

each of the lined test sections where acoustic energy at ƒ = 1000Hz is
higher than for the baseline case. This result highlights the need to
accurately model reflections inside each lined test section, e.g., with a
high fidelity numerical tool, as demonstrated in this study.
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7.5. IMPROVEMENTS TO THE BEAMFORMING TECHNIQUE

7.5.1. SOURCE IDENTIfiCATION WITH BEAMFORMING
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Figure 7.13: Beamforming maps obtained from the simulation of a
source at the centre of test section B, which is lined on the
floor and ceiling. Beamforming with the free-field Green’s
function (top) and with the corrected Green’s function
(bottom). Third–octave bands centered at 630Hz (left),
1000Hz (center) and 1600Hz (right). Maps calculated with
the ∥g∥2 beamforming formulation.

The improvement of beamforming resolution in an environment
disturbed by reflections, by correcting the (free–field) Green’s function,
is evaluated for the beamforming formulations with b = 2 and b = 4 (see
Eq. (3.12)). Figure 7.13 shows the beamforming maps calculated from
numerical data, correspondent to the simulation of a source inside test
section B (lined floor and ceiling). The maps were obtained with the ∥g∥2

beamforming formulation, i.e. with b = 2. The maps calculated with
the uncorrected free–field Green’s function are shown in Figs. 7.13a,
7.13b and 7.13c, whereas the maps obtained with the corrected Green’s
functions are shown in Figs. 7.13d, 7.13e and 7.13f. The results show a
clear increase in beamforming resolution in the vertical direction. The
reason for the high increase in resolution in the vertical direction is
that the noise source inside the test section is aligned with its mirror
reflections in the same direction (floor and ceiling reflections). The
increase in resolution is noticeable for all frequencies tested.

The beamforming data of Fig. 7.13, at the source plane lines  = 0 and
y = 0, can be analysed in more detail with Fig. 7.14. The figure clarifies
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(a) Streamwise direction (b) Vertical direction

Figure 7.14: Resolution of the beamforming maps obtained with the
free–field and with the corrected Green’s functions. Reso-
lution in the streamwise direction (left) and in the vertical
direction (right). Synthetic data from the FEM simulation of a
source at the centre of test section B. Results shown for the
third–octave frequency bands centered at ƒcenter = 630Hz
and ƒcenter = 1600Hz.

that there is a strong increase in resolution in the vertical direction,
whereas the resolution in the streamwise direction sees a negligible
change when the Green’s function is corrected. The streamwise
resolution does not improve with this correction since all simulated
tunnel walls are parallel with the streamwise direction vector, i.e., there
is no mirror source that can be placed at a different streamwise location
than the source, for describing the acoustic problem.

The beamforming of microphone data from the simulation of a
monopole at the centre of test section B, with the ∥g∥4 beamforming
formulation, is shown in Fig. 7.15. For high frequencies, these results
also show an increase in beamforming resolution when the corrected
Green’s function is used. However, the formulation with ∥g∥4 leads to
higher side–lobes in the beamforming map. Figure 7.15d shows that,
for the third–octave band centered at ƒcenter = 500Hz, the side–lobes’
noise levels are higher than the noise levels of the primary source. At
ƒcenter = 500Hz, it is therefore impossible to identify the noise source,
when the correction is used. This does not occur for the beamforming
map with the free–field Green’s function. Figure 7.15 therefore shows
the disadvantage of the ∥g∥4 beamforming formulation for processing
acoustic data measured in a disturbed environment. The finding is
in agreement with the results presented in Ref. [164], where similar
Green’s functions were implemented (formulations I and II of Ref. [164])
for localising an isolated source in an undisturbed environment, within a
three–dimensional beamforming scan plane. In Ref. [164], formulation II
of the Green’s function, which is equivalent to the formulation with ∥g∥4

in this study, was shown mathematically to not lead to a local maximum
at the physical location of the source, in the beamforming map.



7.5. Improvements to the beamforming technique

7

143

(a) gfree-field;

ƒcenter = 630Hz

(b) gfree-field;

ƒcenter = 1000Hz

-8

-4

0

(c) gfree-field;

ƒcenter = 1600Hz

(d) gcorrected;

ƒcenter = 630Hz

(e) gcorrected;

ƒcenter = 1000Hz

-8

-4

0

(f) gcorrected;

ƒcenter = 1600Hz

Figure 7.15: Beamforming maps obtained from the simulation of a
source at the centre of test section B, which is lined on the
floor and ceiling. Beamforming with the free-field Green’s
function (top) and with the corrected Green’s function
(bottom). Third–octave bands centered at 630Hz (left),
1000Hz (center) and 1600Hz (right). Maps calculated with
the ∥g∥4 beamforming formulation.

