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Abstract of Thesis 

The aim of this thesis is to describe and reduce the radiation of broadband leading edge 

noise, caused by interaction of high turbulent flow and aerofoil leading edge. Sinusoidal 

leading edge serrations of a cambered NACA65(12)-10 aerofoil are analysed as they 

promise high noise reduction capabilities over a wide frequency range. An empiric-

statistical acoustic study is performed by employing the Design of Experiments (DoE) 

methodology. The influence of five geometric and aerodynamic factors on the overall 

sound pressure level with and without serrations as well as on the overall noise reduction 

is analysed. Investigated aerodynamic factors are the grid-generated isotropic turbulence 

intensity (2.1 % ≤ Tu ≤ 5.5 %) and the Reynolds number, based on the aerofoil chord 

length (200,000 ≤ Re ≤ 600,000). Geometric factors are defined by the chord-based 

serration amplitude (0.08 ≤ A/C ≤ 0.3), wavelength (0.05 ≤ λ/C ≤ 0.3) and the angle of 

attack (-10 deg. ≤ AoA ≤ +10 deg.). Aerodynamic measurements via Particle Image 

Velocimetry (PIV) are performed to link the acoustic results to the flow fields in front and 

within the interstices of serrated leading edges. On this purpose, information on velocity 

distribution and turbulence intensity are analysed by comparing the flow fields at distinct 

streamwise locations. 

A statistical model is developed that allows describing the main effects and 

interdependencies of the analysed factors on the noise emittance and reduction 

mathematically by means of regression functions. The model reveals a maximum 

reduction of the overall sound pressure level up to 7.7 dB within the analysed 

experimental space and shows an exceptional fit to the measurement data. The emitted 

sound pressure level of the analysed aerofoil has been found to scale with the 4th power 

of the velocity and the 2nd power of turbulence intensity. The main effects of influencing 

factors match the findings of previous studies in recent research. However, significant 

interdependencies between turbulence intensity and serration wavelength as well as 

serration wavelength and angle of attack are discovered and for the first time described 

in a more complex context. The optimum wavelength has been found to shift from small 

to intermediate values with increasing turbulence intensity and is attributed to a maximum 

spanwise de-correlation effect while maintaining a defined ratio between turbulence 

length scale and serration wavelength. Applying the statistical model to alternative 

boundary conditions shows a good match and prediction accuracy while the stability is 

improved by refining the model with extensive additive acoustic data. 
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The aerodynamic PIV study facilitates a comparison between noise and flow data. First 

comparison to hot wire results shows a good agreement. A strong upstream effect of the 

serrated leading edges on velocity and turbulence intensity has been discovered. The 

turbulence intensity is observed to decrease significantly in front of and within the 

serration interstices what can mainly be attributed to an acceleration of the fluid due to 

the nozzle shaped serrations. By this means, serrations with maximum amplitude and 

wavelength are identified most beneficial as maximum velocities and minimum 

turbulence intensities are generated. Hence, the noise generation is affected because the 

turbulence is suspected to be the main cause of pressure fluctuations on the leading edge. 

However, the efficiency is constricted by the acoustic findings that high de-correlation 

effects of the incoming turbulent structures are crucial for low noise emittance. This 

highlights the importance of the acoustic interdependency between serration wavelength 

and turbulence intensity and bears the necessity of an optimum between an 

aerodynamically and acoustically most beneficial serration design. 
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Nomenclature 

Latin 

A   Amplitude of serrations         [mm] 

c   Chord length            [m] 

CL   Lift coefficient           [--] 

d   Mesh bar diameter          [mm] 

f   Frequency             [Hz] 

f0   Dominant discrete frequency of first order    [Hz] 

fn   Discrete frequencies of secondary order     [Hz] 

H   Grid height, Nozzle height        [mm] 

K   Arbitrary factor to define tonal noise frequency   [--] 

Kx   Normalised streamwise wavenumber      [--] 

Kη   Constant factor           [m-1] 

L   Lift force             [N] 

M   Mesh size of grid           [mm] 

p   Sound pressure           [Pa] 

�̅    RMS value of sound pressure        [Pa] 

S   Surface area            [m²] 

tL   Integral time scale           [s] 

U0   Inflow/ Free stream velocity        [m/s] 

w∞   Undisturbed inflow velocity        [m/s] 

W   Grid width             [mm] 

y   Vertical displacement of Aerofoil tip      [mm] 
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Greek 

α   Geometric angle of attack           [deg] 

αDoE  Non-dimensional star point (DoE)        [--] 

αfrac  Fraction of hydrodynamic wavelength A       [--] 

α0   Temperature coefficient of resistance       [%/C] 

Γ(x)  Gama function             [--] 

Δ   Absolut difference            [various] 

ϴ   Polar angle              [deg] 

κe   Wavenumber               [m-1] 

λ   Aerodynamic wavelength � =
��

�
         [m] 

λ   Serration wavelength (also W)         [mm] 

Λ   Turbulence length scale           [mm] 

Λuu   Spanwise integral length scale         [mm] 

Λvv   Chordwise integral length scale         [mm] 

ν   Kinematic viscosity            [m²/s] 

ρ   Fluid density              [kg/m³] 

ΦKuu(ω) Longitudinal power-density spectrum acc. to Von Kármán  [dB/ Hz] 

ΦLuu(ω) Longitudinal power-density spectrum acc. to Liepmann   [dB/ Hz] 

ω   Angular frequency            [rad/s] 
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List of Abbreviations 

A/D   Analog to Digital converter 

AF    AeroFoil 

AGI   Airfoil- Gust-Interaction 

AoA   Angle of Attack [degree] 

BL    BaseLine (straight leading edge of aerofoil) 

BNC   British Navy Connector 

BZ    Block Size 

CAD   Computer Aided Design 

CCA   Constant Current Anemometry 

CCD   Central Composite Design (DoE) 

CCD   Charge-Coupled Device sensor of PIV camera 

CPV   Coherent Particle Velocity methodology 

CROR   Contra-Rotating Open Rotors 

CTA   Constant Temperature Anemometry 

dOASPL  delta Overall Sound Pressure Level [dB] 

dSPL   delta Sound Pressure Level [Pa] 

IA    Interrogation Area [Pixel²] [mm²] 

ICP   Integrated Circuit Piezoelectric sensor 

IMF   Image Model Fit 

ISVR   Institute of Sound and Vibration Research (University of Southampton) 

LE    Leading Edge 

LS    Integral Length Scale (see also Λωω and Λuu) [mm] 

MT   Measurement Trials 

NACA   National Advisory Committee for Aeronautics 
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Nd:Yag  Neodym doted Yttrium-Aluminium-Granat-Laser 

NX9.0   Siemens PLM software 

OASPL  OverAll Sound Pressure Level [dB] 

OASPLBL  OASPL measured at aerofoil with BaseLine leading edge [dB] 

OASPLSerr  OASPL measured at aerofoil with different Serrated leading edges [dB] 

OAΔPWL  OverAll sound PoWer Level reduction [dB] 

OFAT   One-Factor-At-a-Time 

PCI   Peripheral Component Interconnect 

PEG   PolyEthylene Glycol 

PIV   Particle Image Velocimetry 

POS   POSition (streamwise) 

PSU   Power Supply Unit (computer) 

PWL   Sound PoWer Level [dB] 

RANS   Reynolds Averaged Navier Stokes 

Re    Reynolds number based on aerofoil chord length 

RMS   Root Mean Square 

RPM   Rounds Per Minute [min-1] 

Serr   Serration (serrated leading edge of aerofoil) 

SLS   Selective Laser Sintering 

S/N   Signal to Noise ratio 

SPL   Sound Pressure Level [dB] 

SR    Sampling Rate [Hz] 

TBP   Time Between Pulses [μs] 

TE    Trailing Edge 

TS    Tollmien-Schlichting waves/ instabilities 

TS    Integral Time Scale (see also tL) [ms] 
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Tu    Turbulence Intensity 

VSF   Vortex Shedding Frequency [Hz] 

WLE   Wavy Leading Edges 
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1 Motivation 

Knowledge on the effect of serrated leading and trailing edges on the emitted noise may 

contribute greatly to the reduction of aerofoil sound. Principally, sound generation takes 

place at both, leading and trailing edges of an aerofoil, exposed to a current. Often-

described applications at aerofoils are trailing edge serrations. The effect of these 

serrations on the emitted sound was a prevalent topic in recent experimental and 

numerical research. These applications are described to be beneficial for reducing trailing 

edge broadband sound, which is generated at trailing edges of aerofoils such as wind 

turbine aerofoils. 

  

Figure 1-1: Left: Trailing edge serrations at wind turbine blade (Oerlemans et al., 2009). 

Right: Measured and located sound of a wind energy plant by use of microphone array 

(Oerlemans et al., 2006). 

Leading edge serrations are defined by two important characteristics. First, they improve 

the aerodynamic performance of an aerofoil by means of a delayed separation of the 

boundary layer and thus at higher stall angles. Secondly, this application is suspected to 

suppress the generation of tonal noise effects at the aerofoil trailing edge, which occur if 

the boundary layer of the aerofoil stays laminar to the trailing edge. The suppression takes 

place because leading edge serrations act as vortex generators and cause an early 

transition of the boundary layer from laminar to turbulent.  

Tonal noise generation on aerofoils is reported to be in a significant range at chord based 

Reynolds numbers 1∙105< Re <2∙106 (Nash et al., 1999). According to Figure 1-2, this 

factor effects in a technical side of view mainly human-powered and ultra-light aircrafts 

as well as wind turbines (Lissaman, 1983). 
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Figure 1-2: Flight Reynolds number spectrum (Lissaman, 1983). 

Moreover, broadband noise can also occur at the leading edge of an aerofoil when the 

incoming flow is defined by high turbulence intensity. In this case, leading edge serrations 

are useful to reduce the fluctuating pressure differences that impinge on the surface of the 

aerofoil. 

Originally, serrated leading edges have been observed in nature at the flippers of 

humpback whales or at owl wings. Gaining a deep understanding of the associated 

acoustic and aerodynamic principles might support the capability of an optimal design 

and the maximum effectiveness of these applications. Nowadays, serrated leading edges 

are already used e.g. at industrial air fans or small to midscale axial turbo machines but 

mainly on account of aerodynamic reasons (Figure 1-4). 

  

Figure 1-3: Left: Photo showing the serrated or comb-like leading edge of a Barn Owl 

(Tyto alba) primary feather. The top section is a close-up zoom of the boxed area on the 

lower section (Sieradzki, 2015). Right: Flipper of Humpback whale with leading edge 

undulations (Schafer, 2015). 
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The application of leading edge modifications becomes more and more important to 

reduce the sound emissions and can be used in several applications. Apart from the 

improved aerodynamic performance by means of delayed stall and improved post-stall 

performance, the serrations reduce emitted leading edge noise caused by high incoming 

turbulence intensity (also often referred to as gust). This high turbulence is often observed 

at rotating machines. Especially in applications with more than one blade, the blades are 

influencing each other. Given the power plant of a helicopter, the turbulence produced as 

vortex shedding from the trailing edge of the first blade impinges on the leading edge of 

the adjacent blade and causes leading edge noise. This leads to high sound emissions at 

leading and trailing edges of each blade. 

