Reductionof broadbandtrailing edge noiseby
serrations

Alexandros Vathylakis

Brunel University London

College of Engineering, Design and Physical Sciences

¥ | Brunel
=52 | University
/Y |London

A dissertation submitted for the degree Doctor of
Philosophy

May 2015



Abstract

This thesis aims to investigate and reduce the aerodynamic noise source known as trailing

edge noise, or airfoilself-noise, by using passive flow control techniques. Airfoil setioise

is produced when a turbulent boundary layer generated on an airfoil surface is scattered
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aeroacoustic as well as aerodynamic wind tunnel facilities at Brunel University London

and the Institute of Sound and Vibration (ISVR) at the University of Southampton.

The research is relevant for any application in which airfoil blades encounter a smooth
non-turbulent inflow and hence where trailing edge noise is a dominant noise source.
Potential applications can therefore be fan or rotor blades in aerengines, wind turbine

blades or industrial cooling fans.

The approach taken for the reduction ofrail ing edge noiseutilises passive flow control

techniques through the use of trailing edge serrationsand the additional support of
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its unique wing structure. The research presented here can be divided in three parts:

The first part comprises an extensive assessment of th@rformance of nonflat plate

trailing edge serrations for airfoil broadband noise and their aerodynamic performance

in terms of lift and drag. It 5 found that serrations can realistically achieve noteworthy

broadband airfoil selfnoise reductions, however due to the fact that noflat plate

serrations are directly cut into the airfoil body, the blunt sections in the serration root

produce an additional noise source of vortex shedding tonal noise.

The second part investigates the two flow mechanisms involved. Regarding the
mechanism responsible for broadband noiseand the subsequent reductions by the
serration geometry, the turbulent boundary layer structures are studied in depth on a
serrated trailing edge of a flat plate Experimental techniques such ashot wire
anemometry, liquid crystal flow visualisation, unsteady surface pressure measurements
and noise measurementsare used A redistribution of the momentum and turbulent
energy near the sawtooth tip and side edges appears to reduce the trailing edge noise

scattering-efficiency of the hydrodynamic pressure waves.

For the study of the flow mechanism responsible for the vortex shedding mal noise

increase, noise and velocity measurements along with flow visualisation techniques are



used for the identification and further understanding of this noise source. A highly three
dimensional wakeflow could be identified in the wake past the serraon gap, which

differs from the longitudinal vortices shed from a straight blunt serration root.

The third part presents the concept of poreserrated trailing edges as anovel method to
substantially improve the overall noise performance of the nosilat plate trailing edge
serration type. The use of porous metal foams or thin brush bundles which fill the
interstices between adjacent members of the sawtooth can completely suppress the
bluntness-induced vortex shedding noise. Most importantly, a turbulent tbadband noise
reduction of up to 7 dB can be achieved without compromising the aerodynamic
performances in lift and drag. The new serrated trailing edges do not cause any noise
increase throughout the frequency range investigated here. Through noise andlacity
measurements near the trailing edge of an airfoil, the reduction of the broadband noise is
found to be primarily caused by the sawtooth geometry. The new serrated trailing edges
have the potential to improve the industrial worthiness of the serratbn technology in

achieving low noise radiation.
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Symbols
2h serration length (rootto-tip distance), mm
b Corcos constant
C speed of sound, nis
C airfoil chord length, m
f frequency, Hz
ly spanwise correlation lengthmm
p static pressure Pa
00 wall pressure fluctuation Pa
0 s root mean square value of the wall pressuifa
S streamwise extent of porous material, mm
Sop far-field noise dBHz
Syq wall pressure spectradB/Hz
t time, s
U mean flow velocity, m&
Uc convection velocity of the turbulent eddigsis?
Um, Vin mean values for the U and V components of the velooitg!
Us freestream velocity, m&
uv ensembleaveraged velocity perturbationans?
06 h ©6 ensembleaveraged rms velocity fluctuationsns?
<uv> ensembleaveraged Reynolds shear stregss?
X streamwise direction measuring from the airfoil leading edge, mm
y wall-normal direction, mm

spanwise direction, mm

1 angle of attack for the airfoil, deg

r? spanwise coherence function

) boundary layer thickness, mm

1* boundary layer displacement thickness, mm

Dy difference in fluctuating spectral density measured by the surfaseunted
hot-film, dB

e bluntness of the saw tooth trailing edge at the root region, mm

/ serration period,mm



SPL
PWL
OAPWL

viii

polar angles of the microphone relative to the jet flow centerline, deg
angles defining the observers pdirndeg

fluctuating spectral density measured by a surfaogounted hotfilm sensor,

fluctuating velocity spectral density, (m92/Hz
serration angle, deg

ensembleaveraged value

Abbreviations

sound pressurelevel,dB
sound power level, dB
overall sound power level, dB

Tolmien-Schlichting (T-S) instability waves
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Chapter 1
Introduction