As the beamforming formulation with ∥g∥2 is found to provide a more
accurate source localisation, this formulation was used to localise the
noise source in the experimental data. Test section B is the case
for which the numerical simulations give the best agreement with
experiments (see discussion of Fig. 7.8), and is therefore the case
analysed in Fig. 7.16. The figure compares the beamforming maps of the
free–field case with the beamforming map of the omnidirectional source
inside the lined test section. For the free–field test case, the figure shows
both the beamforming Point Spread Function (PSF) of the free–field
Green’s function and the beamforming maps of the experimental
reference measurement. This figure clearly shows that the proposed
methodology is capable of increasing beamforming resolution during
the post–processing of experimental data in a disturbed environment.
The increase in resolution is observed in the direction where the direct
source is aligned with its mirror reflections, i.e., the vertical direction, in
this case.
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Figure 7.16: Point Spread Function of the microphone array, calculated
with the free–field Green’s function (top); and beamforming
maps obtained from the experimental measurements of a
source in an environment with low reverberation (center),
and at the centre of test section B, which is lined on the
floor and ceiling (bottom). Third–octave bands centered at
630Hz (left), 1000Hz (center) and 1600Hz (right). Maps
calculated with the ∥g∥2 beamforming formulation.

7.5.2. DETERMINATION OF THE SOURCE POWER LEVELS

The Green’s function correction is shown to improve source localisation
with beamforming. Simultaneously, it is important to evaluate the
accuracy of the estimate of the source levels, when the correction is
used. The error in source level’s estimation, when using the free–field
Green’s function, can be seen in Fig. 7.8. The spectra obtained with
the corrected Green’s functions, for each test section, is shown in
Fig. 7.17. As mentioned previously, ΔSPL(ƒ ) = 0 represents a noise
level estimation equal to the noise level calculation from the reference
measurement, i.e., ΔSPL(ƒ ) = 0 indicates a correct estimation. The figure
shows that, when the ∥g∥4 beamforming formulation is used, there is a
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(a) Test section A - baseline (b) Test section B - lined

(c) Test section C - lined (d) Test section D - fully lined

Figure 7.17: Spectra of the experimental measurements of an acoustic
monopole source at the centre of each test section,
improved with the Source Power Integration correction and
with the Green’s function corrections. Acoustic signals
measured in test section A (top-left), test section B
(top-right), test section C (bottom-left) and test section
D (bottom-right). Spectra obtained from Source Power
Integration of the beamforming maps, within a 24 × 24cm2

region (SPI correction) and a 2 × 2cm2 region (∥g∥2 and
∥g∥4 corrections).

significant improvement in the noise levels calculation. However, when
the Green’s function formulation with ∥g∥2 is used, the source’s noise
levels estimation does not visibly improve with respect to the estimation
with the free–field Green’s function. This occurs because, with ∥g∥2 , the
beamforming result indicates the noise levels at the microphone array,
where reflections are also included. The formulation with ∥g∥4 instead
corrects for the acoustic interference which disturbs the measurement,
and is able to provide an estimation of the noise levels without the
reflections.
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Figure 7.17 also shows the spectra obtained using the SPI correction.
For the baseline test section, Fig. 7.17a shows that the Green’s function
correction outperforms the SPI correction. This is associated with the
sharp acoustic interference peaks seen for the numerical calculation
with the source at the centre of the baseline test section, which did
not occur in the experiment (see Fig. 7.8a). As the corrected Green’s
function is obtained with simulations at varying source location, the
presence of these sharp interference peaks in the corrected result is
mitigated. For the lined test sections (Figs. 7.17b, 7.17c and 7.17d) the
SPI correction provides the same improvement as the use of the Green’s
function formulation, with ∥g∥4 . This reveals an advantage of the SPI
correction. This correction only requires a single numerical simulation
for each test section, whereas correcting the Green’s function requires
several numerical computations. A main advantage of the Green’s
function correction, for the purpose of source noise levels calculation, is
that this correction does not require a priori knowledge of the source
location. For an experimental acoustic environment which is perfectly
described by the computational model, both corrections are expected to
lead to precise source noise level estimations.