  

Figure 1-4: Left: Envira-North Altra-Air ceiling fan with serrated leading edges (Envira, 

2015). Right: Contra rotating open rotor (DREAM, 2015). 

Continuous growth of the air traffic and the necessity to reduce air pollutants like NOx 

and CO2, new designs and concepts of aircraft engines are necessary. An already known 

but hitherto rejected alternative to the usual turbofan engines is the use of Contra-Rotating 

Open Rotors (CROR) as shown in Figure 1-4. These rotors promise to reduce the fuel 

consumption by up to 20% ̶ 30% compared to turbofans (Blandeau, 2011). Thus, the 

interest in these rotors is very high. A disadvantage regarding the marketability of Contra-

Rotating Rotors is the extreme emission of both, broadband and tonal noise. 

Consequently, the interest in sound reduction of rotating machines expanded 

exponentially during the last years. 
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2 Aerofoil Sound - Review of Literature 

The present study focusses on the manipulation of aerofoil leading edges. To preserve the 

original terminology of cited authors and researchers the terms sinusoidal, undulated and 

serrated are used accordingly to describe the shape of the leading edges. This is in 

particular the case by means of the literature review. Subsequent chapters are limited to 

the term of serrated leading edges as this describes the designed leading edges best. 

Curle’s (1955) dipole sound theory represents an extension of Lighthill’s (1952) 

aerodynamic sound theory. Lighthill (1952) showed that the fluctuating fluid-stresses of 

a turbulent flow act as a distribution of volume quadrupoles despite of the absence of a 

solid surface. Curle (1955) indicated the occurrence of strong surface forces whenever 

there is a solid surface within the flow. These forces are added to the quadrupoles but are 

much stronger in comparison and radiate as dipoles in nature. Because dipoles radiate 

more effectively than quadrupoles, the surface forces dominate the emitted sound. By 

means of an aerofoil exposed to a flow, the sound radiation is mainly caused by a 

fluctuating force field due to the interaction between fluid and solid structure. Given an 

aerofoil exposed to a current, Geyer et al. (2012) describe sound generation at both, 

leading and trailing edge. Two different principles are identified which are causal for the 

sound generation. First, the turbulence intensity of the incoming flow and secondly, the 

generation of turbulence within the boundary layer of the aerofoil. 

Therefore, the defining feature is the turbulence and the distinction between both 

principles lies in the location of its generation. Either the turbulence is generated external 

prior the contact with the aerofoil or the generation takes place internal within the 

boundary layer. The distinction between sound generation at the leading edge and the 

trailing edge of an aerofoil is a function of the currently dominant principle. If the 

turbulence intensity of the incoming flow exceeds the turbulence generated within the 

boundary layer, leading edge noise is dominant. Otherwise, if the incoming flow feature 

is characterised by low turbulence intensity, the generation of sound takes place at the 

trailing edge due to an interaction of turbulence and trailing edge, including a potential 

acoustic feedback-loop mechanism. As Oerlemans and Migliore (2004) pointed out, 

trailing edge effects dominate the emitted noise in a clean tunnel-flow. Elsewise at high 

incoming turbulence intensity the leading edge represents the sound source. Moreover, in 

the latter case no interaction with the trailing edge was detected, because experiments 

with and without employed tripping devices to secure a transition of the boundary layer 

from laminar to turbulent yielded the same results. 
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As shown in Figure 2-1, the emitted noise can be either of broadband or tonal character. 

Broadband noise includes both, self-noise generated by boundary layer turbulence 

scattering at the trailing edge of the blade or noise due to tip leakage in unsteady flows 

and turbulence-ingestion (Roger et al., 2013). 

 

Figure 2-1: Schematic illustration of flow induced noise, radiated by a rigid supported 

aerofoil. (Blake, 1986; Carolus, 2013). 

According to Gershfeld (2004), an aerofoil in a turbulent flow generates acoustic dipoles 

primarily at the leading and trailing edges. In these regions, the dipole surface normal-

stresses induced by the turbulence are not cancelled by their images due to the surface 

shape. When the aerofoil chord length is acoustically non-compact, the dipole sound 

produced from the diffraction of the turbulence by either the leading or trailing edge is 

back scattered subsequently by the opposite edge of the foil (Gershfeld, 2004). 

In principal, the occurrence of tonal noise or Aeolian tones is restricted to the presence of 

periodic vortex shedding (or any other periodicity). According to the Strouhal law, the 

vortex shedding frequency is equal to the frequency of the tonal sound emission. The 

aerodynamic sources and underlying principles of the vortex shedding can be of various 

nature. However, in case of aerofoils in low turbulent flows, significant tonal noise is 

mainly attributed to the development of an aeroacoustic feedback-loop. 
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2.1 Leading edge noise 

Given an incoming flow defined by high turbulence intensity, the incident turbulence 

impinges on the leading edge of the aerofoil and thus induces pressure fluctuations on the 

surface. These pressure differences are propagating at sound velocity and are causing 

broadband noise emissions. 

Several previous studies are available concerning fluctuating lift forces of turbulent 

incoming flow and subsequent radiation of sound into the far field. These studies include 

those of Paterson and Amiet (1976) or Oerlemans (2004). The acting forces are a result 

of an unsteady pressure field produced by the aerofoil in response to the impinging 

turbulence. The pressure field is developed due to an interaction of turbulence and 

aerofoil. Given a free stream, the convection of the turbulent structures within the 

turbulent flow leads to an interaction with the aerofoil leading edge. The turbulent eddies 

are bending and curving around the leading edge and induce pressure fluctuations on both 

sides of the aerofoil, resulting in sound radiation (Figure 2-2). 

In general, leading edge noise occurs in the low frequency region where turbulent 

structures are large. The largest longitudinal structure can be expressed as longitudinal 

integral length scale Λ, which is essential part of several models to describe the generation 

of leading edge noise, including Amiet’s (1975) model for flat plates. The convection of 

turbulent structures downstream in direction of an aerofoil leads to an aerofoil/gust 

interaction. The eddies close to the leading edge cause pressure fluctuations, which 

propagate with the speed of sound and can be heard as noise like shown in Figure 2-2 for 

a symmetric aerofoil according to Staubs (2008). The turbulent structures are deformed 

due to the interaction while approaching the aerofoil what causes an unsteady loading at 

the leading edge. Close to the leading edge, the unsteady lift and thus the emitted sound 

pressure reaches its maximum before the turbulent structures stretch around the body and 

the lift decreases proportionally. 
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Figure 2-2: Sketch of two-dimensional turbulent structures that interact with the aerofoil 

leading edge and cause pressure fluctuations, which are directly responsible for the 

occurrence of noise (Staubs, 2008). 

According to Carolus (2013), a key issue in terms of sound generation at curved surfaces 

is the transient velocity relative to the aerofoil surface. The velocity profile highly 

depends on the position of the aerofoil (accelerated vs. delayed flow). Consequently, the 

sound generating mechanisms are also a function of the position. The location of the 

sound source depends on the aerodynamic and acoustic compactness of the treated 

aerofoil. Aerodynamic compactness is given in case of an aerofoil chord length smaller 

than the turbulence length scale (Figure 2-3). 

 

Figure 2-3: Aerodynamic compactness (Carolus, 2013). 

� ≪ 
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In case of aerodynamic compactness, the flow induces an oscillating angle of attack with 

respect to the aerofoil surface, which itself responses with oscillating lift and drag forces. 

In this case, the aerofoil radiates sound as a whole (Carolus, 2013). In case of no 

aerodynamic compactness (Figure 2-4), a discrete area at the leading edge is developed 

that radiates noise. 

 

Figure 2-4: No aerodynamic compactness (Carolus, 2013). 

The frequency range at which sound emissions occur is defined by the acoustic 

compactness. If the chord length is significantly smaller than the acoustic wavelength, the 

aerofoil can be regarded as acoustically compact. In general, a body is defined as 

acoustically compact (Eq. 2-1) if its characteristic dimension is small compared to the 

wavelengths of the acoustic waves it radiates or with whom it interacts (Howe, 2015). 

� ≪ �				���	� =
��

�
          (2‒1) 

Assuming a wavelength of 1/4∙λ satisfying the equation above leads to a limiting 

frequency of up to which the aerofoil is acoustically compact (Eq. 2-2). 

� =
��

�
=

��

�∙�
            (2‒2) 

This corresponds to previous studies, carried out by Paterson and Amiet (1976) as well 

as Oerlemans and Migliore (2004). They showed that leading edge noise primarily takes 

place at lower frequencies. Thus, the larger turbulent contents are responsible for the 

leading edge sound generation and can be described by the integral length scale. 

Summarised, it can be assumed that the sound source is located on the surface of the 

aerofoil or within a distance equal to a subset of an acoustic wavelength (Geyer et al., 

2012). Oerlemans and Migliore (2004) observed that in case of high inflow turbulence 

the leading edge noise is dominant for all investigated aerofoils. Furthermore, they 

measured a rising broadband sound level with increasing sharpness of the leading edge. 

At low Mach numbers, the moderate flow velocities lead to moderate frequencies and 

thus high wavelengths what result in acoustic compactness. In this case, the fluctuating 

pressure forces act like a dipole source.  

� ≫ 
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2.2 Trailing edge noise 

The flow field of interacting turbulence and aerofoil is of high complexity. Many different 

parameters influence the dynamic of this interaction process e.g. the development and the 

transition of the boundary layer. Due to boundary layer, transition a generation of small 

eddies (small compared to incoming turbulent structures in turbulent flow) takes place 

within the boundary layer, which migrate downstream causing pressure fluctuations on 

the aerofoil surface. 

2.2.1 Tonal noise generation 

The periodic shed of vortices at the aerofoil trailing edge leads to the generation of noise 

at distinct frequencies what can be referred to as tonal effects. Similar to the exposure of 

a rigid mounted circular cylinder in a current where vortex shedding and the development 

of a Kármán vortex street occurs in dependence of the Reynolds number, the development 

of a vortex street at an aerofoil trailing edge also depends on the Reynolds number. 

Typically, the development of a Kármán vortex street takes place at relatively low 

Reynolds numbers Re < 1∙105.  

 

Figure 2-5: Computed instantaneous vorticity distribution in the boundary layer and the 

near wake of a symmetric NACA0012 aerofoil (2% truncation) at zero angle of attack. 

The Reynolds number is 2∙105 (Tam, Ju, 2011). 

Principally, vortex shedding at the trailing edge of an aerofoil occurs if the boundary layer 

on at least one side of the aerofoil stays laminar to the trailing edge. Hersh and Hayden 

(1971) observed loud, distinct tones due to fluctuating surface forces in case of a smooth 

laminar flow with chord based Reynolds numbers between 8.33∙104 < Re < 3.33∙105. 

Furthermore, they placed a tripping wire at the pressure side in the laminar boundary layer 

of the aerofoil and recognised vanishing tonal effects. As soon as the boundary layer turns 

into turbulent, a suppression of the vortex shedding takes place because the character of 

the wake vortex shedding changes from periodic to random. Different studies of aerofoil 

trailing edge revealed that the noise source is close to the trailing edge.  
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In 1974 Tam pointed out that even at a present vortex street, the vortices develop at a 

significant distance of the aerofoil trailing edge and thus cannot be the source of distinct 

tones at the trailing edge (Tam, 1974). Consequently, another sound generating principle 

is responsible for the tonal effects. 

