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Analyse und Modellierung von Seitenkantenschall an Fliigelspitzen und Klappen
Technische Universitat Braunschweig

Diese Arbeit befasst sich mit der Ausarbeitung eines semi-empirischen Vorhersagemodells flr
akustische Emissionen von Klappenseitenkanten und Fligelspitzen. Eine Klappenseitenkante
versteht sich hier als eine Extremitat einer ausgefahrenen Hinterkantenklappe herkémmlicher
Hochauftriebsfliigel. Fligelspitzen beziehen sich auf das freie Ende eines Tragflachenprofils,
ohne dass es Teil eines Hochauftriebsflligels ist.

In der vorliegenden Arbeit wird ein stromungsbasierter akustischer Modellierungsansatz gewahilt,
der sich von den in der Literatur verfligbaren geometriebasierten Standardvorhersageverfahren
unterscheidet. Die geometriebasierte Methode liefert Vorhersagen Uber den abgestrahlten
Schalldruck, dessen parametrische Abhangigkeiten durch eine Proportionalitatsbeziehung zu
den charakteristischen geometrischen Abmessungen der Klappenseitenkante oder der
Flligelspitze bestimmt werden. Beim strémungsbasierten Ansatz hingegen werden diese
Beziehungen auf der Grundlage einer Analyse des spezifischen Stréomungsfeldes der
Klappenseitenkante oder der Fligelspitze ermittelt. Der Vorteil des letztgenannten Ansatzes ist
eine grolRere Flexibilitdt bei der Vorhersage, insbesondere wenn er mit der
Stromungsberechnung gekoppelt wird, um die erforderlichen EingangsgroRen zu ermitteln.
Dadurch wird der Anwendungsbereich des Vorhersageschemas erweitert, so dass
unkonventionelle Flugzeugkonfigurationen besser berticksichtigt werden kénnen.

Eine besondere Herausforderung bei der Etablierung eines solchen strdomungsbasierten
Vorhersageansatzes liegt in der Definition von Metriken, die in engem Zusammenhang mit den
Schallquellenmechanismen stehen. Zu diesem Zweck wurden umfangreiche experimentelle
aeroakustische Untersuchungen an zwei freitragenden Klappenmodellen (Maf3stab 1:1 und
1:1,6) sowie an einem Hochauftriebsfligel (Mallstab 1:6,33) durchgefuhrt, um die erforderliche
Stromungsfeld- und Akustikdatenbasis flir die Entwicklung des

Vorhersageverfahrens zu schaffen.

Stromungsdaten im Nahfeld wurden mit Hilfe der Sieben-Loch-Sonden-Messtechnik am
Klappenmodell im MafRstab 1:1,6 erfasst. Diese Daten ermdglichten eine Quantifizierung des
mittleren Stréomungsfeldes an der Spitze als Funktion der Klappenbelastung, d. h. im Vergleich
zum Klappenwinkel, und die Identifizierung von Bereichen, die von starken Stromungsgradienten
entlang der Klappenrander dominiert werden. Es wird angenommen, dass es sich bei diesen
Bereichen um Zentren hoher Turbulenzaktivitdt und Schallerzeugung handelt, die durch lokale
charakteristische Wirbellangen und -geschwindigkeiten gekennzeichnet sind. Diese Skalen
stehen in einem linearen Zusammenhang mit der Klappenbelastung, d. h. mit dem
Auftriebskoeffizienten, oder mit der Wirbelzirkulation an der Spitze. Beide Parameter lassen sich
leicht aus RANS-Berechnungen gewinnen.

Die akustischen Untersuchungen wurden sowohl mit Standard-Freifeldmikrofonmessungen des
Fernfeldschalls als auch mit der Phased-Microphone-Array-Technik durchgefihrt. Insbesondere
wurde ein speziell angefertigtes traversierbares Phased Array mit kleiner Apertur verwendet, um
Messungen der akustischen Richtwirkung des 1:1,6 Kragflugelmodells durchzufihren. Die
gemessenen Gerauschintensitaten sind proportional zur 5,5-ten Potenz der charakteristischen
Geschwindigkeit fir den niederfrequenten Teil des Spektrums und proportional zur 6,5-ten
Potenz der charakteristischen Geschwindigkeit fir den hochfrequenten Teil. Die Ergebnisse der
Richtwirkungsmessung zeigen, dass das gemessene ausgepragte ruckwartige
Strahlungsmaximum der niederfrequenten Spektraldaten nicht mit dem klassischen
Mechanismus der Kantenstreuung von Stromungsturbulenzen Ubereinstimmt. Die
Schallabstrahlung kann auf eine Mischung aus klassischer Kantenstreuung in Kombination mit
instationaren  Kraftschwankungen am Profil als Folge von Wirbelinstabilitdt und
Schallwellenbeugung zurlickgeflhrt werden. Bei hohen Frequenzen skalieren die Spektraldaten
nach einem Proportionalitdtsgesetz mit einem 6,5-ten Potenzexponenten der charakteristischen



Geschwindigkeit, was der typischen dipolartigen Quellenstrahlung nahekommt. Es wurde
gezeigt, dass der maximale Schalldruckpegel mit der Verschmelzung von primarem und
sekundarem Wirbel zusammenhangt, wodurch das Stréomungsfeld starken, plotzlichen, lokalen
Fluktuationen ausgesetzt wird. Dies deutet auf eine Kombination aus klassischer Kantenstreuung
und quadrupolartiger Schallerzeugung durch intensive und stark instationare Kraftschwankungen
auf dem Profil als Folge der Wirbelinstabilitat wahrend des Verschmelzungsprozesses hin. Die
Richtcharakteristiken deuten auch auf eine mogliche Abschirmung der Schallquelle durch den
Fligel hin, was zu einem riickwartigen Maximum der Abstrahlung fihrt.

Auf der Grundlage der obigen Erkenntnisse wird ein empirisches Vorhersageschema
vorgeschlagen, das anhand der gemessenen Schallabstrahlung einer grof’en Anzahl von
Windkanalmodellen unterschiedlicher Komplexitat, Geometrie und Grélie validiert wird. Die hier
vorgelegten Ergebnisse zeigen, dass die Kenntnis der globalen Eigenschaften des
Stromungsfeldes um eine Klappenseitenkante oder Fligelspitze fur die Vorhersage der
Schallemissionen in einer Vielzahl von Fallen ausreicht.
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Analysis and Modelling of Side Edge Noise from Wing Tips and Flaps
Technische Universitat Braunschweig

This thesis deals with the elaboration of a semi-empirical prediction scheme for the acoustic
emissions from flap side-edges and wing tips. More specifically, a flap side-edge is recognized
as one of the free ends of a deployed trailing-edge flap as part of conventional high-lift devices.
In comparison, wing tips refer to the free end of an airfoil of some type without it being included
as part of a high-lift device.

In the present effort, a flow-based acoustic modelling approach is adopted which differs from
standard geometry-based prediction schemes available in the literature. The geometry-based
method provides predictions of the radiated acoustic pressure whose parametric dependencies
are determined by some proportionality relationship to characteristic geometric dimensions of the
flap side-edge or wing tip. On the other end, the flow-based approach established those
relationship based on an analysis of the specific flap side-edge or wing tip flow field. The
advantage of the last approach is an increased prediction flexibility, especially when coupled with
computational fluid dynamics to gather the necessary input flow quantities. It thus extends the
applicability range of the prediction scheme to better deal with unconventional aircraft
configurations.

A particular challenge in the establishment of such a flow-based prediction approach lies in the
definition of metrics closely related to the sound source mechanisms. To this end, extensive
experimental aeroacoustics investigations were performed at two cantilever flap models (1:1 and
1:1.6 scales) as well as at a high-lift wing (1:6.33 scale) to provide the necessary flow field and
acoustic database for the development of the prediction scheme. Because of its central
importance to the noise radiation problem, much attention is also given to the characterization of
the tip vortex and its formation process.

Near field flow data was gathered using the seven-hole probe measurement technique at the
1:1.6 scale flap model. This data enabled a quantification of the tip mean flow field as a function
of flap loading, i.e. vs. flap deployment angle, and the identification of regions dominated by large
mean flow gradients along the flap edges. These regions are hypothesized to be centers of high
turbulence activity and sound production, characterized by local vortex characteristic length and
velocity scales. Those scales are found to relate linearly with variations in flap loading, i.e. its lift
coefficient, or tip vortex circulation. Through linear regression analysis, parametric relationships
were devised which should simplify greatly the task of comparing results from similar experiments
done in different wind tunnel environment and using different wing models. Furthermore, a wing's
lift coefficient or its tip vortex circulation are parameters which can be easily obtained from RANS
computations.

The acoustic investigations were performed using both standard free-field microphone
measurements of the far-field sound as well as the phased microphone array technique. In
particular, a custom-made traversable small aperture phased array was utilized to performed
measurements of the acoustic directivity of the 1:1.6 scale cantilever flap model. The acoustic
data for this configuration are found to be broadband in nature with a maximum noise level at a
frequency of approximately 0.8 kHz. Measured noise intensities are proportional to the 5.5th
power of the characteristic velocity for the low-frequency part of the spectrum and proportional to
the 6.5th power of the characteristic velocity for its high-frequency part. The directivity
measurement results indicate that the measured distinct rear-arc radiation maximum of the low
frequencies spectral data is not consistent with the classical mechanism of edge scattering of
flow turbulence which would imply a cardiod directivity with a maximum in upstream direction.
The sound radiation can be attributed to a mixture of classical edge scattering in combination
with unsteady force fluctuations on the airfoil as a consequence of vortex unsteadiness and sound



wave diffraction. At high frequencies, spectral data scale according to a proportionality law with
a 6.5th power exponent of the characteristic velocity, which is close to the typical dipole-like
source radiation. It was shown that the maximum sound pressure level, found at 3.15 kHz, is
related to the merging of the primary tip vortex (forming on the tip face) with the secondary vortex
(forming on the airfoil's suction side), subjecting the flow field to strong sudden local fluctuations.
This suggests as source mechanism, a combination of classical edge scattering and quadrupole-
like sound generation due to intense and highly unsteady force fluctuations on the airfoil as a
result of vortex unsteadiness during the merging process. The directivity patterns indicate also a
possible shielding of the acoustic source by the wing leading to rear-arc maximum in radiation.

Based on the above findings an empirical prediction scheme is proposed which is validated
against the measured noise radiation from a large set of wind tunnel models of various
complexity, geometries and scale. The results provided herein demonstrate that a knowledge of
the bulk characteristics of the flow field about a flap side-edge or wing tip is sufficient for the
prediction of the sound emission in a wide range of cases.
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Abstract

This thesis deals with the elaboration of a semi-empirical prediction scheme for the acous-
tic emissions from flap side-edges and wing tips. More specifically, a flap side-edge is
recognized as one of the free end of a deployed trailing-edge flap as part of conventional
high-lift devices. In comparison, wing tips refer to the free end of an airfoil of some type
without it being included as part of a high-lift device.

In the present effort, a flow-based acoustic modelling approach is adopted which dif-
fers from standard geometry-based prediction schemes available in the literature. The
geometry-based method provides predictions of the radiated acoustic pressure whose para-
metric dependencies are determined by some proportionality relationship to characteristic
geometric dimensions of the flap side-edge or wing tip. On the other end, the flow-based
approach established those relationship based on an analysis of the specific flap side-edge
or wing tip flow field. The advantage of the last approach is an increased prediction flexi-
bility, especially when coupled with computational fluid dynamics to gather the necessary
input flow quantities. It thus extends the applicability range of the prediction scheme to
better deal with unconventional aircraft configurations.

A particular challenge in the establishment of such a flow-based prediction approach
lies in the definition of metrics closely related to the sound source mechanisms. To this
end, extensive experimental aeroacoustics investigations were performed at two cantilever
flap models (1:1 and 1:1.6 scales) as well as at a high-lift wing (1:6.33 scale) to provide the
necessary flow field and acoustic database for the development of the prediction scheme.
Because of it’s central importance to the noise radiation problem, much attention is also
given to the characterization of the tip vortex and its formation process.

Near field flow data was gathered using the seven-hole probe measurement technique
at the 1:1.6 scale flap model. This data enabled a quantification of the tip mean flow
field as a function of flap loading, i.e. vs. flap deployment angle, and the identification of
regions dominated by large mean flow gradients along the flap edges. These regions are
hypothesized to be centers of high turbulence activity and sound production, characterized
by local vortex characteristic length and velocity scales. Those scales are found to relate
linearly with variations in flap loading, i.e. its lift coefficient, or tip vortex circulation.
Through linear regression analysis, parametric relationships were devised which should
simplify greatly the task of comparing results from similar experiments done in different
wind tunnel environment and using different wing models. Furthermore a wing’s lift
coefficient or its tip vortex circulation are parameters which can be easily obtained from
RANS computations.

The acoustic investigations were performed using both standard free-field microphone
measurements of the far-field sound as well as the phased microphone array technique.
In particular, a custom-made traversable small aperture phased array was utilized to
performed measurements of the acoustic directivity of the 1:1.6 scale cantilever flap model.
The acoustic data for this configuration are found to be broadband in nature with a
maximum noise level at a frequency of approximately 0.8 kHz. Measured noise intensities
are proportional to the 5.5th power of the characteristic velocity for the low-frequency
part of the spectrum and proportional to the 6.5th power of the characteristic velocity for
its high-frequency part. The directivity measurement results indicate that the measured
distinct rear-arc radiation maximum of the low frequencies spectral data is not consistent




with the classical mechanism of edge scattering of flow turbulence which would imply
a cardiod directivity with a maximum in upstream direction. The sound radiation can
be attributed to a mixture of classical edge scattering in combination with unsteady
force fluctuations on the airfoil as a consequence of vortex unsteadiness and sound wave
diffraction. At high frequencies, spectral data scale according to a proportionality law
with a 6.5th power exponent of the characteristic velocity, which is close to the typical
dipole-like source radiation. It was shown that the maximum sound pressure level, found
at 3.15 kHz, is related to the merging of the primary tip vortex (forming on the tip face)
with the secondary vortex (forming on the airfoil’s suction side), subjecting the flow field
to strong sudden local fluctuations. This suggests as source mechanism, a combination of
classical edge scattering and quadrupole-like sound generation due to intense and highly
unsteady force fluctuations on the airfoil as a result of vortex unsteadiness during the
merging process. The directivity patterns indicate also a possible shielding of the acoustic
source by the wing leading to rear-arc maximum in radiation.

Based on the above findings an empirical prediction scheme is proposed which is val-
idated against the measured noise radiation from a large set of wind tunnel models of
various complexity, geometries and scale. The results provided herein demonstrate that
a knowledge of the bulk characteristics of the flow field about a flap side-edge or wing tip
is sufficient for the prediction of the sound emission in a wide range of cases.




Zusammenfassung

Diese Arbeit befasst sich mit der Ausarbeitung eines semi-empirischen Vorhersagemodells
fiir akustische Emissionen von Klappenseitenkanten und Fliigelspitzen. Eine Klappensei-
tenkante versteht sich hier als eine Extremitit einer ausgefahrenen Hinterkantenklappe
herkémmlicher Hochauftriebsfliigel. Fliigelspitzen beziehen sich auf das freie Ende eines
Tragflachenprofils, ohne dass es Teil eines Hochauftriebsfliigels ist.

In der vorliegenden Arbeit wird ein stromungsbasierter akustischer Modellierungsansatz
gewdhlt, der sich von den in der Literatur verfiigharen geometriebasierten Standardvorher-
sageverfahren unterscheidet. Die geometriebasierte Methode liefert Vorhersagen iiber den
abgestrahlten Schalldruck, dessen parametrische Abhéngigkeiten durch eine Proportiona-
litdtsbeziehung zu den charakteristischen geometrischen Abmessungen der Klappenseiten-
kante oder der Fliigelspitze bestimmt werden. Beim stromungsbasierten Ansatz hingegen
werden diese Beziehungen auf der Grundlage einer Analyse des spezifischen Strémungs-
feldes der Klappenseitenkante oder der Fliigelspitze ermittelt. Der Vorteil des letztge-
nannten Ansatzes ist eine grofere Flexibilitiat bei der Vorhersage, insbesondere wenn er
mit der Stromungsberechnung gekoppelt wird, um die erforderlichen Eingangsgrofen zu
ermitteln. Dadurch wird der Anwendungsbereich des Vorhersageschemas erweitert, so
dass unkonventionelle Flugzeugkonfigurationen besser beriicksichtigt werden kénnen.

Eine besondere Herausforderung bei der Etablierung eines solchen stromungsbasierten
Vorhersageansatzes liegt in der Definition von Metriken, die in engem Zusammenhang
mit den Schallquellenmechanismen stehen. Zu diesem Zweck wurden umfangreiche expe-
rimentelle aeroakustische Untersuchungen an zwei freitragenden Klappenmodellen (Mak-
stab 1:1 und 1:1,6) sowie an einem Hochauftriebsfliigel (Mafkstab 1:6,33) durchgefiihrt,
um die erforderliche Stromungsfeld- und Akustikdatenbasis fiir die Entwicklung des Vor-
hersageverfahrens zu schaffen.

Stromungsdaten im Nahfeld wurden mit Hilfe der Sieben-Loch-Sonden-Messtechnik am
Klappenmodell im Mafstab 1:1,6 erfasst. Diese Daten ermdglichten eine Quantifizierung
des mittleren Stromungsfeldes an der Spitze als Funktion der Klappenbelastung, d. h.
im Vergleich zum Klappenwinkel, und die Identifizierung von Bereichen, die von starken
Stromungsgradienten entlang der Klappenrinder dominiert werden. Es wird angenom-
men, dass es sich bei diesen Bereichen um Zentren hoher Turbulenzaktivitit und Schaller-
zeugung handelt, die durch lokale charakteristische Wirbell&ngen und -geschwindigkeiten
gekennzeichnet sind. Diese Skalen stehen in einem linearen Zusammenhang mit der Klap-
penbelastung, d. h. mit dem Auftriebskoeffizienten, oder mit der Wirbelzirkulation an
der Spitze. Beide Parameter lassen sich leicht aus RANS-Berechnungen gewinnen.

Die akustischen Untersuchungen wurden sowohl mit Standard-Freifeldmikrofonmessungen
des Fernfeldschalls als auch mit der Phased-Microphone-Array-Technik durchgefiihrt. Ins-
besondere wurde ein speziell angefertigtes traversierbares Phased Array mit kleiner Aper-
tur verwendet, um Messungen der akustischen Richtwirkung des 1:1,6 Kragfliigelmodells
durchzufiihren. Die gemessenen Gerduschintensititen sind proportional zur 5, 5-ten Po-
tenz der charakteristischen Geschwindigkeit fiir den niederfrequenten Teil des Spektrums
und proportional zur 6, 5-ten Potenz der charakteristischen Geschwindigkeit fiir den hoch-
frequenten Teil. Die Ergebnisse der Richtwirkungsmessung zeigen, dass das gemessene
ausgepragte riickwirtige Strahlungsmaximum der niederfrequenten Spektraldaten nicht
mit dem klassischen Mechanismus der Kantenstreuung von Stromungsturbulenzen iiber-




einstimmt. Die Schallabstrahlung kann auf eine Mischung aus klassischer Kantenstreu-
ung in Kombination mit instationiren Kraftschwankungen am Profil als Folge von Wir-
belinstabilitdt und Schallwellenbeugung zuriickgefiihrt werden. Bei hohen Frequenzen
skalieren die Spektraldaten nach einem Proportionalititsgesetz mit einem 6,5-ten Po-
tenzexponenten der charakteristischen Geschwindigkeit, was der typischen dipolartigen
Quellenstrahlung nahekommt. Es wurde gezeigt, dass der maximale Schalldruckpegel mit
der Verschmelzung von primérem und sekundérem Wirbel zusammenhéngt, wodurch das
Stromungsfeld starken, plotzlichen, lokalen Fluktuationen ausgesetzt wird. Dies deutet
auf eine Kombination aus klassischer Kantenstreuung und quadrupolartiger Schallerzeu-
gung durch intensive und stark instationdre Kraftschwankungen auf dem Profil als Folge
der Wirbelinstabilitdt wihrend des Verschmelzungsprozesses hin. Die Richtcharakteristi-
ken deuten auch auf eine mogliche Abschirmung der Schallquelle durch den Fliigel hin,
was zu einem riickwértigen Maximum der Abstrahlung fiihrt.

Auf der Grundlage der obigen Erkenntnisse wird ein empirisches Vorhersageschema
vorgeschlagen, das anhand der gemessenen Schallabstrahlung einer grofen Anzahl von
Windkanalmodellen unterschiedlicher Komplexitit, Geometrie und Grofke validiert wird.
Die hier vorgelegten Ergebnisse zeigen, dass die Kenntnis der globalen Eigenschaften des
Stromungsfeldes um eine Klappenseitenkante oder Fliigelspitze fiir die Vorhersage der
Schallemissionen in einer Vielzahl von Féllen ausreicht.
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Nomenclature

Cr

Cp
D(pz,y)
Lp1/3n

Lp,1/3

St
Sto
St

Stq

UCU

Uref

ag

Lift coefficient, Cf, = L/(0.5pU2A)
Pressure coefficient, Cj, = (p — po)/(0.5pU2)
Directivity function

Normalized 1/3-octave band sound pressure level
1/3-octave band sound pressure level

Mach number, = Up/ag

Mach number, = Uy, /ag

Reynolds number, = Uyc/v

Strouhal number, = fl/u

Strouhal number, = fe/Uy

Strouhal number, = fc¢/U,

Strouhal number, = fd/Uy

Mean flow velocity scale

Free-stream velocity

Cross-flow velocity

Free stream velocity

Convection velocity of turbulent eddies
Maximum velocity along lower tip edge [19]

Reference velocity scale

3D spatial coordinates (@ = x; = 1161 + x2é2 + x3€3)

Radial frequency (w = 27 f)
Speed of sound

Flap chord length

11

dB

dB

Radian

m/s

m



d Flap maximum thickness m

f Third-octave band central frequency Hz
fe Third-octave band central frequency Hz
[ Length scale m
l; Noise source correlation length scale m
P Pressure Pa
r, R Reference distance m
Q@ Main element angle of attack °
Bew Angle beteween Uy and Uy, °
0" Boundary displacement thickness m
0g Slat deflection angle ©
op Flap deflection angle ©
v Kinematic viscosity m? /s
) Azimuthal angle ©
p Density of air kg/m3
0 Polar angle ©
O Azimuthal angle rel. to the free-stream direction °
Py Polar angle °
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1. Introduction

1.1. Background and Motivation

OVER the past 40 years, air traffic has experienced a continuous growth. According
to the International Air Transport Association IATA [2], the volume of air travel,
measured in RPK (revenue passenger kilometer), has expanded tenfold over this period. A
factor of three more than the world’s economic growth over the same period. The absolute
increase in air travel movements has increased by a factor of 3.5 while flight frequencies
show a 2.5 times rise between 1980 and 2006. At the same time, the price of air travel
for consumers has fallen by about 60%. This price decline is strongly coupled with efforts
made by the industry in becoming operationally more efficient and the development of
modern, more environment friendly, aircraft.

In spite of this technological progress, the global growth in air traffic is such that
its absolute impact on the environment still increases. Overall CO9 emission as well
as perceived noise levels rise each year, fleet renewal merely slowing down the increase
rate. The problem has gained much public interests in the past years, stimulating the
political awareness regarding this issue and forcing European law makers to act. The
European Union’s Vision 2020 [1] from January 2001, provides guidelines regarding the
future evolution of the aeronautical industry in Europe and defines precise goals regarding
airplane noise as well as CO9 emissions reduction. The following is an excerpt of the Vision
2020 report, regarding aircraft noise.

e “A reduction in perceived noise to one half of current average
levels.”

e “FEliminate noise nuisance outside the airport boundary by day
and night by quieter aircraft, better land planning and use around
airports and systematic use of noise reduction procedures.”

A reduction of one half in perceived noise corresponds to a 10 dB noise reduction (or
-90% in sound power). A similar but more ambitious approach was also taken in the
United States. The US strives to achieve a 10 dB reduction within 10 years relative to
1997 technology and 20 dB within 25 years [109]. This calls for new ideas and innovative
technologies for the US and European aircraft noise reduction targets to be met.

There are two contributors to aircraft noise namely, engine noise and airframe noise.
The engines dominate noise emission at take off while airframe noise plays an important
role in the approach and landing phases. This ranking of the importance of both contrib-
utors is the result of extensive efforts made in the last four decades to reduce engine noise
emission. A technological milestone was the introduction of high-bypass ratio engines in
the seventies. Initially developed to reduce aircraft fuel consumption, the new engines
also had the interesting side-effect of being much quieter [33, 86]. The further evolution
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of the high-bypass ratio concept coupled with the successful development of engine liner
technology has put airframe and engine noise on a comparable level, during approach and
landing. Airframe noise no longer plays a secondary role, but potentially sets a lower
bound to aircraft noise. A further reduction of current noise emission levels will therefore
only be possible through a combined acoustic optimization of both the propulsion system
and the airframe.

The present work is concerned with one major component of noise generation through
interaction of the flow of air about the airframe. Power plant noise, due to e.g. propellers,
turbo-props or others is not considered. A successful reduction of flow-generated noise
means developing new low-noise airframe components and /or new aircraft designs [33, 86].
Flow induced noise occurs at many locations on the aircraft fuselage and lifting surfaces
and depends on both the geometrical characteristics and the local aerodynamic conditions.
Because an overall noise reduction can only be achieved through an equal reduction of

all sources, each of them has to be considered independently. The dominant noise source
contribution will always set the lowest achievable impact level of a given aircraft. The
main sources of airframe noise are depicted in figure 1.1.

Figure 1.1.: Major sources of airframe noise during approach and landing. Courtesy of
Michael Pott-Pollenske, DLR.

The source ranking (in order of importance) for todays conventional airplanes in landing
configuration is, according to [33], as follow,
e landing gears,

e slotted slats,

e edges of lifting surfaces (flap and slat side edges, wing tips, trailing edges)
e flap and slat tracks,

e spoilers,

e component interaction noise sources (e.g. gear-wake/flap, jet/flap).
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This typical ranking depends, of course, on the type of aircraft considered and could
change according to specific design variations. While, for regional and single-aisle aircraft,
high-lift system noise is comparable to the landing gear noise contribution, landing gear
noise largely dominates for current wide-body airplanes [33]. Moreover, and particularly
for short take-off and landing (STOL) aircraft, higher lift coefficients of the wing system
may be achieved through a redirection of the engine exhaust flow over the wing’s com-
ponents. These techniques are known as ezternal blowing and upper surface blowing. For
such configurations, a different source ranking is most probably to be awaited, with an
increased role of flap side-edge and flap track noise.

The central subject of the present work is set on the experimental analysis of the
flap side-edge (FSE) noise source with emphasis on the formulation of a semi-empirical
prediction scheme. The present effort will try to contribute to a better understanding
of the FSE noise source as well as to provide novel engineering tools for design-to-noise
applications. A good understanding of the FSE noise source working mechanism is also
important for the development of retrofit treatments or novel low-noise technologies. A
review of the state-of-the-art knowledge about F'SE noise prediction is presented hereafter.
The review will try to answer the following four central questions. (1) What prediction
models/methodologies are available? (2) What is/are the postulated source mechanisms
for FSE noise? (3) What are their limitations? (4) How can we improve existing models?
This will finally pave the way for a definition of research goals for the present work.

1.2. State-of-the-Art Semi-Empirical Modelling of
FSE Noise

In this section a discussion on the state-of-the-art modelling approaches for flap side-edge
noise is presented. The goal of this exercise is to provide background information on
the variety of existing approaches as well as a critical review of their capabilities and
limitations.

In the context of noise prediction within conceptual design, low computational cost
methologies are most appropriate. Semi-empirical prediction models offer this kind of
efficiency, however, suffer from an obvious lack of generality in its representation of the
physics of the FSE noise problem. The earliest attempt to predict airframe noise using
a semi-empirical paradigm is reported by Fink [42, 43]. In this attempt, however, the
flap-side edge is not accounted for as an indenpent noise source.

In a comprehensive effort towards componential modelling and prediction of airframe
noise by Brooks and Marcolini [19] and Brooks et al. [22]|, a first attempt was made
to model FSE noise. In this work, a semi-empirical approach to FSE noise prediction
is presented which is based on a comparison of experimental data from two- and three-
dimensional wings. The experimetnal quantification of FSE noise relies on the assumption
that it corresponds to the far-field noise difference between the 3D and 2D spectra. The
acoustic modeling starts with the assumption of a trailing-edge (TE) noise generation
mechanism where noise is due to the passage of turbulent eddies over the TE in the tip
region. The characteristic length and velocity scales are chosen as the separation extent,
i.e. vortex size, on the suction side near the tip TE and the maximum vortex core outer
velocity (Up,), i.e. the separation line velocity. Both are approximately linear function of
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the wing’s local tip angle of attack and depend on the tip shape [47]. The spectral shape
of the radiated noise is estimated using surface pressure measurements on delta wings
as in George and Chou [47]. Sound pressure levels are assumed proportional to Mng,
with My the free-stream Mach number and M,, the Mach number based on U,,, which
renders the best collapse of the data. A parabolic fit provides a representation of the
universal, i.e. scaled spectrum as a function of the Strouhal number. No specific account
is made of the FSE noise directivity. As a first approximation, the authors propose the
application of the TE noise directivity pattern. Using potential theory arguments, an
angle of attack correction is proposed which relates the effective wing tip angle to the
spanwise lift slope near the tip. Although this discussion emphasizes the role of the tip
vortex on the sectional lift coefficient (and angle of attack), the assumption of an elliptical
loading distribution limits its applicability. The tip vortex was found by McAlister and
Takahashi [87] to induce a strong and sharp suction peak close to the wing tip, which is
not caught by a potential theory representation.

The most recent work dedicated to FSE noise prediction using semi-empirical approach
is reported by Guo and Joshi [56] and Sen et al. [119]. The overall sound pressure level
is modelled by a functional relationship between a set of the most relevant aerodynamic
parameters, with coefficients determined from a large experimental database (Boeing 737,
757, 777, DC-10, MD-10 scaled model airplanes). The noise spectral shape is represented
by a high-order polynomial obtained through regression analysis on the average measured
spectra. Central parameters for the prediction of FSE noise are the tip cross-flow velocity
and the tip vortex strength. Both being inferred through potential flow theory. The large
variability in the database measurements and also the limited number of aircraft used
in deriving the FSE spectral shape combined with the need for assumptions to define
some parameters, limits its application to conventional airplane configurations without
important geometric variations. The model also reveals a surprisingly weak and counter-
intuitive role of both the vortex strength and cross-flow velocity. Finally, no FSE-specific
directivity function is provided by the authors. However, a directivity factor is derived
from total airframe noise measurements at a DC-10 over a wide range of radiation angles.

Brooks and Humphreys Jr. [21] propose two different approaches to a practical FSE
noise prediction based on a knowledge of the tip unsteady surface pressure fluctuations.
A first method, named causality spectra prediction, builds upon the Ffowes Williams and
Hawkings equation [41]for low Mach number flows and for surfaces with steady or no
motion relative to an observer (as in Guo [55]). Only dipole source contributions are
assumed to be important. The method requires a knowledge of the unsteady surface
pressures and their correlation with the radiated noise in the far field. In practical appli-
cations, surface pressure measurements near the tip are correlated to standard far-field
noise measurements and summed up to obtain the total tip noise. Hereby the dimension
of the radiating surface is assumed to be proportional to, say Lls, with L being the length
over which surface pressure sensors are applied and [, the spanwise correlation length
scale. An estimate of [ is provided by turbulent boundary layer pressure scaling assump-
tions, i.e. lp = U./(nw) with n = 0.3 and U, the eddies convection velocity. The predicted
spectra are found to agree well with the measurements as long as the source region and
spatial sampling (number of microphones) are representative and sufficient, respectively.

The second method presented in Brooks and Humphreys Jr. [21] is named scatter edge
noise prediction and is based on an adaptation of Howe’s theory of TE noise [66]. The
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shedding of unsteady vorticity about the tip edges is assumed to generate noise in a
manner similar to the TE noise mechanism described in Howe’s theory. The convection
velocity of the vorticity perturbations and their skew angle relative to the tip face nor-
mal are defining parameters. The theory assumes that the local edge thickness is much
smaller than the related acoustic wavelength. Similar to the causality spectra method, the
predicted far-field noise levels are due to the summed contributions from measurements
at each surface pressure sensor. An estimate of the streamwise correlation scale (I) is
necessary. From turbulent boundary layer theory, Iy = U, cos B(¢w)~! with ¢ = 2.0 and j3
the flow’s skew angle relative to the tip’s face normal direction. As mentioned above, the
experimental results do not allow the authors to determine the value of £. Nevertheless,
a good agreement between measurements and predictions is also found. Regarding the
directivity, the theoretical cardioid pattern does not generally hold. The authors believe
this to be a consequence of the finite dimensions of the flap tip compared to Howe’s
theoretical infinite thin plate assumption. Although both prediction methods give good
results, they are both dependent on a knowledge of the tip unsteady surface pressure spec-
tra. This kind of information is not easily acquired nor can it be readily generalized to
different tip shapes or wing sectional geometries. Also, turbulent boundary layer assump-
tions are necessary to define spanwise and chordwise correlation length scales. Although
these assumptions appear, at least in this context, reasonable, there is no certainty on
their generality. The perturbation velocity magnitude U, as well as its skew angle 3 are
not known and would require a detailed analysis of the tip flow field.