Figure 7.17 also reveals that the corrected ΔSPL closest to 0 occurs for
test section B. The lining on this test section clearly provides lower sound
absorption than the lining on the remaining test sections (see Fig. 7.12).
However, as shown in Fig. 7.8, the floor and ceiling flat melamine lining
were the most accurately modelled liners. The result of Fig. 7.17 clearly
indicates that, for experimental acoustic measurements corrected with
numerical data, it is important to perform an accurate characterisation
of the lined walls. This characterisation needs to be precise both
in terms of the lining material, here described based on its viscous
resistivity, and liner shape. This study also reveals that too strong
acoustic reflections increase the challenge of matching experiment and
simulations, i.e., lining a wind tunnel’s test section allows for more
accurate numerical predictions and consequent corrections.

7.6. APPLICATION OF THE POST–PROCESSING

METHODOLOGY TO flOW–ON TEST CASES

The previous results show that the most accurate acoustic predictions
have been made for test section B, where the floor and ceiling of the
wind tunnel are lined. The applicability of the proposed post–processing
method to flow–on test cases is therefore analysed with this test section.
Figure 7.18 shows the beamforming maps of the data obtained from
the measurements of the speaker emitting broadband noise (signal
description in Sec. 6.2.1), with a free-stream velocity in the test section
of 30ms−1. Figure 7.18a shows that, without taking into account the
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Figure 7.18: Beamforming maps obtained from experimental acoustic
data measured at the LTT test section B, with U∞ = 30ms−1.
The speaker was located at the centre of the test section,
and emitting broadband noise. Beamforming with the
∥g∥2 beamforming formulation and with the CSM diagonal
removed. The maps correspond to the third-octave band
centered at ƒcenter = 1000Hz. Beamforming with the
free-field Green’s function (left), with the Green’s function
calculated considering convection of sound by the flow
(center), and with the Green’s function simultaneously
calculated considering sound convection and using the
numerical (FEM) correction, which takes into account
acoustic interference at the microphones (right).

convection of sound in the calculation of the Green’s function, the
speaker’s streamwise location in the beamforming map is approximately
0.15m downstream of its actual location ( = 0). Figure 7.18b shows
that the accuracy of the the speaker’s location in the beamforming
map is improved by correcting for sound convection. However, as in
Fig. 7.18b the correction for the sound reflections is not yet applied,
the resolution of beamforming is relatively low (in agreement with the
previous discussion, of Sec. 7.5.1). Figure 7.18c proves that, when
both corrections are applied simultaneously, it is possible to correct the
streamwise location of the source in the map and at the same time
improve beamforming resolution.

It is relevant to note that the correction for the reflections was
obtained without considering convection of sound in the FEM model.
The correction method is therefore applicable to low free-stream Mach
numbers, M∞. U∞ = 30ms−1 corresponds to M∞ = 0.09. Ref. [156]
proposes the use of the mirror source method to analyse if M∞ is large
enough to significantly modify the acoustic interference pattern at a
microphone array location. Based on the results presented in Ref. [156],
it was expected that the post-processing methodology proposed in this
study would be applicable to acoustic data measured at M∞ = 0.09, but
not to data measured with M∞ = 0.29 (U∞ = 100ms−1) at the LTT.
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7.6.1. DETERMINATION OF THE SOURCE POWER LEVELS

(a) 0ms−1 (b) 20ms−1

(c) 30ms−1

Figure 7.19: Spectra of the experimental measurements of an acoustic
monopole source at the centre of test section B, at varying
free–stream velocity. The lines show the uncorrected
spectra, and the spectra improved with the Source Power
Integration correction and with the Green’s function correc-
tion. Acoustic signals measured at U∞ = 0ms−1 (top-left);
U∞ = 20ms−1 (top-right); and U∞ = 30ms−1 (bottom).
Sound convection was taken into account in the Green’s
function calculation, for all results in the figure (taking into
account each U∞). Spectra obtained from Source Power
Integration of the beamforming maps, within a 2 × 2cm2

region, and with the ∥g∥4 beamforming formulation.