In recent years, many researchers proposed different sound generating principles e.g. Tam 

and Ju (2011) as well as Arbey and Bataille (1983) who described a self-excited acoustic 

feedback loop. Nash et al. (1999) and Paterson and Amiet (1976) believed the tonal effect 

to be a result of vortex shedding and a Kármán vortex street. McAlpine et al. (1999) 

described the presence of a separation bubble as necessary condition for tonal noise 

generation. 

 

Figure 2-6: Pattern proposed by Lowson et al. (1994) in which the tonal noise 

phenomenon is likely to occur. Symbols indicate results of Paterson and Amiet (1972), 

Arbey and Bataille (1983), Lowson et al. (1994 & 1998). Illustration by Desquesnes et 

al. (2007). 

Investigations by Tam (1974) revealed the first definition of a so-called self-excited 

aeroacoustic feedback-loop. Present instabilities in the laminar boundary layer on the 

pressure side of the aerofoil become amplified while converging downstream the aerofoil. 

With exceeding certain amplitude, the instabilities cause a wake oscillation what leads to 

an induction of acoustic waves in all directions. As soon as these waves reach the pressure 

surface near the trailing edge, the boundary layer is excited and starts to oscillate. A 

reinforcing effect is reached if the phase change turns out to be a multiple of 2∙π. In 

conclusion, the instabilities are amplified if the instabilities are in phase.  
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Paterson and Amiet (1976) tried to predict the frequency of the radiated tonal noise by 

applying the boundary layer formula to a flat-plate and thus defining a scaling law (Eq. 

2-3). 

�� =
�∙��.�

��∙���.�
           (2‒3) 

Where f is the frequency of the acoustic tone, U the free stream velocity, c the aerofoil 

chord length, ν the kinematic viscosity and K an arbitrary factor, often set to K = 0.011. 

Basically, the acoustic feedback loop proposed by Nash et al. (1999) where the occurrence 

of the vortex street is caused by massively amplified T-S-Instability waves is stated as 

follows (Figure 2-7). The acoustic principle is defined as a four-part process. 

1. An adverse pressure gradient on pressure surface leads to a region of flow with 
inflectional velocity profiles and thus a maximum amplification of the T-S-
instabilities. 

2. This discrete instability frequency continues to amplify as it propagates towards 
the trailing edge of the aerofoil and begins to roll up into a vortex. The inflectional 
or separated flow must be located close to the trailing edge in order to remain of 
periodic structure and thus be able to generate tonal noise. 

3. The interaction of this rolled-up instability with the trailing edge results in a 
scattered oscillating field around the aerofoil that oscillates at the same frequency 
as the most amplified instability. 

4. Instabilities roll-up into regular von Kármán Vortex Street, which is shed at the 
frequency of the acoustic tone. 
 

The tonal noise is controlled by large-scale instabilities associated with the separated 
shear flow near the trailing edge. The oscillating field extends upstream to approximately 
50% chord, which is close to the point where the discrete frequency instability becomes 
unstable (Nash et al., 1999). 

 

Figure 2-7: Illustration of aeroacoustic feedback-loop by Nash et al. (1999). 
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Mc Alpine et al. (1999) presented a new tonal noise generation mechanism. They 

concatenated the generation of tonal noise with the existence of a separation bubble close 

to the trailing edge of the aerofoil. Thus, only if the transition of the boundary layer to 

turbulent occurs sufficient close to the trailing edge, tonal noise can be generated (Mc 

Alpine, 1999). This supports findings of Tam and Ju (2011) that the no-tone regime 

requires a turbulent boundary layer. This is also validated by the fact that tonal noise 

occurs only at low angles of attack and thus only in case of boundary layer transitions 

close to the trailing edge. Recently, Desquesnes et al. (2007) proposed a numerical work 

describing an aeroacoustic feedback loop that verifies the work of Nash et al. (1999). In 

addition, they tried to explain some hitherto unexplained aspects like the existence of 

secondary vortices/ frequencies as presented by Arbey and Bataille (1983). They 

investigated the flow around a two-dimensional NACA0012 aerofoil. In accordance with 

previous studies, they observed two different phenomena of acoustic response, depending 

on the Reynolds number and the angle of attack (Desquesnes et al., 2007). 

- Spectrum with broadband content but with a dominant frequency as well as 
some other significant peaks in equidistant distances. 

- Spectrum with mainly broadband character. 

The first acoustic response can be regarded as the tonal effect of the aerofoil trailing edge. 

The authors confirm the existence of a separation bubble developed by the mean flow on 

the pressure side of the aerofoil (Figure 2-8). Furthermore, they observed the main tonal 

frequency to be close to the most amplified frequency of the boundary layer. The authors 

reveal that at the suction side of the aerofoil no separation takes place. Moreover, the most 

amplified frequency differs in comparison with the emitted tonal frequency. In the final 

analysis, Desquesnes et al. (2007) explain the existence of the secondary tonal frequencies 

by a bifurcation of the aerofoil wake what changes the vortex development from 

symmetric to non-symmetric. The bifurcation itself might be existent due to an interaction 

of the most amplified disturbances of the suction side boundary layer and those due to the 

suction side forces, induced by the main tone mechanism (Desquesnes et al., 2007). Flow 

visualisations of the trailing edge revealed an optimal phase difference of π between the 

instabilities on the pressure and suction sides, resulting in radiation of a maximum 

amplitude acoustic wave. 
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Figure 2-8: Scheme of the tonal noise mechanism (Desquesnes et al., 2007). 

The work of Desquesnes et al. (2007) supports previous numerical and experimental work 

by Arbey and Bataille in 1983, who identified the noise spectrum of an aerofoil in laminar 

flow to be consisting of a broadband contribution with a peak frequency and a set of 

equidistant discrete frequencies. As in several other studies, the broadband contribution 

was credited with the diffraction of Tollmien-Schlichting waves at the trailing edge of the 

aerofoil. It is important to note that in case of an inflow of high turbulence no tonal noise 

generation takes place at the trailing edge. Due to the high turbulence intensity, a bypass 

transition to a turbulent boundary layer takes place and supresses any tonal noise 

generation at the trailing edge because the required attribute for tonal emissions would be 

a laminar boundary layer to the trailing edge of the aerofoil pressure side. 

2.2.2 Broadband noise generation 

The frequency spectrum of the radiated sound of an aerofoil differs in dependence on the 

source. In principle, turbulent inflow causes broadband noise at the leading edge and 

boundary layer turbulence, including the acoustic feedback loop, causes broadband noise 

as well as tonal noise due to interaction with the trailing edge (Geyer et al., 2012). The 

broadband contribution of the sound, generated at the trailing edge, is mainly located in 

the regions of average to high frequencies. The reasoning for this sound generation 

principle often seems of minor importance and is less regarded in recent research. 

However, measurements by Arbey and Bataille (1983) confirm Fink’s (1975) assumption 

that the broadband contribution is caused by boundary layer instabilities whose 

hydrodynamic fluctuations are diffracted at the trailing edge. In their experiments, Arbey 

and Bataille (1983) observed a congruency of the peak in the acoustic spectrum of the far 

field and the wall pressure spectrum at the trailing edge of the aerofoil.  
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This observation and the fact that the Strouhal number is constant leads to the assumption 

that the broadband contribution of the acoustic spectrum is due to the diffraction of the 

fluctuations at the aerofoil trailing edge, induced by the instability of the boundary layer 

and already described in the context of the tonal noise generation. 

2.3 Undulated leading edges - Aerodynamics 

The first time leading edge serrations were in the focus of interest was motivated by their 

aerodynamic benefits. The ability of serrated or sinusoidal shaped leading edges to reduce 

emitted sound at leading and trailing edges was initially only an additional advantage. 

The aerodynamic benefits are a delayed stall of the aerofoils and a promotion of increased 

lift in the post-stall regime. Another regularly mentioned benefit is an increased lift 

coefficient in the pre-stall region, however this proposition has to be analysed very 

carefully. The lift coefficient is defined via Equation 2-4. 

 ! =
"∙!
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Where L is the lift force, ρ the fluid density, U the flow velocity and S the surface area. 

Determining the lift coefficient with a baseline leading edge and comparing it with a lift 

coefficient of the same aerofoil with serrated leading edges and constant maximum chord 

length results in higher coefficients for the serrated case if the surface area for the serrated 

case is adjusted to its real, smaller values. This might lead to an increase of the lift 

coefficients but not of the acting lift forces. In reality though, a direct comparison between 

both cases by means of aerodynamic performance requires a constant surface area. In this 

case, the resulting lift coefficients with serrations are smaller compared to the baseline. 

In 1998, Bearman and Owen performed some rudimentary research on leading edge 

serrations. They carried out an experimental investigation of wavy thin plates and 

rectangular cylinders with spanwise sinusoidal forms and sinusoidal shaped front faces 

but flat rear faces. They analysed the influence of these modifications in form of 

aerodynamic measurements of the occurring drag forces (Bearman, Owen, 1998). They 

observed two significant modifications in the flow characteristics. First, vortex shedding 

formed a regular pattern of cells along the span with a predominant frequency associated 

with each cell. Two distinct shedding frequencies were measured and due to the 

differences in frequency, vortex dislocations were formed between the cells. Increasing 

the quotient of sinusoidal peak-to-peak value and wavelength up to 0.09 for the thin plate 

led to a complete suppression of vortex shedding. An identical physical process was 

observed for the rectangular cylinder with quotients of peak-to-peak and wavelengths in 

the range of 0.06 ‒ 0.09.  
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As a second modification, the base pressure increased with growing steepness (quotient 

of sinusoidal peak-to-peak value and wavelength) of the waves what resulted in a drag 

reduction of up to 30%. The measured drag coefficient reached its lowest value at 

quotients of 0.06 ‒ 0.09. In this region, the vortex shedding was suppressed completely 

(Bearman, Owen 1998). 

Chong (2014) observed an improved post-stall performance of an aerofoil with wavy 

leading edges. Evidence in form of spanwise vortices was found as the source of boundary 

layer separation delay by hydrogen bubble visualisation of surface tufts. Soderman (1972) 

studied LE serrations made out of spring brass at 0.254 mm thickness. It was observed 

that at the locations of the serrations vortices were created on the aerofoil. These vortices 

delayed the flow separation and hence increased the maximum lift coefficient and the pre-

stall angle of attack. Continuative, Soderman (1972) also observed that introducing 

serrations on an aerofoil does not increase drag for smaller angles of attack and reduces 

it for larger angles of attack. Polacsek et al. (2011) made similar observation with the key 

finding that undulations result in delayed aerodynamic stall and improve the post-stall lift 

performance. The delay of the boundary layer separation can be addressed to the 

generation of spanwise vortices by leading edge undulations and can increase the lift as 

well as delay the stall. Therefore, the aerofoil undulations are influencing the growth of 

the boundary layer on the aerofoil’s surface where serrations are causing a delayed flow 

separation. 