Aerodynamic noise and the science of aeroacousticave a history of about 60 years
[Lighthill (1951, 1954), Crighton (1975)], which arosethrough the emerging problem of
noise pollution by the advancement of technologyit was James Lighthil({1951, 1954) in
the early 50s who identified aerodynamic turbulence to be a source of soundetting a
foundation for the investigation of a wide range oferoacoustic problemswhich became

a matter of seriousconcern in civilas well asmilitary aeronauti caland naval applications.
The present research shall contributeon the investigation and reduction ofaerodynamic
airfoil self-noise, relevant in jet engine fans, rotor blades and high lift devices as well as

the arising application of wind turbines.

1.1 Aircraft noise

In the relatively short history of air transport, the development ofcivil aviation hascaused
tremendous changes in our daily lives and hasbecome a fundamentapillar of our global

society. Aviation today plays a key role inglobal economy, supportingup to 8% of global

economic activity and carrying 35-40% of world trade by value [FAA 2007), ATAG
(2014)]. Moreover, the number of air travellers has a trend of doubling everyi5-20 years

which is equivalent to an annual growthrate of about 4% to 6% [Airbus (2013), ACARE
(2001)].

Nonetheless amajor factor obstructing a smooth expansiorof the civil aviation sectoris

the persisting problem of noise in resdential areas around airports.Severe health effects
have beenobserved to be the consequence of aircraft noissuch asstress, hypertension,
sleep disturbance,ischemic heart diseas, hearing impairment and annoyanceamongst
others [Greiser (2006), Grimwood et al. (2002) CAA (2011}. A study of Greiser (2006),
on behalf of the German federal enwvionmental agency concluded that aircraft noise
clearly and significantlyincreases the risk ofheart disease by 61%or men and 80%for

women, when considering a daytime average sound pressurelevel of 60 dBA).



Statistically, significant health effectsare however found to appear already at average
sound pressure leves of 40 dB (A). According to reports from the UK Civil Aviation
Authority [CAA(2011)] and the UK National Noise Attitude SurveyGrimwood et al.
(2002)], more than 700,000 people alonearound Londond Beathrow Airport and more
than 1 million people in the UKare affected by aircraft noise. Furthermore, noise
associated with aircraft does not only affect people on the ground, but also flight crews
and passengers within the aircraftFor example, mise levels inside an Airbus A321 during
cruise have proved to be also significant in the order of approximately 7@ (A) [Ozcan
et al (2006)]. For this reason, lower noise levels inside new aircraft typeare widely

promoted by aircraft manufacturers and airlines.

Focusingon the infrastructure and economyof national and international importance,

many of Europed O A Qipear8 @@DAE AO , 1T AT 180 (AAOEOI x Al
Frankfurt or Munich, are all facing problems regardingtheir expansionplans because of

the noise pollution caused around the airportsRecently, h the cases ofondon Heathrow

and MunichAirport , local referenda ruled outrunway expansions which effectively deny

the airport authorities to sustain therequired capacities andcope with the increasing

passenger traffic and aircraft movements Hillingdon Council (2013), Suddeutsche

Zeitung (2013)]. Another restrictive measuredue to noiseis the plurality of night flight

curfews implemented bymany ofthe busiestairports acrossEurope andthe whole world

[ICAO (2013].

Historically, the issue ofaviation noise pollution arouse in the late 50s when commercial
jet aircraft entered service. Since the 1960s, sigficant improvements in noise reduction
have been achievegasa typicalaircraft launchedin the year2010 comparatively reaches
reduced Effective Perceived Noisdevels of up to 40dB. As it canbe seen inFig. 1.1, the
main reason forthis achievement comes from the introductionof turbofan engines with
high by-pass ratios.Fan blades at the inlet draw air inside the engine, which are typically
larger in diameter when compared to the old, low bypass ratio engines. A portion of the
high speed air enters the compressor, combustion chamber and turbine, whilst a large
portion of slower air by passes the core flow through the outer duct. The resultant exhaust
jet speedin a high by-pass ratio engine is thus slowethan a low by-pass ratio ergine, but

the propulsion efficiency is higher.



Noise of a typical 1960s engine Noise of a typical 1990s engine
Compressor
Compressor
Fan
Iz;:)ngsfgrd Turbine and -

combustor

Jet

Figure 1.1 The evolution of the noise emissions of a lowphgs ratio engine (left) and a high byass
ratio engine [RollsRoyce 2005)].

Along with the improved propulsive efficiency, significant reductions of jet noise are
achieved due to the lower jet exhaust speeds For by-pass ratios exceeding a value

approximately of 5 to 1,other noise sources, such agan noise, becomg@redominant (see
Fig. 1.1).

