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

edge noise, or airfoil self-noise, by using passive flow control techniques. Airfoil self-noise 

is produced when a turbulent boundary layer generated on an airfoil surface is scattered 

ÂÙ ÔÈÅ ÁÉÒÆÏÉÌȭÓ ÔÒÁÉÌÉÎÇ ÅÄÇÅȢ 4ÈÅ ÉÎÖÅÓÔÉÇÁÔÉÏÎ ÉÓ ÏÆ ÅØÐÅÒÉÍÅÎÔÁÌ ÎÁÔÕÒÅȟ ÃÏÎÄÕÃÔÅÄ ÉÎ ÔÈÅ 

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 aero-engines, wind turbine 

blades or industrial cooling fans. 

The approach taken for the reduction of trail ing edge noise utilises passive flow control 

techniques through the use of trailing edge serrations and the additional support of 

ÐÏÒÏÕÓ ÍÁÔÅÒÉÁÌÓȢ "ÏÔÈ ÏÆ ÔÈÅ ÁÆÏÒÅÍÅÎÔÉÏÎÅÄ ÁÒÅ ÉÎÓÐÉÒÅÄ ÂÙ ÔÈÅ Ï×ÌȭÓ ÓÉÌÅÎÔ ÆÌÉÇÈÔ ÄÕÅ to 

its unique wing structure. The research presented here can be divided in three parts: 

The first part comprises an extensive assessment of the performance of non-flat plate 

trailing edge serrations for airfoil broadband noise and their aerodynamic performance 

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

broadband airfoil self-noise reductions, however due to the fact that non-flat 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 noise and 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 as hot wire 

anemometry, liquid crystal flow visualisation, unsteady surface pressure measurements 

and noise measurements are 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 tonal noise 

increase, noise and velocity measurements along with flow visualisation techniques are 
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used for the identification and further understanding of this noise source. A highly three-

dimensional wake-flow could be identified in the wake past the serration gap, which 

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

The third part presents the concept of poro-serrated trailing edges as a novel method to 

substantially improve the overall noise performance of the non-flat 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 broadband 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 and velocity 

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 serration technology in 

achieving low noise radiation. 
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Symbols 

2h  serration length (root-to-tip distance), mm 

b  Corcos constant 

c  speed of sound, ms-1 

C  airfoil chord length, m 

f  frequency, Hz 

Iy  spanwise correlation length, mm 

p  static pressure, Pa 

0ȭ  wall pressure fluctuation, Pa 

0ȭrms  root mean square value of the wall pressure,Pa 

s  streamwise extent of porous material, mm 

Spp  far-field noise, dB/Hz 

Sqq  wall pressure spectra, dB/Hz 

t  time, s 

U  mean flow velocity, ms-1 

Uc  convection velocity of the turbulent eddies, ms-1 

Um, Vm  mean values for the U and V components of the velocity, ms-1 

U¤  freestream velocity, ms-1 

,   ensemble-averaged velocity perturbations, ms-1 

Õȭȟ Öȭ  ensemble-averaged rms velocity fluctuations, ms-1 

<uv>  ensemble-averaged Reynolds shear stress, ms-1 

x  streamwise direction measuring from the airfoil leading edge, mm 

y  wall-normal direction, mm 

z  spanwise direction, mm 

ɻ  angle of attack for the airfoil, deg 

ɾ²  spanwise coherence function 

ɿ  boundary layer thickness, mm 

ɿ*  boundary layer displacement thickness, mm 

Dy  difference in fluctuating spectral density measured by the surface-mounted 

hot-film, dB 

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

l  serration period, mm 

U
~

V
~
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Q  polar angles of the microphone relative to the jet flow centerline, deg 

q  angles defining the observers point, deg 

x   fluctuating spectral density measured by a surface-mounted hot-film sensor, 

dB 

f¡  fluctuating velocity spectral density, (ms-1)2/Hz 

ʒ  serration angle, deg 

< >  ensemble-averaged value 

 

Abbreviations 

SPL  sound pressure level, dB 

PWL  sound power level, dB 

OAPWL   overall sound power level, dB 

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

Aerodynamic noise and the science of aeroacoustics have a history of about 60 years 

[Lighthill (1951, 1954) , Crighton (1975)], which arose through the emerging problem of 

noise pollution by the advancement of technology. It was James Lighthill (1951, 1954) in 

the early 50s who identified aerodynamic turbulence to be a source of sound, setting a 

foundation for the investigation of a wide range of aeroacoustic problems which became 

a matter of serious concern in civil as well as military aeronauti cal and naval applications. 