2.4 Undulated leading edges - Acoustics 

It is well documented that undulated leading edges affect both, leading and trailing edge 

noise generation although there is only little knowledge on the physical principle of noise 

reduction due to leading edge modifications. Due to the absence of previous studies, 

Hansen et al. (2012) were the first to analyse the effect of leading edge tubercles on 

aerofoil self-noise. However, this study focussed on the reduction of trailing edge tonal 

noise and the suppression of the self-excited aeroacoustic feedback loop. Some 

researchers already investigated on the influence of leading edge undulations on the 

leading edge broadband noise due to aerofoil gust interaction (AGI). Mostly, the work 

focussed on the influence of single independent geometrical parameters and not on the 

definition of a physical principle. Thus, substantial studies on the effect of leading edge 

undulation on leading edge and trailing edge broadband noise are still unavailable. In 

principle, serrated leading edges are suspected to reduce the coherence of the unsteady 

pressure distribution along the aerofoil chord and reducing the spanwise correlation of 

the incoming turbulence. 
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2.4.1 Influence on LE noise 

As already described, leading edge noise is generated due to the impingement of the 

turbulent structures on the aerofoil surface. Pressure differences are induced, which 

radiate at sound velocity and emit broadband noise. Hence, a possible sound reduction 

mechanism could be to reduce the value of the kinetic energy of the impinging eddies by 

dissipation. 

Lau et al. (2013) found out that wavy leading edges effect a phase shift of the gust 

response along the span of the aerofoil. Consequently, the pressure fluctuation disperses 

over a longer time period and results in smaller amplitudes of the pressure fluctuations at 

any spanwise location. Compared to a straight leading edge a reduction of the broadband 

noise level was achieved. Further, they describe the principle of aerofoil-gust-interaction 

(AGI) as an inviscid phenomenon, where the pressure fluctuations are generated as 

counterpart of the strained velocity disturbance by the flow near the barrier to balance the 

momentum fluctuations (Lau et al., 2013). 

Roger et al. (2013) observed that sound radiation is independent of the angle of attack, 

but shows a strong dependency on the chord based Strouhal number. Regarding the 

influence of the free stream velocity, the authors refer to the Mach number instead of the 

often-cited Reynolds number to describe the effect of sound reduction. The integral length 

scale of the grid-generated isotropic turbulence seems to play an important role on the 

sound generation and therefore sound reduction. Lau et al. (2013) back this statement by 

presenting results of multimode gust tests. Besides the quotient of serration amplitude and 

wavelength, they confirm the importance of the constituent gust wavelengths. 

Experimental results of Narayanan et al. (2014) show that the sound reduction takes place 

mainly in the mid frequency range and is less significant at low frequencies. 

With regard to the influence of geometrical parameters of the sinusoidal shaped or 

serrated leading edges, different researchers have carried out experiments and numerical 

analyses. According to most authors the serration amplitude, defined as the maximum 

distance from tip to toe of a serration, represents the most important influencing factor on 

the leading edge broadband noise reduction. Narayanan et al. (2014) analysed leading 

edge serrations by means of reducing the broadband noise generated due to the interaction 

between the aerofoil’s leading edge (LE) and impinging turbulence. In general, it was 

observed that the sound power reduction level (ΔPWL) is sensitive to the amplitude of 

the LE serrations but much less sensitive to the serration wavelength λ (Narayanan et al., 

2014). On the contrary, Roger et al. (2013) defined the wavelength of serrations to be key 

parameters for sound reduction.  
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Computational results by Lau et al. (2013) show the ratio of serration amplitude and gust 

length scale as the main influencing factor to characterise the acoustic performance of 

leading edge sound reduction. With increasing ratio A/Λ, a maximum noise reduction is 

achieved, which saturates at A/Λ = 1. Further, they defined a minimum wavelength to 

guarantee an effective noise reduction. With exceeding a minimum wavelength of Λ ≥ 

0.3, the noise reduction becomes significant. An interesting issue that contradicts the 

statements of most authors is the definition of a range 1.0 ≤ A/Λ ≤ 1.5, where the influence 

of the serration wavelength λ is much more significant than outside this range (Lau et al., 

2013). 

Finally, Polacsek et al. (2011) carried out numerical analyses to describe the effect of 

leading edge serrations on aerodynamics and noise emittance. They applied the thin 

aerofoil theory as well as RANS solutions and experimental results to compare and 

validate their findings. A set of three aerofoils with different wavelengths and amplitudes 

at zero angle of attack was tested. Especially at low speed, high noise reduction over a 

wide frequency range was observed. 

2.4.2 Influence on TE tonal noise 

Tonal noise generation is believed to be initiated by Tollmien-Schlichting instabilities in 

a laminar boundary layer, which become amplified at the aerofoil trailing edge or at a 

point nearby. In this context, leading edge undulations can be responsible for the 

suppression of the tonal noise generation at the trailing edge or the reduction of trailing 

edge broadband noise. As already mentioned the generation of tonal noise at the aerofoil 

trailing edge occurs only in case of a low turbulent inflow. Otherwise, the transition of 

the boundary layer would take place far from the trailing edge and no tonal noise would 

occur. At low turbulence intensities, the generated sound at the trailing edge becomes 

dominant compared to the leading edge broadband noise. The discrete frequencies of the 

emitted tonal noise are known to be associated to the vortex shedding frequency at the 

trailing edge (Nash et al., 1999). Therefore, a suppression of the development of the 

Kármán vortex street would lead to the elimination of the tonal effect. Moreover, the 

induction of disturbances to this periodic process would change the character of the noise 

emittance from tonal to broadband or the shedding frequency from periodic to random 

respectively. Experiments of Longhouse (1976) with serrated leading edges resulted in a 

tripping of the flow due to the serrations so that the boundary layer at the trailing edge is 

turbulent what led to an elimination of tonal noise emissions. 
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Regarding the noise reduction capability of leading edge undulations, up to now only little 

research has been carried out. Bearman and Owen (1998) as well as Hersh and Hayden 

(1971) described the possibility of tonal noise reduction by LE undulations as a result of 

a vortex generation mechanism but no systematic studies were performed. Finally, 

Hansen et al. (2012) performed an extensive study on the effect of LE tubercles on the 

tonal noise elimination at the TE. They identified two possible effects on the TE sound 

reduction. First, the acting of the tubercles as vortex generators to disturb the flow. 

Secondly, the confinement of the separation bubble to the troughs between the tubercles, 

instead of a development along the whole aerofoil span as assumed in previous studies. 

A NACA0021 aerofoil was analysed at a Reynolds number of Re ≈ 120,000. In general, 

aerofoils with sinusoidal protuberances reduced the SPL significantly. In addition, the 

Strouhal number increased due to the presence of the tubercles (Hansen, 2012). Bearman 

and Owen (1998) analysed the aerodynamic performance of wavy leading edges of thin 

plates and square cylinders. They observed the presence of two distinct vortex-shedding 

frequencies what resulted in the formation of vortex dislocations between the single 

separation cells and a reduction of the coherence in the wake. This was attributed to 

varying locations of the separation along the aerofoil span what would lead to an 

interrupted separation line. 

As already mentioned, the TE noise reduction mechanism of LE undulations is believed 

to be caused by two effects. First, the LE undulations are acting as vortex generators, 

which form streamwise vortices, induce disturbances in the development of the Kármán 

vortex street at the trailing edge and thus reduce the coherence of the wake (Hansen, 

2012). Hersh and Hayden (1971) showed that the LE serrations reduce the tones generated 

by the periodic fluctuating forces near the trailing edge by forming vortices, which 

changes the wake from periodic to random. Secondly, the experimental research of 

Hansen et al. (2012) revealed evidence of a modified separation bubble due to the 

tubercles. In case of applied sinusoidal protuberances, this bubble is confined to the 

troughs between the tubercles. The self-excited aeroacoustic feedback loop, which is 

responsible for the generation of the tonal noise, depends on the presence of the separation 

bubble. According to Plogman (2013), the most amplified disturbance mode is observed 

within this separation bubble. The confinement of the separation bubble to the troughs 

may reduce the boundary layer receptivity to external acoustic excitation (Hansen et al., 

2012). Chong (2014) applied sawtooth shaped leading edges to an aerofoil and observed 

horseshoe-type vortices by use of oil-visualisation. These horseshoe vortices were 

observed to emanate from each of the trough and penetrate deep into the trailing edge.  
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Similar to the findings of Hansen et al (2012) these vortices are able to suppress the 

separation bubble in a spanwise distance of one sawtooth wavelength and thus reduce the 

effect of amplifying boundary layer instabilities. A discrepancy between the work of 

Hansen et al. (2012) and Plogman (2013) is the definition of different locations for the 

separation bubble. While Plogman (2013) restrains the separation bubble to the pressure 

side of the aerofoil, Hansen et al. (2012) define the separation bubble as a section on the 

suction side, beginning where the pressure gradient starts to decrease and ending at a 

point where a rapid increase of the pressure gradient occurs. According to the definition 

of Plogman (2013), it is arguable to assign the effect of tonal noise reduction due to a 

decrease of the boundary layer receptivity to a spanwise-interrupted separation bubble. 

This difficulty is backed by results of Chong (2014) who states that the generated 

horseshoe vortices are less significant for the sound reduction, presumably due a low 

affection of the interaction between boundary layer instabilities and separation region 

near the trailing edge. Thus, only a minor sound reduction can be ascribed to the presence 

of these vortices (Chong, 2014). 

2.4.3 Influence on TE broadband noise 

Apart from the effect of undulated leading edges on the tonal trailing edge noise, Hansen 

et al. (2014) observed that additionally the overall broadband noise is reduced for a 

considerable range of frequencies surrounding the peak of the tonal noise. However, up 

to now there have not been any detailed studies on the trailing edge broadband noise 

reduction by applying leading edges undulations. Due to the fact that the broadband 

contribution is mostly located in an area close to the tonal frequencies, it can be concluded 

that a reduction of the tonal effect also affects the broadband noise emissions. 

Nevertheless, horseshoe-type vortices emanating from the troughs of the serrated leading 

edge as described by Chong (2014) are suspected to influence, apart from the tonal noise 

suppression, the broadband emission because they reduce the spanwise coherence of the 

boundary layer instabilities (Tollmien-Schlichting waves), which are causal for 

broadband noise generation (Chong, 2014). Câmara and Sousa (2013) performed a 

numerical study and showed emanating vortices from the serration troughs at Reynolds 

numbers of Re = 120,000. These streamwise vertical structures are present to the point of 

the trailing edge. Similar vortices are already described by Hansen et al. (2012) and are 

suspected to eliminate tonal noise. 
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Figure 2-9: Numerical results by Câmara and Sousa (2013). Instantaneous flow field at 

angle of attack AoA = 7.5 degrees, Re = 120,000. 

2.5 Influence of Serration Parameters 

To gain a deeper understanding of the sound reduction principle by applying undulated 

leading edges and of the sound generation at both, leading and trailing edge, knowledge 

on the influence of different geometrical and aerodynamic parameters is of crucial 

importance. 

Despite the fact that the serrated or undulated leading edges influence the sound emissions 

at leading and trailing edges, most of the previous studies reveal an identical influence of 

the serration design on the sound reduction. Experimental analyses of serrated leading 

edges by Chong (2014) revealed that the level of leading edge broadband noise reduction 

is mainly a function of the amplitude (distance between the peak and trough) and is less 

sensitive to the serration wavelength (distance between successive peaks). The level of 

broadband noise reduction at the TE increases as the serration amplitude is increased. 