In a recent work, Guo [54] adopts a different modelling approach taking advantage of the
experimental evidence that FSE noise mostly results from the summed contribution of two
different noise generation mechanisms. These two sources are treated independently and
are defined in terms of local parameters, characteristic for the regions along the flap where
they dominate. Shear-layer instabilities caused by flow separation in the forward part of
the flap are responsible for high-frequency noise generation while interaction of the tip
vortical structures with the flap corner and edges is mostly responsible for low-frequency
noise generation. Guo argues that the noise generation scales on characteristic lengths of
the flow features in each region of interest. He therefore assumes high-frequency noise to
be proportional to the flap thickness while low-frequency noise is assumed to be related to
the flap chord length. Although these hypothesis appear reasonable, they are not further
discussed by the author. Because of their different flow characteristics and locations on the
flap, each source component is postulated to obey different Mach number dependencies
and possess different directivities. The low-frequency source intensity varies according to
Mé’ while the high-frequency source intensity is assumed proportional to Mg. A general
solution of the Ffowcs Williams and Hawkings equation [41]is derived for an aircraft flying
at constant Mach number in a medium at rest with constant properties. The functional
dependency of the radiated noise and its spectral shape are found by dimensional analysis
of the solution. Guo emphasizes the fact that the Mach number dependency of the
radiated noise is not exclusively represented by the spectral shape function but rather is
partly included in other model parameters e.g. flow quantities. Next, a semi-analytical
model for the directivity is derived again based on the general Ffowcs Williams and
Hawkings equation [41]. It is a function of the Mach number only and possesses a dipole
character, with maxima normal to the flap chord. The directivity pattern does predict
increased noise levels in the forward arc with maximum noise radiation at about 60° to
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the sideline below the flight path. The role of the flap geometry is not explicitly treated
in the model and assumptions about the characteristics of the unknown Green’s function
have to be made. Furthermore diffraction effects due to the non-compactness of the source
are not included in the derivation. The influence of geometrical variations on the radiated
noise is considered briefly through the addition of a geometry-related coefficient to the
model. This coefficient is adapted for a good representation of experimental data. Guo’s
approach provides the most general framework to date for FSE noise prediction.

Limitations of Current Prediction Methodologies.

From the preceding discussion of currently available prediction schemes for FSE noise, one
notices that it is (1) often necessary to revert to estimates of the input parameters because
of the difficulty of their experimental quantification. The validity of these estimates is
questionable as they are mostly based on knowledge from turbulent boundary layer theory
and also from potential theory. These are certainly important simplifications of the very
complex FSE flow field. (2) Each prediction method can only be applied to a limited
range of aircraft types, being calibrated on specific databases. This is a necessary difficulty
associated with empirical modeling which needs, however, to be overcome to achieve
realistic design-to-noise studies. (3) Also, most methods are built on relating geometrical
characteristics to the noise production mechanisms. An approach which is justified by
a desire to base the schemes on readily available input parameters. A drawback of this
type of modelling is, however, that it is a priori very difficult to account for variations of
the wing profile shape nor it is possible to account for tip modification or add-ons e.g.
cavities and winglets without available specific experimental knowledge.

Current semi-empirical airframe noise prediction schemes fail to accurately evaluate
noise emission from unconventional aircraft. Still, the demand for precise airframe noise
level estimation at low computational cost remains important and this requires prediction
schemes to become more fine-grained. The work of Guo [54] is the only one which provides
a basic framework general enough to tackle the above limitations; although the model
remains, to some extent, more descriptive than predictive because some of the parameters
remains unknowns. To achieve a more fine-grained prediction, one will have to move away
from a geometry-based modelling towards flow-based approaches, i.e. which utilize flow
information from experiment or CFD in defining functional dependencies related to the
acoustic radiation.

1.3. Scope and Research Objectives

In the present effort, a flow-based modelling approach is adopted, moving away from stan-
dard geometry-based prediction schemes. Although this approach appears very promising,
due to its flexibility, some hurdles still remain for such an empirical model to be a useful
design-phase quick-turnaround prediction tool. The goal of the present effort is to develop
a noise prediction scheme which is lightweight, in terms of computational cost, precise
(within the experimental error margins) and flexible. Ultimately, a general framework is
sought which will allow a coupling with computational fluid dynamics (CFD), therefore
opening new possibilities regarding empirical noise prediction for unconventional aircraft.
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In contrast to prediction schemes found in the literature and discussed in the preceding
section, input parameters needed for the prediction will have to be reduced to a minimum
and be as straightforward to obtain as possible from CFD computations. Attention will
therefore only be given to the mean flow field and its derived aerodynamic quantities.
Distinctive and important features of the flow field will be identified and related to noise
source mechanisms responsible for FSE noise production. Hereby assumptions have to
be made on the nature of the sound generation mechanisms. The above assumptions
inherently impose strong constraints on the resulting prediction scheme. It is, however,
postulated that a knowledge of the bulk characteristics of the flow field is sufficient for
the representation of a wide range of practically relevant cases.

Extensive experimental investigations of FSE noise radiation were performed at two
cantilever flap models (1:1 and 1:1.6 scales) as well as at an high-lift wing (1:6.33) to
provide the necessary database for the development of the prediction scheme. Because of
it’s central importance to the noise radiation problem, much attention is also given to the
characterization of the tip vortex and its formation process. Although much is already
known about the characteristics of trailing tip vortices, the near field (or formation phase)
of the tip vortex is documented only to a limited extent. The current approach is in
contrast to most studies found in the literature and enables a very detailed investigation
of the FSE acoustic and aerodynamic characteristics on a single flap model and for a
common set of Reynolds and Mach numbers. The results of the acoustic and aerodynamic
investigations will be directly used to construct an improved prediction scheme, relative
to previously published work.

The proposed empirical prediction scheme is validated against the measured noise ra-
diation from a large set of wind tunnel models of increasing complexity and a discussion
of its range of validity is presented. Issues related to the extrapolation of the prediction
scheme capabilities to full scale configurations and its integration to full aircraft design-
phase noise prediction tools are discussed and methodologies to resolve these difficulties
are proposed.

Following this introduction, in chapter 2, a more elaborate presentation of the funda-
mentals of FSE noise, as well as tip vortices, and their relation to the noise problem is
given. Chapter 3 and 4 provide details about the experimental methodology and post-
processing procedures. Results from the flow field investigations are presented in chapter
5 and those from the acoustic investigations in chapter 6. The knowledge gained in those
previous two chapters will serve as basis for the formulation of a new semi-empirical pre-
diction scheme in chapter 7. In this last chapter, the semi-empirical prediction scheme
is presented and discussed to emphasize its advantages as well as its limitations. Finally
future research needs regarding FSE noise modelling are identified.
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2. Current Knowledge on Flap
Side-Edge Noise

In this chapter a broad overview of the current fundamental knowledge about flap side-
edge noise is given. In section 2.1, the current knowledge on tip vortices is presented
and put in relation to the FSE noise problem and its modelling. Generally speaking dp
will refers to the flap deflection angle when considering a high-lift wing and to an airfoils
angle of attack when considering two-dimensional or cantilever airfoils. In section 2.2 a
discussion of available theoretical approaches is given and their ability to represent the
experimental observations is discussed. In section 2.3, the most important experimental
efforts are presented and discussed, providing an insight into the spectral characteristics
of FSE noise.

2.1. Tip Vortices and their Relation to the FSE Noise
Problem

Noise generation at the flap side-edge is closely related to the characteristics of the flap
side-edge vortex (or equivalently, tip vortex). Most interesting for FSE noise production
are 1) the vortex strength and size, which determine the peak radiation level and frequency
and 2) the proximity of the vortex to the solid edges and its topology, which also impact
its peak level while defining its spectral content. One desires to know how these factors
depend on flap deployment and geometry, but also on flight and local flow velocities.

It is therefore of great interest to investigate the details of this type of flow in its
different phases of development. The phase of vortex formation takes place in the close
proximity of the wing and is limited to the range 0 < z/c < 1. As soon as the FSE
vortex leaves the trailing edge (x/c = 1), it enters the free field, a domain where the wing
does not influence the vortex anymore. In the context of the current work, those two
spatial regions are defined as the FSE vortex near field. This definition is not in line with
the terminology of other authors working on tip vortices [4, 32|, but is appropriate for
our intent. While trailing vortices emanating from three-dimensional lifting surfaces may
exist over very large distances, the aeroacoustic problem is mostly tied to the first two
phases of evolution. As there is not a large body of work available on flap tip vortices,
the following review will also consider studies done at simple cantilever wings. The term
“tip vortex” will be used in a general fashion for both cantilever wings and flaps.

2.1.1. Near Field Characteristics

Experimental Studies. Although a lot of research efforts were made to better under-
stand the development of trailing vortices (to be discussed in more detail in the upcoming
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sections), the number of publications concerned with the formation of tip vortices in its
early stages is much more limited. This is certainly related to the inherent complexity of
the flow field which makes experimental quantification of tip vortex characteristics diffi-
cult. See for example flow visualizations made by Freymuth et al. [46] and Francis and
Kennedy [44].

Francis and Katz [45] studied the topology of the wing tip vortex formation in more
detail through dye visualization in a water-filled towing tank. Empirical relations are for-
mulated which describe the chordwise evolution of the vortex characteristics as a function
of incidence angle and free-stream velocity, i.e. Reynolds number, Re. There is a strong
dependency of the vortex size and position on both éz and Re, however, with opposing
effects. Increasing the Re reduces the vortex size while increasing wing incidence works
to increase its size. The tip vortex moves inboard and downward with an increase in
Re, moving outboard and upward with an increase in . The tendencies observed by
Francis and Katz [45] are also supported by flow visualizations as well as LDV measure-
ments made by Higuchi et al. [62] at an elliptical cantilever wing with a NACA 662-415
section. More recent measurements at a NACA 0012 wing with a flat tip and a curved
cross-section tip from Giuni and Green [51] and Giuni [50] also partly support these obser-
vations. Their flow visualizations reveal a smooth and progressive vortex formation with
only few vortical structures for the round tip, resulting in a more axisymmetric vortex.
It is also noted that an increase in Re leads to a stronger reduction of the vortex core
diameter for the rounded tip. In contrast, the flat tip wing forces the build-up of a more
complicated tip vortex system with multiple structures. The interaction of these vortices
is found to increase turbulent mixing and diffusion; the vortex system is time-dependent.
First signs of time-dependency are noticed when the tip and top surface vortices merge.
During and after merging, the tip vortices are also found to oscillate from the tip face to
the suction side surface, reflecting the important unsteadiness of the merged vortex. The
authors also note an independent initial development of the top and side vortices.

Using the visualization technique of Francis and Katz [45], Katz and Galdo [77] inves-
tigated the role of surface roughness on the development of wing tip vortices. Although
they found that surface roughness had limited impact on vortex size and location, it does
affect the position at which the tip vortex moves to the wing’s upper side, moving up-
stream with an increase in surface roughness. They conclude that an increase in surface
roughness substantially reduces the tip vortex strength. Similar observations are made by
McAlister and Takahashi [87] for leading-edge tripping devices. Their observations pro-
vide some insight in the working mechanisms of porous treatments used as noise reduction
technologies. A rectangular wing with a flat tip geometry forces the flow to separate at
its edges and can be viewed as an effective tripping or increased surface roughness which
reduces the local flow velocity magnitude compared to, e.g. a rounded wing tip. Larger
tangential velocities and a smaller vortex core should be expected for smooth tip geome-
tries where the flow is allowed to follow the tip contour without separating. A conclusion
supported by measurements from McAlister and Takahashi [87] and Chow et al. [26].

McAlister and Takahashi [87] studied the near- and far-field development of a tip vortex
at a semispan NACAO0015 wing with flat and round tips. They found that a wing with a
round tip shape eliminated the secondary vortex on the wing upper surface. The existence
of a double-vortex system appears to be characteristic for a wing with a flat tip. They also
found that the maximum vertical component of velocity near the vortex core, is directly
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(almost linearly) dependent on ¢ and independent of the Reynolds number. For both tip
geometries the spanwise static pressure distribution displays a strong and sudden peak
in the outermost 4% of the wing, due to the presence of the tip vortex over the wing’s
upper surface. The flat tip wing vortex is found to be almost insensitive to changes in Re,
which differs from observations made for the round tip case. The authors postulate that
this difference results from the transition-fixing nature of the flat tip wing. Increasing
the wing angle of attack leads, in both cases, to a large increase in overall lift. This
change in lift is, however, larger in the round tip case. Looking at the trailing vortex
from a square tip wing, the authors observed a strong dependency of its circulation on
dr (keeping chord and Re constant). The authors therefore postulate that j might be
the more important determinant of the core maximum vertical velocity, compared to Re.
Plotting the magnitude of the maximum vertical velocity in the trailing vortex against
dr indeed shows a linear dependency which pertains both near the TE (z/c¢ = 0.1) and
downstream of the TE (z/c = 4). The wing’s aspect ratio (6.6 < AR < 9.6) was not
found to play an important role in defining the trailing vortex characteristics.

Chow et al. [25, 26] studied the roll-up of a turbulent tip vortex on a semi-span straight
NACA 0012 wing with a round tip. Over the wing, peak levels of turbulence were identified
where the tip shear layer departed from the tip surface, near a position where maximum
tangential velocity occurs. Turbulence intensities are found to rapidly decay with the
progressive winding of fluid into the tip vortex (due to rotation effects Devenport et al.
[31]), the same being also true in the wake. The axial vorticity, wy, along the vortex center
line is the most important component of vorticity generated during vortex roll-up. The
authors found that the strongest increase in w; occur over the wing’s surface while, in
the wake, much lower rate of increase are measured. The center-line velocity is a function
of Re, 0p, x/c and the aspect ratio, AR, through the following empirical formula due to
Chow et al. [26],

U/Uy = a1 Re™(dp/deg)®(x/c+ 1)** AR, (2.1)

with a1 = 0.56, as = 0.041, a3 = 0.25, a4y = —0.13, a5 = —0.14. An increase in Re or
0 therefore leads to higher velocities while an increase in z/c or AR has the opposite
effect. The angle of attack is the most important parameter in determining the center
line axial velocity.

The first measurements of the flap tip flow field in a high-lift configuration were per-
formed by Radeztsky et al. [110]. Using a 5-hole pressure probe the authors studied the
chordwise evolution of the tip flow field over a set of chord-normal planes. The exper-
iments were performed in NASA’s Quiet Flow Facility (QFF) using an unswept NACA
632 — 215 Mod B airfoil. As for the cantilever wings, a double-vortex structure is revealed
by the 5-hole probe measurements. The tip flow field is found to be very similar for both
flap angles studied (dp = 29°,39°). Increasing dp leads to a spatial shift of the flow
structures towards the flap leading edge. After vortex merging, the core axial velocity
reaches levels of over twice the free-stream velocity; in accordance with observation made
by Chow et al. [26]. At 0p = 39°, the 5-hole probe data indicate the existence of a zone
of vortex breakdown, responsible for an important far-field noise increase.

A similar study was also performed by Berkman et al. [14] at a three-element high-
lift wing with a profile geometry typical of an energy efficient transport wing (EET).
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The experiments were performed in NASA Langley’s Low Turbulence Pressure Tunnel
(LTPT) over Reynolds number ranging from 3.6 to 19.2 million and Mach numbers of
0.125, 0.2 and 0.3. Measurements include steady and unsteady surface pressures. RANS
computations complement the experiments. Their results revealed that the dominant flow
structures in the flap side-edge region are relatively independent of the Reynolds number
for Re > 7 x 105. Contrary to the observation of Radeztsky et al. [110], the authors
found the top edge vortex to be stronger than the vortex released at the bottom edge.
It is conjectured that this is related to the different geometry compared to Radeztsky
et al. [110]. Althought the merged vortex eventually lifts-up the surface, this occurs later
than in the experiments of Radeztsky et al. [110]. Vortex bursting occurs in the RANS
computations for both flap deflection angles, in discordance with the results of Radeztsky
et al. [110], who identified vortex bursting only for the largest flap angle (07 = 39°). Also,
vortex merging occurs after bursting, and not before as in Radeztsky et al. [110].

Birch et al. |15, 16| studied the development of the tip flow at three different wing
models. In a first study flow measurements were performed at a Bombardier R&D cam-
bered wing of 0.508 m chord length. A miniature 7-hole pressure probe as well as PIV
was used to reveal the details of the tip flow field along the wings and in the near wake.
In a following study, they used a NACA 0015 and a Bombardier R&D cambered wing
with a chord of 0.254 m. They found that the vortex core at a fixed x/c is not a strong
function of the Reynolds number but is strongly influenced by changes in wing deflection.
The vortex strength and diameter are found respectively to increase with dp, through
a constant feeding of vorticity into the tip vortex from the pressure side shear layer,
and decrease with Re (in agreement with the results of Francis and Katz [45]). Vortex
strength was also found to increase with an increase in sweep angle. Comparisons with
the NACA 0015 wing show that the core radius size remains very similar for both wings.
The cambered wing produces higher tangential velocities and a stronger vortex with a
smaller core size. For both wings the maximal vortex strength, tangential velocity and
streamwise core velocity increase linearly with an increase in dp.

The effect of sweep and taper on the near field tip vortex development was investigated
by Gerontakos and Lee [48] using two NACA 0015 wings. The taper ratio was A = 0.375
and the sweep angle at the quarter chord A = 24°. Measurements of the flow field in
plane normal to the flow direction were realized with a miniature seven hole pressure
probe as in Birch et al. [15, 16]. The vortex size, axial velocity, tangential velocity and
vorticity are quantified for angles of attack 4° < o < 14°. A lower peak vorticity and
an increased peak tangential velocity were measured for the swept wing compared to the
straight wing. The core radius of the straight wing tip vortex was also found to be larger.
At z/c = 3.75, downstream of the TE, the vortex core size is found to be independent of
x/c and O, regardless of the wing considered. The core diameter being about 0.16¢. In
the tip region of the straight rectangular wing larger lift forces, compared to the swept
wing, are measured implying a stronger vortex and higher induced drag. In fact, the
lift-curve slope of the swept wing is not significantly affected by the tip effects whereas
the straight wing is.

Bailey et al. [9] studied the role of upstream turbulence on vortex formation and in
the near field. They used a NACA0012 wing with a flat tip geometry and exposed it to
varying levels of grid turbulence. The tip flow field was characterized through single- and
four-wire hot-wire probes. They identified three vortices, the primary vortex forming at
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the wing tip, a secondary vortex on the suction side as well as a third smaller vortex near
the tip TE. This third vortex is formed as low velocity fluid rolls over to the suction side.
They found that increased upstream turbulence act to increase the vortices turbulence
levels but does not impact noticeably the formation process.

The main conclusions which can be taken from the above discussion are summarized
hereafter.

e The most important parameter determining the tip vortex characteristics are Re
and dp.

e Increasing Re results in a smaller tip vortex while increase dr has the opposite
effect.

e The tip vortex moves inboard and downward with an increase in Re, moving out-
board an upward with an increase in dp.

e For the round tip wing, a smooth and progressive vortex formation is observed
with only few vortical structures. The flat tip wing forces the build-up of a more
complicated tip vortex system with multiple structures.

e A wing with a flat tip acts as a tripping device, forcing the flow at its edges to
separate, therefore leading to the formation of a weaker vortex. The opposite is
true for smooth tips.

e Primary and secondary vortices first evolve independently along z/c, until merging
takes place.

e The merged vortex has a time-dependent character, oscillating between the tip face
and the top surface.

e Surface roughness and leading edge tripping devices lead to an earlier vortex merging
and a weaker vortex.

e The above characteristics hold through a wide range of wing section geometry typical
for current transport aircraft.

e Wing section geometry can, however, play a crucial role in setting the properties of
a tip vortex e.g. sharp vs. smooth edges. Berkman et al. [14] has also shown that a
completely different vortex system can be obtained for wing’s of atypical sectional
shape.

e A swept wing will induce weaker tip vortices compared to a straight one.

e The tip vortex characteristics are not strongly dependent on upstream turbulence
(or flow perturbations).

Computational Studies of the Vortex Formation Process. Computational stud-
ies are not further discussed in the context of the present report as they provide no quan-
titative information about the tip vortex formation, but mostly a qualitative view of the
flow topology. The interested reader is referred to the work of Dacles-Mariani et al. [30]
on the same geometry than that of Chow et al. [26], the work of Khorrami et al. [79)],
which is complementary to the experiments of Radeztsky et al. [110], the computations
of Imamura et al. [73] on a NACA 0012 and those of Murayama et al. [100] on a high-lift
configuration. Also, Ghias et al. [49], Revell et al. [112] and Jiang et al. [74] present results
obtained through LES simulations.
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2.1.2. Far-Field Characteristics

Due to the inherent complexity of the flow field, only a few authors have attempted to
derive a theoretical description of trailing vortices. All theoretical developments rest on
a light-loading hypothesis. Kaden [75] first modelled the formation of trailing vortices
as the spiral roll-up of the wake semi-infinite vortex sheet. Batchelor [11] studied the
existence of a strong axial flow in the core region of a vortex originating from one end of
a wing. His analysis is based on the assumption of axisymmetric laminar line vortices.
The balance between the centrifugal force and the radial gradient of pressure across the
vortex cross-section is shown to result in an axial gradient of velocity. An increase in
azimuthal velocity at the edge of the vortex core leads to a decrease in core pressure
and an increased core flow velocity. Moore and Saffman [97], using ideas put forward by
Kaden [75], extended Batchelor’s work by considering the effect of viscosity on the roll-up
of laminar trailing vortices.

Phillips [103], Govindaraju and Saffman [52| and Saffman [115]| studied the inviscid
roll-up of a turbulent trailing vortex assuming an isotropic turbulent eddy viscosity. The
structure of the vortex core appears to be divided in three regions with distinct charac-
teristics. Hoffmann and Joubert [63] and Phillips [103] , based on similarity arguments,
derive an analytical representation of the vortex core circulation in all three regions. Ap-
plication to experimental data reveals that the core axial velocity gradient, imposed by
the initial conditions at the wing, appears not to affect the self-similar form reached by
the vortex. It does, however, delay its occurrence. Self-similar inner circulation profiles
are already found 1.44 chord lengths downstream of the wing’s trailing edge [82].

The common assumptions of light loading, small axial velocity perturbation relative to
the free-stream i.e. large development distances, axisymmetry of the trailing vortex and
isotropy of its turbulence, are all violated in practical applications. A direct application
of the above observations in the framework of the current work is therefore limited. Tt
remains, however, to be verified if the self-similar properties of trailing vortices can be
put at use when modelling F'SE noise.

2.2. Theoretical Approaches

Because of the complexity of the flow dynamics driving FSE noise generation, an analytical
solution to Lighthill’s analogy is not available. Analytic work is therefore limited to
simplified cases still pertinent enough to reveal dominant factors responsible for the noise
production.

In this section the different theoretical approaches describing noise generation at flap
side-edges are presented and discussed. The main goal of this presentation is to pro-
vide information necessary for the later formulation of a prediction model. Respective
theories are not provided in details but rather the most important aspects with respect
to the present work are given. The interested reader is referred to the corresponding
bibliographic references for a deeper look in the different theories.
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2.2.1. Source Mechanisms Based on Lighthill’s Analogy

A general theoretical treatment of the aeroacoustic noise problem is given by Ffwocs Williams
and Hawkings [41] who provided an analytical description of noise generation by surfaces
in arbitrary motion in a turbulent stream. The turbulence itself leads to a quadrupole-
type source while surface and body interactions with the surrounding medium (flow) give
rise to dipole and monopole-type radiation respectively. The solid body’s surface is effec-
tively replaced by a distribution of surface monopole and dipole type sources. The Ffowcs
Williams and Hawkings equation [41] builds upon the original work of Lighthill [84, 85]
which describes noise generation by an arbitrary source region surrounded by a quiescent
fluid and that of Curle [29] who extended Lighthill’s ideas to include the effect of the
presence of a fixed solid boundary on noise generation in low Mach number flows.

For the current application, the typical low Mach number is less than My < 0.3. In
that case, noise production is dominated by the dipole contribution, which relates to the
fluctuating forces acting on the body. Curle [29] used dimensional analysis for a compact
body and large Helmholtz (He) number (He > 1), to find that sound intensity (I) is
proportional to,

o —POr2ps6, (2:2)
x| aj
where x is the observer’s position vector relative to the source center (with source-centered
coordinate system’s origin), L a characteristic scale of the body and U, the convection
velocity of noise generating turbulent eddies. U being usually taken to be the mean
free-stream velocity.

For compact non-moving bodies embedded in a stream, sound intensity therefore scales
with the sixth power of the stream mean velocity. Ffwocs Williams and Hall [40] consid-
ered the flow of turbulent eddies about a non-compact semi-infinite half-plane (i.e. trailing
edge (TE) noise). Their analysis shows that sound intensity scales according to an expo-
nent of five and therefore that the presence of the edge greatly increases the efficiency of
the noise production mechanism compared to noise generated by free turbulence.

A treatment similar to that of Ffwocs Williams and Hall [40] is made by Crighton [28]
for a vortex filament moving about a non-compact semi-infinite half-plane (see figure 2.1).
Using matched asymptotic expansions, Crighton was able to perform the first analytical
treatment of a simplified version of the tip vortex noise problem. Noise intensity is also
found to be proportional to the fifth power of the free-stream velocity. Sound is radiated
with a cardiod-like directional factor, D(#) = sin (6/2).

Hardin [59] also considered the infinite thin half-plane of Crighton [28]. Using conformal
mapping, the movement of the vortex about the edge is deduced and, with the aid of a
two-dimensional low-frequency Green’s function derived by Howe [70], an estimate of the
far-field noise could be obtained. Hardin’s theory also predicts a noise directivity as
D = sin(f/2). The radiated noise intensity depends strongly on the proximity of the
vortex to the edge and on its circulation, I oc I'? Ral/z, with Rg the vortex distance
from the plane. Meecham [92] followed the same modelling methodology for the flow
swept around a sharp corner. However, he raised concerns about the validity of Hardin’s
result when adapting his 2D computations to 3D. Therefore, instead of using the simplified
Green’s function of Howe, he carried out computation of the far-field radiation based on
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Figure 2.1.: Vortex filament, with circulation I', moving about a semi-infinite half-plane
along the dashed path. The plane occupies the domain yo = 0, y; < 0.
Sketch from Howe [70]. Lines of constant U represent streamlines of a
hypothetical potential flow around the half-plane.

Lighthill’s analogy. Also, only noise generation at the lower tip corner is considered. A
noise directivity according to D = sin? @ is found with sound intensity proportional to
the sixth power of the spanwise flow velocity. Interestingly, as the vortex moves closer
to the edge an important slowdown is predicted due to the influence of its image vortex,
effectively increasing the time span over which noise is generated.

The premises of Hardin were later reconsidered by Sen [117] who proposed to model the
side edge flow field by a steady base vortex in a potential flow around a two-dimensional
thick edge. The base vortex represents the time-averaged tip vorticity distribution and
provides a picture consistent with experimental observations [26, 110]. It does not follow
the flow field but rather remains at a constant equilibrium position near the side edge.
This view is in contrast to that of Hardin [59] and Meecham [92], where single pockets
of vorticity are convected by the potential flow. Next, the base vortex stability to small
disturbance is analyzed. It is found that the base vortex remains stable as long as it stays
at a distance from the edge less than 0.56 times the edge thickness, a value consistent with
experimental evidences. This result poses an upper limit on the base vortex size. With
the equilibrium position of the vortex set, Sen shows that the radiated noise frequency
(due to the unstable oscillation of the vortex itself) is proportional to its circulation and
inverse proportional to the edge thickness squared, f oc I'/ h2. Noise production is found
to occur mainly for vortex movement across streamlines i.e. oscillations normal to the
side-edge face, inline with Howe’s result [70]. Motion parallel to the side-edge face i.e. less
noisy modes occur for a vortex position close to the wall or near the stability boundary
(e &~ 0.56h). The introduction of a small perturbing vortex on top of the base vortex
promotes complex oscillations of the base vortex which translates into a broadening of the
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far-field spectra. Sen’s analysis also reveals the usual D = sin?(6/2) directivity pattern.
Noise intensity is found to be related to the lift coefficient, Cp, like I oc C% [60].

The most recent effort to model side-edge noise analytically, building upon the work
of Hardin [59] and Meecham [92], is due to Guo [55]. A thick flap with a flat tip is
considered, with vorticity production occurring only at the tip top and bottom edges.
The model allows the computation of the dynamics of multiple point vortices ejected
from the upper and lower corner as well as the pressure fluctuations on the flap surface.
Next, the unsteady surface pressures are propagated to the far field using a formulation
based on the Ffowcs Williams and Hawkings equation [41]. The far-field noise intensity
is estimated as, I oc M2, with M,, the cross-flow Mach number, in spanwise direction
towards the flap tip. An extension of this model with application to flaps with side-edge
fences is presented by Guo in [53].

Flap side-edge noise generation for an installed and deployed flap, i.e. a flap installed
in a high-lift wing, is analyzed by Howe [67]. Howe does not adopt the idealized potential
flow theory described above but rather considers a generic representation of the deployed
flap embedded in a uniform flow. The gap existing between a deployed flap tip and its
neighboring wing is represented by a simple slot of varying width. No concern is given to
the complex tip flow field. A solution to the problem is found by using the evanescent wave
theory of Chandiramani [23]. The theory reveals a half-baffled dipole directivity pattern
at low frequency while at high frequency, noise is radiated according to a monopole-like
pattern. Flap edge noise is found to be radiated more effectively at low values of the slot
Strouhal number, ws/Us, with 2s the slot width and Us the spanwise mean flow velocity.

2.2.2. Source Mechanisms Based on Vortex Sound Theory

The source of sound in vortical flow was shown by Powell {107, 108| to be related to
the concept of vortex force [116]. Consider a small vortex ring of circulation I" and ring
area A. The flow induced by that vortex ring is the same as that from a potential point
dipole, and its vortex strength (i.e circulation I" times area A) was shown by Powell [107]
to be equivalent to the strength of the point dipole. Now consider a solid and fixed
body embedded in a fluid flow and subjected to a fluctuating aerodynamic force. This
body could be effectively replaced by an equivalent and opposite body force (F) acting
on the fluid volume occupied by the body. This fluctuating force being equivalent to an
appropriate distribution of potential point dipole. The fluid momentum at location &; is
given by p;D = p;I'A and therefore the equivalent body force is

dD  dU'A
Pi% = /)17~

This force is proportional to the rate of change of the vortex ring strength (I'A). For a
general distribution of vorticity, the vortex force is given by [115],

. (2.3)

F = p; /(w xu)dV. (2.4)

Powell relates the far-field sound pressure to the vortex force,

1 dF _ p; d&TA)  p d
drxe dt 4wxe  di2 daxedt

p(x)

(wx u)dV. (2.5)
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The far-field pressure results from the rate of change of the vortex force or the accel-
erating change in vortex strength. The same conclusion is drawn by Powell [107] for a
lifting wing with its bound vortex. Any change in velocity and/or circulation is related
to a change in vortex force and therefore leads to noise production. Also in the case of
a a vortex ring passing near a fixed cylinder in an otherwise still medium, vortex sound
does also occur due the induce force, by the passing vortex ring, on the cylinder.

This vorticity-based treatment of the aerodynamic sound problem is described by the
vortex sound theory [70, 93, 107, 108]. The above ideas of Powell [107] were later revisited
by Howe [70] who further generalized the theory. It is based on a different form of
Lighthill’s acoustic analogy with the total enthalpy, B (equation 2.6) as the independent
acoustic variable instead of the fluid density.

dp 2
B = " + 5 (2.6)
The low Mach number vortex sound equation (Howe [69], generalization by Mdhring [93]),

<ia—2—vz>B:v-(wxu) (2.7)
g ot? ’ '
with w X u, also called the Lamb vector, clearly emphasize the role of vorticity in the
noise production. There can be no generation of sound waves in the absence of vorticity
or when no moving boundaries exist. Fquation 2.7 holds for a compact distribution of
vorticity and for M < 1, with ¢ = ¢g and p = pg and also neglecting any non-linear
propagation effects and scattering of sound waves by due to vorticity.

At high Re, vorticity is concentrated in a very limited area of the whole fluid domain
surrounding an airfoil i.e. vorticity is said to be “bound” to the lifting/aerodynamic sur-
faces. Outside that region, the flow field can be considered as an irrotational flow where
viscosity does not play an important role and noise generation cannot occur.

Howe [70] reconsidered the problem of noise generation by a vortex filament near a semi-
infinite half-plane discussed above using the theory of vortex sound. His result agrees with
the prediction of Crighton |28] in terms of source exponent and directivity. Howe’s result
is, however, more explicit and reveals that noise production occurs as the vortex filament
“cuts” across streamlines of an hypothetical flow bounding the half-plane, i.e. p x DV /Dt,
with W the stream function and D /Dt the material derivative.

The generic case of a vortex ring moving linearly about a solid semi-infinite sharp half-
plane (see figure 2.2), was studied theoretically and experimentally by Kambe et al. [76].
He applied the vortex sound theory to establish the temporal and angular dependency of
the radiated far-field noise as,

5

I x %sin2(9/2)\/sin¢, (2.8)

with the azimuthal angle ¢ defined in the y2 = 0 plane. A result consistent with that
of Ffwocs Williams and Hall [40]. Sound intensity is found to scale according to I o
UPL~=*, with U the vortex ring convection velocity, and has a cardiod-like directivity.
The azimuthal directivity is found to obey (I o sin¢). Their result also shows that the
far-field pressure is a function of the rate of change of the total volume flux through the
vortex ring as it moves through the potential flow.
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Figure 2.2.: Vortex ring, with circulation I', passing near a semi-infinite half-plane along
a linear path. The plane occupies the domain yo = 0, y; < 0. Sketch
from Kambe et al. [76]. Lines of constant W represent streamlines of an
hypothetical potential flow around the half-plane.