The present research shall contribute on the investigation and reduction of aerodynamic 

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 of civil aviation has caused 

tremendous changes in our daily lives and has become a fundamental pillar of our global 

society. Aviation today plays a key role in global economy, supporting up 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 every 15-20 years, 

which is equivalent to an annual growth rate of about 4% to 6%. [Airbus (2013), ACARE 

(2001)].  

Nonetheless, a major factor obstructing a smooth expansion of the civil aviation sector is 

the persisting problem of noise in residential areas around airports. Severe health effects 

have been observed to be the consequence of aircraft noise, such as stress, hypertension, 

sleep disturbance, ischemic heart disease, hearing impairment and annoyance amongst 

others [Greiser (2006), Grimwood et al. (2002), CAA (2011)]. A study of Greiser (2006), 

on behalf of the German federal environmental agency, concluded that aircraft noise 

clearly and significantly increases the risk of heart disease by 61% for men and 80% for 

women, when considering a day-time average sound pressure level of 60 dB(A). 
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Statistically, significant health effects are however found to appear already at average 

sound pressure levels of 40 dB (A). According to reports from the UK Civil Aviation 

Authority [CAA (2011)]  and the UK National Noise Attitude Survey [Grimwood et al. 

(2002)] , more than 700,000 people alone around LondonȭÓ Heathrow Airport and more 

than 1 million people in the UK are 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 aircraft. For example, noise levels inside an Airbus A321 during 

cruise have proved to be also significant in the order of approximately 78 dB (A) [Ozcan 

et al (2006)]. For this reason, lower noise levels inside new aircraft types are widely 

promoted by aircraft manufacturers and airlines. 

Focusing on the infrastructure and economy of national and international importance, 

many of EuropeȭÓ ÂÕÓÉÅÓÔ airports , ÓÕÃÈ ÁÓ ,ÏÎÄÏÎȭÓ (ÅÁÔÈÒÏ× ÁÎÄ 'ÁÔ×ÉÃË ÁÉÒÐÏÒÔÓȟ 

Frankfurt or Munich, are all facing problems regarding their  expansion plans because of 

the noise pollution caused around the airports. Recently, in the cases of London Heathrow 

and Munich Airport , local referenda ruled out runway expansions, which effectively deny 

the airport authorities to sustain the required capacities and cope with the increasing 

passenger traffic and aircraft movements [Hillingdon Council (2013), Süddeutsche 

Zeitung (2013)]. Another restricti ve measure due to noise is the plurality of night flight 

curfews implemented by many of the busiest airports across Europe and the whole world 

[ICAO (2013)]. 

Historically, the issue of aviation noise pollution arouse in the late 50s when commercial 

jet aircraft entered service. Since the 1960s, significant improvements in noise reduction 

have been achieved, as a typical aircraft launched in the year 2010 comparatively reaches 

reduced Effective Perceived Noise levels of up to 40dB. As it can be seen in Fig. 1.1, the 

main reason for this achievement comes from the introduction of 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 by-pass 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 speed in a high by-pass ratio engine is thus slower than a low by-pass ratio engine, but 

the propulsion efficiency is higher. 
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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 as fan noise, become predominant (see 

Fig. 1.1). 

As shown in Fig. 1.2, the change from the low by-pass ratio generation (i.e. B737-200 with 

bypass ratio of 1-1.7 to 1) to the current engine generation (i.e. A380 with by-pass ratio 

8.6 to 1 and the B787 with  9.6 to 1) has brought significant improvements in the noise 

emissions of an aircraft. 