As shown in Fig. 1.2 ite change from the low bypass ratio generation (i.e. B737200 with
bypass ratioof 1-1.7 to 1) to the currentengine generation (i.e. A380 with bypass ratio
8.6 to 1 and the B78Awith 9.6 to 1) has brought significant improvementsn the noise

emissionsof an aircraft.

In order to further reduce aircraft noise, two targets set by the authorities are being

widely consideredby aircraft and enginemanufacturers:

Firstly, the International Civil Aviation Authority (ICAQ) periodically sets noise standards

which new civil aircraft designs have to meet in order to be certified. These standards

T 6 hbe éxirently in effect For each stage, certain levels of Effective Perceived Noee
defined, which should not be exceededFig.1.2) for the successfulcertification of new
aircraft types. This assessment is based on takeff, sideline and landing noise

measurements



Secondly,n 2001, the Advisory Council for Aeronautics Reseeh in Europe (ACARE) set
out atarget to reducethe perceived aviation noise to a half of the current levels by 2020
(ACARE VISION 2020 ahownin Fig. 1.2)[ACARE (2001). This vision aimsto reduce the
number of people who are significantly affected by aircraft noise in Europe. It was also
identified that to achieve these challenging objectives, the promotionf research and

development into new low noise engine andirframe technologies is strongly required.

&OOBOEAOI T OARh OEA Ai 1 OE1 OAGEI 1T 1 &£ O6EOEI T

¢ L AGARE (2011), set further ambitious targets of reducing theEffective Perceived

Noise levels emitted by 65%, whertompared to typical new aircraft of 2000.

Today, a step towards a future aircraft and engine generation isbeing observed with
interest. The main focusis the development of jet engine technologies such as the geared
turbo-fan (GTF)and the "Leading Edge Aviation Propulsion"(EAP engine generatiors.

In any caseno relevant aircraftto date has officially reached the target set by Vision 2020
(Fig. 1.2), while the upcoming A32heo (GTF), where neo stands for New Engine Optian
is expectedto be closest to the aimed threshold [MTU Aero Engines (2012) Official noise
data have not been published yet, buin this context it has been stated by MTU Aero

30 Stage 2
= B737-200 |
m |
z 20 :
o
e I
£ | Stage 3
% g0 T 1
B A300 :
E 0 A A CFM I__s_ta_ggj —
g 310 320-CEMS6 o7 27800 |
= A320-V2500 [
2 10 + Stage 51
5 A340-600 e
= A380
g 20 # A320neo - GTF2
8 ¢ today’s GTF3
230 @ ACARE 2020 target
-40

1960 1970 1980 1990 2000 2010 2020 2030 2040
Year of aircraft certification

! Current estimate of future regulatory noise limit (yet to be officially defined)

2 Existing A320 design with GTF

3 All-new aircraft design with first generation GTF

+ The sum of the differences at all three measurement points between the maximum noise level
according to the aircraft certificate and the maximum noise level according to the regulations.

5 Effective Perceived Noise Level in decibels (unit of measurement of aircraft noise used in aircraft
certification)

Figure 12 The historical development of civil aircraft noise [MTU Aero Engines (201.

1MTU Aero Engines private communication

Cmg
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exhaust jeb[MTU Aero Engines (2012). Moreover, promising future engine technologies

in terms of efficiency, such as counter rotating or opemotor fans, greatly depend on the
improvement of their acoustic performanceas they have previously been rejected due to

the high noise leveldFlight International (2007), Little et al. (1989)].

In this regard, the advancement of low noise technolags on aircraft currently appears
not to be sufficient to achieve the vision 2020 targetwith an even greater challenge
towards the objectivesi £ O &1 E C E.Qd@viAdéepts arebemefore urgently needed
in engine technologiesin order to achieve the desired goals a better living standard and

less or no flight restrictions.

1.2 Aircraft noise sources

The noise sources of a civil aircrafre depictedin Fig. 1.3, which canbe divided into two

categories: Propulsive noise and airframe noise. Propulsiveoise is termed as the noise
originating from the engine fan and the jet while airframe noise is identified to be
generated by all other aircraftstructures, namely the fuselage, landing @&, wings and

high lift devicesas well as existing cavities

The dominant noise sourcewary between take-off and approach/landing. As shown in
Fig. 1.4, jet noise andian noise are the major contributor s during take-off andfan noiseis
the dominant noise sourcefrom the engine during approach,accompaniedby airframe

noise generated from thdanding gear and flaps/slats[ Traub et al. (2012}).