Figure 7.19 shows the improvement in noise levels estimation by
using the SPI and Green’s function corrections, when processing flow–on
test cases. The spectra in Fig. 7.19 were calculated considering sound
convection in the beamforming formulation (as in Figs. 7.18b and
7.18c). These results were obtained by performing beamforming with
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the diagonal of the CSM removed. The results at ƒ < 800Hz shown in
Fig. 7.19 correspond to measurements where the speaker was emitting
the low frequency narrow band noise, and the results at ƒ > 800Hz
correspond to measurements where the speaker was emitting the
broadband noise (description of the speaker input in Sec. 6.2.1). Figure
7.19a shows, for reference, results for the U∞ = 0ms−1 case, processed
in the same way as the flow–on cases. The spectra are identical to the
spectra shown in Figs. 7.8b and 7.17b, confirming that the difference
in post–processing technique (removal of the CSM diagonal) does not
affect the previous conclusions.

As for the flow–off case, the U∞ = 20ms−1 results (Fig. 7.19b) show
the SPI and the Green’s function corrections leading to similar results.
This indicates that both methods can be used when background noise is
relatively low.

At U∞ = 30ms−1, however, the background noise during the test
is noticeable in the resulting beamforming spectra for frequencies
ƒ < 900Hz. This is indicated by the difference between the 0ms−1 and
30ms−1 uncorrected spectra in Fig. 7.19c. Consequently, at ƒ < 900Hz,
the Green’s function correction leads to a better spectra estimation than
the SPI correction. Figure 7.19c demonstrates that the Green’s function
correction can also be used to improve the signal to noise ratio in the
post–processing of experimental data. This is due to the improved
spatial resolution of the corrected Green’s function, which helps to
differentiate the noise source of interest from spurious noise sources.

7.7. CONCLUSIONS

Numerical simulations were carried out for predicting sound propagation
in complex–shaped closed wind tunnel test sections. The numerical
solver uses a Finite Element Method to solve the Helmholtz equation
for acoustic waves. These simulations were validated by comparing the
numerical results with acoustic data obtained at the Low Turbulence
Tunnel (LTT), a closed section wind tunnel at Delft University of
Technology. This validation included a baseline wind tunnel test section,
i.e., a test section with fully reflective walls, and lined test sections.

The numerical results show that, along with specular reflections,
diffraction is a dominant acoustic phenomenon occurring at the
LTT’s octagonal test sections. Therefore, the test sections’ acoustic
response cannot be precisely predicted with lower fidelity methods,
e.g., geometric modelling. The numerical results were used to improve
the post–processing of experimental acoustic data recorded at the LTT.
A corrected Green’s function with the ∥g∥2 formulation was capable
of improving source localisation in the disturbed environment, by
enhancing beamforming resolution. Furthermore, both the Source Power
Integration correction and the ∥g∥4 Green’s function correction led to
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more accurate estimations of the source’s noise levels, by reducing the
adverse effects of acoustic interference in each disturbed environment.
While the uncorrected source noise levels estimation is more accurate
for the most lined LTT test section, the noise estimations with the
corrections are most accurate for the test section where the liners are
most accurately described in the numerical model.
Up to the free–stream Mach number M∞ = 0.09, the post–processing

methodology proposed in this study was shown to be applicable to
flow–on acoustic tests. For the flow–on test case with a relatively
high background noise, the Green’s function correction also showed
the advantage of improving signal to noise ratio. This is due to an
improvement in resolution of the beamforming map, which helps to
differentiate between noise sources.
The present study shows the benefits of modelling acoustic propaga-

tion in a wind tunnel test section, when studying an omnidirectional
noise source. Future studies should extend the proposed numerical
prediction to cases with more complex sound sources, e.g., with a
dipole directivity and/ or distributed over a line. This will make the
method applicable to airfoil noise measurements. Furthermore, it is
recommended that numerical acoustic simulations are conducted to
support the design of new aeroacoustic wind tunnel test sections,
as they can provide an accurate prediction of the facility’s acoustic
performance.



8
CONCLUSION AND

RECOMMENDATIONS

You cannot solve a problem with the same mind that created it.

Albert Einstein

The research presented in this dissertation aims at improving aeroa-
coustic experiments in acoustically disturbed environments. Typically,
aeroacoustic experiments are carried out with wind tunnel facilities.
Acoustic propagation in wind tunnels is disturbed by obstacles, which
cause reflections and diffraction of sound waves; and by the wind tunnel
flow. In addition, hydrodynamic and acoustic background noise presents
a limitation for acoustic measurements. Open–jet anechoic facilities
present the least acoustically disturbed wind tunnel environments.
However, these have a lower aerodynamic fidelity than closed section
or hybrid test section wind tunnels. By improving the capability to
perform accurate noise level estimations in challenging environments, it
will become possible to make the best use of the facilities with higher
aerodynamic performance.