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

widely considered by aircraft and engine manufacturers: 

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

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

×ÅÒÅ ÆÉÒÓÔÌÙ ÉÓÓÕÅÄ ÉÎ ρωφωȟ ËÎÏ×Î ÁÓ Ȱ3ÔÁÇÅ ςȱ ÓÔÁÎÄÁÒÄÓ ÁÎÄ ×ÉÔÈ ÔÈÅ ÆÏÕÒÔÈ ÉÓÓÕÅȟ Ȱ3ÔÁÇÅ 

τȱȟ ÔÏ be currently in effect. For each stage, certain levels of Effective Perceived Noise are 

defined, which should not be exceeded (Fig.1.2) for the successful certification of new 

aircraft types. This assessment is based on take-off, sideline and landing noise 

measurements.  

 

Figure 1.1 The evolution of the noise emissions of a low by-pass ratio engine (left) and a high by-pass 
ratio engine [Rolls-Royce (2005)]. 

 

Noise of a typical 1960s engine Noise of a typical 1990s engine  
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Secondly, in 2001, the Advisory Council for Aeronautics Research in Europe (ACARE) set 

out a target to reduce the perceived aviation noise to a half of the current levels by 2020 

(ACARE VISION 2020 as shown in Fig. 1.2)[ACARE (2001)]. This vision aims to 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 promotion of research and 

development into new low noise engine and airframe technologies is strongly required. 

&ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÃÏÎÔÉÎÕÁÔÉÏÎ ÏÆ Ȱ6ÉÓÉÏÎ ςπςπȱ ÂÙ ÔÈÅ %ÕÒÏÐÅÁÎ #ÏÍÍÉÓÓÉÏÎȟ Ȱ&ÌÉÇÈÔÐÁÔÈ 

ςπυπȱɍACARE (2011)], set further ambitious targets of reducing the Effective Perceived 

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

Today, a step towards a future aircraft and engine generation is being observed with 

interest. The main focus is the development of jet engine technologies such as the geared 

turbo-fan (GTF) and the "Leading Edge Aviation Propulsion"(LEAP) engine generations. 

In any case, no relevant aircraft to date has officially reached the target set by Vision 2020 

(Fig. 1.2), while the upcoming A320neo (GTF), where neo stands for New Engine Option, 

is expected to be closest to the aimed threshold1 [MTU Aero Engines (2012)]. Official noise 

data have not been published yet, but in this context it has been stated by MTU Aero 

                                                        
1 MTU Aero Engines private communication 

Figure 1.2 The historical development of civil aircraft noise [MTU Aero Engines (2012)] 
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%ÎÇÉÎÅÓ ȰÔÈÁÔ ÈÅÒÅȭÓ ÎÏ ÄÏÕÂÔ ÔÈÁÔ ÔÈÅ ÂÉÇÇÅÓÔ ÓÏÕÒÃÅÓ ÏÆ ÎÏÉÓÅ ÒÅÍain the fan and the 

exhaust jetȱ [MTU Aero Engines (2012)]. Moreover, promising future engine technologies 

in terms of efficiency, such as counter rotating or open rotor fans, greatly depend on the 

improvement of their acoustic performance as they have previously been rejected due to 

the high noise levels [Flight International (2007) , Little et al. (1989)]. 

In this regard, the advancement of low noise technologies on aircraft currently appears 

not to be sufficient to achieve the vision 2020 target, with an even greater challenge 

towards the objectives ÏÆ Ȱ&ÌÉÇÈÔÐÁÔÈ ςπυπȱ. New concepts are therefore urgently needed 

in engine technologies, in 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 aircraft are depicted in Fig. 1.3, which can be divided into two 

categories: Propulsive noise and airframe noise. Propulsive noise is termed as the noise 

originating from the engine fan and the jet while airframe noise is identified to be 

generated by all other aircraft structures, namely the fuselage, landing gear, wings and 

high lift devices as well as existing cavities. 

The dominant noise sources vary between take-off and approach/landing. As shown in 

Fig. 1.4, jet noise and fan noise are the major contributors during take-off and fan noise is 

the dominant noise source from the engine during approach, accompanied by airframe 

noise generated from the landing gear and flaps/slats [Traub et al. (2012)]. 