Tang and Ko [128, 129] studied theoretically sound generation in inviscid vortex inter-
actions at low Mach numbers. Although their results do not directly transfer to the case
of a wing tip vortex system, they provide some insight into relevant vortex related noise
production. They consider three generic types of interactions, leapfrogging, coalescence
and collision. The authors suggest that vortex sound occurs because of two independent
mechanisms. The unsteady dynamics of the vortex centroid is responsible for low fre-
quency noise radiation. This frequency being close to the rotational speed of the vortex
centroid. Important low-frequency noise radiation occurs when vortices are subjected to
high transverse accelerations therefore setting an imbalance in transverse vortex force on
their cores. High-frequency noise is produced through shape deformation of the vortex
core and increase with an increase in the rate of change of the vortex core asymmetry.
As the vortices gets stronger i.e. larger circulation, so does the magnitude and frequency
of the radiated waves. Therefore the intensity of the radiated sound is closely related
to the vortex’s own circulation. These findings agree with Powell [108] who states that
noise radiation results from the “/. ../ accelerating change of total vortex strength through
changing circulation or vorticity”.

2.3. Experimental Investigations on FSE Noise

In this section, a review of the most important experimental investigations on FSE noise
is presented. Special attention is given to source mechanisms postulated and described in
the literature. Spectral characteristics and derived scaling laws are discussed as well as
sound source directivity. Finally, the effect of tip geometry variations on flap side-edge
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noise is depicted and noise reduction concepts are shortly discussed. The goal of this
section is to provide a physical basis onto which the subsequent modelling will rest.

2.3.1. Practical Relevance of Flap Side-Edge Noise

Early experimental work done by Ahtye et al. [3] and Miller et al. [94], in wind tunnel tests
first revealed the occurrence of a dominant noise source a the wing tip using microphone
correlation techniques. Miller et al. [94] found that the outboard FSE is a dominant
source of aerodynamic noise in the landing configuration exceeding 2D flap noise (i.e. flap
trailing edge noise) by more than 10 dB. The measurements were performed at a large
scale i.e. 6.7 m half-model with a triple-slotted flap, and no leading edge device, in NASA
Ames 40 ft. X 80 ft. low-speed wind tunnel. Making this configuration almost equivalent
to full-scale tests. Although the results of Ahtye et al. [3] and Miller et al. [94] do provide
evidences that the FSE is a significant source of aerodynamic noise, it does not answer
the question on a component basis, i.e. its ranking compared to other sources.

An answer to this question is provided by Dobrzynski et al. [37] who found that the FSE
noise radiation per unit source area surpasses that of the slat over the whole frequency
range while clearly dominating at high frequencies. When the equivalent source spatial
extent is taken into account in the calculations, the slat becomes the dominant component
at low frequencies while otherwise both components appear to be equally strong. Their
conclusions are based on wind-tunnel tests of a 1:10 scaled Airbus-type high-lift wing
and including 4 flap side edges (i.e. contribution from the whole wing) in the calculation.
Similar observations were made by Hayes et al. [61] who studied airframe noise from a
McDonnell-Douglas 4.7% scale DC-10 in NASA Ames 40- by 80-foot wind tunnel. With
the slat deployed, the FSE is identified as a dominant noise source at the outboard edge
of the outboard flap (7 dB higher peak level rel. to slat level). Up to 8 kHz, both slat
and flap are dominant sound sources, beyond 8 kHz, the FSE alone dominates. Direct
comparison of the upscaled wind tunnel data with flyover noise measurements reveals a
good agreement at low frequencies, while at high frequencies discrepancies are observed,
the small-scale noise levels being up to 7 dB lower. The authors relate this discrepancy to
Reynolds number effects and a lack in geometrical fine-scale fidelity. FSE noise is ranked
as third most important airframe noise source (total component noise) for a 7% scale
Bombardier CRJ-700 model tested in NASA 7- by 10-foot wind tunnel.

The relative importance of the FSE noise source varies among aircraft, depending on
the number of flap side-edges as well as their size. Also important is the arrangement of
the high-lift system relative to the power plants e.g. powered lift concepts. For future low-
noise aircraft (e.g. upper wing engine, powered lift and blended-wing-body configurations),
the FSE noise source may play a much more important role than for conventional aircraft
[111].

Further experimental evidences from Storms et al. [124] also revealed the importance
of slat tip noise, responsible for a broadband noise increase of 7 dB relative to the full
span 2D slat. The importance of slat tip noise was also noted by Soderman et al. [121]
for a 7% scale Bombardier CRJ-700 model. Although slat tip noise could be considered
a different source in itself, it does share a common source mechanism with FSE noise
and therefore also falls under the same category. It would also contribute to an increased
overall ranking of the FSE noise source.
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The influence of the Reynolds number on the above observation cannot be readily
verified as only sparse experimental data are available. Dobrzynski et al. [38] did mea-
surements in the DNW large-scale wind tunnel at a full-scale Airbus A320 wing and
showed that there is an influence of the Reynolds number on unsteady surface pressure
fluctuations in the aft part of the FSE while this was not the case in the forward part.

2.3.2. FSE noise at Free Wing Tips

Consider, as in figure 2.3, a finite wing of square planform and aspect ratio AR > 3 so
that there is no important interaction between both tip vortices . The tip face geometry
is flat or square i.e. normal to the spanwise direction (see figure 2.3). If not otherwise
mentioned, both terms will be used interchangeably throughout this thesis. Also, if not
otherwise mentioned, the wing tip geometry is flat and smooth.

Brooks and Marcolini [19] studied vortex formation noise at the tip of an extended set
of isolated wings of various chord and span, with rounded tips. The authors assumed the
noise production to be the results of turbulent boundary layer flow over the tip trailing
edge region. Therefore, FSE noise is taken as a kind of TE noise occurring in a spatially
very limited region in the vicinity of the wing tip. Their analysis is built upon the
theoretical result for trailing edge noise from 2D wings |66].

The work of Brooks and Marcolini [19] was done at a time where only very limited
knowledge about the tip vortices was available and provided a first effort in modelling
FSE noise. The edge scattering effect describe by Brooks and Marcolini [19] is now known
to be due to the formation of a double-vortex structure at the flap tip, and its interaction
with the flap surface (see figure 2.3). The vortices are formed by the rapid roll-up of the
suction side and pressure side shear layers shed off the tip edges. One vortex develops on
the suction side and a second one on the tip face, in an independent manner [88, 89| until
they merge to a single larger vortical structure around mid-chord, where the tip vortex
moves to the suction side. At low deflection angles this vortex system remains near the
flap surface, eventually reaching the tip’s trailing-edge (TE). Large flap deflections lead to
an earlier lift-off of the merged vortex from the suction side. Once this formation process
his completed, a trailing vortex is released from the wing.

Two different mechanisms responsible for FSE noise are described in the literature [124],
(1) flow unsteadiness in the shear-layer and (2) flow unsteadiness in the vortex-core.
These two mechanisms are most effective when direct interaction with the FSE surfaces
and edges is possible. The first mechanism refers explicitly to the unsteady shear layers
shed at the suction side and pressure side sharp edges in the forward half of the model
(see locations 1 and 2 in figure 2.4). The initial underlying characteristic wavelength of
the unsteady shear layer is on the order of the pressure side boundary layer thickness [12]
(I < d). A stability analysis made by Streett [125] as well as wind tunnel measurements
made by Choudhari et al. [24] suggest that the shear layer instability mechanism should
contribute to the mid-to-high frequency part of the FSE noise spectrum.

Although the flow at the tip edges is subjected to rapid distortions, the magnitude of
the unsteadiness in their immediate vicinity is small because the shear layer development
is at an early stage [82|. It is therefore unlikely that this mechanism alone is an important
contributor to the total emitted noise. This is supported by unsteady pressure measure-
ments near the flap edges which show levels an order of magnitude lower over the whole
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Figure 2.3.: Sketch of the tip vortex flow field and corresponding surface pressure dis-
tributions

a0

Figure 2.4.: Sketch of postulated aeroelm%f')eustic noise source mechanisms. At each sec-
tion cut, a typical instantaneous distribution of vorticity is shown in the
inserts. Red spots correspond to positive vorticity while the blue spots are
for negative vorticity.

frequency range on the pressure side relative to suction side levels [18, 57, 124]. Guo et al.
[57] used correlation analysis between surface sensors on a 4.7% DC-10 aircraft in NASA
Ames 40 x 80 foot wind tunnel to identify a dominant source of noise near the suction
side edge, underneath the path of the vortex. The double-vortex system which forms at
the flap tip is found to leave its trace in the unsteady surface pressure fluctuations in the
form of spectral level humps. These humps are measured only under the helical path of
the vortex and are therefore directly related to unsteady motion due to the vortex.

A probable source mechanism is therefore a combined contribution from a pure shear
layer instability mechanism at the pressure side and suction side edge and the interaction
of the resulting unsteady velocity /vorticity fluctuations with the tip suction side edge
during vortex merging [82, 83, 90]. The second mechanism is related to vortex-structure
interactions in the aft half of the model chord in the vicinity of the flap tip upper edge (see
locations 3 and 4 in figure 2.4). It is an efficient radiator in the mid- to long-wavelength
range [24, 57, 90, 125]. Storms et al. [124] refers to this mechanism as “vortex scrubbing”.
This is supported by unsteady surface pressure measurements at a full-scale flap of an
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Airbus A320 wing made by Dobrzynski et al. [38], that reveal a spectral peak around
x/c = 0.4 for the high-frequency range and near x/c = 0.7 for the low-frequency range.

A stability analysis of the flap-side edge flow field performed by Streett [125] and Streett
et al. [126] supports the above experimental evidences.The authors used RANS with ar-
tificial forcing and observed the amplification of perturbations as a function of frequency.
Two types of instability were identified, shear-layer and vortex instabilities. The shear
layer instability grows mainly in the cylindrical shear layer itself and its characteristics are
frequency dependent. At low frequencies, amplification occurs over an extended spatial
range reaching into the vortex. At high frequencies, most of the amplification is con-
centrated near the lower tip edge. The tip vortex is also assumed to be unstable in the
streamwise direction due, in-part, to the strong jet-like flow in the core region. This is
indeed the case and vortex instabilities are found to occur for wavelengths on the order
of a quarter to half of the vortex diameter. The shear layer instabilities cover the range 5
to 30 kHz while vortex instabilities are mostly important in the range 1 to 10 kHz. The
vortex instability mechanism is expected to provide enhanced levels of TE noise. The
authors suggests that rapid distortion of the flow structures is essential for the scattering
of energy into modes which propagates at sonic phase speeds. Interestingly, the spectral
features postulated and identified by the authors are found to be very similar across mul-
tiple configurations. The low-frequency spike observed by Choudhari et al. [24], and due
to the vortex interacting with the flap TE corner, is dependent on the proximity of the
vortex to the flap upper surface.

Scaling Laws Even with the knowledge accumulated over the last decade, there is no
consent on appropriate scaling laws for FSE noise. A common assumption is to use ge-
ometric wing dimensions e.g. chord length and/or flap thickness as characteristic length
scales. Numerous experimental studies have revealed that FSE noise intensity is propor-
tional to I oc Uy, with 4.5 < n < 6.5 and Uy being the free-stream velocity. This range
covers the scattering half-plane case (n = 5), discussed theoretically by Ffwocs Williams
and Hall [40], and that of free turbulence moving about a compact body (n = 6), treated
by Curle [29].

Based on airframe noise study of a 4.7% DC-10 aircraft in the 40X80 feet wind tunnel
at NASA Ames, Guo et al. [57] found that an increase in flap angle results in a slight peak
frequency decrease in the surface pressure spectra. Flow dependent scaling parameters
are needed to represent this effect. Guo et al. [57] also suggests that the characteristic
length scale of the dominant flow features should be the local coherence length of the
vortical structures, a quantity dependent on the flow conditions and flap geometry.

In the early work of Brooks and Marcolini [19], a mixed scaling based on the free-stream
and the maximum tip cross-flow velocities is proposed, with

UEU3 2
Rz
The length [ and the velocity U, are related to the tip’s effective angle of attack like,

/e~ 0.0080r and M, /My ~ (1 + 0.0360F). For square tip wing tips, George and Chou

[47] propose [ /¢ ~ 0.023+0.00890 and the same velocity relationship as above. Scaling of

the experimental data using equation 2.9 provides an acceptable amount of collapse and is

I x (2.9)

better than a scaling with Mé’. A relatively important scatter is observed in the processed

42



data which is inherent to the post-processing procedure selected to extract far-field noise
data in that particular experiment. The scaled noise spectra are represented by a fitted
parabolic curve around a peak Strouhal number of St = fI/Uy = 0.5. Interestingly the
authors expect higher noise levels for a wing with a square tip due to higher turbulence
intensities near the tip edges. This affirmation is not supported by recent measurement
at a wing tip with round edges (to be discussed herein).

MclInerny et al. [88, 89] measured surface pressure cross-correlations between surface
sensors on a NACAO0012 wing profile. They found that the characteristic length scale of
the convected vortices is of order d/3, with d the thickness of the airfoil. They suggest a
scaling of the data using the vortex diameter and the vortex core velocity or free-stream
velocity. They, however, did not test their ideas on measured acoustic data.

Drobietz and Borchers [39] studied FSE noise generation at generic side edge models.
Their model consists in a vertical flat plate installed at an angle relative to the flow
direction, its extremities reaching outside the tunnel shear layers in the spanwise direction.
The authors also found that shear-layer instabilities generate noise in the mid- to high-
frequency range while the merged vortex interactions with the side and upper surfaces
leads to noise generation in the low- to mid-frequency range. Noise intensity is found to be
proportional to I U05'5 for the low frequency part and I o Ug'5 for the high-frequency
part. For slim side edges, a low-frequency noise increase was observed combined with
a high-frequency noise reduction. This is explained through the reduced side surface
available for the shear layer to interact with. The tip vortex moves to the upper side
more rapidly and interacts with the surface as usual. This result give some clues about
the possibility to represent smooth tip edges by a reduced effective thickness.

Directivity There is no study on the directivity of the radiated noise from a generic
cantilever wing with a free FSE available in the literature. A discussion of the directivity
of FSE noise is always made for high-lift wing configurations (see below). The case of a
free FSE might differ in the shape of its radiation pattern due to the absence of a wing
upstream of the flap but also because of different flow conditions near the flap tip.

2.3.3. FSE Noise in High-Lift Wing Configurations

This section covers FSE noise generation in high-lift wing configurations. In the present
context, the term high-lift wing is used to describe any variation of model or real wing
with or without leading edge slat.

Although the high-lift wing configuration, greatly differs from the cantilever case, the
flow field about the tip of a straight flap (no sweep and no taper) as well as the intensity
of its sound radiation are known to be almost entirely dictated by the flap deflection angle
[21, 90, 130, 135|. This is, however, no true for swept and/or tapered wings, where the
FSE tip static pressure distribution are greatly affected by a change in main wing angle
of attack, with noise levels increasing as the angle of attack increases [135].

For a straight flap in a high-lift system one could therefore assume that the generic
source mechanisms described in the previous section are also valid. Using source corre-
lation techniques, Meadows et al. [90] indeed found that high-frequency noise originates
from the tip vortex merging position while low-frequency noise mostly originates from
the tip TE. This was later observed by Storms et al. [124] using the microphone array
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technique and Brooks and Humphreys Jr. [21] using the COP method. Storms et al. [124]
also suggests that high-frequency noise is produced in the forward section of the FSE
through vortex scrubbing as the lower tip boundary layer moves around the tip along
the FSE face. Raking the FSE into the flow reduces high-frequency noise radiation while
a raking away from the flow promotes high-frequency noise production. Low frequency
noise increases when raking into the flow while the inverse holds when raking away from
it. Further evidences of the edge-scattering noise generation mechanism are provided by
Brooks and Humphreys Jr. [21] who found that, contrary to classical TBL TE noise, noise
levels increase when moving closer to the flap edges. It is postulated that this increase in
intensity is related to the release of two shear-layers at the flap edges which can be rep-
resented by a chordwise distribution of dipoles radiating with opposite phase. In the case
of a round flap edge, the authors assume a similar generation mechanism without further
proof. More recently, Tiedemann et al. [131] and Tiedemann [130] used microphone array
and PIV measurements to come to a similar conclusion about the noise source mecha-
nisms. Furthermore, his results also show that the vorticity convection velocity around
the flap tip increases with distance downstream of the tip LE. This implies noise gener-
ation through acceleration of vorticity pockets (or turbulent eddies) as they move about
the FSE |41, 66, 108|.

Angland [6-8] studied flap side-edge noise in wind-tunnel experiments on a part-span
flap installed in a high-lift wing model without slat. The author used PIV and oil flow
visualization techniques to investigate the tip flow field in more detail while acoustic
measurements were done using a microphone array as well as unsteady surface pressure
sensors. It was found that the cross-flow through the gap between the main element and
the flap led to a flattening of the suction side vortex and also to a later merging of side
and top vortices. The top side vortex is also pushed more inboard. The formation of a
strong shear layer on the main element is also observed. Its vorticity has an opposite sign
compared to the flap suction side vortex. At the largest flap deflection the tip vortices
have more room to grow, and build up complex non-uniform distributions of vorticity,
known to promote flow unsteadiness and therefore noise [82]. Because the top vortex is
impeded in its development and pushed away from the tip edges in the high-lift wing
configuration, one should expect reduced mid- to high-frequency noise levels compared
to the the free FSE case. Also the main wing vorticity is, in part, pulled toward the
FSE, further injecting vorticity into the flap tip vortex. Similar conclusions are drawn by
Yokokawa et al. [135] for noise generation at a swept and tapered high-lift generic wing.

A comprehensive set of experiments on airframe high-lift component noise were con-
ducted by Dobrzynski et al. [37, 38], Pott-Pollenske and Delfs [105], Pott-Pollenske et al.
[106]. Their experiments encompass acoustic data from a small-scale high-lift airfoil, a
1/7.5 scale full-A320 aircraft model and original full-scale Airbus A320 wing as well fly-
over measurement data from an Airbus A319. Flap-side edge noise is found to be at least
as important as slat noise, but dominates in a higher frequency range.

Scaling Laws As for the generic free FSE case, sound intensities are found to be
proportional to I o Uy with n = O(5). For large flap deflection angles n tends to
increase slightly over 5 [90, 124]. The high-frequency part of the spectra is found to follow
a different scaling relation [90, 124, 130, 131]. This aspect is not further investigated in
the literature.
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Storms et al. [124] consider FSE noise to be essentially trailing-edge noise generated in
the vicinity of the flap tip. They found sound intensity levels to be a linear function of
the flap lift which itself also linearly depends on the deployment angle, for 0z larger than
15°. The authors use the trailing edge noise theory of Ffwocs Williams and Hall [40] to
relate local tip aerodynamics to the FSE noise production:

p* o< pAM (é—g) sin asin?(#/2) cos® 6. (2.10)

Here the local flow Mach number M, is estimated by potential flow calculations using
measurements of the static pressure distribution in the airfoil’s tip vicinity.  represents
the correlation scale of the noise producing structures covering a length L along the tip
edge. [ represents the effect of wing sweep (or flow angularity relative to the streamwise
direction, as in Brooks and Humphreys Jr. [21]). « is the aerodynamic angle of attack
and 6 the directionality angle with 6 = 0° in the direction of the half-plane, i.e. along the
chord in the upstream direction.

Brooks and Humphreys Jr. [21] postulate that the scattering of unsteady pressure fluc-
tuations, due to the formation of two shear layers at the FSE, is the most important noise
generation mechanism for FSEs. They propose the cross-flow velocity

U.=/U; + U3 (2.11)

as characteristic velocity scale instead of the mean free-stream velocity or the local
mean flow velocity. Us is defined here as the mean-flow velocity component in spanwise
direction. U, provides a good collapse of the data with n = 5.0.

In all these studies, the lack of knowledge about relevant length scales of the noise
producing flow structures justifies the choice of geometrical size parameters or the use of
length scale approximations based on zero-pressure gradient boundary layer theory. There
still exists no consent on the choice of characteristic velocity and length scales relevant
for FSE noise.

Dobrzynski et al. [37] postulate that flap side-edge noise results from the accelerated
(rotation-) motion of unsteady vorticity about the flap side-edge, and found a velocity pro-
portionality according to p? oc US for a high-lift configuration of the Airbus A319/A320
type. Khorrami et al. [80] reach a similar conclusion from fly-over noise measurements at
a Gulfstream G-III regional jet. They note that this scaling holds, for their data, over the
whole spectral range attributed to flap side-edge noise.

Directivity The measurements of Ahtye et al. [3], and Miller et al. [94] were the first to
provide details about the directivity of FSE noise for high-lift configurations. Ahtye et al.
[3] conducted experiments in NASA-Ames 7- by 10-Foot Wind Tunnel using a single-
slotted wing flap arrangement. They observed that the FSE is the dominant source of
noise, its directionality having a rear-arc maximum. Follow-up investigations by Miller
et al. [94] on wing models with double- and triple-slotted flaps in NASA AMES 7- by
10-Foot and 40- by 80-Foot tunnels reveal, however, a directionality with a forward-arc
maximum. Both reports providing insights deviating from the classical assumption of
dipole-like radiation and emphasizing the significance of the specific flap type considered,
i.e. single-slotted vs. double- or triple-slotted flaps.
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A similar directivity pattern was later measured by Meadows et al. [90] in NASA QFF
at a two-dimensional airfoil with part-span flap and by Hayes et al. [61] and Guo and Joshi
[56] at a 4.7%-scale DC-10 Model in NASA Ames 40- by 80-Foot Tunnel. The results of
Guo and Joshi [56] contains, however, contributions from both the flap and the slat.
Both author observed that FSE noise directivity has a forward radiation pattern at low
frequencies which becomes more uniform with increasing frequencies. At low frequencies
the directivity resembles that of a baffled dipole [91]. The radiation directivity for a fenced
FSE is found to be identical to the unfenced one, suggesting that noise directivity is not
a strong function of the tip geometry.

Brooks and Humphreys Jr. [21] observed similar trends at low- and high-frequencies in
measurements at a NACA 635 — 215 airfoil with a 30%-chord half-span flap in NASA QFF
tunnel. They also identified regions of high sound pressure levels towards the side line.
This observation is corroborated by fly-over noise measurement of an aircraft with porous
FSEs [34]. Suction side noise levels are generally lower with a tendency to increase in the
downstream direction. This is assumed to be related to diffaction/reflections at the flap
edge. Similar low-frequency directivities are observed for a flange and round tip geometry.
Again, indicative that FSE noise directivity is not a strong function of geometry. However,
as frequency increases, the directivity patterns for these latter geometries become more
complicated than for the flat edge. A dominant rear-arc radiation pattern is also found
by Yokokawa et al. [135].

Finally, component interaction noise is considered in Radeztsky et al. [110] and Storms
et al. [124]. The flap flow field is mainly dictated by the conditions at the main element.
A comparison of experimental C), distributions at a flap in the QIF'F and NASA Ames
7- by 10-Foot Tunnel with CFD computations revealed a very good agreement, even if
the main wing angle of attack differs in each case [110]. Oil flow and PSP visualizations
revealed flow patterns which are strongly dependent on the flap deflection but not the
main wing’s angle of attack. As a consequence, the slat has only little effect on FSE
noise because their corresponding flow fields are not strongly coupled. Inversely, the flap
induces changes in circulation on the main elements which will be noticed by the slat.
The effect on slat noise is, however, not important [124].

In approach configuration, i.e. with both leading edge slat and trailing edge flaps
deployed, the results of [37, 38, 105, 106] clearly indicate that high-lift airframe noise has
a rear-arc dominant directionality. A clear distinction between the slat and flap side-
edge contribution cannot be made. But, a stated by the authors, flap side-edge being
dominance at high-frequencies suggest that both components directivity are similar.

2.3.4. On the Role of the Flap Tip Geometry

Because the FSE noise source is intimately linked to flow-structure interactions taking
place in the vicinity of the flap tip, its geometry (i.e. profile shape) should play an im-
portant role. The number of studies on the subject is sparse and they provide only a
correspondingly rough image of the physics at play. Below is a list of the most important
investigations.

Choudhari et al. |24] studied FSE noise from a high-lift wing without slat in Langley’s
low-turbulence pressure tunnel. The wing model is a NASA Energy Efficient Transport
wing (EET [98]). For this wing model, the author measured a stronger vortex on the flap
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suction side instead of its pressure side. A weaker vortex still forms at the FSE which
eventually moves to the upper surface and merges with the top vortex. The side gap
appears to delay tip vortex formation by flattening the top vortex. Tests with rounded
tips only show a slight noise increase, which is unexpected. This is probably due to the
strongest vortex being located on the upper surface and it developing independently of
the tip conditions.

Brooks and Humphreys Jr. [21] tested three different FSE configurations: flat, round
and flanged. The round edge flap is found to be the loudest at low frequencies and
the quieter at high frequencies compared to the flat and flanged FSEs. The flanged tip
generates a strong quasi-tonal component. Reynolds effects appear to be stronger for the
flat tip.

Drobietz and Borchers [39] found tip shape to play an important role regarding noise
generation. In particular, streamlined shapes are assumed to minimize energy losses due
to separation at the edges which allow for increased flow velocities on the flap upper side
and a larger low-frequency noise production.

Tiedemann [130], Tiedemann et al. [131]| found that, for a rounded tip, noise was pri-
marily generated near the tip TE corner through vortex-surface interaction on the tip
upper surface. High-frequency noise caused by flow separation at the tip edge is practi-
cally eliminated. Furthermore, adding a tip cavity provides a broadband noise increase
on the order of 10 dB for a cavity depth of 0.43d (Tiedemann [130]).

There is only few studies dealing with the impact of fine-scale geometric details and
others sources of excess noise at FSEs. Some information can be gained from Storms et al.
[124] who found that noise from flap tracks, i.e. brackets, appears in the noise spectra as
a strong quasi-tonal component. Also, Dobrzynski et al. [37, 38] studied high-lift noise at
a 1/7.5 scaled complete model aircraft and a full scale A320 wing in the German Dutch
Wind Tunnel (DNW). Their results emphasize the importance of construction details
present on real aircraft compared to idealized wind tunnel wing models. Specifically, for
the F'SE, a 7 dB noise increase was measured for the real wing configuration compared to a
clean flap. These studies are of course not sufficient to get a precise picture of such sources
of excess noise at FSEs. They do, however, emphasize that any prediction methodology
based on data from idealized wind-tunnel models should be expected to under predict
real aircraft noise emissions.

The use of microtabs to energize/stabilize the pressure side shear-layers and, therefore,
reduce noise generation have shown only mitigated effectiveness in reducing FSE noise
[24]. FSE noise appears to depend only to a lesser extend on the pressure side boundary
layer flow characteristics. Similar results were also obtained by Storms et al. [124] using
vortex generators and grit.

For common transport aircraft, the flaps usually deploy with their tips at an angle to the
flight direction. This means that the FSE are raked-into or -away from the flow. A positive
rake (into the flow) is found to reduce overall FSE noise levels while a negative raking
(away from the flow) has the opposite effect. Unsteady surface pressure measurements
suggest the latter to be related to flow separation near the flap tip LE [65]. Storms et al.
[124] note that for a positive rake, the primary vortex moves inboard above the upper
surface well before mid-chord and a strong suction peak is detected in the forward section.
For a negative rake the opposite occur and the tip vortex stays along the edge for most
of the chord. There is no evidence of the formation of a secondary vortex on the upper
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surface. The far-field noise radiation displays increased high-frequency noise levels for a
negative raking, most probably due to the vortex staying in close proximity to the tip
edges while no large vortex forms on the upper side. Low-frequency noise increases for
positive raking due to the early movement of the tip vortex to the upper surface allowing
it develop to larger scales up to the TE.

2.3.5. Noise Reduction Concepts and their Relation to the
Source Mechanisms

In this section a short (and thus incomplete) review of noise reduction concepts for the
FSE is presented. The main focus of the discussion is centered on the working mechanism
of each concept and its relation to the noise mechanisms already discussed in previous
sections.

A first concept is known as the flap-tip fence. It is typically realized by adding an
extension plate to the flap tip, the extension being parallel to the FSE tip face. Different
variations exist, extending on only one side or both sides of the flap, and with varying
dimensions. Flap-tip fences are most effective when extending only on the pressure side
and when aligned with the upstream flow. In wind-tunnel tests, the fences provide 2-4 dB
broadband noise reduction without affecting the slat loading and noise [65, 122-124| while
they were found to provide a 3-4 dB reduction in the range 4-10 kHz during flyover noise
measurements [123]. The fence’s effect is to enforce a delayed merging of the primary and
secondary vortices, also the merged vortex gains in size while moving further away from
the tip. Therefore, FSE fences reduce noise by shifting the peak radiation frequency to
lower values [57]. An analytical model of the frequency shift is given by Guo [58]. His
hypothesis, however, neglects the potentially important role of the flow direction at the
pressure side edge where the shear layer is released and which should considerably differ for
a fenced airfoil compared to a unfenced one. Horne et al. [65] measured unsteady pressure
fluctuations on a multi-element airfoil with a part-span flap and full- and part-span slats.

A second noise reduction concept is the porous FSE. It consists of any porous material
applied to the wing tip region rendering it effectively permeable, to a certain degree,
to the flow. The working mechanism is postulated to be related to dissipation, vortex
modification and reduced surface impedance [124]|. Porous treatments tend to reduce the
peak vortex radial velocity as well as forcing the vortex location to move away from the
tip. There is a significant increase in turbulence levels, but further away from the surface.
Porous treatments are only effective when their spanwise extent remains below 5-10%c |6
8, 124]. Also, different regions along the FSE can be related to noise radiation in distinct
frequency ranges. Making only the lower and tip surfaces porous greatly reduces high-
frequency noise radiation. A porous lower surface alone does not suffice to achieve large
noise reductions. This emphasizes the importance of the interaction between turbulent
velocity fluctuations and the different FSE solid surfaces. The tip face is where most of the
high-frequency noise is produced while low-frequency noise occurs through interactions
with the upper surface.

Koop et al. [83] and Koop [82] investigate side-edge blowing as another possible noise
reduction approach. Blowing air into the tip vortex contribute in breaking the large
vortical structure into smaller ones and pushing them further away from the FSE surface,
thus leading to reduced far-field noise levels. Koop observes a scaling-down of the tip
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vortex structures due to the blowing which might be due to the tip vortex formation
dynamics being impeded. Also the proximity to the surface and between the top/bottom
vortices in the early phase most probably has an influence on the speed with which the
system merges and develops. This could explain why a thicker profile produces vortices
of smaller dimensions compared to thinner profiles.

Hutcheson et al. [72] investigated FSE noise reduction using continuous mold link tech-
nology (CML). Compared to a blunt flap edge, CML noise levels are found to be about
10 dB lower over most of the measured frequency range. The most dominant noise source
for the CML configuration is identified at the flap LE cove (between main element and
flap LE). Noise is produced through pressure scattering at the main element TE and sub-
sequent channeling through the flap LE gap. An important high-frequency quasi-tonal
component is produced which, in some case, surpasses the blunt FSE levels. It is very
sensitive to small geometrical details on the main element TE. It is, however, not clear to
which extend this feature also exists at high Reynolds numbers. Main element TE cove
noise could play an important role as it is an extended source, similar to slat noise. Cove
noise is strongly dependent on emission angle, with as much as 10 dB differences and a
maximum radiation angle in the upstream direction (dipole character).

The work presented in Murayama et al. [101], Takaishi et al. [127], Yamamoto et al.
[132, 133], Yokokawa et al. [136], is one of the most recent published effort into quantifying
the potential of airframe noise reduction technologies at a full-scale aircraft. The authors
presents acoustic results from fly-over measurements at a Cessna Model 680 mid-size busi-
ness jet. Their research extends from numerical simulations to wind tunnel investigations
and flight tests. In particular, the authors deal in more details with the reduction of FSE
noise in [136]. They propose the use of a protruding rounded lower edge device in com-
bination with upper side vortex generator. With the tip vortex path about the flap’s tip
is moved further away from the solid surface and the tip’s discontinuity is smoothed out.
Thus leading to a reduction in intensity of the tip vortex turbulence velocity fluctuations.
The upper side vortex generator further act to modified the tip vortices dynamic, there-
fore leading to less noise generation. This approach provides a broadband noise reduction
of at least 3 dB.
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3. Investigations

This chapter provides a description of each experimental setup used in the course of the
work while giving insights into the goals pursued in each case.

3.1. Experimental Strategy

The experimental approach followed in this thesis is aimed at gathering a maximum
of acoustic data for wing configurations most relevant for the formulation of a widely
applicable semi-empirical prediction model for flap side-edge (and also wing tip) noise.
To achieve this goal two reference configurations are selected, a cantilever wing model
(considered here as an isolated flap model) and a three-element high-lift wing with a half-
span flap. Both flaps share a unique profile section but have different scales. This variation
in size and overall configuration allows for the study of different aspects of FSE noise which
would not be possible by considering a single test configuration. The cantilever wing
provides insight into the tip flow dynamics and allows for detailed investigations of the
acoustic source region. The high-lift configuration enables the assessment of installation
effects. More details about both wing models are given below.

Additionally, measurements at a DU96 wing and a high-lift wing with a part-span flap
of Clark-Y profile, were made to reach beyond these references test cases and study the
role of a wing’s aspect ratio as well as of its tip section shape. The impact of tip raking
was also studied using a full-scale version of the reference cantilever wing. The wide range
of model size occurring in the experiments also makes it possible to study the role of the
Reynolds number on the radiated noise.

Finally, three different tip addons were investigated to gain further insight in the un-
derlying mechanism of FSE noise. A porous wing tip add-on was tested at both reference
cases. Also a tip cavity add-on and a smooth-edge tip add-on were tested at the reference
cantilever wing.

3.2. Wind Tunnels

Most of the experiments were performed in the Acoustic Wind Tunnel Braunschweig
(AWB). The only exception is for the investigation a the full-scale cantilever flap which
was done in the DNW-NBD low-speed wind tunnel.