Flaps, slats &
Fuselage spoilers

Wing —q
SX-Dyo ™

Tailplane

Fan inlet

/ Fan exhaust/ jet
Turbine & core

Landing gear

Figure 1.3 Major noisesources of the airframe and engine of a ciaitcraft. [data from Traub et al.
(2012)]



Fan noise is mainlycaused through theincoming airflow interacting with the leading edge
of the bladesas well asthe interaction of the boundary layer with the airfoil trailing edge
The latter phenomenon creates trailing edge noise, or also known as airfoil selbise,
which will be the main topic of investigation in this thesis.Apart from fan blades, the
principle of airfoil self-noise could alsobe relevant in other sectiors of an aircraft, such as

theengeT A6 O 1T 001 AO @GighHifddAvicésAsiath ahd flaps) abehehwing itself.

To date, there is no breakthrough technology available to drastically reduce these airfoil
noise sources. The mospromising method thus far isthrough passive flow control by
altering the trailing edge shape from straight to a sawtooth serration pgern. The main
objective of this PhD work is to research the serration technology and improvewith the
introduction of porous materials.The results presented in this thesis willbetween others
significant airfoil self-noise reductions when compared with other current techniquesAt
the same timeaerodynamic performanceis maintained as well as a superior structural
integrity, when compared to current serration conceps such as flatplate type serrations.
In this way, the industrial worthiness of serrations is improved when considering the

aviation and wind turbine industr ies. The latter isdiscussed in the next section.

Takeoff Approach
105 105

100

100
95 95

90
90

85
85

80
75 80
70 75
65 70

B Fan H Combustion Chamber m Turbine mJet WAirframe M Total (Engines + Airframe)

EPNdB
EPNdB

Figure 1.4 Breakdown d aircraft noise sources during takeff and landing, data from Traub et al.
(2012)



1.3 Wind turbine noise

The European Wind Energy AssociatiofEWEA) estimates thatabout 15% of %O 01T PA 6 O
electricity may come fromwind turbines by the year 202Q Therefore, wind turbine
installations in the European Union are expected to increase by 64% compared to levels

of 2013[EWEA (2014]}. This meansa fasterdeployment of wind turbines, at lower wind

speed sitesand ideally closeto the households andransmission lines. The proliferation

of wind turbines as an environmentally more acceptable form of emgy has important
implications of the fact that noise nuisance mainly radiated from the turbine blades, is

created forcommunities living in the close proximity.

Fig. 1.5 shows the noise levels generated by a typical wind turbine of 80to 100m rotor
diameter. It can be seenvhen wind turbine noise propagatespast 100 meters the noise
levels drop below 50 dB (A) However, these noise leves may be maintained for a
considerable distanceof 5 kilometres or more [Morris (2012)]. Wind turbine noise
appears tohave lower exposure levet when compared to aircraft noiseor road and rail
noise, but the problem is found in the actual noise characteristicsWind turbines
persistently produce adistinctive swishing noise(i.e.aperiodical sound levelvariation by
the blade rotation), perceived as verydisturbing due to its amplitude modulation and

intermittency. This is particularly the caseat lower frequencies,as the noise is nowell

How Loud Is A Wind Turbine?

90 dB(A)

80 dB(A) 100 dBIA)

50 dB(A)

+ 40d B‘A) 50 dB(A)

|

distance m—) decibels

0 meters 100 meters 200 meters 300 meters 400 meters 500 meters
(at the source)

Figure 15 Typical noise emissions of a wind turbine over specified distances [General
Electric (2014)]




attenuated by the atmosphere, and at nightthe downward refraction of sound can

promote it asa daminant noise sourceheard from aconsiderabledistance.

Additionally, there is a trend for drastically larger wind turbines with increased rotor
diameter. As seen irFig. 1.6, thefuture generation wind turbine generation of onshore
wind turbines has an almost doubled rotor diameterof more than 160mwhen compared
to the generation ofthe years2005-2010. The influence of rotor diameteron the noise, is
shown in Fig. 1.7a, where a direct relationshipof increased noisedevels can be observed
for an increased rotor size Similarly to aviation noise, wind turbine noise has been
reported to have anegative psychological impact and lowered sleep qualityHowever,
because wind turbine noise has appeared tbe an issuefairly recently through their
growing use, and the lack of related reports, it is difficult to form a neutral view of the
issue and its extent. In any case, it has been reported that between 15 and 70 wind farm
sites in the UK cause nuisancetthe nearby residents [Independent (2009), Telegraph
(2013)] and it has been recognised, that the noise impact from wind farms needs to be
further studied and improved [Doolan (2013)]. The noise generated by a wind turbine

Al AAA EO Al 11T GATAAAEIAGRAOAMIE ARAEAT EAAI

320

260 Past & Present Wind Turbine

240

200

160

Height (m)

120
Rotor Diameter (m)

Wind Turbine (Kw)
80

4 |8

1980 -1990  1990-1995  1995-2000  2000-2005  2005-2010 2010-7 2010-7 Future Future B747-400
Onshore Offshore Comparison

Year of production
Figure1.6 Historical trend of wind turbine size, also compared to the size of a passenger aircraft.
[SBC (2014)]



predominantly trailing edge noise which is due to theturbulent boundary layer on the

blade surface passing over the trailing edge

[Brooks et al(1989),0erlemans & Mgliore (2004), Oerlemans (2009). A common

techniqueto reducewind turbine noise isthe optimisation the blade shape.