Figure 1.3 Major noise sources of the airframe and engine of a civil aircraft. [data from Traub et al. 
(2012)] 
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Fan noise is mainly caused through the incoming airflow interacting  with the leading edge 

of the blades, as well as the interaction of the boundary layer with the airfoil trailing edge. 

The latter phenomenon creates trailing edge noise, or also known as airfoil self-noise, 

which will be the main topic of investigation in this thesis. Apart from fan blades, the 

principle of airfoil self-noise could also be relevant in other sections of an aircraft, such as 

the engÉÎÅȭÓ ÏÕÔÌÅÔ ÇÕÉÄÅ ÖÁÎÅÓ ɉ/'6Ɋȟ high lift devices (slats and flaps) and the wing itself.  

To date, there is no breakthrough technology available to drastically reduce these airfoil 

noise sources. The most promising method thus far is through passive flow control by 

altering the trailing edge shape from straight to a sawtooth serration pattern. The main 

objective of this PhD work is to research the serration technology and improve it with  the 

introduction  of porous materials. The results presented in this thesis will between others 

ÄÅÍÏÎÓÔÒÁÔÅ ÔÈÁÔ ÔÈÅ ȰÐÏÒÏ-ÓÅÒÒÁÔÅÄȱ ÔÒÁÉÌÉÎÇ ÅÄÇÅ ÄÅÖÉÃÅ developed here can achieve 

significant airfoil self-noise reductions, when compared with other current techniques. At 

the same time aerodynamic performance is maintained as well as a superior structural 

integrity, when compared to current serration concepts such as flat-plate type serrations. 

In this way, the industrial worthiness of serrations is improved when considering the 

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

 

Figure 1.4 Breakdown of aircraft noise sources during take-off and landing, data from Traub et al. 
(2012) 
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1.3 Wind turbine noise  

The European Wind Energy Association (EWEA) estimates that about 15% of %ÕÒÏÐÅȭÓ 

electricity  may come from wind turbines by the year 2020. Therefore, wind turbine 

installations in the European Union are expected to increase by 64% compared to levels 

of 2013[EWEA (2014)]. This means a faster deployment of wind turbines, at lower wind 

speed sites and ideally close to the households and transmission lines. The proliferation 

of wind turbines as an environmentally more acceptable form of energy has important 

implications of the fact that noise nuisance, mainly radiated from the turbine blades, is 

created for communities living in the close proximity.  

Fig. 1.5 shows the noise levels generated by a typical wind turbine of 80m to 100m rotor 

diameter. It can be seen when wind turbine noise propagates past 100 meters, the noise 

levels drop below 50 dB (A). However, these noise levels may be maintained for a 

considerable distance of 5 kilometres or more [Morris (2012) ]. Wind turbine noise 

appears to have lower exposure levels when compared to aircraft noise or road and rail 

noise, but the problem is found in the actual noise characteristics. Wind turbines 

persistently produce a distinctive swishing noise (i.e. a periodical sound level variation by 

the blade rotation), perceived as very disturbing due to its amplitude modulation and 

intermittency. This is particularly the case at lower frequencies, as the noise is not well 

Figure 1.5 Typical noise emissions of a wind turbine over specified distances [General 
Electric (2014)] 
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attenuated by the atmosphere, and at night, the downward refraction of sound can 

promote it as a dominant noise source heard from a considerable distance.  

Additionally, there is a trend for drastically larger wind turbines with increased rotor 

diameter. As seen in Fig. 1.6, the future generation wind turbine generation of onshore 

wind turbines has an almost doubled rotor diameter of more than 160m when compared 

to the generation of the years 2005-2010. The influence of rotor diameter on the noise, is 

shown in Fig. 1.7a, where a direct relationship of increased noise levels can be observed 

for an increased rotor size. Similarly to aviation noise, wind turbine noise has been 

reported to have a negative psychological impact and lowered sleep quality. However, 

because wind turbine noise has appeared to be an issue fairly 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 nuisance to the 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 