The AWB is an open-jet closed-return wind tunnel (Géttingen type) capable of running
at speeds of up to 65 m/s (see figure 3.1) [105]. The test section is optimized for noise
measurements at frequencies above 250 Hz. This is accomplished through acoustic treat-
ment of the measurement chamber as well as on the channel walls and guiding vanes. The
inlet nozzle has a surface of 0.8 x 1.2 m?. The tunnel is also equipped with a vertically

20



Table 3.1.: Geometrical parameters of the wind tunnel models. With ¢ referring to the
flap chord length when considering high-lift configurations. Otherwise, for
cantilever configurations, c refers to the airfoil chord.) AR = 4b%/S with
b the airfoil span and S the airfoil area.?) Sweep angle, A.3) Taper ratio,

A = ctip/Croot With ciip taken parallel to the flow direction.®) Tip chord length,
measured parallel to the tip face. Root chord length is cyoot = 0.664 m.?
Mid-chord span.

Profile ¢ [m] b/2 |m] AR! A [°J? AP configuration
FNG 0.473 0.4 1.67 0.0 1.0 cantilever
FNG 0.118 0.4 6.78 0.0 1.0 high-lift
FNG 0.633* 0.699 2.21 0.0 0.95 cantilever
FNG 0.676* 0.430° 1.27 0.0 0.96 cantilever
Clark-Y 0.24 0.7 5.83 0.0 1.0 cantilever
Clark-Y 0.096 0.41 8.54 0.0 1.0 high-lift
DU96 0.300 0.6 4.00 0.0 1.0 cantilever

adjustable collector. A feature which is convenient when testing high-lift wing compo-
nents, to prevent deflection of the tunnel jet into the floor of the test section, therefore,
reducing extraneous noise.

Figure 3.1.: Acoustic Wind Tunnel Braunschweig (AWB).

The AWB coordinate system definition is presented in figure 3.3. It is a right-handed
system with its origin at the test section inlet plane center. In this figure, emphasis is put
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on the cantilever reference test case. However, the same coordinate system is also used
for measurements done with the reference high-lift configuration and all other models.

Tests at the full-scale flap model were performed in the DNW-NWB low-speed wind
tunnel in Braunschweig (see figure 3.2). It is an open jet anechoic wind tunnel with an
inlet nozzle of dimensions 3.25 x 2.8 m? and a test section length of 6 m. Its can be
operated, in the open-jet configuration, at velocities up to 80 m/s. The tunnel has an
interchangeable test section which also accommodates a closed-wall test section. The
anechoic plenum is certified for 100 Hz < f < 40 kHz.

Figure 3.2.: Low-Speed Wind Tunnel Braunschweig (NWB).

Although the NWB has adopted a different coordinate system definition, all results will
be presented according to the AWB definition in figure 3.3. If needed, further precision or
adaptation of this basis coordinate system will be mentioned throughout the document.

3.3. Reference Test Cases

The reference test cases and depicted in more details hereafter (see figure 3.4). Both were
subject to the most extensive acoustic investigations. Flow field investigations are only
available for the cantilever wing i.e. setup 1. Detailed sketches of the experimental setups
in the AWB and NWB can be found in appendix A.

3.3.1. Setup 1: Cantilever Wing

The wing has a 0.4 m span and a chord of 0.473 m. It is fixed to an acoustically lined
turning plate which allows for a variation of the wing’s angle of attack relative to the
tunnel axis (see figures 3.6a). The cantilever wing model is tested at various angles of
attack ranging from —5.7 < dp < 32°. Measurements were done for Mach numbers
ranging from M = 0.087 to 0.175, corresponding to Reynolds numbers (based on the flap
chord) ranging from Re = 0.96 x 10° to 1.92x 105. Surface static pressure distributions are
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Figure 3.3.: General AWB coordinate system definition. Origin is the nozzle center
point.

measured by means of a total of 32 static pressure ports. Static pressure taps are available
for 13 positions at the mid-span cross-section (see figure 3.5a) and 19 distributed over the
wing’s tip face (see figure 3.5b). The suction side and pressure side taps are located at
the half-span position.

Sound source localization as well as quantification was performed using both large and
small aperture microphone arrays as well as standard far-field microphones, as specified
in chapter 4 and depicted in figure 3.6. The large aperture array is used both in verti-
cal and horizontal mounting to assess different radiation directions. The small aperture
microphone array is used in combination with a two-axis polar displacement system (see
figure 3.6a) to get the most extensive directivity measurements possible. The free-field
microphones were installed on the AWB floor aligned in streamwise and traverse fashions
(see section 4.1 for more details).

A tripping was used in the first series of measurements on the suction side at /¢ = 0.01
and on the pressure side at x/c = 0.34 in an effort to reduce the appearance of laminar
separation related tones as well as to ensure the development of fully turbulent boundary
layers and prevent their premature separation. However, it was found that tripping had no
impact (positive or negative) on the aerodynamics and acoustics for this model. Laminar-
Turbulent boundary layer transition at dp = 20° was found to occur at 8% on the SS
and 20% on the PS and on almost the whole model span. Except for the existence of an
extended complex recirculation zone near the wall on the SS, no boundary layer separation
could be observe up to dp = 25°. This behavior being independent of the use (or not) of
a tripping device. Therefore, the application of trip strips in subsequent experiments was
dropped.

Boundary layer separation was first observed for a flap deflection of dp = 30°. Its
position and occurrence is not affected by boundary layer tripping. A small zone of
detached flow was observed in the mid-span region, on the suction side of the model.
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Figure 3.4.: Experimental models

The acoustic measurements were complemented by a study of the tip flow using a 7-hole
probe (see Chapter 4).

3.3.2. Setup 2: High-Lift Wing Configuration

The second reference wing model is a generic 3-element high-lift model with a half-span
flap (0.12 chord length, 0.4 m span, 1:6, FNG-type geometry). The main wing is mounted
between two supporting side plates and spans the entire width of the AWB test section.
The flap is attached to the main element by one flap track, 0.1 m from the FSE. The
other end of the flap is screwed directly into the wind tunnel side plate. This was done
to minimize spurious noise resulting from interactions of three-dimensional corner flow at
the flap root with a supporting track.
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(b) Distribution of tip face static pressure taps.

Figure 3.5.: Static pressure taps positions.

Static pressure taps are available for 12 positions at the mid-span cross-section (see
figure 3.5a) Overall the model is equipped with a total of 173 pressure taps distributed
over H spanwise sections. Four of these sections are located on the main element while
one is on the flap. No pressure taps are available on the slat.

This configuration was tested at three flap deployment settings (dp = 20°,25°,34°)
and for three main wing angles of attack (i.e. dp = 0°,7°,10°). The slat is kept retracted
(0s = 0°) to ensure a good identification and quantification of the F'SE noise source with
the microphone array. Tests were done for Reynolds numbers ranging from Re = 2.4 x 10°
to 4.8 x 10°.

Fixation of the flap to the main wing is done using a streamlined bracket of fixed length.
Boundary layer trip strips were applied at 5 percent chord on both the main wing’s suction
(SS) and pressure side (PS).

3.4. Complementary Test Cases

The reference test cases are complemented by measurements at configurations representa-
tive real aircraft. Particular interest is put on the effect of tip edge rounding and tip face
cavities. The impact of wing section profile and aspect ratio are also investigated for two
model profiles. Also the dependency on Reynolds number and tip raking angle is evalu-
ated. Finally, FSE noise radiation in a generic externally blown flap (EBF) configuration
is investigated.
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(a) Small aperture array on positioning (b) Large aperture array (96 1/2” LinearX
system (48 1/4” Bruel & Kjaer Type M51 microphones). Static setup.
4954 microphones).

(¢) Vertically mounted large aperture array and spanwise dis-
tributed free-field microphones. Static setup.

Figure 3.6.: Microphone arrays. a),c) Cantilever flap model installed. b) high-lift wing
installed (67 = 0°).

Although the complementary experimental setups presented in this section cover a
limited range of configurations they provide new results which will allow for refinement
in the semi-empirical representation.
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3.4.1. Tip Geometry Modifications and Leading-Edge Add-On

Two tip add-ons and a leading edge vane (3.7b) are tested. Tip #1 has a geometry
representative of a flap tip sealing. Tip #2 has exactly the same shape as Tip #1 but
without central cavity. Its tip face is a flat surface obtained by filling the cavity of Tip #1.
Both tip add-ons extend the total flap span by their thickness of 0.035 m. They were built
using rapid prototyping. Due to the large size of the wing model, fixing with double-sided
tape was easy and sufficient to tightly hold the add-ons in place. An additional strip of
aluminum tape is used to ensure a maximum hold of the add-ons and a smooth junction
with the wing. The purpose of testing with the leading-edge vane is to evaluate its impact
on the FSE noise generation. A leading-edge vane is a lift enhancement device which is
readily found in full-scale high-lift wing designs, e.g. Airbus A400M, DC9, DC10.

(a) Tip add-ons. Top: Tip #1, bottom: Tip (b) Vane. Chord length ¢=0.124 m, span
42, s—0.4 m.

Figure 3.7.: Wind-tunnel model and add-ons.

To allow the fixation of the vane, two small pockets had to be milled into the wing
leading edge (at two spanwise positions). For the reminder of the report the configuration
Reference+Vane will be referred to as Vane only.

3.4.2. Wing Profile and Aspect ratio Variations

To assess the effect of different profile shapes, tests were done with a cantilever wing
having a DU96 profile section (e.g. figure 3.9a) as well as a high-lift configuration with
both main wing and part span flap with a Clark-Y section (e.g. figure 3.9b). For the
latter, for a flap deflection set to dp = 0°, the wing effectively becomes a cantilever wing
with Clark-Y section and aspect ratio AR = 5.83.

The DU96 model has a chord length of 0.3 m and a span of 0.6 m while the Clark-Y
flap has a chord length of 0.096 m with a fixed span of 0.41 m.

The measurements were carried out in the AWB using the small (DU96) and large
aperture arrays (Clark-Y). Both wing model were tripped using zig-zag tape at 5% SS
and 10% PS. The high-lift configuration boundary layer had to be further tripped using
vortex generator around x/c = 0.6 on the SS to get rid of a separation occurring upstream
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of the flap leading edge on the main wing SS. This separation bubble was responsible for
the generation of loud tones.
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Figure 3.8.: Geometry of the tested wing models.

3.4.3. Reynolds Number and Tip Raking Variations

A study of the Reynolds number effect on the radiated noise is possible through the two
reference cases described above. A full-scale wing model with the reference profile is
also available which further extends the database. This third model is a slightly tapered
version of the reference cantilever flap. Its tip face is flat and two configurations are
tested; straight tip and raked tip (see figure 3.11c).

Measurements with the full-scale flap were done in DNW-NWB low-speed wind tunnel
in Braunschweig (see section 3.2 and figure 3.10). The wing is mounted on a rotating
ground plate positioned in the open jet flow, just above the lower shear layer between the
core flow and the wind tunnel plenum. The wing’s rotation axis lies at the 50% chord
position and is normal to the flow direction. The model, in its reference configuration,
is shown in figure 3.11a and the raked tip configuration in figure 3.11b. The wing was
tripped using zig-zag tape at 10% on the suction side and 34% on the suction side. No
pressure taps are available for this set of measurements. Therefore only geometrical angles
are considered. It was checked that the setup did not promote early flow separation on the
model using tufts visualizations. Also, the phased microphone array results (see source
maps of appendix F) clearly show that the ground plate is not an important source of
noise in the frequency range relevant to FSE noise.
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(b) Cantilever Clark-Y wing with part-span flap

Figure 3.9.: Cantilever DU96 airfoil and Clark-Y wing with part-span square tip flap,
experimental setups in AWB. In (b), the part-span flap also has a Clark-Y
profile. Its tip, shown in white, is exchangeable. It was tested, however,
only with a square tip.

During this test both a large aperture microphone array and a linear distribution of
far-field microphones were utilized to measure the free-field noise radiation. Both mea-
surement techniques were used sequentially to minimize interference on the sound field
due to their respective supporting structures. Detailed sketches of the NWB experimental
setup can be found in appendix A.
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Figure 3.10.: Large scale wing in the open test section of the DNW-NWB low-speed
wind tunnel. Reference configuration, rectangular planform.
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(a) Reference configuration, rectangular plan-
form.
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(c) Planform of the tested configurations. Dashed
line: baseline rectangular planform, Solid line:
raked-tip planform.

Figure 3.11.: Large scale model. Details of the models geometries. Baseline wing repre-
sented by the dashed lines. The raked-tip wing is represented by the solid
lines. For each geometry, dimensions are given in meters.
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4. Data Acquisition and
Post-Processing

In this chapter, details about the data acquisition hardware and the post-processing chains
are presented. The main emphasis is set on describing the different hardware setups used
during the measurements as well as providing necessary but concise details about the
data processing steps. References to the relevant literature is also given for the interested
reader.

4.1. Far-Field Noise Measurements

In the AWB, eight calibrated 1/4” free-field microphones with protective grid (Bruel &
Kjeer Type 4136) are installed in a linear fashion underneath the wing model to allow for
directivity measurements (see figure 3.6¢). Daily calibration of the microphones is made
prior to the start of the measurements using a standard pistonphone (RION NC-74, Class
1, 94 dB at 1 kHz). The geometrical layout of the microphones in the AWB is provided in
table 4.1. The same procedure is also followed for the NWB far-field noise measurements,
except that a total of 15 1/4” free-field microphones distributed on a linear array are used
(see figure 3.10). The layout of the far-field microphones in the NWB can be found in
table 4.2. Here we introduce the fly-over angles definition in figure 4.1, with the space
coordinates x, y and z corresponding to the AWB coordinate system definition of figure
3.3. Furthermore, the 15 microphones are mounted on a linear stage allowing movements
parallel to the streamwise direction over a range of angles 63° < ¢, < 110°.

Figure 4.1.: Fly-over coordinate system definition

Measurements are recorded using an acquisition system from GBM Viper with a 16-bit
dynamic range. The signals are high-pass filtered at 500 Hz for an optimal usage of the
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sensor’s dynamic range. A 25-kHz anti-aliasing filter is also used. The sampling rate for
the measurements is set to 50 kHz and a total of 2 002 944 samples is collected for each
datapoint (measurement time: 40.05 s). The FI'T analysis is performed on 978 blocks of
2048 samples using a Hanning window, yielding a frequency resolution of Af — 24.4 Hz.
The usable frequency range of the free-field microphones output extends from 1 kHz to
20 kHz. Background noise correction is performed down to 3 dB level differences. The
following standard corrections are applied to the output data:

1. Shear layer effects (see Amiet [5]) including sound wave convection
Sound wave amplification due to convection effects
Distance correction (all levels are back-propagated to a standard distance of 1m)
Atmospheric attenuation (see Bass et al. [10])
Microphone frequency response

AR

Background noise removal

Table 4.1.: Geometrical layout of the free-field microphones in the AWB. ¢, is the fly
over angle with ¢, = 0° upstream and ¢, = 180° downstream. ¢, is the
side line angle with ¢, = 0° directly below the model. Sign convention for
¢y according to the right-hand rule. See figure 4.1 for reference.

streamwise setup spanwise setup

# e Pl e [P 2 m] oy [m] 2 [m] vo 7l @y [l x[m] ylm| =z [m]
1 5883 0.00 -0.090 0.000 -1.160 90.00 34.38 0.600 -0.750 -1.016
2 68.88 0.00 0.200 0.000 -1.160 90.00 22.32 0.600 -0.450 -1.016
3 76.67 0.00 0.390 0.000 -1.160 90.00 12.85 0.600 -0.250 -1.016
4 8328 0.00 0.540 0.000 -1.160 90.00 5.21 0.600 -0.100 -1.016
5 8785 0.00 0.640 0.000 -1.160 90.00 0.00 0.600 0.000 -1.016
6
7
8

94.76  0.00 0.790 0.000 -1.160 90.00 -7.79 0.600 0.150 -1.016
104.32  0.00  1.000 0.000 -1.160 90.00 -17.71 0.600 0.350 -1.016
117.04 0.00 1.306 0.000 -1.160 90.00 -30.67 0.600 0.650 -1.016

4.2. Microphone Array Measurements

In the AWB, two different microphone arrays are used for source localization and sound
level quantification. First a large aperture array enables measurements of far-field noise
levels towards the ground and to the side-line propagation directions (e.g. 3.6). Second, a
small aperture array is used to investigate FSE noise directivity (e.g. 3.6a). Because of its
small dimension, this second array integrates far-field noise levels over a smaller area thus
providing a better angular resolution. For the NWB investigations, only a large aperture
microphone array was used. Except for background noise correction, all microphone
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Table 4.2.: Geometrical layout of the free-field microphones in the NWB. ¢, is the
side line angle with ¢, = 0° directly below the model. Sign con-
vention for ¢, according to the right-hand rule. The free-field micro-
phones were positioned at fixed streamwise positions corresponding to ¢, =
[60°,70°,80°,90°,100°, 110°]. ¢, is the fly-over angle with ¢, = 0° upstream
and ¢, = 180° downstream. See figure 4.1 for reference.

# ¢y [°l @ |m| y[m| z[m]
1 -45.00 2.399 3.179 1.584
2 -40.00 2.399 3.172 1.145
3 -35.00 2.398 3.171 0.761
4 -30.00 2.399 3.168 0.414
5
6
7

-20.00 2.399 3.162 0.104
-15.00 2.400 3.161 -0.211
-10.00 2.400 3.163 -0.494
-5.00 2,400 3.164 -0.768

0.00 2401 3.157 -1.030

10 5.00 2.401 3.157 -1.313
11 10.00 2.402 3.157 -1.591
12 15.00 2.402 3.153 -1.883
13 20.00 2105 2.483 -1.969
14 25.00 2.096 1.934 -1.963
15 30.00 2.093 1.555 -1.938

corrections applied to the far-field noise measurements were also applied during the phased
array measurements.

4.2.1. Microphone Layouts and Systems Characteristics

The AWB large aperture microphone array has a total of 96 (1/2-inch) Linear-X M51
microphones mounted on a wire grid and has an aperture of 0.97 m. The microphones are
distributed in a random but optimized manner which is well suited for the frequency range
of interest in typical measurements on scaled wing models done in the AWB (1kHz <
f < 30kHz). The AWB small aperture microphone array consists of 48 1/4” Bruel &
Kjeer Type 4954A microphones (aperture of 0.47 m) distributed in a logarithmic spiral
pattern [99]. The supporting structure holding the microphones is covered with a five
centimeter thick foam sheet to minimize sound wave reflections. The transducers are flush
mounted through the foam. A computer controlled traversing system enables a precise
positioning of the small aperture array around the model (see figure 3.6a). The range
of measurement positions for the small microphone array lies between —90° < 6 < 90°
and —30° < ¢ < 40° when testing the reference cantilever wing. For the reference
high-lift configuration, this set of available positions reduces to —120° < 6 < —60° and
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—30° < ¢ < 40° e.g. figure 4.3. The measurements coordinate system is defined in
figure 3.3. The given angular ranges correspond to the maximal displacements attainable
considering the physical constraints imposed by the wind tunnel nozzle and jet.

The NWB large aperture microphone array has a total of 140 (1/2-inch) Linear-X M51
microphones mounted on a metal grid and has an aperture of 2.77 m. The array itself
is mounted on a linear traversing rail allowing it to be moved to different streamwise
locations, covering a radiation angle range of Ay, = 47°. The microphone array provides
spectral data in 0.5kHz < f < 20.0kHz. Further detail about the NWB microphone
array setup cannot be provided because of confidentiality issues.
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(a) Small aperture array. (b) Large aperture array.

Figure 4.2.: Microphone array layouts. AWB small aperture array: 48 microphones
(0.47 m). AWB large aperture array: 96 microphones (0.97 m).

For both microphone arrays, all data channels are simultaneously recorded at a sampling
rate of at least 50 kHz and with a 16 bit dynamic range on GBM Viper measuring units.
A sampling rate of 50 kHz is sufficient to cover the range of frequencies relevant to FSE
noise. According to the literature |82], the FSE is a dominant noise source in the range
1.2 < Sty < 10, where St is the Strouhal number based of the flap maximum thickness,
reaching its maximum around a Strouhal number value of St; = 4.0. This corresponds to
a peak frequency f = 728.0 Hz for the reference cantilever wing and f = 2910.0 Hz for
the reference high-lift model. Typically, a total of 1650688 samples per microphone and
datapoint was acquired. A 500-Hz high-pass and a 50-kHz anti-aliasing low-pass filter
were used. Individual elements of the cross-spectral matrix (R matrix, see below) for
each data record were calculated by partitioning each time signal into non-overlapping
segments of 4096 samples. The time history segments were Fourier-transformed applying
a rectangular window, yielding a typical frequency resolution of Af = 13.4 Hz.

In figure 4.4, the point spread function (PSF) of each phased array is plotted vs. fre-
quency. The PSF is the theoretical output of the microphone arrays due to a monopole
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Figure 4.3.: Small directional phased array positions (empty dots) used for directivity
measurements in AWB

point source located at x = [0, 0, 0] i.e. in front of the phased array centers. The ability of
the array to resolve a source at a given position depends on the frequency of interest as
well as on its aperture and number of microphones [99]. The closest distance between two
incoherent sources which can be resolved by the phased arrays is measured by the main
lobe width, 3dB down from its maximum. From the results of figure 4.4, an estimate of
the lower frequency bound of the phased arrays can deduced; ~ 1.6 kHz For the small
aperture and = 0.8 kHz for the large aperture array. In practice those estimates only hold
in cases where only one dominant source exists. For distributed sources, the lower bound
frequencies will increase and one needs to be careful in defining regions for later power
integration.

This aspect is further investigated experimentally using two loudspeakers (L1, L.2) in an
anechoic environment, without flow (see figure 4.5). The loudspeakers do not, however,
represent monopole point sources but are closer, in term of directivity and extent, to actual
aeroacoustic noise source occurring in the wind tunnel environment. One loudspeaker is
held fixed at x = [0.0,0.2,0.0] m, while the second one is allowed to be moved in y.
Broadband white noise is used to drive the loudspeaker in the frequency range 0.7 < f <
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Figure 4.4.: Microphone array’s PSF. Theoretical calculations based on the actual ex-
perimental microphone distributions and for a single point source located at
x = [0,0,0]. Levels are normalized by the maximum value at x = [0, 0, 0].
w1/ is the half-width of the PSF main lobe, 3dB down from its maximum.
Twice this value (2w /5) gives the theoretical minimum separation between
two incoherent noise source which can be resolved.

20 kHz. The measurements are performed using the acquisition chain described previously
and post-processing is done using the CLEAN-SC algorithm (see section 4.2.3). The
results of these test are given in figure 4.5. In figure 4.5a, the spectrum from the phased
array central microphone is compared to the corresponding power integrated spectrum for
L1 alone. The spectra are in good agreement, as expected. In figure 4.5b, the difference
(AL, 1/3) in integrated power for L1 vs. separation to L2, when both loudspeakers are
turned on, is plotted. The data are normalized by the results for the case where only L1
was turned on. Therefore, a AL, /3 = 0 value is to be expected if the integrated power
level for L1, with L2 turned on, is the same as that for L1 alone. Otherwise, values of
AL, /3 # 0 indicate errors in the power integration due to a lack of resolution of the
phased array. The results of figure 4.5b reveal the ever increasing lower frequency bound
of the microphone array with a reduction in sources separation. Furthermore, the results
tend to show that the theoretical PSE estimate (i.e. figure 4.4b) of a lower frequency
bound at ~ 0.8 kHz is too conservative. In figure 4.5b sources separated by 0.4 m can
still be resolved. These observations are, however, dependent on the source distribution
and cannot be deemed to be generally valid. Nonetheless, the theoretical PSF as well as
the experimental investigations using loudspeakers provide useful guidelines for the later
evaluation of acoustic source maps.

4.2.2. Conventional Beamforming

Before introducing the CLEAN-SC algorithm, the basics of beamforming are given here-
after. For most of the experiments, conventional beamforming (CB) Mueller [99] is used
only as a first data processing step. CB provides a global overview of the source distri-
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Figure 4.5.: Evaluation of the AWB large aperture phased array resolution using two
loudspeakers (L1, L2). L1 is located at x = [0.0,0.2,0.0] and is held fixed.
L2 is free to move in y, away from L1. Post-processing using the CLEAN-SC
algorithm, with a constant integration domain around L1. Left, comparison
of the absolute spectra for L1 alone vs. the phased array central microphone.
Right, difference in integrated power levels for L1 vs. loudspeaker separation
relative to L1 when both L1 and L2 are turned on.

bution which can subsequently be decomposed into isolated source components using the
deconvolution algorithm CLEAN-SC [120]. This second step is necessary when consider-
ing small size wing models due to the relatively low emitted noise levels and the existence
of numerous noise sources on their surface (spurious/or not). An in depth discussion
about the CLEAN-SC algorithm can be found in [120].

CB is a data processing algorithm used for noise source detection. It is closely related
to the standard delay-and-sum algorithm used in astronomy and speech recognition. The
basic principle of operation of the algorithm is sketched in figure 4.6. In that figure,
the microphone array is represented by the set of solid dots. A simple linear array is
considered, but the basic principles discussed here also apply to two-dimensional arrays.
For the data processing, a set of predefined positions where sources of sound are to
be identified (shown in figure 4.6 by the empty dots) is scanned. First, consider only
microphones 1 and 2 at position x; and Xo. X; = (5, ¥i, 2) being the i'® (i = 1...N)
microphone position vector. For our purpose, a single monopole source at xg is assumed.
For each scan position, the emitted pressure signals (time series) due to the source at xg
reach the microphones at different times. The time delay between the signals measured
at x; and x5 is given by,

_xel—Ix|  dy—dy

At (4.1)

()] o
The beamforming algorithm compensates for this time delay while also accounting for an
amplitude reduction with distance from the source. The individually shifted time signals,
p1(t) and pa(t), are then summed for each scan position. Here, one needs to assume some
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Figure 4.6.: Principle of operation of the delay-and-sum algorithm.

type of sound propagation model between the source and the phased array microphones.
In the AWB, conventional beamforming is implemented using the assumption that source
distributions are made up of incoherent monopole sources. This is in most cases a sufficient
assumption, even for line source distributions. For the source at the scan position xg, an
optimal time shift correction of the measured pressure signals at the array microphones
will lead to a level amplification. For scan positions adjacent to the actual source position,
a noise level reduction occurs in the array output due to the incoherence between the
measured time signals. In the process, effects of shear-layer refraction as well as source
convection are also accounted for. Shear-layer correction is done according to Amiet’s
commonly used procedure [5].

Generally speaking, the phased array output at a given scan position (k) can be com-
puted as

N N
A=) wh j Rinntwn (4.2)

m=1 n=1

where Ry, ,, is the cross-power between pairs of microphones (m,n =1...N), N being
the total number of microphones. w, j, and w,, ;, are the components of the steering vector
(or weighting factors) which account for the propagation effects and the time delays for
microphones m,n to scan position k. The * stands for complex conjugate transposition.
In equation 4.2, the steering vectors are determined by the experimental setup and by the
choice of an adequate sound source model (i. e. monopole or dipole propagation models).
The cross-power matrix can be directly computed from the measured pressure signals.
The output of the beamformer, Aj in equation 4.2, directly gives the squared value of the
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sound pressure at a given scan position and for a given frequency, as a weighted sum over
all microphones.

Diagonal Removal. Diagonal removal (DR) is a special technique used to improve
contrast in beamformed maps. The technique simply consists in omitting the main di-
agonal elements of the R matrix (see equation 4.2) in the data processing. These are
the auto-powers of each microphone and, therefore, contain no phase information. Micro-
phone auto-powers generally have higher levels than the R matrix off-diagonal elements
(R for m # n). This is usually due to coherence loss between microphones. The
diagonal elements enter the data processing at each scan position and can consequently
significantly affect the microphone array output. By removing them from the processing,
much lower background noise levels in the noise source maps are obtained (see figure 4.7).
DR can, however, lead to the occurrence of negative side lobes in the source maps, which
can result in inaccurate integrated power levels.

The results presented in the upcoming chapters were obtained using both DR and
the full cross-power matrix (R, ) depending on the test configuration. Wing models
of smaller scales usually necessitate the use of DR as the number of important sources
is larger. Therefore the FSE noise source is not necessarily the most dominant and
contamination through spurious or secondary sources is more probable. A much better
source localization as well as integrated spectra can be obtained by using DR.
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Figure 4.7.: Reference high-lift wing configuration. 2D source maps, f. = 6.3 kHz.
Conventional beamforming without DR (left) and with DR (right). The
integration region is shown by the dashed line.

Power Integration (Power Spectra Estimation). The microphone array offers
the interesting advantage of making the source regions visible. One is, however, not only
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interested in locating the noisy domains but also in the quantification of absolute noise
levels. Specific scan regions in a spatially relevant domain have to be defined and used
to compute the far-field noise spectra (see figure 4.8). For the analysis of measurements
made with the microphone array below the model, a large grid extending between 0 m
<z <12mand —0.4 m <y < 0.4 m having a spatial resolution of 0.02 m in both x
and y is used for a first processing run. It provides a global overview of the full extent of
the test section. Based on the frequency-dependent spatial source distribution, a second
smaller scan grid is defined. This second grid covers the range 0.6 m < x < 1.0 m and
—0.2m <y < 0.3 m. Both scan grids are rotated according to the wing angle of attack
and are aligned with the wing’s chord. The smaller second grid is termed integration
grid and has a spatial resolution of 0.01 m in both z and y directions. Computation
of power integrated noise spectra is done according to the method described by Brooks
and Humphreys [20] and discussed in Oerlemans and Sijtsma [102]. It basically assumes
that a noise source revealed by the beamforming algorithm is due to a single monopole
of power equal to the summed power over the integration region divided by the surface
of the integration domain.

An optimal (frequency independent) scan grid is defined for each measurement location
of the microphone array. Note that in cases when the microphone array will be moved
around the model, the integration grids will indeed change depending on the view angle
at the model. Shading algorithms (as proposed by Oerlemans and Sijtsma [102]) were
not found to be necessary and were not applied in the post-processing. Loss of coherence
over the large aperture array is, in fact, not important in the range 1 kHz < f < 20 kHz.
Both integration grids do not change in shape or size with frequency.
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Figure 4.8.: Reference cantilever flap. 2D source maps, f. = 6.3 kHz. Conventional
beamforming without DR (left) and with DR (right). The integration region
is shown by the dashed line.
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4.2.3. CLEAN-SC

During the experiment with the high-lift configuration, it was realized that important
spurious sources at the junction between the model and the side-plates contaminated
the flap side-edge data. Moreover, for the 3-element high-lift model, the flap track was
also identified as an additional noise source. An evaluation of their influence on the
measurements could not be performed using CB, which motivated the use of CLEAN-SC.
Furthermore, CLEAN-SC reduces very efficiently the influence of side-lobes from sources
located outside the integration domain. An interesting feature of CLEAN-SC is its ability
to mathematically decompose the cross-powers induced by a noise source into its signal
and noise parts. When using an integration grid which includes all existing noise sources,
this characteristics enables the reconstruction of the far-field spectra over the whole range
of frequencies [120]. This is not possible with CB. Further details regarding the CLEAN-
SC algorithm can be found in [120].

CLEAN-SC is a coherence based deconvolution algorithm used for beamforming. Its
basic working principle rests on the assumption that CB noise maps are made up of the
superposition of a number of incoherent source components, each of them producing a
maximum (main lobe) and side lobes in the source map. CLEAN-SC uses the fact that
the main lobe of a given component is coherent with its side lobes to iteratively decompose
the source map. Contrarily to other deconvolution procedures, it is not assumed that a
source map is made up of appropriately scaled point spread functions (PSF), the PSF
being the phased array impulse response (or output due to a unit point source). The
coherence based approach is, therefore, less prone to errors in situations where the beam
pattern due to an actual source differs from the theoretical PSF [120].

The iteration loop of the algorithm starts with the computation of a CB source map
(1 =0, see figure 4.9 left). At iteration i (¢ = 1...I), the position of the maximum value
in the phased array output is found (&; mas) and the coherence with respect to & maa
over the complete scan plane is computed. The main lobe (with peak at & ;) and its
coherent side lobes are then taken out and an equivalent “clean” beam of fixed width is
computed. This operation can be written as,

p=AT - wiGDwy, (4.3)
—
clean beam

where G is assumed to be the cross-power matrix due to a single unit source compo-
nent, h, located at & ymaz- A}; being the degraded source power at iteration ¢ i.e. without
the contribution of the component inducing a peak at & mae. A constraint is imposed
on the choice of G without, a priori, assuming a unit monopole source at & mqz. In-
stead, the coherence between any scan position §; j, and & mas is required to be completely
determined by G®). In other words, the following must hold,

WZR(i_l)Wmax = WZG(i)wmm (4.4)
N ~~ - N—

dirty map coherence  clean beam coherence

where G is given by,

G0 = AL D[+, (4.5)
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This is the “impulse response” due to h (not a unit point monopole) scaled by the peak
level at & maa (A%;%)). A solution to equation 4.4 (see [120]) is found when,

1 R(iil)W%)ax

s HO W (4.6)
‘ N 1/2 i—1 )
(1 + W:,%)J;H(’i)vv%)ax) / Amnaz’

h® —

where H® contains the diagonal elements of h(Op*@).

After a number of iterations (i = 1...7), one obtains a “cleaned” source map (see figure
4.9 right), theoretically containing only contributions due to a set of acoustic sources,
i.e. hydrodynamic pressure fluctuations and electronic noise are rejected. The extracted
sources are, per definition, not coherent with each other.
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Figure 4.9.: 2D source maps at f. = 6.3 kHz, with diagonal removal. Conventional
beamforming (left) versus CLEAN-SC deconvolution (right). ay = 0°, 0p =
34°, Up = 60 m/s. The integration region is shown by the dashed line.

The algorithm is very efficient at filtering strong dominant sources which might mask
the actual source region of interest (see figure 4.9). This is critical when estimating
absolute power spectral levels using integration techniques.