However, the shape optimisation is a computationally very demanding process and is not
versatile enough to cover different incoming flow regimes. Further measuee for
restricting wind turbine noise radiation are limitations of the rotor and tip speed.The
limitation tip speed (which is the ratio between the speed of the blade tips and theind
speed)is the most direct method to reduce noise levelor onshorewind turbines, which
however limits the amount of energy produced.As shown inFig.1.7b, smallvariations of
tip speedwould make a large difference in thaoise emissions when taking into account
that the noise from the blades' trailing edges and tipare reported tovary by the 5" power

of blade speed Castellano (2012].

So far, the shape ojmisation can only achieve limited noise reductions of up to 3dB.
Limiting the tip speed is also not thebest practise to reduce noise emissions because of
the reduced power output. The application of trailing edge serrations on a real size wind
turbine blade, which has been attempted by Oerlemans(2009), provides avenue for
further development of the trailing edge serration technology , which will be thoroughly

studied in this thesis.

a) Sound Power Level vs Rotor b) Sound Power Level vs. Tip Speed
Diameter
115 115
110 110
— » —_ *
< . P& < . 0.0/)4
7 105 // & 105
z z
= 100 A = 100
I7) * * (7)) * *
95 — 95 P
90 90
0 50 100 150 40,0 60,0 80,0 100,0
Rotor diameter (m) Tip speed (m/s)

Figure 1.7 Variation of noise levels witlja) changing rotor diameter andb) tip speedgOerlemans
(2014).
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1.4 Aims and Objectives

The aim of this research is t@xperimentally investigate and reduce the noise mechanism
known as airfoil selfnoise, with the use of nonflat plate trailing edge serrations. The
findings can potentially benefit the industries and applications mentioned previously in
Sections 1.1 to 1.3in more detail, the objectives are as follows:

1 To assesshe airfoil self-noise and lift/drag performance of the already existing
concept of nonflat plate serrations. Due tothe blunt area foundin the serration
roots of the airfoil, this concept is known to generate bluntness induced vortex
shedding noise, a significantnoise generating by-product. Subsequently the
alternative approachof flat plate addon typeinserts resulted into alacking interest
by researchersto thoroughly assess noHflat plate serrations, which is aimed here

1 To provide a better understanding of the flow phenomenaver and past a serrated
trailing edge. Since certain flow characteristics are directly related to the noise
generation and radiation, it is of great interest tdeinvestigated to also provide new
solutions. To date the involved mechanisms have not beefully understood.

1 Toimprove the concept of nonflat plate serrations, reduce vortex shedding noise
and simultaneously achieve broadband noise reductions (when compared to a
straight/sharp baseline airfoil). It is aimed to reintroduce the interest for further
researchof this concept through newsolutions.
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1.5 Thesis Structure

This thesis aims to investigate the mechanism dfoadbandself-noise reduction using the
technique oftrailing edge serrations. Furthermore, two concepts will be developed: Té
concept of nonflat plate trailing edge serrations, and thenew concept ofadding porous
material to these trailing edge devicesThe origin of the passive flow contol techniques
investigated hereareET OPEOAA AU OEA 1 x1 GoGgh iskimichéd viing A1 E C E ¢
structure (see Chapter 2: Literature review). The experiments were conducted in both,
aeroacoustic andaerodynamicwind tunnel facilities at Brunel University as well as the
Institute of Sound and Vibration (ISVR) aBouthampton University. Details about the
experimental set upcan be foundin Chapter 3 . Thestarting point of this research isthe
application of non-flat plate type trailing edge serrations which has previously not
received much attention. Extensive aeroacoustic resultsfdhis serration type will be
presented in Chapter 4, as it will address the noise performance,as well as the
aerodynamic performance (ift and drag) of an airfoil with non-flat plate serrations.
Chapter 5 investigatesthe turbulent boundary layer structures generatedon aserrated
trailing edge of a flat plate The flow structures will be investigated in depth by means of
hot wire anemometry, liquid crystal flow visualisation, unsteady surface pressure
measurements and noise measurementslhe chater will also address the source of
vortex shedding tonal noise which is @y-product of the non-flat plate serrations. Flow
visualisation, noise andvelocity measurements are used for the identification and further
understanding of this noise sourceChapter 6 presents a new hybrid trailing edge device
referred to asOPDI-OR OOAOAAG Edehdive BoiseCanddar@dfrimic tests on
the poro-serrated trailing edges will be presented and their performance will be
discussed in this chapter.Chapter 7 will summarise and discuss the findings and
conclusions of all previous chapters Some suggestions for future works will also be

provided.
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1.6 Novelty of Research