ÂÌÁÄÅ ÉÓ ÁÌÍÏÓÔ ÅÎÔÉÒÅÌÙ ȰÁÅÒÏÄÙÎÁÍÉÃ ÎÏÉÓÅȱ ɉÁÓ ÍÅÃÈÁÎÉÃÁÌ ÎÏÉÓÅ ÉÓ ÆÁÉÒÌÙ ÎÅÇÌÉÇÉÂÌÅɊ ÁÎÄ  

Figure 1.6  Historical trend of wind turbine size, also compared to the size of a passenger aircraft. 
[SBC (2014)] 
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predominantly trailing edge noise which is due to the turbulent boundary layer on the 

blade surface passing over the trailing edge. 

[Brooks et al(1989), Oerlemans & Migliore(2004), Oerlemans (2009)]. A common 

technique to reduce wind turbine noise is the 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 measures 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 the wind 

speed) is the most direct method to reduce noise levels for onshore wind turbines, which 

however limits the amount of energy produced.  As shown in Fig. 1.7b, small variations of 

tip speed would make a large difference in the noise emissions, when taking into account 

that the noise from the blades' trailing edges and tips are reported to vary by the 5th power 

of blade speed [Castellano (2012)].  

So far, the shape optimisation can only achieve limited noise reductions of up to 3dB. 

Limiting the tip speed is also not the best 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 an avenue for 

further development of the trailing edge serration technology , which will be thoroughly 

studied in this thesis. 

 

 

Figure 1.7 Variation of noise levels with (a) changing rotor diameter and (b) tip speeds [Oerlemans 
(2014). 

a) b) 
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1.4 Aims and Objectives 
 

The aim of this research is to experimentally investigate and reduce the noise mechanism 

known as airfoil self-noise, with the use of non-flat plate trailing edge serrations. The 

findings can potentially benefit the industries and applications mentioned previously in 

Sections 1.1 to 1.3. In more detail, the objectives are as follows: 

¶ To assess the airfoil self-noise and lift/drag performance of the already existing 

concept of non-flat plate serrations. Due to the blunt area found in the serration 

roots of the airfoil, this concept is known to generate bluntness induced vortex 

shedding noise, a significant noise generating by-product. Subsequently, the 

alternative approach of flat plate add-on type inserts resulted into a lacking interest 

by researchers to thoroughly assess non-flat plate serrations, which is aimed here.  

 

¶ To provide a better understanding of the flow phenomena over and past a serrated 

trailing edge. Since certain flow characteristics are directly related to the noise 

generation and radiation, it is of great interest to be investigated to also provide new 

solutions. To date, the involved mechanisms have not been fully understood. 

 

¶ To improve the concept of non-flat 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 

research of this concept through new solutions. 
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1.5 Thesis Structure  

This thesis aims to investigate the mechanism of broadband self-noise reduction using the 

technique of trailing edge serrations. Furthermore, two concepts will be developed: The 

concept of non-flat plate trailing edge serrations, and the new concept of adding porous 

material to these trailing edge devices. The origin of the passive flow control techniques 

investigated here are ÉÎÓÐÉÒÅÄ ÂÙ ÔÈÅ Ï×ÌȭÓ ÓÉÌÅÎÔ ÆÌÉÇÈÔ ÁÃÈÉÅÖÅÄ ÔÈÒough its unique wing 

structure (see Chapter 2 : Literature review). The experiments were conducted in both, 

aeroacoustic and aerodynamic wind tunnel facilities at Brunel University as well as the 

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

experimental set up can be found in Chapter 3 . The starting point of this research is the 

application of non-flat plate type trailing edge serrations which has previously not 

received much attention. Extensive aeroacoustic results of this serration type will be 

presented in Chapter 4, as it will address the noise performance, as well as the 

aerodynamic performance (lift and drag) of an airfoil with non-flat plate serrations.  