Investigations on trailing edge noise reduction by Hansen et al. also revealed that the 

smallest wavelength and largest amplitude tubercle configuration (A2λ7.5) has the lowest 

associated tonal and broadband noise emission. The smallest wavelength leads to the 

highest Strouhal number and the lowest SPL and thus to a maximum sound reduction at 

the trailing edge in case of tonal noise occurrence. Measurements at a configuration with 

the largest wavelength (A4λ60) resulted in tone generation at the lowest measured 

Strouhal number except at greater angles of attack and at higher SPL levels. Thus, the 

most successful leading edge undulation has been defined as those with large A/λ ratios 

(Hansen et al., 2012). Leading edge noise investigations by Narayanan et al. (2014) 

provide a maximum noise reduction of about 9 dB with a strong frequency dependency 

for constant serration wavelengths λ = 15mm.  
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The experimental results show a large noise reduction in a frequency range of 300 Hz to 

4 kHz. The reduction in the sound power level (ΔPWL) generally increased with growing 

serration amplitude. Principally, the influence of wavelength and amplitude seem to 

follow a continuous dependency. The higher the amplitude, the higher the sound 

reduction. The influence of the wavelength behaves contrary but is of minor effect. 

Furthermore, it has been observed that the higher the velocity, the lower the sound 

reduction effect (Narayanan et al., 2014). Narayanan et al. (2014) and Polacsek et al. 

(2011) provided important information for an effective leading edge design. Preliminary 

investigations yielded the need to use serration amplitudes that exceed a certain fraction 

α of the hydrodynamic wavelength.  
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Where α was found to vary in the range of 0.4 to 0.5. Thus, a limiting lower frequency f0 

can be defined according to Equation 2-5 (Narayanan et al., 2014). Polacsek et al. (2011) 

suggest defining the serration wavelength with respect to a spanwise correlation length 

scale that can be extracted from the turbulence length scale and convection wave number. 

They justify this proposal with achieving de-correlation effects if the chord variation 

between two point sources is large enough and if these sources are fully correlated. This 

boundary condition seems to be fulfilled if the half wavelength is equal to the spanwise 

correlation length, which is mostly equal to the turbulence length scale of Λ = 6 mm. 

With respect to aerodynamic stability constraints, the serration amplitude should be set 

to a maximum value in order to achieve the highest sound reduction effects (Polacsek et 

al., 2011).  
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2.6 Tasks within the present work 

The general aim of the present work is to provide an empiric-statistical model and predict 

the noise emittance and reduction of serrated leading edges in a systematic manner. Of 

special interest are the main effects of the analysed factors as well as their 

interdependencies to provide a high accuracy and to get knowledge on underlying and 

hitherto unexplained interactions. Additive analyses of the flow characteristics in front 

and within the interstices of the serrations are expected to provide useful information to 

link the aerodynamic effect of the serrations to the acoustic effects of noise reduction. 

The first and main part of the work deals with an acoustic study on the influence of 

parameters such as Reynolds number, turbulence intensity, serration amplitude and 

wavelength as well as the angle of attack on the emitted leading edge broadband noise of 

a NACA65(12)-10 aerofoil. The turbulence intensity is a paramountcy parameter as the 

turbulence is the main cause of leading edge noise. Hence, extensive preliminary hot wire 

measurements are carried out in order to provide certain levels of turbulence by 

employing turbulent grids in the nozzle of the wind tunnel. Moreover, the turbulence 

spectrum is analysed to get knowledge on the isotropy of the turbulence, which is an 

initial condition for the experimental aeroacoustic setup. Using hot wire anemometry and 

Pitot tube measurements, the flow profiles of the nozzle outlet are recorded to define the 

influence of a mounted aerofoil in the free jet and to define the conditions under which 

the parametric study is conducted. Nine serrated leading edges with different amplitude 

and wavelength are analysed by varying several aerodynamic parameters. Apart from the 

effect of these parameters on the noise emission, interdependencies between the 

parameters itself and the resulting effect on the response variable are evaluated. 

Employing the statistical Design of Experiments (DoE) setup enables a description of the 

analysed system mathematically. Regression functions are defined, which predict the 

emitted noise and the noise reduction of serrations systematically. Finally, the obtained 

model is checked on validity and stability by comparison to several data pools. 

The second part of this study deals with the flow characteristics in front and within the 

interstices of the serrations. As a change of the turbulence intensity is suspected to be the 

main cause of the noise reduction, this analysis may lead to a deeper understanding of the 

noise generation principle. On this purpose, the contactless Particle Image Velocimetry 

(PIV) is used to obtain information on the flow field. Five different serrations as well as 

a baseline case are analysed by recording the flow field in the y/z plane at six distinct 

streamwise locations. 
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3 Design of Experiments 

Analysis of the influence of several parameters on a response variable (here: noise 

reduction) often implicates an extensive amount of necessary measurement trials which 

increases disproportionate with the number of parameters. An efficient method to reduce 

the number of measurements significantly while maintaining the same level of 

information is the Design of Experiments (DoE) methodology. However, this 

methodology is highly restricted by statistical necessities and a successful implementation 

requires careful considerations by means of parameter levels and choice of influencing 

factors. The following chapter gives an introduction in this methodology and deals with 

the choice of experimental design, statistical characteristics, experimental space and 

factors to be analysed with regard to the intended application. 

3.1 Introduction DoE 

Given the problem of analysing a defined physical experimental space by varying several 

influencing parameters, the classic method would be the variation of one parameter while 

the others remain constant and repeating this procedure for all other parameters (raster 

method). This might be an easy and effective method to describe the influence of these 

parameters on a certain response variable at a high accuracy as long as the number of 

parameters is small. An increase of this number leads to a rise of necessary measurement 

trials (MT) with exponential trend. Analysing a system with two parameters (k) and 

varying the parameters on five levels each (k), results in 25 trials according to the n-

permutation (Eq. 3-1). Increasing the number of parameters to four, results in 625 trials 

what is almost a critical number to cope with. 

��������	
 = � = �5� =   255� = 625      (3 ‒ 1) 

Established methods to handle experiments with more than three variables and with the 

aim to find the optimum setting of a response variable (e.g. global maximum) are for 

example the one-factor-at-a-time method (OFAT), the simplified one-factor-at-a-time 

method or the random-method (Figure 3-1). 

The random method describes the execution of trials with randomly chosen parameter 

levels until a desired or optimal level of the response variable is obtained. This method 

requires a large number of test trials and does not give any structured information on the 

system behaviour. The one-factor-at-a-time method (OFAT) varies one parameter while 

the others remain constant.  
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As soon as a local optimum of this factor is reached, this factor remains on the current 

level while the next factor is altered until a new local optimum is reached. Now, once 

again, the first parameter is altered to reach the new local optimum and so forth. These 

steps are repeated until the response variable does not show a significant change anymore 

what indicates (in the best of cases) a global optimum. The simplified one-factor-at-a-

time method describes the same procedure but by altering each parameter only once. After 

obtaining the first local optimum, the parameter is not changed anymore. 

  

Figure 3-1: Methods of analysing experimental space (Adam, 2004). Random method 

(left), Raster method (middle-left), OFAT method (middle-right), simplified OFAT 

method (right). 

None of the described methods, despite the systematic raster method, provides any 

information on the system behaviour or interdependencies between parameters. 

Furthermore, the effort to execute the trials based on these methods is disproportionate to 

the obtained amount of information. 

A method to reduce the number of measurement trails compared to the raster method but 

maintaining the information of the system behaviour is the Design of Experiment (DoE) 

methodology. Design of Experiments is a methodology, based on an analytical statistics 

approach that gathers on the population from a subset. The DoE guarantees an efficient 

scheduling and analysing of an experimental series. 

The most important feature of DoE-Analyses is the possibility to gain important 

information on the system behaviour by holding the experimental volume manageable 

(Adam, 2004). The execution of measurement trials, defined by an experimental design 

that often bases on preliminary investigations, enables the measurement of the response 

variables. Analysing the results of the response variables yields the definition of 

regression functions, which are valid within the defined experimental space, because the 

analytical statistics approach gathers on the population from a subset by use of different 

mathematic models.  
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Hence, the described approach provides a structured and interrelated description of the 

system behaviour by including the influence of all parameters as well as 

interdependencies between the parameters itself. These complex results offer the 

possibility to analyse the obtained interrelations and regression functions by means of 

statistical significance and analyses of errors. Moreover, the regression functions allow 

predictions of the response variables. 

Figure 3-2 depicts the typical procedure of the experimental design. It can be subdivided 

into the four main modules design, execution, modelling and optimising. Each of these 

modules include lots of decisions to be made e.g. the identification of the experimental 

space, the choice of the right experimental design as well as preliminary investigations to 

define necessary parameter level. 

 

Figure 3-2: Procedure of DoE, according to Haase (2004). 
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3.2 DoE – Vocabulary 

The following section deals with the definition of DoE-specific vocabulary. The explicit 

classification of characteristic terms and phrases is important to guarantee a 

comprehensible setup and analysis of the experimental design. 

Experimental space 

The experimental space is defined as the experimental bandwidth in which the altering of 

the interested factors takes place and is restricted by the lowermost and the top level of 

each factor (Figure 3-3). Depending on the number of influencing factors (n), the 

experimental space is characterised as n-dimensional. The aim of the statistic DoE 

approach is to describe this experimental space accurately. The validity of the resulting 

regression functions is also limited to the defined experimental space. Any factors at 

levels beyond the extrema might cause a system response that is no longer describable by 

means of the DoE.  

 

Figure 3-3: Two-dimensional experimental space. Depicted values of response variable 

y while altering the level of factors x1 and x2 (Adam, 2004). 

Response variable 

Each system can be described by a limited amount of response variables. These variables 

describe the system response in dependency on the factor levels. Aim of the DoE 

methodology is a description of the response variables by means of regression functions. 

Often, a single response variable does not comply with requirements to describe the 

system behaviour with the necessary accuracy.  

Experimental 

space 
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One of the main tasks in preparation of an experimental design is to define a set of 

response variables that suffice to describe the function of the system to a high degree 

(Siebertz, 2010). As a main advantage of the DoE methodology, the number of response 

variables does not affect the stability of the analysed system. All defined response 

variables can be analysed independently. An important requirement when screening a 

system for response variables is the necessity of continuous behaviour. The DoE cannot 

describe effects such as if altering one factor in a wide range causes a sudden change in 

the physical behaviour of a response variable (e.g. change in state of aggregation). DoE 

describes a system by means of regression functions with terms of first and the second 

order, which cannot map a sudden jump of the response variable. In this case, the 

experimental space has to be limited to factor levels with continuous influences on the 

response variable. 

Parameter 

The total amount of system input-variables is defined as parameters. In the setup process 

of an experimental design, all parameters are analysed by means of their effect on 

response variables. In the context of a Screening, the parameters are subdivided into two 

groups. If a certain parameter is considered important with regard to the system response, 

it is defined as a factor, becomes essential part of the analysis and characterises the 

experimental space. Parameters that cause minor influences or are not of interest are 

defined as passive parameters. These parameters are not part of the experimental space 

and influence the system at a constant level. 