The main points of original research contributionare listed below:

1 (Chapter 4) Extensive study on the broadband noise characteristics of neflat plate
serrations at three different angles of attack(y) 0°, 1.4 and 4.2° across Reynolds
numbers between 2x16 and 6x10 based on the chordFurthermore, the lift and drag

performance ofaNACA 0012 aifoil with non-flat plate serrationswas assessed

1 (Chapter 5) Noise measurements of the turbulent boundary layer generated on a flat
plate with a serrated trailing edgewere performed. The results demonstrate that realistic
noise reductions by this configuration can be achieved. To investigate the causal effect,
the unsteady wall pressure field as well as thepanwise coherence and phase functions
of the turbulent eddies were measured Moreover, smultaneous measurements of
unsteady wall pressure and boundary layer fluctuating velocity permitted the
investigation of conditionally averaged velocity perturbations, rms velocity fluctuations,
Reynolds shear stressesThe characteristics of the coherent structures in a turbulent
boundary layerare investigatedwhen passing over aerrated trailing edge.Furthermore,

a liquid crystal flow visualisation technique was used for the study of the wall heat

transfer and identification of some of the turbulent structures.

1 (Chapter 5) Assessment of thevortex sheddingnoise and the related flowmechanism.
Theflow in the near wakeregion of non-flat plate serrationswasinvestigated throughthe
analysis of the threedimensional velocity componentsand spanwse coherence bysing
hot wire anemometry. Moreover, an experiment using dye flow visualisation was

conducted in a water tunnel, to trace the development of wake flow from the airfoil.

1 (Chapter 6) Ahybrid trailing edge conceptis presented, which demonstrates airfoil seK
noisereductions throughout the measured frequency range, when compared to a straight
baselinetrailing edge. The nonflat plate type serrations were combined with a porous
material placed in the serration roots, which eliminate vortex shedding noise and
maintain the broadband noise benefitof non-flat plate serrations.The noise performance
was assessed for different trailing edge models andhe wake flow was studied.
Furthermore, the lift/drag performance was also investigated. It is worth noting that for

the first time noise reductions are achieved throughout the audible frequency range,
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witho ut changing thethree-dimensional shape ofthe airfoil and with no compromise in
the aerodynamic performance The poro-serrated trailing edge developed in this work is

currently pending a patent application (patent application no GB1410675.1)



14

Chapter 2

Literature Review

2.1 Aerodynamic Sound

¢c8p8p ,ECEOEEI T G660 ATAITTcCU 1T &£ AAOT AUl Al
introduction of solid boundaries

In the arising need for the investigation and reduction of jet noise, it was Lighthill (1951,

1954) who successfully identified theorigins of a sound wave for the first time, while

defining turbulence to be asource ofis OT A8 4 EA OAOI OAAOI AUT Al EA
well sum up the principle of his theory The sources of sound in a fluid motion arderived

by usingthe exact equations of the fluid motions and their acoustical approximations.

, ECEOEEI | @dernkad bl thé exatt statBment of the NavieBtokes momentum

and mass conservation equationgin order to define a flow velocity fieldat every point of

space and time)resulting into the inhomogeneous wave equatioiieq. 2.1).

S o Sy, (eq.2.1)

(]

Where c is the speed of sound in a uniform acoustic medium at rest (c2= dpfd mis the
fluid density, p the static pressure of the flow field and t the time of the acoustic

observation at point x.The terms0 @ & ® are the velocity componentsand] is the

Kroneckerdelta.4 EO , ECEOEE| (e@pesséib 6220 OAT O1 O

A28 NVERE S | N A R (eq.2.2)

Lighthills acoustic analogy (eq. 2.1) describes a wave propagating at the speed of soand
in a medium at rest on which fluctuating forces are applied in the form of the expresseion
on the right hand side of the equation from a quadrupole source field, of strength .
Physically,it means that sound is generated through the fluctuating inte@al stresses of a
fluid flow, acting on a stationary and uniform acoustic medium. The exact solutiaf the

equation, where the sound pressure level generated at the point in the flow and the
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observation pointx, reduces to a point quadruple, within aolume V corresponding to the

fluid region as

~ 0

n oo

dv (eq.2.3)

(8‘ ¢
an

Concluding from equation 2.3, turbulence in free space generates sound by a quadrupole
source field. The solution of the soundenerated can therefore be found if the parameters

of the flow are known.

Through the use of dimensional analysis the sound produced in a jet of diameter D by free
turbulence can be estimated through equation 2.4 below. This prediction, which was later
confirmed by multiple experimental investigations, indicates that the sound is
proportional to the eight power of the jet velocity for cold low Mach number (M) jets.