Power Integration (Power Spectra Estimation). Absolute power spectra are now
sought, based on the computed source maps shown above. A sub-domain is chosen (length
= 0.4 m, width = 0.5 m) as shown by the dashed line in figure 4.9. The integration region
is maintained constant in size for all frequencies of interest. It is also rotated according
to the model’s angle of attack and rotation axis. Only source components inside of this
sub-region are considered in the integration process. There is no need to account for the
point-spread function (impulse response) of the phased array as in CB [20]. This is a
special feature of CLEAN-SC.
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After a number of iterations (i = 1...I) the original R matrix (see equation 4.2) can
be expressed as

1
1—1 1)1 %(2
R =) Aha b0 ), (4.7)
i=1 signal noise

Agf;%) is the maximum source power (in the scan plane) at iteration i — 1, h(®) is
the clean-beam source component responsible for A%E;) and DY is the remainder of the
original R matrix. Then, the first term on the r.h.s represents the acoustic signal part of
the cross-power matrix while the second term is dominated by noise. Equation 4.7 simply
states that the cross-power matrix due to the signal part of the measured data is the sum
of n independent source components plus some noise.

Power integration is done by computing the average of the trace of the signal part of
R.

N I N
_ 1 _ 1 (i-1) (i) 1, %(0)
ASC - N Zl Rnn - N Zl Amax Zl hn hn (48)

Where Ag. is the effective value of the sound pressure squared due to the I source
components (sc). This is true even when the main diagonal of the original cross-power
matrix was ignored in the processing due to high noise levels in the microphone auto-
spectra. Equation 4.7 contains diagonal elements without spurious noise.

More details regarding CLEAN-SC in general and the power integration method de-
scribed above can be found in [120].

4.2.4. Data Quality

The microphone array used in the present set of measurements is well suited for the
measurement of noise levels for frequencies above a lower limit of 0.8 kHz up to a frequency
of 20 kHz. At 0.8 kHz, estimated 1/3-octave band noise levels are considered to be
repeatable to a precision of +2 dB. Interpretation of the results in that frequency band
should be done with care. From 1.0 kHz and up, the accuracy of the estimated source
levels is +1 dB. These error estimates were obtained using monopole-like test sources in
the AWB without wind (no shear layer). Nevertheless, the above uncertainty estimates
are considered as representative of the microphone array data precision for the current
experiment.

Spectra presented in the following sections are always corrected for convective am-
plification, source convection and shear-layer refraction. Hereby, use of the well-known
shear-layer correction developed by Amiet [5] was made. It is therefore assumed that the
interface between the jet and the surrounding environment is an infinite planar shear-layer
of negligible thickness. Finally, sound pressure levels were back-propagated to a reference
distance of 1 m from the tested models

A better evaluation of the error margins of phased array measurements cannot currently
be done. In fact, there is no simple way of evaluating a beamforming algorithm’s precision
[134].
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4.3. Aerodynamic Measurements

A limited set of aerodynamic measurements were conducted in the course of the investi-
gations. A seven-hole probe was used to assess the tip flow field with enough accuracy
to render the dominant flow structures as well as to quantify flow parameters necessary
for the subsequent development of a semi-empirical model. Static pressure measurements
provide a simple avenue for the evaluation of the wings effective deployment angles.

4.3.1. 7-hole Probe Flow Measurements

The mean flow velocity in the vicinity of the wing tip is characterized using the 7-hole
probe technique. This technique enables the simultaneous measurement of all three com-
ponents of the mean flow velocity vector. The calibration of the probe follows the prin-
ciples described by Zilliac [137]. According to [137], errors on the measured velocity
magnitude for a seven-hole probe is estimated to be less than 1.0%. Flow angle vari-
ations to within 1° can also be measured. This is valid provided that the flow angle,
relative to the probe, does not exceed an angle of 70°. For larger angles, extensive flow
separation occurs on the probe and makes it impossible to determine the correct velocity
from the calibration charts. This aspect proved to be important in the close proximity
of the flap side-edge vortex, where very high flow angles occur. Near the lower edge of
the flap tip, flow deflection remains, however, always smaller than 70°. This means that
the extraction of the cross-flow velocity at that position, and for all test settings, could
be readily accomplished with a high degree of confidence. Depending on ¢, a number of
up to 5 different plane locations are chosen where flow field measurements are realized.
The measurement planes were selected based on oil-flow visualizations in the wing tip
region. The spatial resolution of the 7-hole probe flow measurements is limited to 5 mm
in both directions (Ay = 5 mm, Az =5 mm). The probe has a diameter of 3 mm at its
tip and over a length of 30 mm. After this length the diameter of the probe increases to
10 mm (see figure 4.10a). The probe clearance on the wing upper side being greater, the
probe can be placed closer to the surface. The nearest measurement position relative to
the model side-edge was 8 mm (e.g. figure 4.10b) and relative to the model upper surface
was 5 mm. The size of the probe itself prevents from getting closer to the model. Due
to the nearly 1:1 size of the isolated flap model, this resolution is sufficient to resolve the
dominant features of the mean flow around the tip.

In cases where the flow direction exceeds £70°, extensive flow separation occurs on the
probe which makes it impossible to determine the velocities from the calibration charts
within the above uncertainty margins. This proved to be an issue in the close proximity of
the FSE top edge, where large flow angles occur, thus leaving gaps in the velocity profiles
where no data is available. The measured velocity profiles along the pressure side and
suction side edges are presented in chapter 5.

The measurements were conducted by traversing the 7-hole probe, at a constant distance
of Ay = —8 mm from the tip face, along the top and bottom edge of the tip. In doing
so, the body of the probe is constantly held parallel to the upstream flow direction, i.e.
parallel to Uy. The probe, therefore, measures all three components of the velocity vector
in the wind tunnel coordinates as specified in figure 4.10b, i.e. U = U1 &, + U2&, + Usé.,
with €, &, and €, the unit vectors in the x, y and z directions. The position of the probe
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(a) Close-up view of the probe in the vicinity
of the flap model.

x/c=0
cos(dr) — Us sin(dr)

upper edge

lower edge

z/c=1

(b) Velocity measurement with the 7-hole probe. Position of the probe along the tip
edges schematically given by the x. Coordinate system definition for the flow
measurements, i.e wind tunnel coordinates (z, y, z) and wing-fixed coordinates
(o', ', 2') with (&, &,, &) and (&é,, &, &./) the unit vectors in their respective
coordinate systems.

Figure 4.10.: 7-hole pressure probe measurement technique.

will be referenced to the model’s leading edge position and will be given in fraction of the
chord length. It is, therefore, independent of the model’s angle of attack. The traverses
have a resolution of 0.025¢, giving 42 measurement points per traverse. In chapter 5, the
results of the flow measurements will be presented in the rotated coordinate system, or
wing-fixed coordinates, (2, ¢/, 2’) with (&,/, &y, €é.) the corresponding unit vectors,
e.g. figure 4.10b, and 2’ parallel to the model’s chord line. This is done to quantify the
velocity magnitudes normal to the tip edges as precisely as possible, particularly when
determining relevant velocity scales to which the acoustic sources are related.

4.3.2. Static Pressure Measurements

Measurements were made using a PSI 8400 acquisition system coupled to 32 ports 5-PSI
scanner modules ESP-32HD (accuracy: + 0.08 % full scale). The sampling rate (SR) is
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fixed to 50 Hz, and mean static pressure values for each channel were computed from 10
samples.
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5. Results of the Flow
Investigations

The results of the flow measurements at the reference cantilever wing with flat tip as
well as for the complementary test cases are presented herein. The motivation behind
this series of measurements is the identification of characteristics of the mean flow field
relevant for a description of the source mechanisms.

First the global flow field characteristics in the tip region are presented to provide an
overview of the tip vortex development. Next, results of the investigations of the tip flow
field in the vicinity of the tip edges are presented and discussed. Finally, relevant source
regions are identified and associated length and velocity scales are defined.

5.1. Reference Cantilever Wing: Flow Visualization

To get a better insight in the complex three-dimensional tip flow field, visualization using
soot were performed. A qualitative analysis of the recorded images reveals the global
characteristics of the flow field about the wing tip. In figures 5.1 to 5.4 the flow visualiza-
tions at three deflection angles are shown (0 = 20°, 25° and 30°). Both, visualizations at
the tip face and on the suction side and pressure side surfaces were made. Approximative
streamlines have been superposed on the soot streamtraces to improve the images clarity.

First, for the tip flow visualization in figure 5.1, two distinct separation lines can be
identified (dashed lines). No movement occurs across these lines near the wing’s surface.
On both sides of the stagnation lines, the flow is moving in opposite directions, pushing
the soot away or toward the line.

At the tip leading edge, the flow is forced to separate thus forming a separation bubble
extending to = 0.1c. At this point the LE flow and the pressure side edge shear layer
merge to form the primary vortex. The primary vortex can be identified by the typical
S-shaped streamlines it leaves on the surface, between both separation lines (dashed lines).

At about 0.1c, the primary vortex starts building up, from the pressure side corner
shear-layer while being trapped between both separation lines, progressively growing in
size until it reaches the suction side. Below the main separation line, a vortex of opposite
sense of rotation can be generated as shown by the S-shaped streamlines. This third vortex
is sometime refered to as tertiary vortex [6, 26] and it is induced by fluid entrainment
from the primary vortex. This vortex can only be identified in the case ép = 30°. Tts full
extent cannot also be precisely determined based on the available visualization.

The aft part of the tip face flow field is no longer dominated by a strong vortical
structure. In that part, the flow is mainly aligned along the model tip face, as shown
by the observed washing of the applied soot. The soot particles are pushed toward the
TE up to another stagnation point located near the TE, at approximately 0.95¢. At that

78



location, under the influence of the local pressure field, low-velocity fluid coming from
upstream positions and low-velocity back-flow coming from the TE meet. The stagnation
point approximate location changes from 0.95¢ at dp = 20° to 0.9¢ at 0 = 25° and 0.85¢
at 0p = 30°. The fluid is then deflected toward the suction side where it feeds up the
primary vortex. Merging occurs at a position which is dependent on dr, moving upstream
with increasing deflection angle. As one approaches the TE the vortex grows in size and
strength, constantly feeding on the suction side and pressure side corner shear layers. At
higher angles of attack, the growth rate of the vortex is much more rapid and its passage
to the suction side occurs earlier. Furthermore, due to a larger lift coefficient, the pressure
side corner shear layer will follow a path to the suction side which is less close to the tip
face as 0 increases [82].

The evolution of the streamlines on the suction side and pressure side is documented
in figures 5.2 to 5.4. The suction side flow is characterized by the formation of the
secondary vortex. The vortex is initially located near the tip and slightly moves inwards
with increasing chordwise position. This is due to the progressive induction of negative
vorticity near the suction side corner by the secondary vortex.

In figures 5.2 to 5.4, on the top surface, a single stagnation line is observed which is
linked to the presence of, first, the secondary vortex and, later, of the merged vortex.
Because of the tip sharp edges, the flow field cannot follow the model geometry and
separates at its edges, thus leaving a recirculation zone on the model suction side near
the tip. The width and length of this separated zone grow slightly with a change in dp.

As the secondary vortex grows in size and strength, it progressively moves away from
the wing’s surface, giving rise to a zone of induced negative vorticity (opposite to the
vortex rotation direction) production just above the airfoil’s surface [82], e.g. figure 2.4.
The approximate separation line between both regions is given by the dashed line in
figure 5.2 to 5.4. Eventually, the negative vorticity rolls-up into the secondary vortex [82].
During the first phase, the secondary vortex can only feed on the suction side boundary
layer vorticity because no connection to the primary vortex exists. In the second phase,
the primary vortex moves to the suction side and merges with the secondary vortex. The
resulting vortical structure is much larger. In the aft part, once the merging has occurred,
the vortex continues to induce a strong bending of the surface streamlines and the flow
direction is nearly normal to the wing tip face. This is most noticeable for the ép = 30°
case.

The suction side boundary layer near the tip trailing-edge, does not separate for flap
angles below dp = 30°. At 0p = 30° flow separation occurs over approximately half of the
whole span over a streamwise length of approximately 1 cm, starting at the trailing edge.
In all cases, a separation bubble forms near the side wall. The span of the wall separation
bubble is of about 10 cm at dp = 25° and reaches 20 cm at 0p = 30° (see figure 5.2 to
5.4).

The pressure side streaklines are bent toward the tip over nearly half of the model span.
The curvature being a function of the model deflection angle; higher d meaning a larger
curvature. Further away from the tip, the aft part streamlines never get parallel to the
flow direction, due to the combined effect of the tip vortex and the side wall boundary
layer . The pressure side boundary layer does not separate. The above observations are
consistent with the global flow measurements as well as with evidences from the literature
[6, 79, 81, 82].
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Figure 5.1.: Surface streaklines visualization on the tip face. Approximative streaklines
are sketched. (a) 0p = 20°. (b) 0p = 25°. (¢) op = 30°.
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Figure 5.2.: Surface streaklines visualization. Approximative streaklines are sketched.
dp = 20°. (a) Pressure side. (b) Suction side.

Figure 5.3.: Surface streaklines visualization. Approximative streaklines are sketched.
dp = 25°. (a) Pressure side. (b) Suction side.
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Figure 5.4.: Surface streaklines visualization. Approximative streaklines are sketched.
drp = 30°. (a) Pressure side. (b) Suction side.
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5.2. Global Characteristics of the Tip Flow Field

The vortex formation process can grossly be divided in three main phases. First, at the
pressure side edge, a shear layer is ejected which eventually rolls-up to form the primary
vortex. Simultaneously, at the suction side edge, the suction side boundary layer near
the tip and part of the tip face flow also roll-up to form a second vortex. While the
primary vortex quickly moves from the tip face to the suction side, the secondary vortex
stays on the suction side and follows a path mostly parallel to the flow direction. The
vortices paths are documented in figure 5.5 for three values of 6. This position is defined
as the location at which the vortex velocity, in the y — z plane, changes sign. The first
phase is captured in the flow measurements of figure 5.6a,b. The second phase consists
in the merging of both vortex to form a single larger entity (see figure 5.6¢). In the third
phase, the tip vortex continues to grow while remaining near the model suction side. At
some point, the vortex lifts off the model’s surface (see figure 5.6d,e). Measured maximal
velocities reach ~ 2.0U; in the streamwise direction and ~ 1.6Uj in the spanwise and
normal directions.

Looking in more details at the vortices paths along the model chord (figure 5.5), one can
observe slight differences depending on the selected deflection angle (dp). At ép = 10°, the
vortices merge around z/c = 0.7. Upstream of this position the suction side vortex slowly
moves inboard (y > 0). Downstream of the merging position, the vortex moves back
towards the edge (y < 0). The vortex remains near the wing’s top surface, progressively
moving away from it in the z direction (z/c > 0). For a deflection angle of 20° vortex
merging occurs at approximately x/c = 0.6. Before this streamwise position, the upper
surface vortex moves slightly inboard in a similar fashion as for the case dp = 10°.
Downstream of z/c = 0.6, the merged vortex stays at the tip (y/c = 0). Compared to
the previous case, the merged vortex moves away from the top surface in a more sudden
and rapid manner. At z/c = 1.0 the vortex core is at about z/c = 0.1 (above the surface
compared to z/c = 0.05 for the 10° case. For a deflection of §p = 25°, the measured
vortex path is similar to the case dp = 20°. Vortex merging occurs approximately between
0.4 <z/c<0.6.

Flow field measurements, as in figure 5.6, are also available for 0p = 25° for four z/c
positions. From these field measurements an estimate of the primary and secondary vor-
tices diameters can be obtained. The vortex size is estimated from the spatial separation
between the maximum and minimum in the normal, Us, and spanwise, Us, velocity pro-
files across the vortex center, respectively. The resulting values for the vortex diameter
at /c = 0.4 and x/c = 1.0 for §p = 20° and ép = 25° are tabulated in table 5.1. The
0p = 10° case is not considered to be relevant for the FSE noise as overal lift of the wing
does not promote the formation of a strong vortex. At x/c = 0.4, only a marginal increase
in vortex size is measured while at x/c = 1.0 the vortex size increase about 15% from
0 = 20° to 0 = 25°. The order of magnitude obtained in the experimental results is in
agreement with CFD computations [13, 81]. In the aft part of the wing tip the vortical
flow is subjected to an increasing adverse pressure gradient as oz increases. Therefore, the
observed vortex size growth is according to expectations [26, 50, 87|. There is, however,
a considerable uncertainty in the estimate of the vortex size, [ at dp = 25° due to data
lacking in regions of large flow angularity, i.e. where the 7-hole probe technique fails.
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The vortex size is defined as the distance between the minimum and maximum values of
tangential velocity in a section cut crossing the vortex axis at a right angle.

Table 5.1.: Primary vortex size normalized by the chord length (I/c) at z/c = 0.4 and
z/c=1.0vs. dp. ¢ =0.473 m.

d0p x/c=04 x/c=1.0

20°  0.0349 0.1655
25°  0.0385 0.1968

0.15 o
0.10 A
0.05 A
0-00 7 = e a0
—0.05 1
—0.10 { —a&— 10° —O— 20° —o0— 25° (a)

y/c [

0.15
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0.05

0.00 - %—O
—0.05 1
—0.10 A (b)

z/c ]

0.0 0.2 0.4 0.6 0.8 1.0
z/c I-
Figure 5.5.: Measured vortex core path vs. dp. (a) Top view. (b) Side view. The
blue symbols refer to vortices originating from the lower edge and the red
symbols to those originating from the upper edge.
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Figure 5.6.: Mean flow field at the wing tip, dp = 2

0°, My = 0.18. The measurement
planes are chord-normal. Wing geometry shown in grey. White patches in
the contours plots are due to data rejection in the experiment, where flow
angularity exceeds the range of the 7-hole probe technique. Velocity vector
components displayed in the wind tunnel coordinate system, see figure 4.10b
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5.3. Static Pressure Distributions

The surface static pressure distributions are presented in figure 5.7. Extensive results for
all test cases are provided in appendix B. The topmost plot in figure 5.7 corresponds to
measurements at the mid-span section. The other two graphs show the evolution of the
static pressure along the wing tip face. For the tip high case the pressure taps are located
near the suction side edge, while in the tip low case static pressures are measured near
the pressure side edge. See chapter 3 for more details about the location of the pressure
taps.

At mid span the suction peak cannot be completely captured due to a lack of pressure
taps directly in the LE region. Part of the suction peak downstream of the LE is, however,
still captured. The zero lift angle of attack is approximately reached at 0p = —5.7°. A
qualitative observation of the static pressure distributions reveal that the flow remains
attached until 0 = 28°. The computation of a reliable lift coefficient based on the
measured data is, however, not possible. CFD simulations provide avenue around this
difficulty [13, 81].

For the tip face pressure distributions (middle and lower part of figure 5.7), two distinct
behavior are observed. Near the upper tip corner, an isolated region of strong suction
exists. Its extent, as well as its suction peak, are dependent on the model deflection angle.
For 0 = 30°, the region of low static pressure extends from z/c ~ 0.3 to x/c = 0.9 and
a minimum pressure coefficient of C}, = —3.25 is reached. At dp = 10°, suction occurs
between z/c = 0.55 and x/c = 0.9, with a peak pressure coefficient of C}, = —1.16. This
characteristic decrease in static pressure is directly linked to the chordwise development of
the tip vortex and to its path along the tip surface. The vortex passage from the tip to the
suction side marks the starting point of a progressive increase of the pressure coefficient
toward the trailing edge. Near the lower edge, an increase in dp leads to a uniform
static pressure decrease over the whole measurement domain (here from x/c = 0.15 to
x/c = 0.83). Here, the static pressure distribution is mainly influenced by the shear layer
ejected at the pressure side corner and its early roll-up. The tip vortex is constantly fed
by that shear layer explaining the comparatively uniform suction along the lower edge.
When the vortex has moved over to the suction side, a slow pressure recovery is measured
between x/c = 0.58 and z/c = 0.83. The sudden drop in C), at z/c = 0.75 on the tip
face is due to the convergence, at that position, of the upstream and downstream flows
along the tip, thus forming a stagnation region. This can be clearly observed in the flow
visualizations (e.g. figure 5.1).

5.4. Aeroacoustic Source Regions

In this section, the emphasis is put on the identification of distinctive flow features in the
vicinity of the airfoil’s tip edges which can be related to the noise production mechanism
previously discussed in chapter 2. To achieve this goal, mean flow measurements of all
three components of the velocity vector are realized using the 7-hole probe technique, e.g
chapter 4. The measurement data are acquired near the edges of the model tip, where
levels of high flow unsteadiness are known to exist |6, 82|. Regions where large velocity
gradients exists are identified, and characteristic parameters are extracted.
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Figure 5.7.: Static pressure distributions at mid span and at the model tip face.
Up = 60m/s In the top figure, empty symbols are used for the pressure
side measurements while solid symbols correspond to measurements at the
suction side.

5.4.1. Flat-Tip, Sharp-Edge FSE
Velocity in the Vicinity of the Pressure Side Tip Edge

The velocity profiles presented in figures 5.8 to 5.10 are given in wing-fixed coordinates
as the components of the flow field normal to the wing’s tip edges are assumed to be
most relevant for the acoustic problem. The evolution of the mean flow velocity near
the lower and upper tip edges is presented in figure 5.8 and 5.10 for three values of dp.
In these plots, the velocity components are normalized by the free-stream velocity, Uy.
Looking first at figure 5.8, a striking observation is the weak dependency of the Uj and Uj
velocity components on dp. Increasing the flap deflection from 20° to 30° has, however,
a strong impact on the second velocity component, Uj. The chordwise evolution is first
characterized by a sudden increase in the U] velocity component and decrease in U
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velocity at x/c = 0.025. This peak is related to the incoming flow being accelerated in
the vicinity of the model LE. This effect does not show up in the Uj component, where a
progressive increase is observed until z/c ~ 0.1. After this first phase, the formation of
the primary tip vortex begins under the action of the static pressure difference between
the pressure side and suction side. The vortex first remains at the tip face up to a given
chordwise position, dependent on flap deployment, before moving to the suction side
and merging with the secondary vortex. Marking the start of a progressive drop in the
magnitude of both U} and Uj; towards the trailing edge, e.g. figure 5.8.

In figure 5.9, results of mean flow measurements in the vicinity of the pressure-side edge
of the cantilever wing equipped with a partly porous tip are presented. The porous insert
is made of metal foam with a porosity of 30 pore-per-inch (ppi) and has been originally
designed in the frame of the European project OPENAIR. It has a 83% chordwise and
5% spanwise porous extent (see sketch in figure 5.9) and provides a broadband FSE noise
reduction on the order of 10 dB. In figure 5.9, velocity measurements along the upper and
lower edge of the porous tip, performed using the same procedure as above for the reference
case, are presented. Furthermore, the streamwise porous length was varied, using tape, to
investigate the effect on the velocity field. This will be also further discussed in relation
with the acoustic radiation in chapter 6. The results of figure 5.9 emphasize that U is
most affected by the application of a porous treatment to the airfoil’s tip. The porous
insert allows for through-flow, leading to an important reduction of the spanwise velocity
magnitude and overall vortex strength leading to an important noise reduction. Reducing
the streamwise porous length of the insert has a direct impact on the flow field, with a
sudden increase in velocity near the porous/non-porous interface.

Velocity in the Vicinity of the Suction Side Tip Edge

A quite different streamwise evolution of the velocity components is presented in figure
5.10, for the tip upper edge. Strong velocity gradients are measured between x/c = 0.0
and z/c = 0.025. They are linked to the LE flow separation at the model tip. Downstream
of x/c = 0.025, the first two components quickly reach a plateau which is sustained up to
z/cr~ 0.4 (U] /Uy = 1.0, U, /Uy ~ 0.2). The chordwise position of the velocity maximum
shift upstream with an increase in dp.

The flow around the model LE is bent towards the wing root, e.g. figure 5.2-5.4,
feeding the secondary vortex (or suction side vortex). This holds between x/c = 0.025
and the position at which the primary vortex moves to the suction side and merges with
the secondary vortex. Starting at about x/c ~ 0.35 (depending on ), the Uj velocity
component increases and quickly reaches a peak. This velocity maximum increases with
an increase in dp, while shifting upstream. The U} velocity component increase coincides
with a decrease in U} and Uj velocity; the flow is suddenly bent away from the tip.
The subsequent gradual variation in U} over the approximate range 0.4 < z/c < 0.8, is
related to the vortex core slightly moving toward the wing root before moving back closer
to the tip suction side edge. This is confirmed by the flow visualizations of chapter 5.
Afterwards, the spanwise velocity component, U)}, changes sign to become negative. The
counterclockwise rotation of the primary vortex now induces a negative spanwise velocity
in the vicinity of the upper edge. The passage of the primary vortex to the suction side
also leads to a delayed sign change of the Uj; velocity component. A minimum in Uj is
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Figure 5.8.: Streamwise evolution of the mean flow velocity components at the pres-
sure side edge. The z/c positions where characteristic velocity scale,
u = /U + U, is picked is shown by the solid symbols.

reached between 0.65 < z/c < 0.75, its magnitude depends strongly on dr. At ép = 30°
a peak value of —0.2 is reached, clearly showing that no important downwash occurs
in the rear part of the wing tip. Further downstream (z/c > 0.75), the magnitude of
the streamwise component slowly decreases up to the TE, except for the occurrence of a
small hump at about z/c ~ 0.85 to z/c ~ 0.95, which is related to the stagnation point
identified in figures 5.2-5.4. The measurement data obtained near the suction-side edge
for positions x/c > 0.75 suggest that the probe is in a recirculation zone beneath the
vortex as indicated by the flow measurements of figure 5.6 and the visualization results of
figures 5.2-5.4. And, as such, not representative of the vortex but mostly of the tip flow
separation occurring as the pressure side flow rolls-up into the vortex.
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Figure 5.9.: Streamwise evolution of the mean flow velocity components at the pressure
side edge. reference wing vs. metal foam tip for varying porous extents.

Characteristic Velocity and Length Scales

As discussed in the introduction, FSE noise results from unsteady fluctuations of the
tip vortex position and velocity field [125] in the proximity to the solid edge. From
the literature Koop [82], it is known that the FSE acoustic source region has a position
along the tip which is dependent on the radiated sound frequency. One thus expects low-
frequency noise to be caused by large scale, long wavelength, unsteadiness of the vortex
and their interactions with the wing tip mostly near the tip trailing edge corner Koop
[82], i.e. where the tip vortex has its largest dimension. Looking at increasingly higher
frequencies, the source regions along the wing tip will shift towards decreasing z/c values,
i.e. according to the tip vortex dimension. We will later show, in chapter 6, that this
observation also holds for the present database.

In chapter 7 we will aim at an empirical description of the wing tip sound radiation using
lumped representations of the low and high frequency range using two generic spectral
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Figure 5.10.: Streamwise evolution of the mean flow vector components at the suction
side edge. Between z/c = 0.4 and z/c = 0.6, missing experimental data
are obtained through extrapolation using best-fits.

shape functions. These functions are to be specified on a Strouhal number basis defined
by the relevant velocity and length scales of the sound generating mechanisms.

We postulate that, in order of magnitude, sound is generated over a time interval
~ [l/u, with [ a characteristic length scale and w a characteristic velocity scale. The
sound frequencies are rendered dimensionless using [ and u to define the corresponding
Strouhal number, St = fl/u. The low-frequency spectral function maximum is specified
at St = fl/u = 1, with [ equalling to the vortex diameter in the vicinity of the trailing-edge
and u being equal to a representative vortex rotational velocity, i.e. u ~ max(y/ UéQ + U{,)z)
near the wing’s trailing edge in the range 0.6 < x/c < 0.75. The results of the vortex core
path analysis of figure 5.5 clearly indicate that the vortex slightly lifts off of the wing’s
suction side before reaching the trailing edge, in the range 0.6 < z/c < 0.8. Also the oil
flow visualizations of figures 5.1, show a zone of stagnant flow near the tip trailing edge,
evidences of a possible separation bubble. Because, in the range z/c > 0.6 the vortex
no longer follows the wing’s contour, the value of u vs. dp is derived from the velocity
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measurements at the tip pressure side, e.g. figure 5.8, prior to vortex lift-off. The values
of u derived in this manner are considered to be the most representative of the tip vortex
rotational velocity, near the trailing edge, available from the flow measurements. The
flow measurements at x/c = 1 show that the vortex has grown to a diameter of about
0.16¢, e.g. table 5.1, which will be used for [. Using u = Uy to obtain a first rough
order of magnitude estimate of the frequency of the sound generated by the dominant
flow structures at Uy = 60 m/s gives u/l ~ 60/0.16¢ ~ 0.792 kHz.

We postulate that high-frequency noise generation occurs, predominantly in the forward
half of the FSE, as a consequence of two distinct source mechanisms: 1) edge scattering of
the turbulent velocity fluctuations, according to the pressure-side shear-layer instability
hypothesis of Brooks and Humphreys Jr. [21], Roger et al. [113]|, and 2) vortex-edge
interaction through the unsteady movement of the primary vortex and its subsequent
merging with the secondary vortex. The second mechanism is similar to the postulate
made above for low-frequency noise generation. The merging process occurs at high
velocities and sound is produced through interaction of unsteady vorticity fluctuations
with the upper tip edge [57, 82, 124, 125]. The shear-layer instability mechanism leads
to a higher frequency sound radiation compared to the vortex-edge mechanism because
of the markedly different flow structures length scales involved, i.e. the boundary layer
thickness vs. the vortex dimension. According to Brooks and Humphreys Jr. [21], the
boundary layer thickness at the pressure side of the airfoil is estimated to be of order
§ ~ 0.009¢ = 0.009 x 0.473 = 4.3 x 1072 m which is about 4.5 times smaller than the
primary vortex size before the vortex merging occurs, i.e. just upstream of position A(dp)
in figure 5.10. With this, an order of magnitude estimate of the radiated sound frequency
by the shear-layer instability mechanism at Uy = 60 m/s is of order u/l ~ 14 kHz.
According to Brooks and Humphreys Jr. [21] the contribution of the shear-layer instability
mechanism to the overall noise emission is also directly related to the magnitude of the
spanwise velocity about the pressure side edge and, therefore, to the flap loading. The
characteristic frequency estimate above imply that the shear-layer instability mechanism is
mostly relevant at very high frequency. However, the results of chapter 6 will demonstrate
that the dominant frequency range of the measured acoustic radiation is well below 14
kHz reaching a maximum at a frequency f =~ 1 kHz. In view of the results of chapter 6,
the shear-layer instability mechanism is not considered to be a relevant contributor to FSE
noise. In comparison, an order of magnitude estimate of the radiated sound frequency
due to the high-frequency vortex-edge interaction mechanism at Uy = 60 m/s is of order
u/l ~ 3.17 kHz, with a characteristic vortex dimension of [ = 0.04c, see e.g. table 5.1.
The relevant characteristic velocity scale for the high-frequency vortex-edge interaction
mechanism is defined as u = \/UéQ + Uéz at the position of vortex merging and near the
suction side tip edge, i.e. position A(dr) in figure 5.10.

The extracted characteristic velocity magnitudes at position A(dr), near the suction-
side edge, and near the pressure-side edge according to figure 5.8, are given in figure 5.11.
Results are given in a wing-fixed coordinate system. The tip vortex streamwise circulation,
'y vs. 0p is put in relation, in figure 5.12, to the velocity scales discussed above i.e. fig.
5.8 and 5.10. Again, an approximately linear relationship exists between u = 4/ UéZ + U{f
and T';. The knowledge of the tip vortex circulation at z/c = 1.1, downstream of the
wing’s TE, is therefore sufficient to determine all relevant characteristic velocity scales.
In figure 5.12a, values of I'y obtained from CFD computations are also plotted [13].
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Figure 5.11.: Characteristic velocity scales. Reference wing.

There is a reasonably good agreement between the experimental results and the CFD.
The deviation observed at dp = 20° and dp = 22° correspond to an approximate error of
13% on the resulting value for v in figure 5.12b.

Because the static pressure distributions can be computed through CFD with enough
accuracy [13], a reliable value of C7, can be recovered and therefore a direct relation with
u can be established.The lift polar, in both free field conditions and in the AWB, for the
reference cantilever wing, are plotted in figure 5.13a. In figure 5.13b, u is plotted against
the free-field condition C', of figure 5.13a.
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Figure 5.12.: Measured vortex circulation at z/c = 1.1 vs. 0p and the characteristic
velocity scales, u = /U5 + U%? at the pressure side and suction side.
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5.4.2. Complementary Test Cases

Next, the flow field and the aerodynamics of the complementary test (e.g. section 3.4)
cases with tip modifications are investigated using the same methodology as described
in the previous section. Because of the tip modifications, measurements of the velocity
with the 7-hole probe technique along the top edge proved difficult, in some cases, due
to increased spanwise gradients and higher flow angularity. Because of this, the emphasis
is put here on the pressure side edge velocities only. Details about the suction side flow
field could be obtained using laser-based measurement techniques, e.g. particle image
velocimetry, laser doppler velocimetry, or CEFD.

On the left hand side of figure 5.14, a comparison is made of the lift polar, measured
at the reference cantilever wing mid-span position, for all test cases (see also appendix
B). For all configurations, one observes the consistently higher lift produced by the wing
without LE vane. The vane reduces the lift coefficients at the wing by shifting the suction
peak towards the vane LE. This is, however, not captured in the experiments due to
the lack of pressure taps on the vane. At dp = 20°, an approximate 18% loss in Cp, is
measured when the vane is installed compared to the reference wing. This gap slowly
increases with an increase in dp. Below dp = 15°, a dip is observed in the polar for the
configurations with the vane installed. This effect is probably related to the fixed angle
of the vane with respect to the wing which is not optimal at lower wing angles.