Chapter 5 investigates the turbulent boundary layer structures generated on a serrated 

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 measurements. The chapter will also address the source of 

vortex shedding tonal noise which is a by-product of the non-flat plate serrations. Flow 

visualisation, noise and velocity measurements are used for the identification and further 

understanding of this noise source. Chapter 6 presents a new, hybrid trailing edge device, 

referred to as ȰÐÏÒÏ- ÓÅÒÒÁÔÅÄȱ ÔÒÁÉÌÉÎÇ ÅÄÇÅȢ Extensive noise and aerodynamic 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 o f Research 

The main points of original research contribution are listed below: 

¶   (Chapter 4)  Extensive study on the broadband noise characteristics of non-flat plate 

serrations at three different angles of attack (ɻ) 0°, 1.4° and 4.2°, across Reynolds 

numbers between 2x105 and 6x105 based on the chord. Furthermore, the lift and drag 

performance of a NACA 0012 airfoil with non-flat plate serrations was assessed. 

 

¶   (Chapter 5)  Noise measurements of the turbulent boundary layer generated on a flat 

plate with a serrated trailing edge were 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 the spanwise coherence and phase functions 

of the turbulent eddies were measured. Moreover, simultaneous measurements of 

unsteady wall pressure and boundary layer fluctuating velocity permitted the 

investigation of conditionally averaged velocity perturbations, rms velocity fluctuations, 

Reynolds shear stresses. The characteristics of the coherent structures in a turbulent 

boundary layer are investigated when passing over a serrated 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. 

 

¶   (Chapter 5)  Assessment of the vortex shedding noise and the related flow mechanism. 

The flow in the near wake region of non-flat plate serrations was investigated through the 

analysis of the three-dimensional velocity components and spanwise coherence by using 

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. 

 

¶   (Chapter 6)  A hybrid  trailing edge concept is presented, which demonstrates airfoil self-

noise reductions throughout the measured frequency range, when compared to a straight 

baseline trailing edge. The non-flat plate type serrations were combined with a porous 

material placed in the serration roots, which eliminate vortex shedding noise and 

maintain the broadband noise benefits of non-flat plate serrations. The noise performance 

was assessed for different trailing edge models and the 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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without changing the three-dimensional shape of the 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) 
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Chapter 2 

Literature Review 

2.1 Aerodynamic Sound  

ςȢρȢρ ,ÉÇÈÔÈÉÌÌȭÓ ÁÎÁÌÏÇÙ ÏÆ ÁÅÒÏÄÙÎÁÍÉÃ ÓÏÕÎÄ ÉÎ ÆÒÅÅ ÓÐÁÃÅ ÁÎÄ ÔÈÅ 

introduction of solid boundaries  

 

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

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

defining turbulence to be a source of sÏÕÎÄȢ 4ÈÅ ÔÅÒÍ ȰÁÅÒÏÄÙÎÁÍÉÃ ÓÏÕÎÄȱ ÃÁÎ ÔÈÅÒÅÆÏÒÅ 

well sum up the principle of his theory. The sources of sound in a fluid motion are derived 

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

,ÉÇÈÔÈÉÌÌȭÓ ÁÎÁÌÏÇÙ ÉÓ governed by the exact statement of the Navier-Stokes momentum 

and mass conservation equations (in order to define a flow velocity field at every point of 

space and time), resulting into the inhomogeneous wave equation (eq. 2.1).  

 

        
ό

ό
ὧ​”

ό
Ὕ .                           (eq. 2.1) 

 

Where c is the speed of sound in a uniform acoustic medium at rest (c²= dp/dʍ), ʍ is the 

fluid density, p the static pressure of the flow field and t the time of the acoustic 

observation at point x. The terms ὺὥὲὨ ὺ  are the velocity components and ‏  is the 

Kronecker delta. 4ÉÓ ,ÉÇÈÔÈÉÌÌȭÓ ÓÔÒÅÓÓ ÔÅÎÓÏÒ (expressed in eq 2.2). 

 

Ὕ ” ὺὺ † ὴ ὧ”‏            (eq. 2.2) 

 

Lighthills acoustic analogy (eq. 2.1) describes a wave propagating at the speed of sound c 

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 strength4 . 