Factor 

Factors are an essential part of the system analysis, represent a sub-group of the 

parameters and are varied on different levels while measuring the effect on the response 

variables. The remaining parameters (passive parameters) cause a constant influence on 

the response variables. The levels of the factors have to be reproducible and must be 

practicable. Moreover, it is important to guarantee that the level of one parameter does 

not exclude a required level of another parameter e.g. a high Reynolds number at a very 

low velocity). When using experimental designs different from the factorial design, the 

factors must be continuous adjustable. This excludes the use of categorical factors (e.g. 

prototype material: aluminium, steel, copper, brass, etc.). However, transforming 

characteristic features of categorical factors often enables the definition of equal (semi-

)continuous factors (e.g. hardness of materials, thermal conductivity, etc.). The schematic 

context of the relation between factors, parameters, system and response variables is 

shown in Figure 3-4. 
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Figure 3-4: Effect of parameters on the system and defined response variables. 

Level 

The levels characterise the different settings of the factors in the context of the 

experimental design. Dependent on the chosen design each factor is varied on either three 

or five levels. The lowermost and the top level can be chosen individually but with respect 

to the practicability and the underlying physical principles and effects on the response 

variables. The intermediate levels of each parameter are predefined by the chosen 

experimental design in form of a non-dimensional distance between the levels. This is 

necessary to guarantee the statistical analysis by means of ensuring statistical features like 

rotatability and/or orthogonality of the system. 

Effect 

The effect describes the quantity of a change of a response variable with respect to every 

single factor. The determination of the effects takes place in the context of the system 

analysis by solving complex systems of equations. Subsequently, the quantitative effect 

of each factor can be assigned to a response variable. 

Interdependencies 

When analysing a system, each factor is assumed to cause a certain change of the response 

variable, independent of the levels of other factors. In practice, this assumption often has 

proved wrong. In principle, all factors can influence each other and the response variables.  

System 
Response 

variables 
Factors 

Passive 

parameters 

Disturbance 

variables 

Controllable, varying 

Non-controllable 

System characteristics 

Controllable, constant 



Design of Experiments 

 

29 

 

The solution of this problem is provided by varying a factor on different levels while the 

other factors are varied as well. This results in a consistent analysis of the experimental 

space and leads to the definition of interdependencies that are part of the regression 

functions. A response variable (y), which is influenced by two factors (x1, x2) might be at 

least influenced by one linear twofold-interdependency x1∙x2 (Eq. 3-2). 

� = ����,  ��,  ���,  ���,  �� ∙ ���      (3 ‒ 2) 

� = ����,  ��,  � ,  ���,  ���,  � �,  �� ∙ ��,  �� ∙ �!,  �� ∙ �!,  �� ∙ �� ∙ �!�  (3 ‒ 3) 

In general, only twofold and threefold interdependencies (x1∙x2∙x3) are considered 

significant. Interdependencies with more than three factors and interdependencies of 

higher order have a minor influence on the response variables due to multiplying or 

squaring down of the effects what leads to very small magnitudes. Interdependencies with 

a positive algebraic sign enhance the response variable while it is extenuated with 

negative algebraic signs. An extenuative effect is the common effect in real systems. In 

general, the simultaneous change of several factors causes a minor effect on the response 

variable compared to the change of one single factor (Siebertz, 2010). 
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3.3 Screening - Definition of factors for the DoE 

Screening a system in order to classify and thin-out the influencing parameters of the 

system results in a definition of factors to vary on different levels. On this purpose, the 

extraction of influencing parameters as well as parameters, mentioned in previous studies 

and subsequent analyses with regard on their suitability leads to the definition of 

meaningful factors for the present study. 

Table 3-1: Collection of influencing parameters. 

 Parameter Unit 

Aerodynamic/ Thermodynamic 

Turbulence intensity Tu % 

Integral length scale Λ mm 

Inflow velocity U0 ms-1 

Fluid density ρ0 kg/m3 

Fluid viscosity η0 Pa∙s 

Aerofoil/ Serration design 

Serration amplitude ASerr mm 

Serration wavelength λSerr mm 

Angle of Attack ΑAoA deg 

Angle of serration at tip/ toe α1,α2 deg 

Steepness of troughs α3 α3 deg 

Shape of serration tip  -- -- 

Surface roughness εsurf μm 

Chord length CChord mm 

Aerofoil thickness dAerof mm 

The turbulence promises to be a main influencing parameter with regard to high aerofoil 

gust interaction noise (AGI). The main parameters describing the turbulence are the 

turbulence intensity and the integral length scale. The choice as a factor for the DoE 

analysis is the turbulence intensity. The integral length scale is a parameter, difficult to 

manipulate continuously.  

Figure 3-5: Serrated leading edge

    (Hansen et al., 2010). 
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Furthermore, it is linked to the turbulence intensity albeit not necessarily in a linear 

dependence. In the current study the integral length scale is determined and documented 

but remains a passive parameter.  

The free stream velocity represents a highly influencing parameter on the aerofoil noise, 

which itself is influenced by the fluid density and the viscosity. Hence, these parameters 

are combined by defining the DoE factor of chord based Reynolds number.  

"#$ = %&∙'∙$()*+,-          (3 ‒ 4) 

The range of Reynolds numbers of interest is 250,000 to 600,000 or 25 m/s to 60 m/s 

respectively. The capacity of the wind tunnel dictates the upper value whereas the lower 

value results as a requirement of ensuring an isotropic turbulence intensity, which 

according to Section 5.1.2 cannot be guaranteed at low flow speed. 

Previous studies revealed that serration amplitude and wavelength have a major effect on 

the noise reduction due to AGI but up to now none of these parameters have been analysed 

systematically. Consequently, these parameters are converted to DoE factors. A non-

dimensionalisation takes place by means of the aerofoil chord length (Eq. 3-5). This 

simplifies a comparison with large scale applications in future work. The magnitude of 

amplitude and wavelength is restricted to a range of 12 mm ≤ ASerr ≤ 45 mm and 7.5 mm 

≤ λSerr ≤ 45 mm. Magnitudes of higher or lower value seem not to be reasonable because 

either no sound reduction takes place (Aserr < 12 mm) or the aerofoil suffers in a loss of 

aerodynamically performance. Chong et al. (2015) already analysed leading edges in a 

range of 7.5 mm < A < 45 mm for the serration amplitude and especially at very low 

amplitudes no significant sound reduction effect was visible. Use of these low amplitudes 

might affect the stability of the DoE system because plateaus of effects are hardly 

describable via the experimental methodology. 

./01 = 234++$()*+, ;  6/01 = 734++$()*+,      (3 ‒ 5) 

The angle of attack (AoA) is defined as a DoE factor due to its importance in practical 

applications as it is of high interest whether the AoA influences the noise reduction 

significantly. The angle of attack is defined as the geometrical angle between the actual 

aerofoil centreline and the centreline at zero degree. Restrictions in nozzle dimensions 

and experimental setup limit the possible angle of attack to a range of -10° ≤ αAoA ≤ +10° 

(Figure 3-6).  
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Figure 3-6: Angle of attack -10° ≤ αAoA ≤ +10°. Visualisation of aerofoil location and 

nozzle exit in experimental setup. 

The values in degree represent uncorrected values. According to Brooks et al. (1987), the 

flow from an open jet wind tunnel in comparison to the performance of an aerofoil in free 

air is deflected downwards and thus needs to be corrected. Hence, the effective angles of 

attack will be significantly smaller than the geometrical ones. Zero angle of attack is 

defined as the geometrical alignment where the lift force turns out to be zero. Considering 

a symmetrical aerofoil, for example a NACA0012 the corrected value at zero degree is 

equal to a geometrical angle of zero degrees. According to Brooks et al. (1987) the 

downwards deflection can be corrected as a function of geometrical parameters such as 

the aerofoil chord length Cchord and the height of the nozzle exit H (Eq. 3-6). The given 

correction function only applies for 2-D wind tunnel deviation (Brooks et al, 1987). 

8# = 89 :; , < : = �1 + 2 ∙ ?�2
? = @2 48C ∙ DEFℎHIJ KC L2       (3 ‒ 6) 

The NACA65(12)-10 aerofoil used in the present study is characterised by a cambered 

asymmetric shape. Thus, at a geometrical alignment of zero degrees, defined as the angle 

between the flow and the aerofoil chord line, lift forces occur and the function, given by 

Brooks et al. (1987) is less accurate. Nevertheless, a correction has been undertaken to 

get a first knowledge on the difference between the angle of attack in the test rig and the 

corresponding AoA in a free stream (Table 3-2). A chord length of Cchord = 0.15m and a 

nozzle height of H = 0.1m have been applied. The factor between the geometrical and the 

corrected AoA is determined to be in a range of 6.1. 
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Table 3-2: Geometric αg and corrected αe AoA according to Brooks et al. (1987) for 

symmetrical aerofoils. 

αg deg -10 -5 0 5 10 

αe deg -1.65 -0.82 0 0.82 1.65 

To define a meaningful and comparable angle of attack, the geometrical angle of attack 

is transformed into a non-dimensional factor, which consists of the vertical displacement 

of the aerofoil leading edge tip y reduced by the nozzle height H (Eq. 3-7). At higher 

angles of attack, the tip of the leading edge slightly shifts in the horizontal, streamwise 

direction (Figure 3-6). A potential influence of this shift can be disregarded because the 

aerofoil is still in the core of the free jet and thus does not affect the noise generation 

mechanism. 

.H. = MN          (3 ‒ 7) 

Still, further design parameters of the aerofoil serrations are of interest but are disregarded 

in the present study to maintain the manageability of the experimental volume.  

Chord length and thickness of aerofoil are defined by choosing a NACA 65(12)-10 

aerofoil. This choice is justified by the necessity to compare the obtained findings with 

previous measurements and studies that based on the same aerofoil. Moreover, this 

cambered asymmetric aerofoil produces higher noise compared to the symmetric 

NACA0012 due to the lower leading edge tip angle. Thus, noise reduction effects are 

easier to detect and to quantify. The roughness of the aerofoil surface might be a 

parameter with significant impact. However, compared to the already defined DoE 

factors, this parameter is considered less important. Emphasis on a high surface finish by 

treating the rapid prototyped and polished aerofoil and leading edges with primer filler 

and matt black paint reduces the possibility of extra noise generation due to a high 

roughness. 

3.4 Design of serrated leading edges 

The tested aerofoil in this study is a NACA65(12)-10 with a cambered asymmetric shape. 

Until recently, only little research has been carried out on cambered aerofoils. The 

measures of the prototype tested in the current study are a chord length of 150 mm and a 

span of 495 mm whereas only 300 mm of the span are exposed to the open jet of the 

nozzle. The design of the aerofoil main body and the manufacturing via Selective Laser 

Sintering (SLS) took place during a previous study at Brunel University London 

(McEwen, 2015).  
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The main body constitutes of the NACA65(12)-10 aerofoil shape except the leading edge, 

defined with a chordwise length of 50 mm. Design and manufacturing of the leading 

edges with 50 mm chord took place separately. These leading edges were designed via 

CAD software NX9.0 according to the experimental DoE requirements by means of 

serrated amplitude and wavelength. Notches at the leading edges enable an easy and re-

attachable joint of both bodies (Figure 3-7). Tolerances of the notches were kept quite 

tight what enables a joint of the bodies by simply pressing them together without 

necessary additional support. However, a possibly occurring slit between both joined 

bodies was closed using invisible smooth-surface tape. To guarantee a high surface finish 

of the aerofoil to be tested both, main body and all ten leading edges were polished with 

1200 grit sandpaper. The surface roughness was further reduced by treating the 

manufactured bodies with several layers of primer filler and finished by spray-painting 

them with a matt black to reduce interfering reflections for potential laser PIV 

experiments subsequent to the acoustic measurements (Figure 3-8). 