For an evaluation of the noise impact of the tip modifications relative to the reference
cantilever wing, it is necessary to establish a correspondence between all test configura-
tions. Because FSE noise is assumed to be related, to first order, to the total lift force
generated by the wing system, comparisons between different configurations should be
made at equal lift coefficients. A precise evaluation of the total lift force for each con-
figuration is not possible from the experimental data. We therefore revert to the flow
measurements.
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Figure 5.14.: Left, measured lift polars for all configurations. Right, distribution of
surface static pressure coefficient (C)) vs. normalized streamwise position
(z/c) for selected dp. In each inset three C), distributions are plotted,
respectively for the configurations without (A) and with (B) vane.

At equal wing C7p, the tip cross-flow velocity magnitudes for different airfoils should
be equal and a similarly intense FSE noise radiation is expected [114]. In figure 5.15a,
the normalized cross-flow velocity (u = /U + U2 /Up) at the tip lower edge is plotted
against x/c for the cases “vane” and the reference at two dp. The magnitude of the
cross-flow velocity is related to the pressure differential between the wing upper and lower
surfaces. In other words, an increase in C, will lead to a corresponding cross-flow velocity
increase. Although the vane appears to modify the velocity profiles, the measurements
display similar overall trends and magnitudes. The observed differences are vane-related
and cannot be accounted for by an angle-of-attack correction.

For test cases “tip #1”7 and “tip #2”, e.g. figure 3.7, the measured static pressure
distributions at mid-span agree very well with those measured on the reference wing. The
insets of figure 5.14, also clearly demonstrate that for the given tip add-ons the tip shapes
have no significant influence on the wing sectional lift at mid-span. Therefore, any change
in spanwise flow (see figure 5.15b) and radiated noise spectral characteristics is a direct
consequence of a change in tip geometry only.

The results presented in figure 5.15 reveal interesting trends which need further discus-
sion. In figure 5.15a, the vane is found to have an impact on velocities at both the aft and
fore FSE parts. At 20°, the cross-flow profile is almost identical to that of the reference,
however, with a 6% slower cross-flow in the aft part. At 30°, the aft part cross-flow now
equals the reference values while the fore part flow increases by 16%. At 25° (not shown
here), the cross-flow profiles for both configurations lie on top of each other. The vane’s
aerodynamic performance appears to increase with increasing dp. At low 0 it mostly
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Figure 5.15.: Comparison of the normalized cross-flow velocity magnitude near the tip
lower edge for two values of . The velocity vector components are pro-
jected onto a wing-fixed coordinate system.

has a disruptive effect on the main wing tip flow roll-up process which translates into a
weaker vortex near the TE.

The cross-flow velocity for case "Reference + tip #2”, in figure 5.15b, is characterized
by a continuous and moderate increase at both angles up to z/c ~ 0.7. In the fore
part, the flow is less accelerated, through the rounded edges. The maximum cross-flow
magnitude is reached between z/c = 0.6 and z/c = 0.8, with values as much as 20%
higher (at dp = 30°) compared to the reference case. Similar trends are reported by
McAlister et al. [87]. The effect of "tip #1" on the cross-flow is to impede the smooth
tip vortex development forcing the cross-flow characteristics to resemble those of the
reference case. There is one exception, at dp = 20° near the TE, a sudden velocity
increase is observed. This is due to flow being forced out of "tip #1" cavity, an effect
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which is more important the more the flow aligns with the wing’s chord. Adding the
vane, when the tip add-ons are installed, promotes lower cross-flow velocity in the FSE
aft part at 0p = 20° (see figure 5.15¢) as has been previously observed for the reference
configuration without vane. For the case "Vane -+ tip #1", a different trend is observed
and the cross-flow intensity is reduced over the whole chord length. This effect is not
understood and requires further study. Interestingly, there is no local cross-flow velocity
increase for configurations “tip #1-+vane” and “tip #2-+vane” near the main wing’s LE
compared to configurations "tip #1" and "tip #2". In those cases, the wing span (but
not the vane’s) was increased to 0.43 m, probably inhibiting an efficient interaction of the
vane tip vortex with the wing tip flow field.

As was previously done in figure 5.8, the maximum cross-flow velocity at the tip lower
edge is extracted from the flow measurements of figure 5.15. The results are given in
figure 5.16, as a function of dp. Note that the results for the reference wing in figure
5.8 and 5.16 differ slightly as they were obtained in different measurement campaigns,
two years apart. Nonetheless, the slope du/ddp can be considered the same. The results
suggests two different groupings based on the value of du/ddp. The cases Tip #1 and Tip
#2 are associated with a larger slope i.e. du/ddp = 0.029 and du/ddr = 0.033 compared
to the remaining test cases. The absolute value of /Uy at a fixed value of 0z should not
be overinterpreted as it is dependent on the exact position of the probe relative to the
model, which is difficult to replicate for airfoils with different tips. Therefore, a meaningful
comparison of the absolute levels is difficult. More important is the slope du/dop. For
the reference wing, a smaller slope is expected, compared to Tip #1 and Tip #2, because
of the discontinuity at the edges. For the cases with vane, the flatter lift polar, e.g. figure
5.14, could explain the smaller values of du/ddp.
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Figure 5.16.: Maximum value of the spanwise velocity magnitude vs. dp. Dashed line:
linear regression.
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5.5. Summary of findings

The results presented above support the hypothesis that low-frequency flap side-edge
sound generation is related to unsteadiness of the merged tip vortex in the vicinity of
the airfoil’s aft part tip edges. This mechanism is characterized by the vortex diameter
as a characteristic length scale and the pressure-side maximum cross-flow velocity, u =
Ue = max(/U? + U$), as a measure of the vortex rotational velocity. High-frequency
sound is mostly generated near the airfoil’s mid-chord, in a region characterized by strong
velocity gradients, and thus promoting important turbulent mixing, identified along the
airfoils upper edge. It is characterized by the velocity u = Uy = +/ Uéz + U?’)2 measured at
the vortex merging position (i.e. position A(dr) in figure 5.10) and the vortex dimension.
Thereby we postulate that the increased turbulent mixing occurring due to the existence of
the tip vortex and its interaction with the solid geometry is the dominant factor responsible
for sound production.

For the reference wing the characteristic velocity scales for the pressure side and suction
side flow fields are summarized in table 5.2, where U, = max(y/U + UJ?) at the pressure
side and Uy = \/U§ + U at the merging position. Also included in table 5.2, are
linear relationships for the complementary test cases. For these cases, as flow data are
only available for the pressure side, only relations for U. are given. In the following
chapter, results from the acoustic investigations are presented and an attempt is made at
representing the data using the parameters identified in the current chapter and listed in
table 5.2.

Table 5.2.: Summary of all linear relationships derived above.

Case U vs. Op vs. Cf vs. I}y
Reference U./Uy | 0.0236F + 0.682 0.623C, + 0.554 —0.033T"; + 0.819
Reference U /Uy | 0.0206F +0.288 0.557C, — 0.173  —0.030T"; + 0.413
Tip #1 U./Uy | 0.0336F + 0.440 - -

Tip #2 U./Uy | 0.0296F + 0.581 - -

Vane U./Uy | 0.0206f + 0.696 - -

Tip #1 + Vane U./U, | 0.0196F + 0.663 - -

Tip #2 + Vane U./U, | 0.0246F + 0.628 - -
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6. Results of the Acoustic
Investigations

In this section, the results of the acoustic investigations are presented and discussed. Fo-
cus is first put on both reference test cases defined in chapter 3 to reveal the baseline
acoustic radiation characteristics and scaling behaviors. Classical scaling assumptions are
tested and are found to provide only a limited amount of success. New scaling parameters,
derived from the aerodynamic investigations presented in chapter 5, allow for a better rep-
resentation of the acquired acoustic data. Further, exhaustive directivity measurements
are presented and discussed. Next, results from the complementary experimental test
cases are discussed to put the reference dataset in a broader perspective as well as to lend
further support to the new data scaling premises.

When not otherwise mentioned, the notation f. will be used to refer to one-third octave
band center frequencies. For simplicity, the time-averaged value of the pressure fluctua-
tions squared, i.e. ]ﬁ, will be written as p?. As we are performing measurements in the
acoustic far-field, we have ao, = cst, poo = cst and the far field sound intensity is given
by I = p'v/ ~ P/ pscice.

6.1. Cantilever Wing Configurations

6.1.1. Source Maps, Noise Spectra and Scaling Parameters

Source maps for f. = 1.0 kHz and f. = 3.15 kHz at 6p = 25° and dp = 30° for Uy = 60 m/s
(Mo = 0.18), are presented in figures 6.1 and 6.2. The results were obtained using
conventional beamforming (CB), with diagonal removal (DR), according to the description
of chapter 4, with the large aperture phased microphone array installed below the model
and at its side. The CB algorithm identifies, in all cases, a dominant source of noise at the
FSE. As frequency increases, so does the resolution of the microphone array and therefore
the source maps at f. = 3.15 kHz reveal more details about the source distribution. Low-
frequency noise predominantly occurs in a region near the tip trailing-edge corner. The
source region moves upstream along the FSE with an increase in frequency. A behavior
typical of FSE noise which suggests that the radiated sound’s characteristic frequency
is closely related to some dimension of the developing tip vortex system [54, 57, 82].
Varying the flap angle only has a marginal impact on the source distribution, while the
effect of a change in free-stream velocity is not shown because it does not modify the
source distributions and only promotes a broadband increase in radiated noise levels.
One also notes the existence of an almost isolated source region in the source maps,
downstream of the tip TE, in figure 6.2 at f. = 3.15 kHz (see also the results of appendix
F). This feature does not exists in the contour plots of figure 6.1, where the phased
microphone array is positioned to the side of the airfoil. This observation cannot be
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Figure 6.1.: Microphone array noise maps, side view, 1/3-octave band frequencies. My =
0.18. The model is represented by the solid black line.

satisfactorily explained based on the available dataset. It could, however, suggest the
existence of a source region above the wing, i.e. on the suction side, its sound field
being diffracted about the TE before reaching the phased array microphones. Classical
trailing-edge noise would be identified directly at the trailing-edge of the airfoil by the
phased array and cannot, therefore, explain this observation. One also notices that the
position along the tip where the highest SPLs are measured, at f. = 3.15 kHz in figure 6.2
and 6.1 do not exactly match, giving some insights into the source directivity, which will
be further discussed in section 6.1.6. Also, the source distribution measured at the side
position spreads over a larger part of the tip, compared that measured below the airfoil.
Once integrated over the whole of the source region, the radiated sound power towards
the side will potentially be higher, e.g. section 6.1.6.

The frequency range in which FSE noise dominates is determined through comparison
with measurements at a porous FSE. The porous FSE can achieve a broadband FSE
noise reduction up to 15 dB and therefore is considered to almost eliminate the tip noise
source. This occurs through a modification of the tip flow field, damping of turbulent
velocity fluctuations and a pressure release near the wing tip [6, 8|. The comparison
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Figure 6.2.: Microphone array noise maps, bottom view, 1/3-octave band frequencies.
My = 0.18. The model is represented by the solid black line.

between measurements with the solid and porous tips is given in figure 6.3, for two flap
settings and two radiation directions. The results show that FSE noise is dominant in
the range 0.4 kHz < f. < 16 kHz. Above f. = 16 kHz, the porous tip produces excess
high-frequency noise, a characteristic of the porous material used and not relevant for the
baseline solid tip. Therefore, the above range is extended to 0.4 kHz < f. < 20 kHz for
the large aperture phased microphone array. Corresponding to a Strouhal number range
of 3 < Sty < 158 (based on the model chord and Uy = 60 m/s). Data from the small
aperture phased array are considered valid over the range 0.8 kHz < f. < 20 kHz, due
to the occurrence of a spurious tone at f. = 0.63 kHz. Integrated spectra from both
the small and large microphone array measurements are found to agree well over their
common frequency range even though their respective point spread functions indicate
important loss in spatial resolution at low frequencies (see chapter 4) below f. ~ 0.8 kHz
for the large aperture array and below f. ~ 2.0 kHz for the small aperture array. The
similarity of the FSE spectra from both arrays at low frequencies is a further confirmation
that spurious source contamination is not important.
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The impact of a change in My and dr on the noise generation is presented in figures 6.4
and 6.5 for both array positions. An increase in upstream velocity leads to a monotonic
and broadband increase in noise levels. Also, the overall shape of the spectra does not
change noticeably.

A common approach found in the literature to scale the noise spectra is to relate the
scales of the source of noise to the free-stream velocity and a characteristic geometric
dimension of the model. Usually the free-stream velocity and the wing’s chord length
(¢) or wing’s maximum thickness (d) are chosen [19, 21, 55, 82|. These parameters are
obviously not dependent on dr and therefore can only represent broadband changes in
noise radiation due to variations of the free-stream velocity. Also the free-stream velocity,
being a global parameter, is not able to account for local changes in tip geometry as well as
wing profile. The main advantage of this approach lies in the fact that both parameters
can be easily determined and quantified. Scaling the data of figures 6.4 and 6.5 using
p? x Uy with n = 5.5 and [ = ¢, one obtains the results presented in figures 6.6a,b and
6.7a,b. Where the ordinate variable is L, = L, /3 — 10 - n - log(U/100) + 101og(I?/ R?),
where U = Uy stands for a characteristic velocity and R = 1 m for the reference source-
observer distance. This choice of velocity and length scales only provides a good amount
of success in scaling the velocity dependency of the radiated noise. Changes due to the
flap deployment are not well represented.

Guo [55] and Brooks and Humphreys Jr. [21] first proposed using a local tip velocity
instead of the free-stream velocity to scale the acoustic data. They proposed using the
flow velocity at the tip lower edge. The data of figures 6.4 and 6.5 are scaled assuming
p? oc UM with n = 5.5 and the wing’s chord [ = ¢. U, will be referred to as cross-flow
velocity. It is defined as the maximum value of U, = max(,/UJ* + U?), along the wing’s
tip lower edge. It’s value as a function of dr was obtained in section 5.4.

Scaled spectra using these premises are plotted in figures 6.6c,d and 6.7c,d. The Mach
number dependency appears to be well represented by the U, proportionality assumption,
as well as with Uy. This result emphasizes the linear relationship between U, and Uy for
0p = cst. One notes that, because U, is a function of dp, the effect of flap deflection is
better represented and that a good collapse of the spectra can be achieved in the low-
frequency range. Changes in high-frequency noise are not well represented. Increasing
the power exponent from n = 5.5 to n = 6.5 does not provide significantly better results.
The same conclusion holds for both radiation directions.

From the results of the first scaling attempts, using more fined-grained assumptions
appears to be necessary. To achieve this goal, the multi-scale approach, first put forward
formally by Guo [54], is further investigated and applied to the present database. Two
different length and velocity scales are identified based on the results of the flow inves-
tigations presented in chapter 5. The low frequency part of the spectra is assumed to
be generated in the aft part of the tip, through interaction of the tip vortex with the
airfoil’s edges, and is characterized by u = U, and [ = 0.16¢ as velocity and length scales.
The characteristic source scales corresponding to the high-frequency noise radiation are
u = Uy and | = 0.04c. The flow measurements presented in chapter 5 do not provide
enough data for a quantification of the dependency of [ on dg. Therefore, the above con-
stant length scale values are defined, under consideration of the acquired flow data, e.g.
table 5.1. Normalized spectra are shown in figures 6.6e,f and 6.7e,f.
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In all four figures, two different scalings are shown, a high- and a low-frequency scaling.
The velocity dependency is found to be best represented using u = U, with n = 5.5 as
velocity scale at low frequency and using u = Uy and n = 6.5 for the high frequencies
(see figures 6.6e and 6.7¢). The same conclusions also hold for variations in 0z (see figures
6.6f and 6.7f). See table 5.2 for the characteristic velocity relations. Based on the above
power law exponents, the results suggest a source mechanism, at low frequencies, of the
classical edge-scattering type [40] and a Curle-like dipole at high-frequencies [29].
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Figure 6.3.: Solid vs. porous FSE noise, comparison of small and large array results.
1/3-octave band integrated SPL spectra. Bottom view power integration
performed over the range 0.2 m < xr < 1.0m and —0.2m < y < 0.2 m.
Side view power integration performed over the range 0.2 m <z < 1.0 m
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Figure 6.5.: Integrated noise spectra, comparison of small aperture and large aperture
arrays. Side view, 1/3-octave band frequencies. Symbols : Small aperture
array. Lines : large aperture array.
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6.1.2. Effect of Model Scale

The impact of the wind tunnel model scale was studied in the NWB low-speed anechoic
facility using an 1:1 (full-scale) cantilever flap. This flap model is an actual component
of an original A319 wing which was unmounted and adapted for use in the wind tunnel
environment. Further details about the setup are provided in chapter 3. Phased array
source maps are given in appendix F.

The results of the acoustic investigations for the baseline configuration are given in
figure 6.8a-b. Results for the raked tip are provided in figures c-d. In each figure, the
spectra are scaled according to the multi-scale premises discussed in the previous section.
In each figure, scaled spectra from the reference cantilever wing case (scale 1:1.43) are
also plotted for comparison purposes. The comparison reveals a very good agreement
between the results from both test cases. The good agreement of the absolute scaled
spectral levels in figure 6.8 is the result of a calibration relative to the reference test case.
Use is made of an effective angle of attack +2° larger than the actual geometrical angle
set in the AWB experiment. This means that the flap model in the NWB experiment
generates slightly more lift when set at a given angle of attack compared to the AWB
experiment. This adjustment is considered as a wind tunnel correction which accounts
for the different test environments. Since no static pressure measurements are available in
the NWB experiment, the angle of attack correction is derived through a matching of the
acoustic data between both tunnels. A +2° increment appears reasonable, as the NWB
model has a slightly larger aspect ratio of 1.053 vs. 0.846 for the AWB model. NWB’s
test section area is also considerably larger, i.e. 9.1 m? vs. 0.96 m?, thus wind tunnel
boundary effects, leading to lift reduction, are expected to be less important in NWB.
Note, however, that the geometrical dz are given in figure 6.8. Larger discrepancies are
observed at the low-frequency end of the spectrum. Those deviations can be explained
by the lower resolution of the AWB phased array compared to that of the NWB and also
to a smaller aspect ratio in the AWB.

The results of figure 6.8a-b support the hypothesis that the AWB results are repre-
sentative of the full-scale configuration. Further, the spectral scaling premisses provide
a good collapse of the measurements similar to previous attemps at the AWB database.
Therefore, the scaling parameters derived from the AWB measurements can be assumed
to be equally valid in the full-scale case.

6.1.3. Effect of Tip Raking

The effect of a raking of the tip into the flow was also investigated at the full-scale wing
in the NWB. The results of the acoustic investigations using the phased array are given in
figure 6.8c-d. The spectra in each figure are scaled according to the multi-scale premises
discussed in the previous section. Scaling is done using the exact same parameters used
to obtain the results of figure 6.6e,f.

Raking the flap tip into the flow leads to an important change in spectral shape, de-
parting from the general results for the reference wing, i.e. with a streamwise aligned flat
tip face (e.g. figure 6.8a-b). The levels of the low-frequency part of the scaled spectra
are reduced, by approximately 3 dB to 5 dB. At the same time, the high-frequency part
of the spectra is slightly increased by about 2 dB compared to the reference case. The
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relative weighting of the two mechanisms postulated in the scaling approach appears to
have changed [54].

The low-frequency scaling provides the best collapse of the experimental data for both
changes in Uy and 6p. The high-frequency scaling does also provide a good amount of
success in representing changes in upstream velocity, however, the poor scaling at high
frequencies in figure 6.8d suggests a reduced dependency on o of the radiated noise for
the raked tip flap compared to the baseline flap. The scaling relationship is too strong
and over-compensates the impact of a change in dp.

This change in behavior could be related to a different tip vortex path compared to
the reference tip case. Raking the tip into the flow leads to an earlier movement of the
tip vortex to the upper surface therefore reducing the effective length over which a direct
interaction of the developing vortex with the tip edges occurs [87], e.g. figure 6.9. The
radiated noise is no longer a strong function of dp, e.g. figure 6.10, at least not as strong
as for the baseline case, and cannot be represented by the velocity and length scales
proportionality relationships assumed previously. The source of low-frequency noise is
mostly located near the tip TE and is therefore strongly affected by a raking of the tip.
Its strength is reduced as the vortex path moves away from the tip edges.
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Figure 6.8.: Large scale cantilever flap model. Scaled integrated noise spectra. Bottom
view, 1/3-octave band frequencies. Jp increased by +2° when scaling the
full-scale model data compared to the reference cantilever wing data. Ge-
ometrical 0p given in the figures. Solid line indicates scaled results for the
reference cantilever wing at 0p = 25° and My = 0.18.
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Figure 6.9.: Schematic representation of the tip vortex path on a rectangular and a
raked-tip planform according to [87]

110



100

100

My = 0.20 Moy = 0.20

Lp/3 [dB]
Ly,1/3 [dB]

103 I S Ili04
fe [Hz] J [Hz]

(a) My = 0.2, baseline (b) My = 0.2, raked

Figure 6.10.: Large scale cantilever flap model. Effect of dp, baseline vs. raked tip.
Integrated noise spectra. Bottom view, 1/3-octave band frequencies.
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6.1.4. Effect of Tip Geometry Variations and LE Vane Add-On

The effect of the add-ons is summarized in figures 6.11 and 6.12. Exhaustive results on
the effects of free-stream velocity (Up) and wing angle as well as data scaling, can be found
in appendix C and D. They are not provided here as the scaling assumptions discussed
above are found to provide an equally good representation of the results, both for the
fly-over and side-line positions.

In figures 6.11 and 6.12, the relative noise impact of the LE vane and of the FSE tip add-
ons is presented, as a function of wing angle and for My = 0.18. The baseline configuration
(wing without add-on) is used as a reference for the comparison. A positive AL, ; /3 value
implies a noise increase while a negative one implies a noise decrease compared with the
baseline configuration.

Effect of the Tip Geometry The effect of a change in flap tip geometry is displayed
in figure 6.11, in terms of relative sound pressure levels, i.e. compared to the radiation
of the reference flap tip. When Tip #1 or Tip #2 are installed, a noise increase of order
3 dB to 9 dB is measured below 3 kHz for the fly-over radiation direction. For f. > 3 kHz,
a noise reduction ranging between 2 dB to 7 dB is observed. A distinctive broadband
spectral maximum is observed in the frequency range 1.0 kHz < f. < 3 kHz irrespective
of the tip add-on. As discussed in the previous section, the smooth edges of Tip #1 and
#2 allow the tip vortex to develop in a cleaner fashion and an unsteady wandering of the
separation line along the chord promoting significantly higher tangential and axial core
velocities compared to a flat-tip wing as was found in chapter 5 and in [87]. Moreover,
the vortex core size is smaller in comparison to the reference case [87]. Therefore, higher
broadband FSE noise levels as well as a slight peak frequency increase, compared to the
reference airfoil, are expected. Sharp edges, on the other hand, promote the formation of
a complex multiple-vortex flow field near the tip [45, 50|, with a corresponding increase
in high-frequency noise levels. In figure 6.11, at 2.0-2.5 kHz, a quasi-tonal component can
be identified for Tip #1 at all . It most probably originates from the tip cavity as is
suggested by the microphone array data, where a strong noise source is identified near
xz/c = 0.5, e.g. appendix D.

From the results of figure 6.11 and 6.12, the addition of Tip #1 and #2 leads to
very similar maximum noise increases of order 3 to 9 dB. The side line relative noise
radiation is generally slightly lower. There is also only a very weak dependency of the
relative noise levels on the wing’s deflection angle for the sideline radiation direction. It is
interesting to note that even though both add-ons display very similar noise spectra, their
corresponding source maps do have very different characteristics (e.g. appendix D). While
Tip #1 promotes a strong low-frequency noise radiation at about x/c = 0.5, i.e. inside the
tip’s cavity, both towards the ground and the side line direction, Tip #2 radiates mostly
from the TE corner.

Effect of the LE Vane 1In figure 6.11 and 6.12, the addition of a LE vane provides a
broadband noise reduction of order 2 dB - 4 dB below about f. = 2 kHz. This effect can
be explained through a lost in wing’s overall circulation, in agreement with the discussion
of chapter 5 on the flow characteristics.
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The high-frequency part of the spectrum remains almost unaffected by the LE vane
for the reference configuration and Tip #1, e.g. figures 6.11 and 6.12, except for the
occurrence of a quasi-tonal component at f. = 12.5 kHz. Its origin is most probably due
to bluntness noise occurring near the vane tip TE (see figures D.1 and D.2) and amplified
under the influence of the vane tip vortex. Bluntness TE noise occurs for St ~ 0.2 [17];
taking [ = 0.001 mm (vane’s TE thickness) and a free-stream velocity of Uy = 60 m/s,
ones gets a sound frequency of f. = 12.0 kHz. Moreover, its radiation pattern has a
dipole-like character, and therefore appears reduced from the sideline, and its peak levels
are independent of the selected tip add-on. This quasi-tonal source is a dominant spectral
feature only at low angles and appears to be hidden by the higher broadband noise levels
at 0p = 30°. The combination of Tip #2 and the LE vane is more beneficial, providing
a broadband noise reduction in the frequency range 1 kHz < f. < 9 kHz (up to 10 dB at
fe = 8 kHz). The same trend is observed for the sideline radiation levels, with a maximum
noise reduction of order 5 dB in the mid-frequency range.

The high-frequency (broadband) part of the spectrum is strongly dependent on the
geometrical features of each configuration. The observed high-frequency quasi-tonal noise
increase due to the LE vane is a feature which would need further investigations to evaluate
its relevance for the full-scale aircraft in landing configuration.

Summary of Findings The major findings regarding the noise impact of each con-
figuration modification (relative to the reference configuration) can be summarized as
follows:

1) Tip #1 and #2 cause an increase in low- to mid-frequency noise levels, with a
maximum around 1.25 kHz, and a reduction in mid- to high-frequency noise. The
noise increase is a direct consequence of the smooth tip edges of Tip #1 and Tip
#2.

2) The LE vane alone provides only slight low- to mid-frequency noise reduction and
no significant high-frequency noise changes (quasi-tonal noise at 12.5 kHz excluded).

3) At f. = 2.5 kHz, Tip #1 generates a strong tonal component at about x/c = 0.4,
through flow disturbance in its tip cavity.

4) At f. = 12.5 kHz vane TE bluntness noise (dipole radiation character) is suspected
to lead to a large noise increase for all configurations at low angles of attack.

With the exception of item 2, the above observations equally hold for both the fly-over

and sideline radiation directions.

The impact of the LE vane cannot be incorporated in a modelling effort as the database
is still too limited. The above analysis only provides first qualitative insights in the
role played by the LE vane. Still the results suggest that, attempting a low frequency
prediction for a flap equipped with a LE vane, without accounting for it in the modelling,
will result in slightly overestimated output noise levels.

Scaling Laws The effectiveness of the scaling laws discussed above is found to hold,
with a similar level of success, for the modified tips as well as for the vane add-ons.
Exhaustive results are provided in appendix C.

Directivity For the configurations with Vane, Tip #1+Vane and Tip #2+Vane, a
forward arc dominant radiation is measured at f. = 12.5 kHz, in agreement with the
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Figure 6.11.: Relative noise impact of the different tip add-ons. Noise spectra measured
with the phased array for various flap deflections. My = 0.18. Refer-
ence spectrum: baseline configuration. Fly-over measurement position,
Le. v, =90° ¢, = 0° e.g. figure 4.1.

bluntness noise mechanism discussed above. Otherwise, the fly-over noise directivity is
uniform and almost symmetrical about ¢, = 0°. Configuration Tip #1 displays a forward
arc maximum at f. = 2.5 kHz, related to the cavity resonance phenomenon discussed
previously. Otherwise its noise directivity has a rear-arc radiation maximum ¢, > 90°.
The same can be concluded for configurations Reference and Tip #2 over the whole
frequency range.

The sideline radiation features a maximum in directivity at ¢, ~ 20° for all configura-
tions, with only a weak dependency on 0, e.g. figures E.4 and E.6. Exhaustive far-field
noise directivity results for all tested configurations are provided in appendix E.

6.1.5. Effect of Profile Shape

The impact of a variation in airfoil profile was studied using an airfoil with DU-96 section
and an airfoil with a Clark-Y section. Results from the acoustic investigations at the
Clark-Y wing with a flat tip are given in figure 6.13a and 6.13b. In figure 6.13c and
6.13d, results for the case with round tip are presented. In all four figures, the spectra are
scaled using the multi-scale premises discussed above; see table 5.2 for reference. For both
tips, the scaling approach is found to provide a good collapse of the measured data i.e.
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Figure 6.12.: Relative noise impact of the different add-ons (AL, ; /3 dB). Noise spectra
measured with the phased array for various flap deflections. My = 0.18.
Reference spectrum: baseline configuration. Side-line measurement posi-
tion, i.e. ¢z = 90°, ¢, = 90°, e.g. figure 4.1.

comparable to the previous results. One notices the clear shape difference between the
flat- and round-tip spectra. The former being more flat in the mid-frequency range with
rapid low- and high-frequency roll-offs, similar to the results obtained for the reference
wing. The latter has a rounder shape with a distinctive mid-frequency maximum. A
similar spectral shape was already observed for the reference wing with a round-edge tip
(e.g. appendix C).

The DU-96 airfoil was tested only with a flat tip. The results of the investigations
are presented in figure 6.14 in a scaled format, using the usual multi-scale premises.
Again an excellent collapse of the data can be achieved using the low-frequency scaling
parameters for both variations in Uy and dr. The high-frequency scaling does not provide
a similar data collapse for variations in dg, while it does provide a good scaling of the
effect of variation in Uy. Thus, in the dz range considered here, FSE noise is only a weak
function of . The spectra have a shape which is typical for wings with smooth-edge
tips, probably due to the more important thickness of the DU-96 wing. It is hypothesized
that for thick profiles an interaction between both tip vortices is delayed proportional to
the profile thickness, therefore reducing high-frequency noise production, which results
from turbulent mixing of the tip vortices. Also, scaled spectra (see figure 6.14) display
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a maximum at St = 3, which is indicative of a wrong relationship between the velocity
and length scales chosen as characteristic of the tip vortex. A reduction in characteristic
length scale, as is to be expected through a delayed tip vortex merging, would allow for a
shift of the spectral maximum to St = 1. More investigations would be needed to clarify
this aspect and evaluate the general validity of the scaling assumptions for this class of
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Figure 6.13.: Clark-Y airfoil. Scaled integrated noise spectra. Bottom view, 1/3-octave
band frequencies.
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Figure 6.14.: DU96 wing model. Scaled integrated noise spectra. Bottom view, 1/3-
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6.1.6. Source Directivity

Directivity measurements were performed in both the AWB (at the reference cantilever
wing) and in the NWB (at the large scale cantilever wing) using, respectively, the small
size directional microphone array technique and far-field microphones (e.g. chapter 4).
Results of the AWB investigations are presented in figure 6.15 and 6.16. The results from
the DNW-NWB experiments are given in figures 6.17, 6.18, 6.19 and 6.20.

Reference Cantilever Wing 1In figure 6.15, the contour plots display relative sound
pressure levels at each spatial position of the microphone array, in wind tunnel coordinates,
as a function of dp and Stg. Noise levels are referenced to the bottom most position of
the measurement range, directly below the wing, and marked with the letter C' in the top
left graph.

The results of figure 6.15 reveal a complex directivity pattern which cannot easily be
related to some canonical multipole component. The directivity pattern at the lowest
frequencies (i.e. 1 kHz and 2 kHz) in figure 6.15 reaches its maximum below the airfoil at
a slight angle towards the sideline direction whereas at 3.15 kHz and 6.3 kHz, radiation
occurs mainly towards the sideline. Roughly speaking, the radiation pattern has a prin-
cipal radiation direction changing from approximately chord-normal at low frequencies
to approximately spanwise-aligned at high frequencies. This behavior is related to the
frequency dependent shift in the dominant source region’s position along the flap side
edge, as is suggested by the beamforming results discussed earlier.

Upper side radiation is found to be on the order of 3-4 dB less than below the wing; a
trend also noticed in measurements of Brooks and Humphreys Jr. [18] and which Miller
[96] interprets as being due to diffraction of the sound field by the flap, for a source region
located on the wing’s upper side. Low frequency noise occurs predominantly near the flap
TE, through an interaction of the tip vortex with the wing. As the wave front propagates
upstream it will be diffracted towards the ground at the LE. Below the wing, positive
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interference will cause an increase in noise levels [96]. As the sound wave frequency
increases the overall directivity pattern becomes more uniform.

Miller’s hypothesis cannot, however, explain the existence of a zone of high SPL down-
stream of the flap, e.g. in figure 6.2, figure F.1 and figure F.2. An analytical derivation by
Howe [68] on the scattering of sound waves by a vortex provide a plausible explanation for
both the lower upper side noise levels as well as for the downstream source region. Accord-
ing to Howe [68], an acoustic plane wave incident on a rectilinear vortex will interact with
the vortex’s hydrodynamic field leading to considerable distortion of the incident sound
field. The resulting acoustic field will consist of cylindrically spreading sound waves, with
origin centered on the vortex axis, and a four-lobe directionality with maxima tilted £52°
away from the incident and back-scattered wave direction. No sound radiation will occur
parallel to the direction of propagation of the incident wave and a significant amount of
back-scattering will be recorded. Howe’s [68] derivation is consistent with simulations by
Colonius et al. [27] and experimental results by Horne [64].

Results for My = 0.18 are shown in figure 6.16. Except for the occurrence of a strong
maximum in sound pressure levels for the downstream and slightly above the airfoil direc-
tion, at 25°, the overall directivity pattern remains very similar to what was observed for
My = 0.15. The database does not, however, allow to clarify if this feature is a relevant
characteristics of F'SE noise or if it is an artifact of the current experimental setup.