6

nag " a vy for M<1 (eq.2.4)

Assuming that jet velocity is doubled, the above dependency would therefore indicate an
increase of jet noise in the order of 24dB. The fact that in the past decagetsenginenoise
has been reduced substantially can be explained throughe important effect oflowering

the jet velocities for high bypass ratio turbofans.

7EEIT A All OEA AAT OA DPOET AEDPI A0 AAOGAA 11 |, ECI
taking into account a foreign body in a flow will considerably change the sound
production.

As fhown by Curle (1955) the sound field is generated by a single dipole when a foreign

body is added which is expressed as
6

‘éud‘) :
d Y

for M<1 (eq.2.5)
The dipole sound field therefore appears proportional to the sixth power of the flow speed

which means that the foreign body generates sound in a more effective manner by the

factor of 0 than free turbulence.
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2.1.2 Introduction to airfoil self -noise

Airfoil self-noise, also known as trailing edge noise, occurs through the interaction
between an airfoil and the turbulence generated in its own boundary layer and near wake
[Brooks et al. (1989)].

First attempts to identify the source of trailing edge noise were attempted in 1959 by
Powell (1959) and inthe following researched extensively, with the classical works of
Ffowcs Williams and Hall (1970), Chase (1975), Paterson (1976), Howe (1978), and
Brooks (1989) amongst others. Trailing edge noise has been characterised as the
minimum noise produced by a fan if installation effects are not taken into account,
considering that leading edge noise is not prominent as in the case of low pressure loading

configurations and low turbulence incoming flow [Roger and Moreau (2002)].

Brooks (1989) identified five different airfoil noise mechanisms, of which four are related
to the interaction of hydrodynamic disturbances in the boundary layer with the trailing
edge. Those vortical disturbances are subsequently scattered into sound by the
geometrical discontinuity of the sharp trailing edge, leading to a radiation with a large
increase in the noisegenerated when compared to fluctuations in free space [Lighthill
(1951, 1954)]. For that reason, trding edge noise is considered as one of the main noise
sources, with the development of trailing edge noise theories to have received great

attention in research.

A large number ofmodels for the prediction of trailing edge noise arous@speciallyin the
seventies which arebased on three different approaches
i. -TAAI O AAOGAA 11 |, ECEOEEI I 80 iehlieGO®RE A
developed by Ffowcs Williams and Hall (1970)).
ii. Theories based on the solution ofspecial problems derived by linearized
hydroacoustic equations {.e.models by Amiet [1976] and Chase [1975]).

iii.  Ad hoc approaches.

Some established examples for the prediction of trailing edge noise are made explicit in
the classical works of Amiet (1976)and Howe (1978). As used in the present thesis, when
a turbulent boundary layer is developed on a flow surface, a model was developed by

Amiet to predict the far field noise through the occurring surface pressure fluctuations

Al
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near the trailing edge of arairfoil. !  AAOAEI AA AEOAOOOEITT AT A ETO
given in Section 2.2.3 of this chapter.

Past research works related to airfoil selhoise on a straight/ sharp trailing edge will be
discussed first(Sections 2.1 to 2.2) Subsequently, inSection 2.3, it will be focusedn the
research related to the reduction of trailing edge noise by the concept of trailing edge

serrations and porous materials

2.1.3 Airfoil self -noise mechanisms by Brooks et al.

Five different self noise mechanisms hae been proposed byBrooks et al.(1989) which
were defined through their extensive experimental investigation. The first two from the

noise mechanisms listed below are of interest for the present investigation.

1 Turbulent boundary layer z trailing edge noise (Fig. 2.1a) occurs at high
Reynolds numbers as the turbulent boundary layer created over an airfoil convects
past the trailing edge and radiates noise. This noise source is known to have mainly
a broadband chaacter. Broadband noise is the prominent noise source for nen
separated turbulent boundary layer flows. The structures inside a turbulent
AT 01 AAOU 1 AUAO AOA T &£ COAAO AT i pPIiAGEOU A
Some repeatable identifiable patterns haever can further explain phenomena of
a certain noise observation. In order to provide a deeper insight into the anatomy
of turbulent boundary layers and the corresponding noise mechanisms, they are

reviewed in Sections 2.2.1 and 2.2.2.

9 Trailing edge bl untness- vortex shedding noise (Fig. 2.X) occurs in the small
OAPDAOAOAA OACEIT1T DAOO Al AEOAI EI 60 Al 010
noise source. The radiated noise is of tonal nature superimposed into one distinct
broadband peak on the frequeny spectrum. Usually when occurring in turbulent
boundary layer flows, the audible bluntness noise will dominate as the distinct
noise source over turbulent broadband noise. The intensity of bluntness noise is
dependent on the boundary layer thickness ofite airfoil and the ratio of the actual
bluntness at the trailing edge. Bluntness noise is being further analysed $ection

2.2.5 of the literature review.
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1 Laminar boundary layer z vortex shedding noise (Fig. 2.1 b) takes place at low
to moderate Reynold numbers where TolmienrSchlichting (T-S) instability waves
disturb the laminar boundary layer of an airfoil resulting to vortex shedding noise.
The noise is of narrowband, tonal nature. It has been observed thazS waves by
themselves may not be the onlynechanism responsible for the noise generation.
The presence of a separation bubble is assumed which acts as an amplifier for the
unstable TzS modes near the trailing edge. Further details about the nature of the

tonal noise mechanism are described iSecion 2.2.4.