Physically, it  means that sound is generated through the fluctuating internal stresses of a 

fluid flow , acting on a stationary and uniform acoustic medium. The exact solution of the 

equation, where the sound pressure level generated at the point in the flow y, and the 



15 
 

  

observation point x, reduces to a point quadruple, within a volume V corresponding to the 

fluid region as 

 

ὴὼȟὸ
ό
᷿

ȟ
ȿ ȿ

όȿ ȿ
dV           (eq. 2.3) 

 

Concluding from equation 2.3, turbulence in free space generates sound by a quadrupole 

source field. The solution of the sound generated 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. 

 

ὴόͯ”όὓ
ό

ȿȿό
  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 decades jet engine noise 

has been reduced substantially can be explained through the important effect of lowering 

the jet velocities for high bypass ratio turbofans.  

 

7ÈÉÌÅ ÁÌÌ ÔÈÅ ÁÂÏÖÅ ÐÒÉÎÃÉÐÌÅÓ ÂÁÓÅÄ ÏÎ ,ÉÇÈÔÈÉÌÌȭÓ ÁÎÁÌÏÇÙ ÃÏÎÓÉÄÅÒ ÆÌÏ×Ó ÉÎ ÆÒÅÅ ÓÐÁÃÅȟ 

taking into account a foreign body in a flow will considerably change the sound 

production. 

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

body is added which is expressed as 

  ὴόͯ”όὓ
ό

ȿȿό
  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 ὓ  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 in the 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 noise generated when compared to fluctuations in free space [Lighthill 

(1951, 1954)]. For that reason, trailing 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 of models for the prediction of trailing edge noise arouse especially in the 

seventies, which are based on three different approaches:  

i. -ÏÄÅÌÓ ÂÁÓÅÄ ÏÎ ,ÉÇÈÔÈÉÌÌȭÓ ÁÃÏÕÓÔÉÃ ÁÎÁÌÏÇÙ ɍ,ÉÇÈÔÈÉÌÌ ɉρωυρɊɎ ɉi.e. the model 

developed by Ffowcs Williams and Hall (1970)). 

ii. Theories based on the solution of special problems derived by linearized 

hydroacoustic equations (i.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 
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near the trailing edge of an airfoil. ! ÄÅÔÁÉÌÅÄ ÄÉÓÃÕÓÓÉÏÎ ÁÎÄ ÉÎÓÉÇÈÔ ÉÎÔÏ !ÍÉÅÔȭÓ ÍÏÄÅÌ ÉÓ 

given in Section 2.2.3 of this chapter. 

 

Past research works related to airfoil self-noise on a straight /  sharp trailing edge will be 

discussed first (Sections 2.1 to 2.2). Subsequently, in Section 2.3, it will be focused on 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 have been proposed by Brooks 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. 

 

¶ Turbulent boundary layer ɀ 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 character. Broadband noise is the prominent noise source for non-

separated turbulent boundary layer flows. The structures inside a turbulent 

ÂÏÕÎÄÁÒÙ ÌÁÙÅÒ ÁÒÅ ÏÆ ÇÒÅÁÔ ÃÏÍÐÌÅØÉÔÙ ÁÎÄ ÏÆÔÅÎ ÓÅÅÎ ÁÓ ȰÒÁÎÄÏÍȱ ÓÔÒÕÃÔÕÒÅÓȢ 

Some repeatable identifiable patterns however 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. 

  

¶ Trailing edge bl untness- vortex shedding noise (Fig. 2.1c) occurs in the small 

ÓÅÐÁÒÁÔÅÄ ÒÅÇÉÏÎ ÐÁÓÔ ÁÎ ÁÉÒÆÏÉÌȭÓ ÂÌÕÎÔ ÔÒÁÉÌÉÎÇ ÅÄÇÅ ×ÈÉÃÈ ÃÁÎ ÂÅ ÁÎ ÉÍÐÏÒÔÁÎÔ 

noise source. The radiated noise is of tonal nature superimposed into one distinct 

broadband peak on the frequency 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 of the airfoil and the ratio of the actual 

bluntness at the trailing edge. Bluntness noise is being further analysed in Section 

2.2.5 of the literature review. 
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¶ Laminar boundary layer ɀ vortex shedding noise (Fig. 2.1 b) takes place at low 

to moderate Reynolds numbers where Tolmien-Schlichting (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 that TɀS waves by 

themselves may not be the only mechanism responsible for the noise generation. 