 

Figure 3-7: NACA65(12)-10 aerofoil main body and re-attachable leading edge with 

measures of importance for the acoustical treatment in the open jet stream (McEwen, 

2015). 

The shape of the leading edge serrations was designed to be according to a sinusoidal 

curve and the NACA65(12)10 profile was extruded along the line of this curve. An 

important feature of the current design is the semi-cyclic shape of the serration tips. Here, 

various other shapes would be conceivable like e.g. cyclic leading edge tips. It is 

important to note that joined aerofoil main body and leading edge always result in a chord 

length of C = 150 mm. Previous researchers often extended the chord length by half the 

amplitude to keep to surface of the serrated aerofoil constant in comparison to an aerofoil 

with baseline leading edge. 
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Leading edge 

S = 300 mm 
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Figure 3-8: Absolute measures of leading edge serrations. 

The aim of this study is to provide an informative basis on how a serration, applied to an 

existing aerofoil might reduce the generated leading edge broadband noise. This requires 

a constant maximum chord length for practical application because in the majority of 

cases an increase of the chord length of an already existing aerofoil is not possible. A 

reduced surface in case of serration, however, results in a reduction of the emitting surface 

and in a loss of aerodynamic performance, when directly comparing to the baseline base. 

Joined aerofoil main body and leading edges were attached in front of the wind tunnel 

nozzle using clamps. These clamps are inserted into the side plates, where the aerofoil is 

accommodated without need of further support. 

 

 

 

Figure 3-9: Aerofoil clamps (McEwen, 2015) and mounted aerofoil in open jet stream. 
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3.5 Definition of DoE response variables 

Defining response variables is a crucial part of evaluating experimental data. Response 

variables are expected to describe the analysed system with the necessary accuracy. This 

study focusses on the overall sound reduction of serrated leading edges compared to a 

baseline leading edge. Consequently, the response variables of interest are limited to the 

overall sound pressure (level). To define a sound pressure reduction, information on both 

baseline and serrated LE are necessary. The comparison reveals the effective reduction. 

However, the dependencies of the sound generation itself in both cases are also of interest. 

This facilitates analyses of the influence of each case on the reduction independently. The 

emitted noise with baseline LE is a function of Reynolds number, turbulence intensity 

and angle of attack (Eq. 3-8) whereas an additional influence of the serrated leading edge 

by serration wavelength and amplitude occurs (Eq. 3-9). 

O.PQRSTUJVW = 20 ∙ YH9 Z �̅\]�+4^_ → O.PQRST = � D"#, �a, MNL  (3 ‒ 8) 

O.PQRb���UJVW = 20 ∙ YH9 Z�̅34++�+4^ _ → O.PQRb��� = � D "#, �a, 2$ , 7$ , MNL  (3 ‒ 9) 

Where pref = 2∙10-5 Pa and the underlying frequency range fAnalyse = 300 Hz – 10 kHz as 

described in Section 6.2.1. Subtracting the OASPLSerr from the OASPLBL gives the 

overall sound pressure level-reduction dOASPL and equals the logarithmic quotient of 

both emitted overall sound pressures (Eq. 3-10). 

JO.PQRUJVW = O.PQRST − O.PQRb��� = 20 ∙ YH9 D �̅\]�̅34++L     (3 ‒ 10) 

JO.PQR = � D "#, �a, 2$ , 7$ , MNL         (3 ‒ 11) 

The last chosen response variable, similar to dOASPL is the fractional sound pressure of 

the serrated LE compared to the baseline (Eq. 3-12). This non-dimensional variable 

defines the percentage of the serrated sound pressure and its difference to 1 the sound 

pressure reduction dp without the logarithmic shift of effects (Eq. 3-13). 

dIeFfgH� = �̅34++�̅\] =  ��h�,ij3k]/m&� = � D "#, �a, 2$ , 7$ , MNL      (3 ‒ 12) 

Jn = 1 − �̅34++�̅\]            (3 ‒ 13) 

In principle, many other definitions to describe the system are possible. Especially the 

definition of variables, which describe the altering and the shape of the emitted noise 

spectrum are tempting but avoided because the high number of influencing factors might 

thwart potential findings.  
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Meaningful variables for future work with less influencing factors are for example the 

definition of the frequency band by means of lower and upper frequency (or bandwidth) 

where the main leading edge related noise reduction takes place. 

3.6 Choice of experimental design 

The DoE methodology offers a huge bandwidth of different experimental designs, starting 

with simple and easily manageable linear experimental designs over factorial designs 

with different specifications to central composite designs (CCD) which can describe a 

system by means of linear and quadratic functions. Moreover, individual designs are 

available, specified for a certain application. The choice of a proper experimental design 

is essential for an accurate description of the system of interest. With regard to the existing 

system, only designs with the potential to be suitable are presented. 

When developing a linear model (two-level-design), two sorts of experimental designs 

are possible, full factorial and fractional factorial designs. The determination of the 

number of necessary measurement trials (MT) in case of a full factorial design is a 

function of the number of influencing factors. The variation of each factor on two levels 

enables a description of the system by means of linear functions (Eq. 3-14). This design 

is limited to the analyses of main effects and twofold interdependencies. 

��daYY = 2o   pgfℎ o = qars#I H� �eFfHIt    (3‒14) 

Full factorial designs are sufficient for evaluating the majority of processes in industry 

with a moderate number of factors. When utilising the DoE methodology, most 

investigators are interested in quickly optimising a process and not in the most accurate 

description of the experimental space. 

The determination of the effect for each factor takes place independently. This means, the 

factors and twofold interdependencies are not correlated and not confounded. 

Furthermore, individual interdependencies often have no significant effect with regard to 

the response variable. Confounding such an insignificant interdependency with a new 

factor leads to fractional factorial experimental designs. As a result, a well-designed 

experiment can use fewer trials for estimating model factors because the number of trials 

stays constant while analysing one additional factor (Eq. 3-15). The confounded factors 

describe the effect of the new factor because the initial interdependency has no significant 

effect on the response variable. 

��dIeFf. = 2o−n v o = qars#I H� tg�9Y# �eFfHIt  n = qars#I H� FH��Ha�JefgH�t   (3‒15) 
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Fractional factorial designs are commonly used as screening-designs, what includes the 

reduction of all influencing parameters to few essential factors, which can be further 

analysed by a different experimental design of higher resolution. Knowledge of whether 

a certain interdependency is negligible by means of the effect on the response variable 

and whether it can be confounded with an additional factor is the key to a precise 

fractional factorial design. Further, the factorial designs are not suited to describe 

dependencies of higher order what leads to the necessity of central composite designs 

(CCD). 

A central composite design (CCD), as shown schematically in Figure 3-10, consists of 

three parts and can be used to describe an experimental space with linear and quadratic 

functions as well as interdependencies between the factors. It represents an extension of 

the either full factorial or fractional factorial design. This also enables the investigator to 

upgrade the simple factorial design to a CCD after concluding that the initial results and 

obtained dependencies are not as accurate as desired. The central composite design 

consists of a central point where all factors are on their intermediary levels, a full or 

fractional factorial core and star points, which define the limits of the experimental space. 

   

Figure 3-10: Haase (2004): Central composite design (CCD), consisting of factorial 

core, central point, star point and resulting in CCD with two factors (middle-right) and 

three factors (right). 

The factorial design (factorial core) describes the inner experimental space with the 

central point at its centre. Meanwhile the star points describe the outer experimental space 

and define the limits. The number of measurement trials is the sum of the necessary 

measurement trials of each component (Eq. 3-16). 

��EEw = 2oFHI# fIgeYt + 1 ∙ F#�fIeY nHg�f + 2 ∙ o tfeI nHg�ft  (3‒16) 

pgfℎ o = qars#I H� �eFfHIt 

In case of a fractional factorial core, the number of necessary trials for this component 

can be determined analogue to equation 3-15.  

= 
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The central point has non-dimensional coordinates of zero. The points of the factorial 

core are defined with coordinates of either +1 or -1, dependent on the location of each 

point. The definition of the star points or the distance between star points and central point 

(α-values) respectively, is defined in dependence of different design criteria. 

 

Figure 3-11: Central composite design for two factors. Location of central point, 

factorial core and star points (Hofmann, 2011). 

Circumscribed CCD 

Circumscribed CCDs are characterised by statistical properties such as orthogonality or 

rotatability. An experimental design is defined as rotatable if the variance of the 

probability distribution is a function of the distance between star point and central point 

and not of the direction, as it is the case in with orthogonality. Given a set of points within 

the experimental space at constant distance to the central point, the rotatable design shows 

a constant prediction accuracy for all points. In terms of statistical analysis, this property 

is highly advantageous (Adam, 2004). On the contrary, orthogonal designs show the 

advantage to avoid the confounding of effects. This enables the determination of all 

regression coefficients independent of each other (Siebertz, 2010), (Haase, 2004). In 

general, the α-values (star point locations) are higher than the coordinates of the central 

core (αDoE > 1) and thus represent the limits of the experimental space as shown in Figure 

3-13. Consequently, each factor is varied on five levels (+α, +1, 0, -1, -α). 

A special design is the combination of both properties, orthogonality and rotatability. 

Because the requirements of orthogonality are not completely grantable while 

simultaneously guaranteeing rotatability, this design is defined as pseudo-orthogonal and 

rotatable. It combines the advantages of both properties, especially because the resulting 

confounding is of negligible magnitude. The required value with regard to the correlation 

of the main factors with each other and with twofold variables is less than 30%.  
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Exceeding this critical value leads to significant influences in the determination process 

of the effects because the effects are then influenced by the correlated factors. However, 

in case of pseudo orthogonal and rotatable designs the correlation is mostly far below the 

limiting value (compare Appendix A1). 

 

Figure 3-12: Circumscribed CCD with illustrated orthogonal and rotatable features 

(Clementi et al., 2012). 

Face Centred CCD 

Face centred designs (Figure 3-13) are characterised by α-values with the same distance 

to the central point than the points of the factorial core. Consequently, each factor is varied 

on three levels (-1, 0, +1) while maintaining a description of the system with terms of first 

and second order albeit securing of rotatability is not possible. The main advantage is the 

small number of required measurement trials. Further, this design is often used if the 

adjustment of the factors on level other than the level of the factorial core is not 

manageable. 

Inscribed CCD 

The non-dimensional α-values are defined as αDoE = ±1 and the levels of the factorial core 

are reduced to levels smaller than one (Figure 3-13). Especially after executing a linear 

factorial DoE with the need to extend it to a CCD, this design is favourable, because the 

outer limits of the experimental space remain constant. 

 

Figure 3-13: Two-dimensional experimental space. Non-dimensional values of factorial 

core and star points (α-values), (Hofmann, 2011). 
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Essential part of very central composite design is the multiple repetition of the central 

point measurement. The number of repetitions affects the non-dimensional α-value. The 

magnitude of statistical dispersion at the central point is used to define the dispersion and 

thus the accuracy of the remaining points what influences the statistical significance of 

the obtained effects. The choice of a proper experimental design depends on the following 

key questions. 

- What kinds of system dependencies (linear, quadratic) are expected? 

- Statistical properties (orthogonal, rotatable, both)? 

- Maximum number of manageable measurement trials? 

- Are factor levels independently adjustable, even at limits of experimental space? 