This thesis analyses first how the background noise in wind tunnel
measurements can be reduced. It is studied how the microphone
placement aids in reducing hydrodynamic noise, particularly for wall
mounted microphones. Acoustic background noise is reduced with sound
absorbing wall liners. The influence of these liners on the aerodynamic
characteristics of the tunnel and on the scattering of boundary layer
noise is investigated. Besides the potential to reduce background noise,
wall liners also alter the acoustic propagation from the noise source of
interest to the receivers (microphones). This change of the acoustic
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environment is predicted with a high fidelity numerical tool, whose
results are compared against wind tunnel experiments. Subsequently,
the results of the numerical tool are used to improve the post–processing
of acoustic experimental data.
The main conclusions of the research are as follows:

• Microphone placement on closed test section wind tunnels
(Chapter 4): Microphone cavities are capable of decreasing the
recording of hydrodynamic noise from the pressure fluctuations in
the wind tunnel wall’s boundary layer. Microphones are in this case
installed at the cavity bottoms. When covered with a steel cloth,
cavities show a superior performance, i.e., higher signal to noise
ratio. This occurs due to a lower recording of boundary layer noise
by the microphone. This thesis shows that the cavity cloth covers
improve acoustic measurements by causing the flow inside the
cavity to remain stagnated. The computed flow velocities inside
the covered cavities are below 0.2% of the simulated free-stream
velocity (U∞ = 32ms−1). This avoids the convection of pressure
fluctuations towards the cavity bottom. Cavity cloth covers are
modelled numerically in this research as a porous medium region,
characterised by the cover’s viscous and inertial resistivities. The
comparison of the Lattice–Boltzmann method numerical results
with experimental evidence validated the numerical approach.

In the absence of recirculation inside a cavity, the wall’s boundary
layer noise propagates acoustically to the cavity bottom. The
numerical results show that, in order to further reduce spurious
noise at the microphone, the size of the cavity should be increased
with respect to the size of the hydrodynamic pressure fluctuations
at the frequencies of interest. The ratio of the cavity aperture
diameter with respect to the coherence length of the incoming
fluctuations is concluded to be an important indicator for predicting
the performance of a covered cavity.

• Wall liners for acoustic absorption (Chapter 5): Wall liners
are used in order to absorb spurious background noise, and to
reduce reflections from the source of interest of a given test
model. However, these liners also influence the aerodynamic
characteristics of the wind tunnel walls’ boundary layer. This
effect was investigated in this thesis by testing a single wall,
installed in an open-jet test section, and lined over a 1m by 0.4m
area grazed by the jet flow. The porous liners tested in this
research were characterised by their roughness, viscous resistivity,
and inertial resistivity. Viscous resistivity is the parameter which
should be maximised, as this leads to higher acoustic absorption.
Roughness should be minimised, in order to reduce the impact
on the aerodynamic characteristics of the grazing boundary layer.
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Higher roughness of the liner, with respect to the size of the
boundary layer viscous sublayer, leads to increased boundary
layer height, displacement thickness, and strength of its pressure
fluctuations. Although the inertial resistivity of the liner was found
to have a weak impact on the aerodynamic characteristics of
the boundary layer, it was found to have a strong influence on
scattered noise. The difference in surface noise scattering, at
U∞ = 30ms−1, can reach over 10dB for two liners with similar
roughness and different inertial resistivity (by a factor of 20), as
seen at 2kHz in the third-octave band beamforming maps. Inertial
resistivity is therefore also a parameter which should be minimised,
on a wind tunnel liner. Melamine foam was the best performing
porous liner tested, due to its high viscous resistivity and relatively
low roughness and inertial resistivity.

• Lining the test section of the circuit (Chapter 6): Covering
the entire wind tunnel circuit with wall liners is expected to
reduce spurious background noise in the tunnel. This research
investigated the benefits of lining exclusively the test section of a
highly reverberant closed wind tunnel circuit. The lining consisted
of melamine foam. Despite the decrease of reverberation, the
circuit remained highly reverberant after applying the lining. Still,
lining the test section resulted in a decrease of background noise.
Decreasing reverberation time T25 by 0.1 s, by lining the test
section side walls, resulted in a background noise reduction inside
the test section of 1 − 2dB, for the frequencies within the range
0.5kHz to 5kHz. Furthermore, acoustic reflections result in a
strong interference with direct sound waves from the test object,
at the array location. It is concluded that reflections upstream and
downstream of the test section have, however, a minor influence
on this interference. At the LTT wind tunnel, this influence is shown
to be negligible for ƒ > 500Hz. Lining the test section is found to
be an efficient method to make the acoustic transfer function from
a test object to the array closer to free–field conditions.