The presence of a separation bubble is assumed which acts as an amplifier for the 

unstable TɀS modes near the trailing edge. Further details about the nature of the 

tonal noise mechanism are described in Section 2.2.4. 

 

¶ Separation ɀ stall noise (Fig. 2.1d) becomes distinct at high angles of attack at 

separated flow conditions. As stated by Brooks, an assessment by Paterson et al 

(1975) suggested that 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. 

 

¶ Tip vortex formation noise (Fig. 2.1e) generates a local separated flow near the 

tip region of a blade tip. When the 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 isolate the particular noise source quantitatively and 

research the noise generation of two and three dimensional airfoil models at 

various conditions. 
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2.2 Boundary Layer Theory  

2.2.1 Wall regions and layers of the turbulent boundary layer  
 

The concept of the boundary layer and existence of different layers of a fluid moving 

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

was later specified a boundary layer in turbulent flows consists 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 

ώ= t            (eq. 2.6) 

 

Figure 2.1 Airfoil self- noise mechanisms as defined by Brooks et al. (1989) where (a) Turbulent 
boundary layer trailing edge noise, (b) laminar boundary layer trailing edge noise, (c) Bluntness 
vortex shedding noise, d1-2)stall noise and (e) tip vortex noise. 
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Where ώ  the dimensionless wall unit distance, όt  the friction velocity, y the normal 

distance from the wall, v the kinematic viscosity and ὰ the viscous wall unit. 

Subsequently, the velocity can also be non-dimensionalised by the wall unit as 

ό
t 
          (eq. 2.7) 

Pope (2011) summarised a division of the boundary layer into different layers, as certain 

properties can be defined for each of these regions. While the regions of the inner layer 

are mainly viscosity-dominated, the direct effects of viscosity are negligible in the regions 

of the outer layer at ώ υπ. The inner layer is defined by the normal distance from the 

wall (y) and the boundary layer thickness ɿ, as y/d<0.1. The mean velocity profile in the 

inner layer is independent from d and the free stream velocity  Ὗ  as it is influenced only 

by viscous effects, hence by the friction velocity όt  and the dimensionless wall unit ώ . A 

detailed overview is provided in Table 2.1 and Fig. 2.2a.  

Region: Location:  Defining property:  

Inner layer  ◐Ⱦd Ȣ Scaled with ◊t and ◐  

Viscous sublayer ώ υ Reynolds shear stress 
negligible compared  to 
viscous stress 

Buffer layer υ ώ σπ Region between viscous 
sublayer and log-law region 

Viscous wall region ώ υπ Significant viscous 
contribution to the shear 
stress 

Outer layer  ◐  Direct effects of viscosity 
on U  negligible  

Overlap region ώ υπȟώȾd πȢρ Region of overlap between 
inner and outer layers  

Log-law region ώ σπȟώȾd πȢσ Log law holds 
 

Table 2.1 Wall regions and layers (from Pope (2011))   
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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 is shown in Fig 2.2c where the kinetic energy per mass across the various 

ÌÅÎÇÔÈ ÓÃÁÌÅÓ ÏÆ ÔÕÒÂÕÌÅÎÃÅ ÉÓ ÓÈÏ×ÎȢ -ÏÒÅÏÖÅÒȟ ÉÔ ÈÁÓ ÂÅÅÎ ÏÂÓÅÒÖÅÄ ÔÈÁÔ Á ϺυȾσ ÐÏ×ÅÒ 

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. 

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 understanding 

Figure 2.2a Division of various layers in terms of ώ
d
ὥὲὨ

d
at Re=ρπ (from Pope (2011))   

Figure 2.2 Turbulent energy wavenumber spectra (b) theoretical representation 
[McDonough(2007)] (c)experimental results [Saddoughi and Veeravalli (1994)] 

 (b)  (c) 






























































































































































































































































































