Large-Scale Cantilever Wing Sound directivity results for the large scale cantilever
wing are presented in figures 6.17, 6.18, 6.19 and 6.20. The data was acquired using free-
field microphones mounted to a traversing system, e.g. figure A.7. The sound pressure
levels are first normalized to a 1 m distance from the airfoil’s tip z/c = 0.5 position and
then referenced to the SPL value at the cross position (¢, = 90°, ¢, = 0°). The data
of figures 6.17, 6.18, 6.19 and 6.20 cover a range of radiation angles not available in the
results of figures 6.15 and 6.16, corresponding to a fly-over situation. The background
noise corrected free-field microphone data were cross-checked with the phased array results
to confirm their validity. In all cases the free-field data presented was at least 3 dB above
the background noise levels which was measured as the noise level of the support only.
The phased array data confirmed that the FSE was the dominant source of noise in the
frequency range of interest by a margin in excess of 10 dB, e.g. figures F.1- F.4.

The effect of a variation in angle of attack at My = 0.21 is presented in figures 6.17 and
6.18. At 1 kHz, the directivity pattern has its maximum for ¢, > 90°. The contours of
relative SPL are not symmetric with respect to the ¢, = 0° plane, with a distinct region
of higher radiation at ¢, ~ 15° and for 60° < ¢, < 105°. Otherwise, sound radiation
steadily increases in the downstream direction, hinting at a maximum downstream of
¢ = 105°. Results for the raked tip airfoil, in figure 6.18, display a different behavior.
In contrast to the results of figure 6.17, the maximum of sound radiation appears as a
function of dp, clearly shifting upstream as dp is increased. Except for dp = 20°, where
the directivity patterns of both the reference and sweep tip airfoils are equivalent, sound
radiation becomes more symmetric about ¢, = 0° with increasing 0p. Increasing the
Mach number of the incoming flow only has a marginal effect on the directivity pattern
of both airfoils (e.g. figures 6.19 and 6.20).

At 3.15 kHz, for the reference airfoil, the directivity patterns has its maximum mostly
for o, = 100° and ¢, < —10°. Contrarily to the results at 1 kHz, there is only a
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single region where sound radiation reaches its maximum. Otherwise, sound radiation
also steadily increases in the downstream direction, hinting at a maximum downstream of
@z = 105°. The only exception here is the case of dp = 20°, where the directivity pattern
has its maximum at ¢, ~ 65°, ¢, ~ —30°. In comparison, the directivity pattern for
the sweep tip airfoil has its maximum towards the sideline direction, i.e. ¢, < —10°, and
covering the whole ¢, range of the measurements. A second important lobe of high sound
radiation exists on the opposite side at ¢, ~ 20°. For both tip configurations, a reduction
of the incoming flow Mach number leads to a more pronounced side line radiation, i.e.
oy > 20°.

The results of figures 6.17 and 6.19 are, to some extent, consistent with data from an
earlier wind tunnel study by Guo et al. [56] at a 4.7% scale model DC-10 aircraft. Guo
et al. presented noise directivity data from free-field microphones for the case of fully
deflected flaps and slats. Their results provide indications of a broadly spread directivity
peak over the fly-over angle range 60° < ¢, < 120°. The authors postulate that such a
broad maximum occurs due to the combined contributions from multiple sources, e.g. flap
side edge noise, flap trailing-edge noise and slat noise. The results presented in figures
6.17 and 6.19 suggest that, among all the above sources of noise, flap side edge noise
radiates mostly in a rear arc direction. This observation is in contrast to the modelling
assumption that FSE noise mainly radiates in a direction normal to the airfoil’s chord
[54, 56]. The results of figures 6.17 and 6.19, at 1 kHz, are consistent with data from
Brooks et al. [21] which performed directivity measurements at a NACA632-215 airfoil
with a 30% chord half-span Fowler flap. Their data shows a rear-arc maximum in noise
radiation in the range 73° < ¢, < 107° for a flap angle of 39°. At 3.15 kHz the agreement
with our data is, however, not good. This difference might be related to the half-span
flap model utilized in [21], where the flow along the flap side-edge is constrained by the
presence of the main wing.

From the discussion of section 6.1.1, it was found that the SPL at low frequencies
scales according to a proportionality law p? oc ©”?, thus advocating for a classical edge
scattering mechanism [40]. At this frequency, the phased array results clearly identify a
dominant source near the airfoil’s tip trailing-edge. The very weak dependency of the
directivity patterns on dr and a distinct rear-arc maximum suggest, however, that the
dominant acoustic source region has to be located on the suction side and in the aft
part of the airfoil. The rear-arc directivity pattern is not consistent with the classical
mechanism of edge scattering of flow turbulence which would imply a sin(6/2) directivity
with a maximum in the upstream direction, and hints that the wing is working as an
acoustic shield. This behavior is consistently depicted in figures 6.17a, c and e at 1 kHz.
Therefore the source mechanism by which low frequency noise is generated must be a
mixture of classical edge scattering in combination with unsteady force fluctuations on
the airfoil as a consequence of vortex unsteadiness [118] and sound wave diffraction [54].
This mechanism could explain, through beaming effects, the existence of a region of lower
SPL around ¢, = —5° and a stretching in the streamwise direction of the phased array
source maps, e.g. figures 6.2, F.1 and F.2.

At 3.15 kHz, the discussion of section 6.1.1 points out a SPL scaling according p? o< 1,
which is close to the typical dipole-like source radiation. It was shown in section 6.1.1 that
the maximum in SPL found at 3.15 kHz is related to the merging of the primary tip vortex
(forming on the tip face) with the secondary vortex (forming on the airfoil’s suction side).
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The vortex merging is accompanied by a sudden surge in cross-flow velocity in the vicinity
of the top and lower tip edges (see section 5.4), meaning that the flow field is subjected to
strong local accelerations. This suggests as source mechanism, a combination of classical
edge scattering and unsteady force fluctuations on the airfoil as a result of vortex merging
[69, 71, 108]. The higher power law exponent of n = 6.5 is also a consequence of the
compactness of the source region compared to the airfoil’s chord. The directivity patterns
revealed in figure 6.17 indicate also a possible shielding of the acoustic source by the wing
leading to rear-arc maximum in radiation. Higher SPL levels are measured for ¢, < 0
indicating that diffraction and reflection on the tip’s face are important. The results of
figure 6.17b corroborates these assumptions. At 20°, the tip vortex has a smaller diameter
and stays closer to the airfoil’s surface as it moves along the airfoil’s chord. It interacts,
therefore, much more strongly with the tip trailing-edge giving rise to a dominant classical
6-5 (see figure 6.6).
A similar shift in directivity with d is also observed in the results of Brooks et al. [21].

The directivity measurement results for the raked tip airfoil presented in figure 6.18
reveal a very different picture compared to the reference case. At 1 kHz, the direction
of peak noise radiation is found to strongly depend on dp. The results still have a lobed

edge scattering sound source; which does not scale according to p? oc u

structure, with a valley at ¢, ~ —5° and peaks at ¢, ~ £15°, which can be associated
with beaming effects as a results of edge diffraction and reflection [54]. As discussed above,
raking the airfoil’s tip into the flow leads to an earlier movement of the tip vortex to the
upper surface, therefore, reducing the effective length over which a direct vortex-surface
interaction can occur [87|. Furthermore, the tip raking forces the winding of the tip flow
field to occur in a incoherent manner, and prevents the build up of a strong tip vortex.
This potentially leads to a lesser rotation dominated flow field passing over the airfoil’s
trailing and hence a stronger trailing-edge noise contribution and a sin(6/2) directivity.
Although no flow data is available to confirm this hypothesis, the observations of McAlister
et al. [87] seem consistent with the results of figure 6.18. At 3.15 kHz, in figure 6.18b, d
and e, an important relative increase in noise radiation is observed, in particular towards
the sideline direction at ¢, ~ —25° over the whole ¢, range of angles. The directivity
pattern is also characterized by peaks and valley at ¢, ~ £15° and ¢, ~ —5° respectively
and is a weak functions of . The source mechanisms postulated for the reference case
also apply here, except that for the rake tip case, high frequency noise occurs both near
the airfoil’s tip and its trailing edge, as revealed by the phase array data, e.g. figures F.3
and F.4. Thus higher SPL are measured as well and a different diffraction pattern is to
be expected.

The dependency of the directivity patterns on Mach number is presented in figures 6.19
and 6.20 for the reference and raked tip cases respectively. In both cases, the acoustic
radiation directivity is found to be a weak function of upstream flow velocity.
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6.2. High-Lift Wing Configurations

6.2.1. Source Maps and Interated Noise Spectra

SPL contour plots are shown in figure 6.21 for ay = 0°, op = 34°, Mp = 0.18 and selected
third octave band frequencies. The results were obtained by CLEAN-SC processing of
the large aperture phased array data, e.g. chapter 4. Results are presented for f. = 4 kHz
and f. = 10 kHz, which approximately correspond to f. = 1 kHz and f. = 3.15 kHz
respectively, for the reference cantilever configuration discussed in section 6.1.1. For
fe =12 kHz, the FSE source SPL have significantly dropped and are comparable in level
to neighboring sources of noise. Therefore, the f. = 10 kHz frequency band is preferred
for the comparison.

Ly1/3 [dB] Ly1/s [dB]
0.6 70 0.6 65
U
= > f. = 2.50 kHz [ fe = 10.00 kHz [
0.4 67 04 6
0.2 : 0.2 >
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Figure 6.21.: High-lift wing with half-span flap with retracted slat. SPL contour plots,
phased array located below the model. Top view, i.e. looking towards
the model from above. 1/3-octave band frequencies. oy = 0°, 0p = 34°,
My = 0.18.

A strong noise source is identified near the flap side-edge, which appears as a single
colored spot compared to the more extended source shown in figure 6.2 for the cantilever
wing case. This is mostly due to the small size of the flap which makes it difficult for
the microphone array to separate multiple sources at the FSE. Also, the flap track’s (at
y = 0.1 m) noise contribution cannot be isolated and is therefore included in the analysis
of the array data. However, due to the streamlined fairing of the tracks, it is unlikely that
they are important noise contributors. As for the cantilever wing case, low frequency noise
appears to be generated mostly near the tip TE corner while high-frequency noise occurs
upstream of the tip TE. At f. = 2.5 kHz, the noise source is identified slightly downstream
of the model, suggesting that sound wave diffraction around the TE is important and that
the source region is located above the flap, i.e. on the suction side. At f. = 10 kHz, side
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lobes in the source maps start to play an increasingly important role, due to lower array
SNR. Nonetheless, a maximum in SPL is identified at the FSE forward part.

Integrated spectra from the large aperture microphone array are shown in figure 6.22.
One notices that the high-lift wing’s main element angle of attack (o) has a weak but mea-
surable influence on the noise generated at the flap side-edge, mostly at high-frequencies.
A result consistent with investigations by [21, 38, 135], and which suggests that the flap
flow is mostly driven by the local flap loading conditions. As for the cantilever case,
a broadband monotonous increase in noise levels is observed when increasing the flow
Mach number, e.g. figure 6.22a. An increase in 0, leads also to a broadband noise in-
crease, however, not constant over all the frequency range; the high-frequency part of the
spectrum being most strongly affected, as was the case for the cantilever wing.
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Figure 6.22.: Integrated 1/3-octave band noise spectra. Bottom view. Power integration
performed over the range 0.6 m < x < 0.95 m and —0.15 m <y < 0.15 m
(see figure 6.21). (a) solid symbols: ay = 0°, empty symbols: oy = 7°.
(b) solid symbols only: oy = 0°

The low-frequency noise maximum at dp = 34°, My = 0.18 appears at about f. = 3.0
kHz, compared to f. = 0.8 kHz for the cantilever wing. This shift in peak frequency
corresponds approximately to the scale difference of the models i.e. 0.473/0.12 = 3.94.
The overall shape of the spectra of figure 6.22 do, however, resembles very much those
measured for the cantilever wing. With decreasing Mach number the spectral maximum
moves to lower frequencies, supporting an increase in tip vortex scale through a weaker
stretching of its structure. The measurements at My = 0.12 do not capture the spectral
peak which has now dropped outside of the measurement range. A change in 0 does not
noticeably affect the frequency of the spectral maximum.

The scaling methodology used to analyze the cantilever wing case spectra is now applied
to the above data for the high-lift configuration. Both single scale approaches, i.e. u =
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U., Uy, provide a very good representation of the impact of a change in M, e.g. figures
6.23a, ¢. While a scaling with « = U, does provide a certain amount of success in
representing the effect of dp, e.g. figures 6.23d, mostly at low frequencies, using Uy as
characteristic velocity scale is not satisfactory, e.g. figure 6.23b. The choice of a dp-
dependent velocity scale is necessary. In figures 6.23e,f the same spectra are plotted,
scaled with different characteristic velocities, i.e. u = U, and [ = 0.16¢ for the low
frequency part, u = Up and [ = 0.04c¢ for the high-frequency part. The choice of scaling
parameter is the same as that used for the cantilever wing and it also provides a similar
amount of success in collapsing the spectra. In all plots of figure 6.23, the low frequency
power exponent is n = 5.5 while at high frequencies an exponent of n = 6.5 is used. These
values are the same as for the cantilever wing case. While the single scale representation
provides some amount of success in representing the observed trends, a multiple scale
approach is definitely superior.

6.2.2. Source Directivity

Noise directivity for the high-lift wing configuration was investigated using the method-
ology described in chapter 4 using both the phased array technique as well as free-field
microphones. The limited range available for the measurements, due to the presence of
the AWB side walls, limits the range of radiation angles available in the results to ¢, £30°.
Nonetheless, the results still provide insights into the sound radiation characteristics of
the high-lift wing configuration.

Contours of constant SPL, obtained using the phased array, are given in figure 6.24, for
0 = 20° and dp = 34° at f. = 3.15 kHz, corresponding to the frequency of the maximum
SPL level in figure 6.22. First, one notes that there is no strong and distinctive feature in
the data, i.e. SPL variations on the order of only 1 dB are measured over the whole range.
Even so, at 6 = 20°, the sound radiation is mostly symmetric about 6 = 0°, whereas it is
directed towards the sideline direction at dp = 34°. At dp = 20°, a maximum is reached
at a slightly more upstream direction, compared to the dp = 34° case.

Free-field microphone data for the fly-over radiation direction, i.e. for ¢, = 0° as
a function of ¢, referenced to the flap z/c = 0.5, are presented in figure 6.25. The
directivity at both f. = 2.50 kHz and f. = 3.15 kHz is very much similar at both
0p = 20° and 6 = 34°. In the forward arc, below ¢, = 70° and for f. > 3.15 kHz, the
measured sound pressure levels decrease sharply. This observation is consistent with the
discussion of section 6.1.6 on the source directivity for the reference cantilever model and
lend support to the hypothesis that classical trailing-edge scattering is not the dominant
source mechanism at large flap angles but could be at lower ér. The f. = 3.15 kHz data
appears, however, as a special case which is probably related to the vortex development
at low angles, as was also observed for the case of the reference cantilever wing.

In figure 6.26, a comparison is made of the measured fly-over directivity, referenced to
the SPL at ¢, = 90°, between the reference high-lift configuration in AWB (AWB-HL)
at ag = 7°, 6p = [20°,34°], My = 0.18, the reference cantilever configuration in AWB
(AWB-CL), o0 = [20°,30°], My = 0.18 and the large scale cantilever configuration in
NWB (NWB-CL), ér = [20°,30°], My = 0.2.

For the low frequency cases, e.g. figures 6.26a and 6.26b, the noise level at the SPL
peak frequency is plotted against ¢,. For the high-frequency cases, e.g. figures 6.26¢ and
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Figure 6.23.: Reference high-lift configuration. Scaled integrated noise spectra. Bottom

view, 1/3-octave band frequencies.
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Figure 6.25.: High-lift wing configuration. Fly-over directivity, ¢, = 0°. My = 0.18.

6.26d, a frequency four times higher is considered. The 0 selection for the comparisons is
based on the available data range in each case. It does not imply an exact match between

different configurations but rather a qualitative similarity. The choice of frequencies for

the comparisons is derived from the geometric flap dimensions of each configuration.

All dataset reveal an increase in noise radiation in the rear-arc direction with a maxi-

mum for ¢, > 110°. At high frequencies and small éz, the directivity is markedly more

uniform over ., in accordance with the results of figure 6.17b. The precise angle of

maximum radiation cannot be quantified using the available data. This result is consis-
tent with fly-over measurement data at an Airbus A319 conducted by Pott-Pollenske et
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al. [106], fly-over measurements at a B747-400" as well as wind tunnel measurements by
Dobrzynski et al. [36-38] and Yokokawa et al. [135]. Wind tunnel measurements at a
4.7% MD-11 aircraft model by Guo et al. [56] also suggest a rear arc dominant direc-
tivity in configuration dg = 20° and 0 = 50° and for f > 10 kHz, which the authors
deemed to be the relevant range for flap side-edge noise in their specific experiment. Be-
low f = 10 kHz, the acoustic spectrum is mostly defined by noise originating somewhere
else on their model high-lift wing [35].

For typical high-lift system landing configuration settings, i.e. dg = 27°, dp = 40°, the
measured fly-over rear-arc noise radiation in Pott-Pollenske et al. [106] is due to both slat
and flap side-edge contributions. Dobrzynski et al. [37] have shown, in wind tunnel exper-
iments at a Airbus-type high-lift device, that the total slat noise contribution is dominant
in the low-frequency range, i.e f < 2 kHz at full-scale, while the summed contributions
from the high-lift system’s flap side-edges and total slat noise are approximately equiv-
alent at mid- to high-frequencies, i.e. f > 2 kHz at full-scale. In Pott-Pollenske et al.
[106] and Dobrzynski and Pott-Pollenske [36] no account can be made of the flap and slat
noise respective directivity. The results of figure 6.26 demonstrate that the flap side edge
source radiates sound also with a rear-arc directivity similar to that obtained in fly-over
measurements at DLR’s ATRA aircraft. This suggest that both slat and flap-side edge
noise could provide an equally important contribution to the rear-arc sound radiation in
landing configuration, for f > 2 kHz at full scale.

These observations are, however, in contradiction with the common assumption found
in the literature that a maximum in FSE noise radiation is to be expected in the forward
arc, at a 90° angle to the flap chord, which is modelled as a chord-normal dipole along
the flap side-edge [54] or near the flap trailing edge, i.e. as a half-baffled dipole, [3, 91,
92, 94-96]. A contradiction which could be linked to the specific type of trailing-edge flap
design, i.e. single- vs multiple-slot flaps, the latter being the subject of the above studies
[3, 54, 91, 92, 94-96|.

Results for the azimuthal directivity, i.e. D(¢, = 90°, ¢y ), are presented in figure 6.27
for the low- and high-frequency regimes and the small and large 0 configurations. In
figure 6.27, a comparison is made between wind tunnel measurement data at the reference
cantilever wing and the reference high-lift configuration.

In comparison with the results of figure 6.26, considerably different directivity are ob-
served at low-frequency vs. high-frequency. The low frequency directivity peaks to the
sideline at ¢, ~ 20° while the high-frequency directivity peaks towards the ¢, ~ 90°.
The azimuthal directivity does not appear as a strong function of . An approximation
to the data is given in the figures by the solid black line. Details about the functional
constitution of this approximation will be given in chapter 7.

'Private communication with Werner Dobrzynski, DLR, Institute for Aerodynamics and Flow
Technology in Braunschweig, 2010
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Figure 6.26.: Fly-over directivity, ¢, = 0°. Comparison between the reference high-lift

configuration in AWB (AWB-HL), a = 7°, dp =

[20°,34°], My = 0.18,

the reference cantilever configuration in AWB (AWB-CL), dr = [20°, 30°],
My = 0.18 and the large scale cantilever configuration in NWB (NWB-

CL), 6p =

[20°,30°], My = 0.2. Solid black line: dipole directivity ap-

proximation, i.e. D(pyz, ¢, = 0°) = cos?(¢, + 115°).
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Figure 6.27.: Azimuthal directivity, ¢, = 90°. Comparison between the reference high-
lift configuration in AWB (AWB-HL), o = 7°, 6p = [20°,34°], My = 0.18,
the reference cantilever configuration in AWB (AWB-CL and AWB-CL2),
drp = [20°,30°], My = 0.18 and the large scale cantilever configuration in
NWB (NWB-CL), dr = [20°,30°], My = 0.2. Solid black line: directivity
approximation. Emission angles definition according to figure 4.1.
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6.2.3. Effect of Airfoil Profile

The impact of the flap profile on the radiated noise was studied using a high-lift wing
with 3/4-span flap with a Clark-Y profile. The results of the acoustic investigations are
presented in figure 6.28. This time only a flat-tip flap is investigated. The results are
presented in normalized form, according to the usual multi-scale scaling premises along
with the absolute spectra for each corresponding case.

The overall shape of the spectra is reminiscent of the results for the reference wing
with flat tip. However, measurements at the very large flap angle i.e. 0p = 36° reveal a
completely different spectral shape. This is most probably the result of flow separation
on the flap accompanied by a disruption of the vortex system. Results at dp = 36° are
not considered representative of the full-scale aircraft and are not further investigated in
the current work. The effect of a variation in Up is nicely represented by both the low-
and high-frequency scaling approaches, e.g figure 6.28¢c,d. The impact of dp variations
is, however, better captured by the high-frequency scaling, as was also the case for the
cantilever wing with Clark-Y profile, e.g. figure 6.13), and also consistent with all test
cases discussed previously.
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6.3. Summary of Findings

On the Spectral Shape and its Scaling Laws:

1.

The multi-scale scaling premises discussed above provide a very good collapse of the
measured spectra for all test cases, on their own, both for My and dp variations.
The results demonstrate that flap side-edge noise levels are proportional to the tip
local flow velocity, i.e. U2, at low frequencies and to U%5 at high frequencies.

. The observations made in chapter 6 suggest that noise generation at flap side-edge

results from a mixture of classical edge scattering of flow turbulence according to
Curle [29] and Roger et al. [113] and from unsteady vortex motion in the proximity
of the flap side-edge according to the mechanism proposed by Powell [107], Sen
[118], Howe [71] and Howe [69]. The edge scattering mechanism is more important
at high frequencies while vortex unsteadiness dominate the low- to mid-frequency
radiation.

. With a reduction in wing’s chord length, the low-frequency noise maximum is found

to slightly shift to lower St numbers. This behavior is contrary to expectations.
Although data scaling is successful for each test case, on its own, the ratio of length
scale to velocity, i.e. [/u, obtained from the reference wing data appears not to
be appropriate between the different test cases. While the slope of the cross-flow
velocity with deployment angle, i.e. U. vs 0, appears to be appropriate, the ab-
solute value of U, needs to be investigated for a wider range of wing geometries.
Furthermore, when comparing different geometries as well as measurements in dif-
ferent wind tunnel, the appropriate definition of an effective deflection angle is still
a problem which needs to be addressed.

Another aspect which would need further investigation is the length scale definition.
Whereas here a value for [ proportional to the wing’s chord length is assumed, no
knowledge is available regarding the functional dependency of [ with respect to a
change in dp. The scaled acoustic data presented above do lend support to the
validity of the assumed length scale, with respect to variations in Uj.

. The results discussed above show that, at model scale, a low frequency flap side-edge

noise reduction on the order of 5 dB can be achieve by raking the tip into the flow.
A reduction in high frequency noise can be achieved by eliminating sharp edges in
the tip region.

On the Source Directivity:

1.

The FSE noise directivity cannot easily be related to some canonical multipole
component (or a combination of) due to its complexity. The directivity pattern
at the lowest frequencies (i.e. 1.0 kHz and 2.0 kHz) reaches its maximum below
the airfoil at a slight angle towards the sideline direction whereas, at 3.15 kHz
and 6.3 kHz, radiation occurs mainly towards the sideline. Roughly speaking, the
radiation pattern has a principal radiation direction changing from chord-normal
at low frequencies to approximately spanwise-aligned at high frequencies. This
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behavior is related to a frequency dependent shift in the dominant source region’s
position along the flap side edge.

. Upper side radiation, at model scale, is found to be on the order of 3-4 dB less than
below the wing. A trend also noticed in measurements of Brooks and Humphreys Jr.
[18] which cannot be explained at this stage.

. FSE noise directivity is only weakly dependent on My and dp.

. Below the flight path, the FSE noise directivity has its maximum in the rear-arc
and for ¢, > 100°. Otherwise the directivity is not symmetric about ¢, = 0°.

. The low frequencies spectral data scale according to a proportionality law p? o
U2, thus advocating for a classical edge scattering mechanism [40]. The very
weak dependency of the directivity patterns on g and a distinct rear-arc maximum
suggest, however, that the dominant acoustic source region has to be located on
the suction side and in the aft part of the airfoil. The rear-arc directivity pattern
is not consistent with the classical mechanism of edge scattering of flow turbulence
which would imply a cardiod directivity with a maximum in the upstream direction,
and hints that the wing is working as an acoustic shield. Therefore the source
mechanism by which low frequency noise is generate must be a mixture of classical
edge scattering in combination with unsteady force fluctuations on the airfoil as a
consequence of vortex unsteadiness |69, 71, 118| and sound wave diffraction |54|.

. At high frequencies, spectral data scale according to p? Ug5, which is close to the
typical dipole-like source radiation [29]. It was shown in section 6.1.1 that the max-
imum in SPL found at 3.15 kHz is related to the merging of the primary tip vortex
(forming on the tip face) with the secondary vortex (forming on the airfoil’s suction
side), subjecting the flow field to strong sudden local fluctuations. This suggests as
source mechanism, a combination of classical edge scattering and quadrupole-like
sound generation due to intense and highly unsteady force fluctuations on the airfoil
as a result of vortex unsteadiness during the merging process [69, 71, 108, 113|. The
directivity patterns indicate also a possible shielding of the acoustic source by the
wing leading to rear-arc maximum in radiation. Higher SPL levels are measured for
¢y < 0 indicating that diffraction and reflection on the tip’s face are important.

. In contrast to the above observations, for the raked tip flap side-edge configuration,
the maximum of sound radiation appears as a function of dp, clearly shifting up-
stream as 0 is increased. Sound radiation is increasingly symmetric about ¢, = 0°
with increasing 0 while variations of the incoming flow Mach number also only has
a marginal effect on the directivity pattern. The directivity measurement results for
the raked tip airfoil reveal a very different picture compared to the reference case.
At 1 kHz, the direction of peak noise radiation is found to strongly depend on dp,
hence hinting at a stronger trailing-edge noise contribution. The results still have a
lobed structure, with a valley at ¢, ~ —5° and peaks at ¢, ~ £15°, which can be
associated with beaming effects as a results of edge diffraction and reflection [54].
At 3.15 kHz, in figure 6.18, an important relative increase in noise radiation is ob-
served, in particular towards the sideline direction from ¢, ~ —25° over the whole
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v, range of angles. The directivity pattern is also characterized by peaks and valley
at o, ~ £15° and ¢, ~ —5° respectively and is a weak functions of dp. The source
mechanisms postulated for the reference case also apply here, except that for the
rake tip case, high frequency noise occurs both near the airfoil’s tip and trailing
edge. The acoustic radiation directivity is still a weak function of Uj.
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7. Semi-Empirical Prediction
Scheme for Flap Side Edge Noise

In this chapter, the results of the flow field investigations (chapter 5) and of the acoustic
investigations (chapter 6) are brought together and a semi-empirical prediction scheme for
the flap side-edge noise of the reference configuration is formulated. Example applications
are given and the limitations of the prediction scheme are discussed.

7.1. Theoretical Background

We adopt the solution of Ffwocs Williams and Hawkings wave equation for the far-field
noise power spectral density in the form presented in Guo [54];

2

M dS(y), (7.1)

n;(y) o

H(X,w): /Ho(y)q)l(Kl)ég(ﬁg)lllgﬁ)\lf(w)
S(y)

with the field coordinates x, the source coordinate y, S(y) the surface of integration, ¢
the reception time and 7 the source time. Ilp is a power amplitude factor, ®; are the
streamwise and spanwise spatial correlation functions dependent on the streamwise and
spanwise wavenumbers x;, ¥ the temporal coherence function dependent on the circular
frequency w, and 7y the characteristic time scale of the surface pressure fluctuations, ;
the characteristic flow length scales and Gg the Green’s function of the problem.

The starting point of the modelling discussed in this chapter is based on a reformulation
of equation 7.1 by Guo [54] using dimensional analysis,

I Lyl
ag A2R?2
with each parameter assumed to be encompassing a single functional dependency of the

H(X7 f) = p%a%AgAFW(M>F(f, M)D((px, %Dy) exXp <_a0R)7 (72)

radiated noise. The ambient medium: poag, Mach number dependent weighting function:
W (M), spherical spreading: 1/R?, convective amplification: A% = 1/(1 — M cos )%,
atmospheric absorption: exp(—agR), directivity: D(6, ¢), geometry dependent amplitude:
Ag, flow dependent amplitude: Ap, spectral shape: F(f, M) and the FSE dimension:
Lyl, with Ly the flap chord and [ a characteristic length scale. The spectral shape of FSE
noise in equation 7.1 [54], is characterized by the Green’s function as well as the temporal
(¥) and spatial (®;) coherence of the source in streamwise and spanwise directions. All
three are represented through appropriate individual functional expressions, to be derived
below. The other parameters serve as amplitude modulators of the power spectrum.

In the following, total FSE sound radiation is modelled as the weighted sum of a
low-frequency contribution and a high-frequency contribution, with the corresponding
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low- and high-frequencies spectral maxima expected at Strouhal numbers, based on the
corresponding low- and high-frequency length and velocity scales, approximately equal to
unity. The relevant Strouhal number is defined as St = fl/u with [ and u the local length
and velocity scales of the flow structures driving the sound generating mechanism. This
is in contrast to Guo’s work [54], which utilizes geometrical and mean flow quantities to
estimate both [ and u. Flow measurements presented in chapter 5, provide measurements
of both [ and w. In particular, the local flow velocity derived in chapter 5, has the
advantage of incorporating the effect of flap deflection angle, 6. The geometry-dependent
and flow-dependent amplitude factors, Ag and Ap, are not considered in the discussion
because of insufficient available data for their quantification. The convective amplification,
A?, and atmospheric absorption, exp(—agR), terms are also omitted from the discussion.
The former should however be included in a prediction where the aircraft is moving relative
to the receiver while the latter was included in the data processing steps. The FSE source
dimension is estimated by the squared characteristic length scale value, i.e. 12, which is
defined as proportional to the FSE chord length. Equation 7.2 for the source power at
field point x thus reduces to,

2

T(x, f) = CW(M)F(f, M)D(r, 9,) 5 5D (~a0R), (7.3)

with pga%li included in the calibration constant C'.

Table 7.1.: Low- and high-frequency velocity scale relationships as function of dz or C7,
or I'1 respectively as presented in chapter 5.

Case U ‘ vS. OF vs. C vs. Iy

Reference  U./Up | 0.0230F + 0.682 0.623C, 4+ 0.554 —0.033I'; + 0.819
Reference Uy /Uy | 0.0200F + 0.288 0.557C, —0.173  —0.030I"; + 0.413

Low-Frequency Flap Side-Edge Noise: Based on the observations of chapter 6, we
make the hypothesis that low-frequency flap side-edge noise occurs 1) through unsteady
force fluctuations imposed on the rigid surface of the flap as a consequence of the complex
three-dimensional turbulent tip flow field [29, 41, 69] as well as through oscillation of
the vortex itself as a consequence of vortex unsteadiness |69, 118] and 2) through, but
to a lesser extent, as revealed by the non-cardiod directivity identified in chapter 6, edge
scattering of turbulent flow velocity fluctuations [40] in the vicinity of the flap tip trailing-
edge corner.

From the phased array measurements presented in chapter 6, we know that the low-
frequency source region is mostly confined to a region near the tip trailing-edge corner. It
also seems reasonable to assume that force fluctuations imposed onto the flap by the tip
vortex occur on a time scale of order T' ~ [/u = 0.16¢/U,, with the the vortex diameter
as characteristic length [ = 0.16¢ and the characteristic velocity scale u = U,, according
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to the relationships of table 7.1 as defined in chapter 5. The peak frequency of the low-
frequency source contribution occurs at a Strouhal number of St = f(0.16¢)/U. = 0.8,
corresponding to a Helmholtz number of He = /A = f(0.16¢)/ap = 0.18. Because
we have He < 1, the source domain can be considered compact and interference ef-
fects over the source domain neglected. However, if we consider the chord length of
the flap as representative length scale of the body, we have, at the peak frequency,
He = f(0.473 m)/ap = 1.1 > 1. Hence, for this low frequency, the flap is not a compact
body and sound wave diffraction about the flap, as described in Meecham et al. [91], is
most probably relevant.

According to the surface noise contribution terms in [29, 41], the sound intensity of a
compact dipole scales according to p?> oc US. The sound intensity of the classical edge
scattering by a half-plane problem, however, scales according to p? oc U2 with a cardioid
directivity [40]. The scaling relation of p? oc U2-5 found in the results of chapter 6 is thus
indicative of the mixed character of flap side-edge noise; sound radiation from a compact
source domain near the tip corner and classical edge scattering as the flow field outside
of the vortex is convected over the airfoil’s trailing edge.

The following scaling of the far-field sound pressure level is proposed,

L, =L, —>55logU./Uy —20logl/r — 10log D(¢,,0°) — 10log D(90°, ¢,) + C1, (7.4)

with C'; as calibration constant, [ a characteristic length scale of the sound source mecha-
nism, r the source-observer distance and D an appropriate directivity function, i.e. equa-
tion 7.5 and 7.6. U, is calculated from the relation of table 5.2.