• Modelling the wind tunnel acoustic response (Chapter 7):
the acoustic propagation of a monopole point source placed inside
a closed section wind tunnel is modelled with a Finite Element
Method (FEM). Only the test section geometry is included in
the model, as it is understood from experimental data that the
reverberation caused by reflections on the remaining parts of the
circuit is negligible. The FEM simulations compare well against
experimental data, for both hard walled (fully reflective) and lined
test sections. Consequently, it is found that the numerical results
can be used to correct experimental measurements contaminated
by acoustic interference. Two correction methods are tested, both
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in combination with conventional beamforming: a correction of the
Green’s function used for beamforming; and a correction of the
Source Power Integration (SPI) step, where the sources’ noise is
estimated from the beamforming maps. Both corrections work well
for improving the post–processing of acoustic data measured in
tests with and without flow in the test section. As a consequence,
the noise level estimation of an experimental monopole source
is improved with both methods. The Green’s function correction
has the additional benefit of improving the resolution of the
beamforming map. This leads to an increase in signal to noise
ratio with respect to spurious noise sources, for the flow–on
measurements.

RECOMMENDATIONS

The main takeaway from this research is that it is shown to be possible to
perform accurate acoustic measurements in disturbed (or non–anechoic)
wind tunnel environments. However, it is still important to reduce the
negative impact of background noise, and to expand the knowledge on
how to model acoustic propagation in these environments. The following
recommendations are targeted at reaching these two objectives.
While the test section shape and boundary conditions are the

main driver of its acoustic response, it is expected that lining
additional sections of the circuit further reduce background noise in the
measurements. However, this improvement has not been well quantified
yet, which may reduce the willingness of wind tunnel designers to
make an additional investment. Future wind tunnel background noise
investigations should aim at predicting and quantifying the benefit of
lining the additional portions of the tunnel circuit (besides the test
section). A proposed methodology is to vary the reflection coefficient of
the diffuser (and/ or other circuit sections) and to measure the changes
in reverberation time and in the dampening of noise originating from
downstream sources, such as turning vanes or the wind tunnel fan. This
can be tested acoustically by placing a sound source (e.g., a speaker) at
locations downstream of the diffuser. This study would be most helpful
if equivalent results are achieved with a numerical acoustic modelling
tool. This would prove that it is possible to model the complete acoustic
response of a wind tunnel numerically, and to accurately estimate the
acoustic performance during the wind tunnel design process.
For closed test section wind tunnels where the microphones are

mounted on the wind tunnel walls, the design of microphone cavities
can be improved. The current research shows that, in covered cavities,
the spurious pressure fluctuations propagate acoustically towards the
microphone location, i.e., without being convected by the flow. This
indicates that it is possible to predict the performance of covered
cavities by exclusively modelling the acoustic response of the cavity.
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Such an approach would be computationally less expensive than solving
Computational Fluid Dynamics (CFD) simulations. By using acoustic
simulations, it would be possible to run an optimisation algorithm which
minimises the spurious noise at the bottom of a covered cavity, while
maintaining an efficient propagation of the sound of interest. In order to
achieve this, it is recommended to model the incoming boundary layer
pressure fluctuations accurately. An appropriate approach is to model
the coherent boundary layer turbulent structures with the methodology
proposed by Lima Pereira et al. [165].
The conclusion that it is possible to precisely measure a monopole

source inside a closed wind tunnel should be followed up with the
extension of the proposed method to more complex sound sources.
The application to airfoil or wind turbine blade noise measurements
requires the extension of the method to distributed dipole sources.
The application of the method to propeller investigations requires the
extension to rotating sources. For extending the applicability of the
method to higher free-stream Mach numbers (M∞ ≥ 0.2) in hybrid test
sections, it is recommended to include a Green’s function correction for
the transmission of sound through a Kevlar wall, e.g., following up on
the approach proposed by Fischer et al. [166]. Following these steps will
enable a fully reliable characterisation of aerodynamic sound sources
in acoustically disturbed environments (such as closed or hybrid test
section wind tunnels) without the need to aim for free-field acoustic
testing conditions.
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