1 Separation z stall noise (Fig. 2.1d) becomes distinct at high angles of attack at
separatedflow conditions. As stated by Brooks, an assessment by Patersenal
(1975) suggestedthat for lightly separated flow, the dominating noise source
would originate from the trailing edge, whereas when the airfoil experienced a

deep stall, the broadband noise would originate from the chord as a whole.

1 Tip vortex formation noise (Fig. 2.1e) generates a local separated flow near the
tip region of a blade tip. Wherthe flow passes the blade tip a vortex is generated
with a thick viscous and highly turbulent core. The investigation by Brooks and
Marcolini (1984) was able to isolatethe particular noise source quantitatively and
research the noise generation of two and three dimensional airfoil models at

various conditions.



Turbulent boundary layer Wake

OOOQOQOQ
k12210

Trailing edge

Vortex shedding

Airfoil blade tip

(e 0 Y

Tip vom

19

Laminar boundary layer Vortex shedding

b)

Airfoil

Instability waves

d1) Boundary layer separation

Large scale separation

Figure 21 Airfoil self- noise mechanisms as defined by Brooks ef1#8189) where (a) Turbulent
boundary layer trailing edge pise,(b) laminar boundary layer trailing edge nise,(c) Bluntness
vortex shedding noisadl-2)stall noise ande) tip vortex noise.

2.2 Boundary Layer Theory

2.2.1 Wall regions and layers of the turbulent

boundary layer

The concept of the boundary layer anaxistence of different layers of a fluid moving

relative to the wall was first addressed by Prandtl (1905) in theearly 20t century. As it

was later specified a boundary layer in turbulent flows consis of a number of flow

regions and layers which occur at certain distances from the wall, which are measured in

dimensionless wall units denoted by

0 =——

(eq.2.6)
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Where & the dimensionless wall unit distance, 0, the friction velocity, y the normal
distance from the wall, v the kinematic viscosity and & the viscous wall unit.
Subsequently, the velocity can also be nesimensionalised by the wall unit as

o — (eq.2.7)

t

Pope(2011) summarised adivision of the boundary layer into different layers, as certain
properties can be defined for each of these regiongVhile the regions of the inner layer
are mainly viscosity-dominated, the direct effects of viscosity are negligible in the regions
of the outer layer atwo v 1The inner layer is defined by the normal distance from the
wall (y) and the boundary layer thickness), as y/d<0.1. The mean velocity profile in the
inner layer is independent from dand the free stream velocity™Y as it isinfluenced only
by viscous effects, hence by the friction velocity, and the dimensionless wall unitw . A

detailed overview is provided in Table 2.1 and Fig. 2a2

Region: Location: Defining property:
Inner layer «jd 8 Scaled with ¢ ;and «
Viscous sublayer W U Reynolds shear stress

negligible compared to
viscous stress

] Buffer layer UV ® OT Region between viscous
sublayer and loglaw region
| Viscous wall region W UuT Significant viscous

contribution to the shear
stress

Outer layer « Direct effects of viscosity
on U negligible

Overlap region ® L tld ™ Region of overlap between
inner and outer layers

Log-law region ®w oftld ™ Log law holds

Table 21 Wall regions and layersfom Pope(2011))
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Figure 22a Division of various layers in terms of Fd) £ 'gﬁt Re®p 1t(from Pope (2011))
Regarding the energy spectrum of a turbulent boundary layer, a theoretical
representation is shown in Fig 2.2b and an actual collection of experimental

measurements isshown in Fig 2.2c where the kinetic energy per mass across the various

I ATCOE OAAT AO T &£# OOOAOI ATAA EO OET x1 8 -1 0AT(

law decay rate of the energy spectrum holds well in the inertial range, which is valid for

intermediate eddy diameters that are remote from both largest and shortest scales.

(b) (c)

Figure 2.2Turbulent energy wavenumber spectrd) theoretical representation
[McDonouglf2007)] (c)experimental results $addoughi and Veeravalli (1994)

2.2.2 Turbulent boundary layer flow structures

The interaction of the turbulent boundary layer structures with the airfoil trailing edge
are the cause for the characteristic broadband noise radiation. Thus the identification

certain flow structures in the boundary layer are of great interest for the uderstanding





























































































































































































































































































































































































































































