Figure 7.1.: Fly-over coordinate system definition

Directivity data presented in chapter 6 have demonstrated that the azimuthal directivity
of flap side-edge noise is more complex than that of a simple dipole. Our data, for the
azimuthal directivity, is best represented by a combination of two correlated dipoles,
7/2 radians out of phase and placed at the flap rotation axis, with their axis tilted by
¢y = 27 /5 radians relative to the y direction expressed as,

cos(py — 2m/5) + sin(py, — 27/5) 2

D = D - 900 -
Py (a #y) cos(2m/5) + sin(27/5)

(7.5)
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The coordinate system definition of figure 4.1 is repeated here for convenience in figure
7.1. Equation 7.5 is validated over the angular range —30° < ¢, < 90°, e.g. figure 6.27.
This approximation overestimates, however, the measured SPL above of ¢, = 90° by as
much as 2 dB. This issue could not be resolved and is potentially related to sound wave
convection and refraction due to the high local velocities and velocity gradients existing
across the tip vortex. The polar directivity is best represented by a single dipole, placed
at the flap rotation axis, and with its axis tilted by 57/8 radians relative to the x direction
as,

Dapz = D((px, Py = Oo) =

cos(py — b /8) 2
l cos(5m/8) ] ’ (7.6)

which is validated over the angular range 60° < ¢, < 120°, e.g. figure 6.26. The results
of chapter 6 demonstrate that the directivity is only a weak function of dp and Mj.
Therefore equations 7.5 and 7.6 are both considered as universal functions.

High-Frequency Flap Side-Edge Noise: High-frequency flap side-edge noise was
shown to occur over most of the length of the flap side-edge, however with maximum
intensities found mostly in the forward part, e.g. see chapter 6 for reference. In chapter
6 we hypothesized that high-frequency flap side-edge noise occurs during the tip vortex
merging process as a consequence of sudden and intense localized changes in near-edge
velocity. The far-field sound pressure level reaches its peak at a Strouhal number St =
fl/u = f(0.04c)/Up = 1, with the characteristic length scale [ = 0.04c and characteristic
velocity scale u = Up; with Up according to the relations of table 7.1.
The following scaling of the far-field sound pressure level is proposed,

L, =L,—65logUy/Uy— 20logl/r — 10log D(¢,,0°) — 101log D(90°, ¢,) + Ca, (7.7)

with C as calibration constant. D(¢,,0°) is defined in equation 7.6 and D(90°, ¢,) in
equation 7.8.

The azimuthal directivity data for the high-frequency source mechanism is best repre-
sented by the weighted summed contribution of two uncorrelated dipoles with direction-
ality cos(2¢,/3) according to Roger et al. [113] and a transversal dipole to account for
the side sound pressure level maximum, normalized to the overhead position, as,

cos(2py/3) +4/5cos(2¢y /3 + 3m/2) + 4/5sin(py) ’
1+ 4/5cos(3m/2)

Dy, = D(py =90°%,¢,) = . (7.8)

Equation 7.8 is validated over the angular range —20° < ¢, < 135°. Above ¢, =
135°, the approximation overestimates the measurements by as much a 2 dB, e.g. figure
6.27. The source directionality over the angular range —7/2 < ¢, < 0, is arbitrarily
approximated by a vertical dipole, assuming a rapid roll-off of the sound pressure levels
below the wing and towards its root. The polar directivity, D, , for the high-frequency
regime obeys the same functional dependency as for the low-frequency regime, i.e. see
figure 6.26 and equation 7.6.
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Spectral Shape Function: According to Guo [54], the temporal correlation 1(7) of
the F'SE noise source is related to the most energetic flow structures existing in the vicinity
of the flap tip. These flow characteristics are assumed to dominate the noise production
and their time scale is determined by their characteristic length and velocity scales,

l l

== uoig, (7.9)
where u, is a relevant local characteristic flow velocity and [, a characteristic geometrical
scale of the FSE. [ is a relevant characteristic length scale of the local mean flow structure.
Following the discussion of chapter 5, we have [ = ugl, = poc, with l; = c and pg =
0.16 and 0.04, for the low- and high-frequency source mechanisms respectively. The
relevant characteristic velocities are v = U, and Up for the low- and high-frequency
source mechanisms respectively. The corresponding peak frequency estimate is therefore

f= 7'0_1 Hz. Guo assumes for ¢(7) an exponential decay over time of the form,

70

Y(7) = exp (—27r1> (7.10)

where 7 is the time delay and 79 is the characteristic time scale of the flow features. In
the frequency domain equation 7.10 becomes,

B 1
14 (fTo)z'

Combined with equation 7.9, one gets the final expression for the source temporal coher-
ence function,

() (7.11)

1
L3St

v(f) (7.12)

with St = fc/u. For the source streamwise spatial correlation, Guo assumes a similar
functional form with an exponential decay for increasing spatial separation, &1, and also
accounting for the mean flow in the expression,

3

$1(&1) = exp (—27T ;
1

+ 27m'&> . (7.13)

u

After transformation to the Fourier domain, equation 7.13 becomes

1
14+ (k1ly /27 + fll/u)Q'
Using equation 7.9, the wavenumber approximation kj23 =~ 27f/ag and assuming the

correlation length scale to be proportional to the characteristic length scales relevant for
the source mechanisms, i.e.

®1(f) (7.14)

lh = ml = papoly and Iy = pol = popioly (7.15)

equation 7.14 becomes,

1
1+ pdpd(1+ M)2St2

D1(f) (7.16)
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In a similar fashion, the expression for the spanwise spatial correlation is derived assuming

) : (7.17)
1

) =17 (kala/27)% (7.18)

en exponential decay function as in 7.10,

&2

lo

®2(&2) = exp (—27T

which becomes, after Fourier transformation,

Its final expresion in terms of 7.10 is

1

Do(f) = ———

(7.19)

with He = fl;/ag, the acoustic Helmholtz number. The constants p and u2 in equations
7.12 to 7.19 are assumed to be of order unity; thus basically assuming isotropic turbulence.
With a lack of data on the actual correlation lengths of the flow field no attempt is made
to further specify the values of p1 and po. Anisotropy in the turbulent flow field would,
however, be expressed by non-similar values for p; and us.

A model for the spectral shape function of each sub-component, i.e. low- and high-
frequency components, of FSE noise is finally obtained by collecting the results of equa-
tions 7.12, 7.16 and 7.19 to,

He?
(14 pdSt2) (1 + pdpd (1 + M)2St2) (1 + pgp3He?)’

where St = fc/u is the Strouhal number based on the local characteristic velocity and
the chord length and M = w/ag, the Mach number based on the local characteristic
velocity and the speed of sound. The total tip noise spectra is modeled by the sum of
two uncorrelated spectral components defined by equation 7.20. Computed values for F'
according to equation 7.20 are plotted in figure 7.2a along with an example composite

F(f, M) =

(7.20)

spectrum in figure 7.2b.

The total effect of flow Mach number variations on the spectral shape function cannot be
represented by a single power exponent scaling relation. This is evident from the curves of
figure 7.2a. The findings of chapter 6 suggest, however, that the low- and high-frequency
range of FSE acoustic radiation do approximately scale on single power exponents of
n = 5.5 and n = 6.5 near a local Strouhal number of = 1, respectively. Following Guo’s
[54] arguments, to impose this single exponent dependence of the sound radiation, the
effect of flow Mach number on the spectral shape function has to be normalized out. This
is achieved by involving a flow Mach number dependent weighting factor, W (M), which
can be derived from,

z 2
~wn [ F =, (721)
ag )

with the power exponent n = 5.5 for low-frequency and n = 6.5 for high-frequency. The
integral of the spectral shape function is performed over a range covering the dominant

frequencies. Guo [54] gives the following definition for the bounds of integration,
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I !
N 001 and 222 — 10001, (7.22)

ag ag

The combined effects of low Mach number and spectral shape function are given by,

WODF(f, ) = b, (7.23)
with
fo
o) = - / F(f, M)df. (7.24)
ao !

o
=,
’.g
:
S
— — low frequencies
60 4 —= Mo =0117 50 1 -—-- high frequencies \
——= My =0.146 total ] \
— = My =0.175 O  experiment \
40 —
=70 T T o 2 3 4
10~ 10° 10! 10 10 10 10
Sto [ fe [Hz]
(a) Spectral shape function vs. M (b) Exemplary composite spectrum

Figure 7.2.: Two-component representation of the FSE noise spectrum

7.2. Application and Validation

In this section the semi-empirical prediction model described in section 7.1 is validated
against the experimental results of chapter 6 for the test cases discussed in chapter 4.
The predicted spectra consist in the uncorrelated sum of a low-frequency spectrum and
a high-frequency spectrum. For the low-frequency part, [ = 0.16¢ is used for the value of
the characteristic length scale, whereas for the high-frequency part, the value [ = 0.04c
is used. The velocity scale estimates are calculated based on the relationships of 7.1,
respectively. The prediction results presented below are all for radiation direction ¢, =
90° and ¢, = 0°.
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7.2.1. Reference Configurations

The modelled total noise spectra, is computed using equation 7.3. For the low-frequency
part of the spectrum we have,

Ligw = 1010g1o(Fiow) +551og1(Ue/a) +1010g10((liow/)?) — 101og o (L10w) + C1 , (7.25)

and for the high-frequency part of the spectrum,

Lhigh = 101010(Fhign) + 6510g19(Usr /ag) + 1010810 ((Ihign /7)) — 1010g10(Ihign) + Co ,
(7.26)
where C| = 137 and Cy = 160 are empirical calibration constants. The total spectrum is
given by,
Ly 13 = 101log(10WF0w/10) 4 q0(Emion/10)) (7.27)

The results of the prediction of equation 7.27 are plotted in figure 7.3 for the reference
cantilever airfoil. In this figure, the spectra were calibrated to get the best possible
representation of the measured data at dp = 30° and My = 0.18 using the empirical
calibration constants C7] and Cy defined above. The predictions of figure 7.3 assume
scaling exponents of n = 5.5 and n = 6.5, for the low- and high-frequency spectral
components respectively. From now on, note that for all following cases, the calibration
of figure 7.3 is retained, if not otherwise mentioned.
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(a) Mach number effect. (b) Flap deflection effect.

Figure 7.3.: A320-type cantilever wing FSE noise prediction. Solid symbols: measure-
ments. Lines: prediction.

The predicted FSE noise spectra (lines) for the reference high-lift wing with half-span
flap are presented in figure 7.4 along with the experimental data (solid symbols). To
achieve a good agreement between experiment and prediction, an effective flap deployment
angle, 07, is used. This procedure is supported by CFD investigations of both geometries
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Figure 7.4.: High-lift wing model FSE noise prediction. Solid symbols: measurements.
Lines: prediction.

100 100
ba) o)
=5 =5
” ”m
ey =
N N
50 &
s My =012 2 Op =20° (22°)
401 w My=0.16 40 1w dp =25° (28°)
e My =0.20 e &p =30° (35°)
30 ——r — — 30 ———r ———rr
102 103 104 102 103 104
,fc [HZ] fc [HZ]
(a) Mach number effect. (b) Flap deflection effect.

Figure 7.5.: Large scale reference cantilever wing FSE noise prediction for the baseline
tip case. Solid symbols: measurements. Lines: prediction.

by Baumann |13|. FSE noise is related to the flap loading and, therefore, the hypothesis is
that for similar geometries, similar noise levels are expected at equal loading (Cp). For the
remaining results the determination of 6%, can only be accomplished based on plausibility
arguments and further CFD investigations would be required lend confirmation to those
estimates.

In practice, knowledge of the Cp, for the case of interest would, therefore, suffice to
get the corresponding effective dp needed to predict the far field noise levels. The same
exercise is done using data for the large scale reference wing in its baseline and sweep con-
figurations (see figures 7.5 and 7.6). For the baseline configuration, a very good agreement
between prediction and measurements can be obtained with slight adjustment for dz, as
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Figure 7.6.: Large scale reference cantilever wing FSE noise prediction, swept tip case.
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= 0.03c. Solid symbols:

expected. For the swept tip case, a very good prediction of the Mach number effect (e.g.
figure 7.6a) requires usage of slightly modified calibration constants and lengths scales
(C1 = 134 dB, O3 = 161 dB, 15y = 0.145c¢, lpign, = 0.03¢c). Prediction of the impact of
a change in dp (fig. 7.6b) is not satisfactory, even when trying to adjust the calibration
and the lengths scales values. In fact, the far-field noise levels only weakly depend on
0r. A change in 0 has a great impact on the dynamics of the wing tip vortex and its
interaction with the solid surface. In the case of swept tip, the vortex path no longer
follows the wing tip but, remains a longer extent over the wing, further away from the
tip edges. Its interaction with the surface being less dependent on a change in dp. In
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that case, the streamwise development of the vortex certainly differs from the reference
rectangular planform cases i.e. as indicated by the necessary adjustment of the calibration
constants and vortex characteristic length scales.

In figure 7.7, far-field noise levels from a fully-configured 3D half-aircraft model with
FNG wings are presented for three free-stream velocities. The outboard flap was deployed
at 0 = 32° and the slats are retracted.The spectra shown in figure 7.7 are for the whole
aircraft, the part due to the FSE is emphasized by the solid symbols. A good prediction
is shown by the lines, for an effective 0%, = 43°.

7.2.2. Complementary Test Cases, Profile Variations

A similar exercise is made with experimental acoustic data from the DU-96 and the
Clark-Y cantilever wings e.g. figures 7.8 and 7.9 respectively. For the DU-96 case, a
simple adjustment of the wing’s effective angle of attack, without change to the calibra-
tion constants or characteristic length scale values, is sufficient to achieve the agreement
between prediction and experiment shown in figure 7.8.

For the Clark-Y data, in figure 7.9, however, both the low- and high-frequency char-
acteristic length scales had to be adjusted to l;o, = 0.18¢c and lp;g, = 0.02¢, respec-
tively. The first calibration constant was adjusted to C; = 125 dB. To which extent
these estimates are realistic cannot be evaluated and would require more investigations,
in particular using CFD to gain a better understanding of the tip flow field. Thus, the
semi-empirical prediction model is not able to correctly predict FSE noise radiation for
this second configuration.

90 90

DU-96, AR=2 DU-96, AR=2
80 - op = 15°, 5/F = 18° 80 A My =0.18

Ly.1/3 [dB]

Mo = 0.12 i
= Mo=015 10 s Op=125% 0p =14°
o My=0.18 o Op=15° 8, =18°
30 —— 30 —
10? 103 104 102 103 104
fe [Hzl fo [Hz]
(a) Mach number effect. (b) Flap deflection effect.

Figure 7.8.: DU-96 cantilever wing FSE noise prediction. Solid symbols: measurements.
Lines: prediction.
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Figure 7.9.: Clark-Y cantilever wing FSE noise prediction. Solid symbols: measure-

ments. Lines: prediction. Here modified length scales necessary: [, =
0.18¢, lpigh = 0.02c. C1 =125 dB, Cy = 160 dB

7.2.3. Complementary Test Cases, Tip Shape Variations

In figure 7.10, experimental results (symbols) for the reference cantilever wing with
rounded tip edges are compared with the prediction (lines). To obtain the predicted
curves in figure 7.10, the calibration constants need adjustment to C| = 139 dB and
Co = 140 dB; without changing the characteristic length scales. Most of the noise gen-
eration occurs at low frequencies, explaining why the constant C> had to be reduced by
20 dB. The flow dynamics and scales are most probably strongly affected by the rounded
tip FSE and detailed measurements of the tip flow field would be required for a better
evaluation of the model’s parameters.

7.2.4. Complementary Test Cases, Leading Edge Vane

This case is not relevant for the modelling as not enough experimental data are available.
It is also suspected to be most probably a model scale problem which won’t occur at
full scale aircraft flaps. The impact of the leading edge vane on radiated noise levels was
discussed in chapter 6.

7.2.5. Concluding Remarks and Unresolved Issues

The semi-empirical FSE noise prediction model presented in this chapter was shown to
provide excellent results for wings of the FNG type with a rectangular planform and
flat tip. For wings with a rectangular planform and flat tip but with a different section
shape, the prediction model stills deliver good results after an adjustment of its length
scales parameters. The assumed velocity and length scales relationships do, however, hold
between wing families. Prediction of the effect of tip sweep on FSE noise is also possible,
again through an adaptation of the model length scales parameters as well as by a change
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Figure 7.10.: Reference+Tip#2 cantilever wing FSE noise prediction. Solid symbols:
measurements. Lines: prediction. Here slightly modified calibration con-
stants necessary: C7 = 139 dB, Cy = 140 dB.

in the spectral components weighting. The effect of a tip shape variations on FSE noise
cannot be correctly predicted using the current methodology.

From the preceding discussion, two important aspects still need to be resolved. (1) A
crude approximation was first made by assuming the invariability of the characteristic
length scale of the flow structures responsible for the noise production vs. a change in
d0r. This assumption was justified by the variable chordwise location at which the tip
vortex size is evaluated. Larger flap deflection results in higher velocities and a shorter
development length for the vortex. Although this seemed appropriate for a given family
of profile and independently of the profiles chord lengths, changing the tip profile geome-
try seems to have an important impact on the flow structures characteristic dimensions.
This issue requires a more detailed analysis of the tip vortex flow for a more extensive
set of profile families through dedicated experiments and/or CFD. (2) When comparing
noise radiation from different test configurations, an effective flap deflection angle has to
be used to achieve a good agreement of the predicted FSE spectra with the measured
acoustic data. This effective 0p does not, however, corresponds to the free-stream (or
flight) flap deployment angle. It merely puts the configurations on a similar basis with
the reference cantilever wing, on which the prediction model was calibrated. Using C';,—
or I'-based approaches instead of d0p to evaluate the correspondence between different
models and configurations could be a good alternative. This aspect is crucial for a cor-
rect extrapolation of the wind tunnel results to the full-scale aircraft configuration. An
evaluation of this correction is, however, beyond the scope of the present work and is left
to future research efforts.

152



8. Conclusion and Perspectives

8.1. Motivation and Goal of the Work

Current efforts towards the development of next generation low-noise aircraft aim at
using component based semi-empirical airframe noise prediction methodologies to achieve
better, i.e. low-noise, designs. This approach relies on published component-based semi-
empirical models, i.e. for each relevant component noise source existing on the airframe
(no account is made in the present work of engine noise which is also an important
contributor).

There is already an extensive body of work available in the literature which identifies
the flap side-edge as an important contributor to the overall airframe noise of modern
conventional aircraft. However, there currently exists only one semi-empirical model
publicly available in the literature which can be used to perform design-to-noise studies.
This prediction scheme was developed by Guo |54]. While the work of Guo represents an
important improvement in flexibility and precision compared to earlier attempts [18, 55,
56], its use of geometry-related, i.e. fixed, parameters, poses an important limitation in
generality, especially when the flap geometry differs from the basic rectangular planform
with flat tip. Using the experimental database acquired in the present work, Guo’s model
was found to predict the effect of a change in Mach number on flap side-edge noise with
a good accuracy, while the effect of change in flap deployment could not be accurately
predicted. Lastly, although the work of Guo [54] does address the question of flap-side edge
noise directivity modelling, there currently exists no satisfactory semi-empirical model for
it.

8.2. Experimental Strategy

An experimental investigation of the noise originating from solid flap side-edges was per-
formed with the goal of developing a new semi-empirical noise prediction scheme for flap
side-edge noise circumventing the limitations of Guo’s model. The chosen strategy con-
sists in building an extensive database on the acoustic characteristics of a wide range of
cantilever wings and flaps. The set of wind tunnel models chosen consists of four FNG
wings of different chord lengths and aspect ratios. Two of them are investigated as can-
tilever wings (1:1.6 and 1:1 scale) while the other two are part of high-lift configurations
(1:6, 1:8.5 scale). From these four wings, a reference case is defined (1:1.6 scale), for which
the effect of tip shape variations (rounded tip edges, tip cavity) as well as that of a leading
edge vane were investigated. For the reference test case, measurements of the tip vortex
mean flow characteristics are also done. With these informations, a link was established
between the measured acoustics and the flow field. Also, for the full-scale cantilever wing,
the impact of raking the tip into the flow was investigated.
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Furthermore, the database includes acoustic data for a cantilever wing with a DU-96
profile section (rectangular planform and flat tip) as well as for cantilever wing with a
Clark-Y profile section (rectangular planform and flat tip).

8.3. Novel Results Derived from the Present
Investigations

Flow Field Characteristics

1. The flow measurements enabled the identification of regions along the flap edges
where large mean flow gradients exist. These regions are hypothesized to be regions
of high turbulence activity and therefore to be centers of important noise production.
At these locations, the diameter of the vortex and its local convection velocity are
taken as characteristic length (1) and velocity (u) scales.

2. The velocity scales identified through the flow measurements are found to relate
linearly to a variation of the flap (or wing) angle of attack. Therefore simple lin-
ear regression procedures can be used to derive an expression for the relationship
between u and dp.

3. Similar linear relationships can be constructed between the flap lift coefficient, C'f, vs.
0F, and its tip vortex circulation, I'; vs. dp. These relations should simplify greatly
the task of comparing results from similar experiments done in different wind tunnel
environment and using different wing models. Furthermore the lift coefficient of a
wing as well as its tip vortex circulation are parameters which can be easily obtained
from RANS computations. Only a preliminary step was taken in the present work to
demonstrate the feasibility of using CFD to provide input parameters for the semi-
empirical prediction scheme. Future work should concentrate on a more involved
use of CFD for the quantification of the prediction model parameters.

Acoustic Source Characteristics and Scaling

1. The acoustic data for the reference configuration are found to be broadband in
nature with its maximum noise level at a frequency of approximately 0.8 kHz (1:1.6
scale cantilever wing). Measured noise intensities obey a power law of the form I =
F(Uy,6r) o< U for the low-frequency part of the spectrum and I = F(Uy, §F)
Ug'5 for its high-frequency part. Using the cross-flow velocity as a single global
velocity scale i.e. I oc U does also achieves a good scaling of the effect of a change
in Mach number but less for a change in dp. The least effective velocity scale to
use remains the free-stream velocity, Uy. These observations holds throughout the
results for all four wing models with FNG section profile, but also for DU-96 and
Clark-Y wing models, as long as they have a flat tip.

2. Results for a tip with rounded edges and a tip with a cavity are presented. Removing
the edges of the wing tip has a great impact of the vortex formation and the resulting
noise production. The tip vortex is less impeded in its development, and is allowed
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to develop smoothly. This directly relates to an increase in low-frequency noise in
the measurements, which is due to the increased tangential velocity in the tip vortex
core. Also, the high frequency part of the spectrum appears to loose importance
as a consequence of the smoother development of the tip vortex due to the lack of
sharp edges.

. The effect of a tip raking into the flow is also investigated using the full-scale flap
in a cantilever setup. The results indicate a significant reduction in low-frequency
noise due to a displacement of the tip vortex system inboard, away from the tip
edges. Usage of raked-tip flaps with smooth or rounded edges could potentially
result in a noise reduction on the order of 5 dB at model scale.

. The flap side-edge noise directivity was investigated using a small aperture micro-
phone array as well as standard far-field microphones. The results indicate that
the low frequencies spectral data scale according to a proportionality law p? o u’,
thus advocating for a classical edge scattering mechanism [40]|. However, the dis-
tinct rear-arc radiation maximum is not consistent with the classical mechanism of
edge scattering of flow turbulence which would imply a cardiod directivity with a
maximum in upstream direction. The sound radiation can be attributed to a mix-
ture of classical edge scattering in combination with unsteady force fluctuations on
the airfoil as a consequence of vortex unsteadiness [69, 71, 118| and sound wave

diffraction [54].

. With regard to the rear-arc dominant directivity of flap side-edge noise, it was
shown that a close similarity exists with landing configuration flight test directivity
data. Based on knowledge gained from earlier research efforts [37, 38| and the
above observation, one can state that for an A320-type aircraft, with single-slotted
trailing-edge flaps, above a full-scale frequency of f = 2 kHz, both slat and flap
side-edge noise contribute equally to the rear-arc acoustic radiation of the high-lift
system.

. At high frequencies, spectral data scale according to p? oc U%?, which is close to the
typical dipole-like source radiation [29]. It was shown in section 6.1.1 that the max-
imum in SPL found at 3.15 kHz is related to the merging of the primary tip vortex
(forming on the tip face) with the secondary vortex (forming on the airfoil’s suction
side), subjecting the flow field to strong sudden local fluctuations. This suggests as
source mechanism, a combination of classical edge scattering and quadrupole-like
sound generation due to intense and highly unsteady force fluctuations on the airfoil
as a result of vortex unsteadiness during the merging process [69, 71, 108, 113|. The
directivity patterns indicate also a possible shielding of the acoustic source by the
wing leading to rear-arc maximum in radiation. Higher SPL levels are measured for
¢y < 0 indicating that diffraction and reflection on the tip’s face are important.

. A comparison between the acoustic results for the 1:6 scale cantilever wing vs.
those from the full-scale cantilever wing do not reveal a strong Reynolds number
dependency.

155



Semi-Empirical Modelling

1. A modelling approach for FSE noise is presented which is based on characteristics
of the flow field in the vicinity of wing tip edges. Along the lines of Guo [54],
the proposed scheme assumes the total flap side-edge noise spectrum to be the
summed contributions from two independent source components. Unsteady vorticity
fluctuations, originating from the unstable pressure side shear layer, sweeping over
the forward half of the upper tip edge at high velocities is assumed to be the source
of mid-to-high frequency noise. Vortex instabilities, over the suction side surface
near the flap tip aft half, is assumed to be the main contributor in the low-to-mid
frequency range.

2. Using the flow measurements, the characteristic length and velocity scales of both
the low- and high-frequency source mechanisms are quantified. The spectral shape
of each spectral contribution to the total FSE noise is represented according to Guo’s
formulation [54] adapted to make use of the identified local parameters. Because the
proposed velocity scales are dependent on flap deployment, an accurate prediction
of both Mach and flap angle effects is achieved. There is no need for additional
correction factor, as proposed by Guo [54].

3. The proposed semi-empirical model provides an accurate representation of FSE noise
for a large range of wing configurations. Ranging from a single isolated cantilever
wing to a complex half-model with a conventional high-lift wing. The successful
application of the model between different wing models tested in different wind
tunnels requires the definition of an effective deployment angle, resulting in an offset
of the predicted spectra to better fit the experimental data. Plausibility arguments
do support the required adjustment of dz in the prediction. Further research efforts
need, however, to be put into establishing methodologies for the comparison of
results from different experiments and for the extrapolation of wind tunnel results
to the full-scale aircraft.

4. Modelling of the flap side-edge noise directivity is accomplished through the combi-
nation of sets of points sources to represent the measurement data. We concentrate
on dealing with only two frequencies of interest corresponding to the frequencies at
which peak low- and high-frequency noise radiation occurs. Only the azimuthal and
polar directivity are modelled. Contrary to assumptions encountered in the litera-
ture, our results suggest a rear-arc radiation pattern when considering the fly-over
case, while the azimuthal directivity has a complex lobed structure.

8.4. Open Questions and Perspectives

A new semi-empirical model was proposed which can accurately predict noise produced
by flaps with rectangular planform and flat tips. More precisely, both the Mach number
dependency and flap deployment angle of FSE noise are accurately represented by the
methodology presented herein. The prediction scheme is also valid for models of various
sizes, i.e. through a change in chord length but not in model thickness. The prediction
scheme relies solely on the knowledge of the wing’s tip chord length and its effective
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angle to the incoming flow. The latter being defined as the C} or I'-equivalent angle
corresponding to that of the reference cantilever wing.

Although the proposed semi-empirical prediction model does work well in many situa-
tions, it still suffers from the following limitations:

1. Accurate noise predictions are possible for wing models of a certain family. Varia-
tions in section profile for example, are not well rendered by the prediction scheme.
Although, in those cases, the proportionality relationship between noise intensity
and the flow speed still remains valid, the frequency of the maximum noise level is
not correctly predicted. This result is indicative of the need to input accurate flow
information for the specific wing model considered. Since flow measurements were
performed only at the reference wing, it is clear that a simple transposition of these
results cannot be made between families of wing models. Future efforts should be
focused on the extension of the database to a more diversified set of wing mod-
els. This could be accomplished through dedicated acoustic and flow experiments
and/or RANS computations.

2. Furthermore, it was found that the prediction scheme is not able to correctly pre-
dict the effect of a change of tip shape, i.e. round tip, rounded edges or cavity. In
this case, both the velocity and length scales identified at the reference wing are
not representative of the wing tip flow field and, therefore both the velocity pro-
portionality of the sound intensity as well as the frequency of its maximum noise
level cannot be correctly predicted. Here also, future efforts should be focused on
the extension of the database towards a wider set of wing tip shapes. This aspect
is of practical importance when considering an application of the prediction scheme
to noise generation at wind turbine blades.

3. Preliminary efforts were done in the present work regarding the establishment of an
equivalence of the flap deployment angle between different test cases. Lift (Cr) and
circulation (I") equivalent angles do provide a possible avenue into dealing with this
difficulty. However, more validation is still needed to ensure the robustness of the
method. This issue has to be dealt with in dedicated flow experiments and RANS
computations. This is a necessary first step towards the later extrapolation of the
results to the full-scale configuration. This remains, however, outside of the scope
of this thesis and is left to future work.
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A. Experimental Setups
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Figure A.1l.: Reference cantilever wing setup in the AWB. Coordinate system definition
and microphone locations (towards upstream perspective). Microphone
array located on the left hand side, far-field microphones mounted on a
linear support lying on the ground. The flow direction is in positive x
direction.
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and microphone locations (side perspective). Note that free-field micro-
phone #1 is actually located upstream of the nozzle exit plane (negative
x-coordinate). Both the microphone array and the free-field microphone
are below the wing. The flow direction is in positive x direction.
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Figure A.4.: Reference high-lift wing setup in the AWB. Coordinate system definition
and microphone locations (side perspective). Note that far-field micro-
phone #1 is actually located upstream of the nozzle exit plane (negative
x-coordinate). Both the microphone array and the far-field microphone are
below the wing. The flow direction is in positive x direction.
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Figure A.5.: Large scale cantilever wing setup in the NWB. Coordinate system definition
and microphone array location (top perspective on the model). The flow
direction is in positive x direction.
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and microphone array location (side perspective on the model). The flow
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B. Static Pressure Distributions

-3.0 N
25 15.0
2.0

— -1.5

= -1.0

O 05

0] eme— . \\\N
0.5 -—o————o-—0 5 D—D’D/M

1.0
-3.0
-2.5
-2.0
— -1.5
< -1.0
O 05

0.0 M b—gog0———o+0 10
0.5 po o
1.0
-3.0
-2.5
-2.0
-1.5
1.0

05 -\-\.\'\-\___
0.0 D\D\" B =

0.5 D,_D/D—/D’D/D
1.0
-3.0
-2.5
-2.0

-1.5

1.0

0.0 z\-\‘\'\g‘

-5.7° 27.0°

0.0° 20.0° 28.0°

22.0° 30.0°

Cyp []

10.0° 25.0° 32.0°

Cyp []

0.5

05 - o o e e

1.0 - . .

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0

Figure B.1.: Distribution of surface static pressure coefficient (C},) vs. normalized
streamwise position (z/c) for different incidence angles. Configuration:
Reference, Uy = 60 m/s. Solid symbols: suction side. Empty symbols:
pressure side.
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Figure B.3.: Distribution of surface static pressure coefficient (C},) vs. normalized
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Tip #1+Vane, Uy = 60 m/s. Solid symbols: suction side. Empty symbols:
pressure side.
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Figure B.5.: Distribution of surface static pressure coefficient (C},) vs. normalized
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Tip #2+Vane, Uy = 60 m/s. Solid symbols: suction side. Empty symbols:
pressure side.
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C. Spectral Results for Various Tip
Modifications
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Figure C.1.: Effect of My, bottom view, 1/3-octave band spectra. Power integration of
the microphone array noise maps. dp = 25°.

171



I I I I
9 | E 92 |
80 | E 80 |
m )
a=h .
@ 70 |- - @ 70 |
5 S
~ ~
60 | E 60 |
—— 0p = 20°
— 0p = 25°
50 | Sp = 30° E 50 |
— sl L MR | L L L L
102 103 104 102 102 104
f [Hz] [ [Hz]
(a) Reference (b) Vane
I I I I
9 | E 9 |
80 | E 80 |
m [}
a=h .
® 70 | B @ 70 |
P
~ ~
60 |- — 60 |-
5 =20° N
— §p = 25° —— 0 = 25°
50 | g = 30° = 50 | Sp — 30°
N M | N el N — N el N M |
102 103 104 102 103 104
f [Hz] f [Hz]
(c¢) Tip #1 (d) Tip #1+Vane
I I I I
9 | E 92 |
80 | E 80 |
) )
a=h S,
@ 70 |- - ® 70 |
5 &
~ ~
60 | E 60 |
5 =20° — — 6F = 20°
5 =25° —— 0 = 25°
50 bp = 30° iy 0 bp = 30°
L PR AT | L MR | L — L PR R | L MR |
102 103 104 102 102 104
[ [Hz] [ [Hz]
(e) Tip #2 (f) Tip #2+Vane

Figure C.2.: Effect of dp, bottom view, 1/3-octave band spectra. Power integration
the microphone array noise maps. My = 0.18.
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Figure C.3.: Effect of M), side view, 1/3-octave band spectra. Power integration of the
microphone array noise maps. dp = 25°.
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Figure C.4.: Effect of 0p, side view, 1/3-octave band spectra. Power integration of the
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Figure C.7.: Scaled noise spectra. Side view. Effect of My, dp = 25°.
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Figure C.8.: Scaled noise spectra. Side view. Effect of 6p, My = 0.18.
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D. Beamforming Source Maps for
Various Tip Modifications
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Figure D.1.: Identification of a quasi-tonal source for configuration Tip #1+Vane.

Source map at f. = 2.5 kHz, 0p = 32°, My = 0.18. The given percentages

refer to the taped extent (ex.: 20% — up to z/c = 0.2).
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Figure D.2.: Identification of a high-frequency tonal source for configuration Tip
#1+Vane. Source map at f. = 12.5 kHz, p = 25°, My = 0.18.
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E. Effect of Tip Add-ons and
Geometry on FSE Noise
Directivity
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Figure E.1.: Fly-over directivity. Effect of tip geometry modifications. ¢, = 0°, op =
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20°, My = 0.18.
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F. Phased Array Source Maps From
DNW-NWB Experiment
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