Adam (2004) defines criteria for decision-guidance with regard to a proper choice of 

experimental design. 

- Priority: Small number of measurement trials, no confounding of effects 

� Circumscribed-CCD: Orthogonal and small number of central point repetitions  

- Priority: Optimal statistical performance 

� Circumscribed CCD: Pseudo orthogonal and rotatable (alternatively: all rotatable) 

- Priority: Minimised effort in manufacturing test samples, etc. 

� Face-Centred-CCD with αDoE = ±1 

In the present work, a central composite design with pseudo orthogonal and rotatable 

features is chosen with the aim to describe the system by means of linear and quadratic 

functions while simultaneously guaranteeing a maximum statistical and analytical 

accuracy of the obtained findings.  

The factorial core is decided to be full factorial due to uncertainties and a shortage of 

knowledge on possibly negligible twofold and/ or threefold interdependencies. The 

correlation matrix of the effects is shown in Appendix A1. Only the main factors of 

quadratic origin correlate with each other. All other factors show no correlation and are 

fully independent. The quadratic correlation reaches a value of approximately 0.3% and 

is of negligible impact. 
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3.7 Definition of experimental design 

Subsequent to the choice of an experimental design, preparations such as the 

determination of the non-dimensional α-value and the definition of the number of 

measurement trials are necessary to define the design parameters. Applying equation 3-

17 yields the number of measurement trials to be 43 for a central composite design with 

full factorial core. 

��EEw = 2oFHI# fIgeYt + 1 ∙ F#�fIeY nHg�f + 2 ∙ o tfeI nHg�ft     (3 ‒ 17) 

pgfℎ o = qars#I H� �eFfHIt 

2k Core points of full factorial core  =25  = 32 

1 Central point      = 1  = 1 

2·k Star points       = 2·5 = 10 

___________________________________________ 

MT= Σ = 1 + 2·k + 2k           

MT= 43 Measurement trials 

The circumscribed central composite design satisfies the rotatability condition if  

xyz{� = √�}�~. v o = qars#I H� tg�9Y# �eFfHIt  n = qars#I H� FH��Ha�JefgH�t      (3 ‒ 18) 

The same condition applies in case of orthogonality and rotatability. Due to the chosen 

full factorial core the number of confoundations reduces to zero (p = 0). Hence 

xyz{ = √�}�~� = √����� = ±�, !����.        (3 ‒ 19) 

With respect to the already defined α-value in Equation 3-19, equation 3-20 yields an 

absolute number of 59 measurement trials. Subtracting Eq. 3-20 and Eq. 3-18 defines the 

necessity of 16 central point repetitions to satisfy the chosen statistical boundary 

conditions (��2��. − �� = 59 −  48�.  

8 = ��� · ���� − ��� − ����     →   q = ���m��·���·�m��·��
��� = ��. �!  (3 ‒ 20) 

pgfℎ  q� = EHI# nHg�ft = 32            ��2��. = .stHYaf# �ars#I H� r#etaI#r#�f fIgeYt 

The previous executed screening of the available parameters in Chapter 3.3 revealed a set 

of five factors of interest. Usage of the non-dimensional locations for central, core and 

star points enables the determination of the absolute factor levels. The procedure of 

determining the different levels is shown exemplarily by use of the Reynolds number (Eq. 

3-21).  
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The experimental space with regard to the Reynolds number was defined in the context 

of preliminary investigations. Hence, the minimum Reynolds number represents the 

lower α-value while the maximum Reynolds number represents the upper α-value. 

"#�� = −8 = −2.37841� = 250,000 

"#�� = +8 = +2.37841� = 600,000 

Of interest are the levels at x = -1, x = + 1 and x = 0, which are quantifiable by use of 

interpolation. 

����� = ���x + �y���������x��x���x ∙ ����x − ���x�    (3‒21) 

At this stage of preparations, the experimental space is fully defined (Table 3-3). 

Table 3-3: Non-dimensional DoE levels of the different factors of interest. 

 Unit -αDoE -1DoE 0DoE +1DoE +αDoE 

xNondim -- -2.3784 -1.0 0.0 +1.0 +2.3784 

Re -- 250,000 351,422 425,000 498,578 600,000 

Tu % 2.08 3.07 3.79 4.51 5.50 

ASerr /C -- 0.080 0.144 0.190 0.236 0.300 

λSerr /C -- 0.050 0.122 0.175 0.228 0.300 

y/H -- -0.128 -0.054 0.00 0.054 0.128 

3.8 DoE – Execution of experimental design 

After completing the definition of the experimental design, including the definition of the 

position of star points by determining the α-values and after identifying all five-factor 

levels, final considerations with regard to the execution of the experimental design are 

necessary. Guaranteeing constant boundary conditions and constant passive parameters 

is essential to obtain a small statistical spread of the measurement results and to describe 

the experimental space accurately. Moreover, randomisation and blocking are statistical 

well-tried methods to minimise the effect of influencing variables on the response 

variables. 
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Randomisation 

Randomisation is a key issue in the statistical theory. The execution of the experimental 

design by selecting the measurement trials in a random order reduces disturbing unknown 

influences to a minimum. Randomisation is used when the disturbing variables are not 

controllable (Figure 3-4). This method of experimental execution avoids the occurrence 

of trends, etc. which are not related to the real effect of the factors on the response 

variable. Speaking mathematically, the aim of the randomisation is the prevention of a 

correlation between the factors and the influencing variables. 

Blocking 

The method of blocking represents the complement to the randomisation. It is applied if 

suggestible disturbing influences are present. In many cases, the execution of an 

experimental design is not possible with maintaining constant boundary conditions. 

Splitting of the execution in two days or a varying ambient temperature, varying ambient 

pressure, two batches of charge material to produce the test samples, etc. might cause 

significant changes in the response variables. If the variation of these boundary conditions 

is known beforehand, skilled partitioning of the measurement trials in distinct blocks can 

compensate the influence. 
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4 Experimental setup & measurement facilities 

Diverse measurement devices and facilities were used in the context of the present work, 

which are centralised presented in this chapter. Whereas velocity measurement devices 

like the Pitot tube and single hot wires dominated the preliminary measurements, 

condenser microphones were crucial to gather acoustic data. Finally, a CCD camera and 

a Nd:Yag laser were necessary to carry out measurements via Particle Image Velocimetry 

(PIV). However, the PIV measurements are independent of the acoustic study and the 

setup is explained separately in section 8. Common facility for all undertaken 

measurements was the silent wind tunnel, placed in the anechoic chamber at Brunel 

University London. 

4.1 Wind tunnel 

Free field measurements of the aerofoil-gust interaction noise (AGI) were conducted in 

the aeroacoustics facility at Brunel University. The open jet wind tunnel is situated in a 4 

m x 5 m x 3.4 m semi-anechoic chamber. The nozzle exit is rectangular with dimensions 

of 0.10 m (height) x 0.30 m (width). This wind tunnel can achieve a minimum turbulence 

intensity of between 0.1 – 0.2 % without additional mesh grids. The maximum jet velocity 

is about 80 ms-1. The background noise of the wind tunnel facility is well below the AGI 

and possibly occurring self-noise of the quietest aerofoil at the lowest velocity. The range 

of jet speeds under investigation is between 25 ms-1 and 60 ms-1, corresponding to 

Reynolds numbers based on the aerofoil chord length of 2∙105 and 6∙105 respectively. 

 

Figure 4-1: Front and side view of the aeroacoustics wind tunnel and the anechoic 

chamber at Brunel University London (Vathylakis et al, 2014). 
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Generation of the free jet takes place after the flow passes through a nozzle. The nozzle 

shape is designed to accelerate the flow continuously until reaching a maximum velocity 

of 80ms-1. An identical nozzle to the one at Brunel University is located at the Institute of 

Sound and Vibration Research (ISVR) at the University of Southampton (Figure 4-2). 

Only differentiating factor is a downscale by a factor of two-thirds compared to the ISVR.  

 

Figure 4-2: Left: Isometric view of the 3D nozzle. Right: Numerical results of the flow 

field inside the nozzle, presenting velocity contours at A–A and B–B planes. Measures 

of nozzle exit apply for test site at Brunel University (Chong et al., 2009). 

4.2 Hot wire measurements 

Preliminary hot wire measurements were conducted to measure the streamwise 

turbulence intensity of the open jet at the nozzle exit. The used hot wire probe was a 

55P14 miniature wire probe with a right angle (Figure 4-3). Mount of the probe took place 

perpendicular to the streamwise flow direction. The choice of probe is justified by the 

need to expose the probe to the current while avoiding vortex shedding close to the wire. 

In case of a straight probe, this is likely to occur at the bars (if not mounted in streamwise 

direction), which support the wire what would lead to interference of the gathered signal.  

1
00
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Figure 4-3: Left: Miniature wire probe, right angle, perpendicular (55P14) (Dantec, 

2015). Right: Appropriate exposure of hot wire to measure the incoming flow. 

The principle of hot wire anemometry is that the rate of convective heat transfer from a 

wire at an elevated temperature is a function of the velocity of the fluid flowing over the 

wire. Hence, the change in velocity can be recorded by either measuring the needed 

additional current to keep the wire temperature constant (CTA) or by measuring the 

temperature while keeping the current constant (CCA). In the present study, the method 

of constant temperature anemometry was applied. In practical applications for both, CTA 

and CCA, the measurement of the needed current is performed via a Wheatstone bridge. 

This electrical circuit, consisting of four resistors, is able to detect very small changes in 

the current. As shown in Figure 4-4, the hot wire probe is connected to the CTA, where 

the change in the current is recorded up to high frequency. The signal passes an optional 

filter before an A/D board digitalises it.  

By means of the carried out experiments, the hot wire signal passes a 10 kHz low-pass 

filter to remove electronic noise from the signal and to prevent aliasing before running 

through an eight channel BNC connector board (2615228) and gets digitalised by a PCI 

A/D board. No high pass filter is needed as it only removes the DC part and thus the low-

frequency fluctuations from the signal to exclude it from spectral analyses (Jørgensen, 

2002). Data acquisition and analyses were performed using TSI ThermalPro® software 

for IFA-300 thermal anemometry systems at a sampling rate of 20 kHz and a block size 

of 512. A measurement time of 13.1 s yields the acquisitions of 512 blocks. 

U0 
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Figure 4-4: Hot wire measurement chain (Jørgensen, 2002). 

A careful calibration of the constant temperature anemometer is crucial to guarantee data 

of high quality. On this purpose, the CTA was calibrated manually to compensate the 

probe lead resistance and the resistances of support and cable. Determining the work 

temperature of the sensor took place by defining the overheat ratio and thus the relation 

between cold and warm resistor. Moreover, the bridge was balanced dynamically using 

the square wave test. The bridge balancing serves the purpose to optimise the bandwidth 

of the sensor/ anemometer circuit (Jørgensen, 2002).  

4.2.1 Calibration of hot wire Probe 

The following gives a brief description of the calibration procedure conducted before each 

measurement set. 

Measurement/ balancing of sensor resistance 

The overall resistance of the setup adds up of the lead resistance, the probe support 

resistance and the resistance of cable as well as the hot wire sensor at reference 

temperature T0.  

����,� = ∑ ��	
�, �������, ��
��	 , ��	����,�     (4 – 1) 

To balance the resistance of the measurement chain a shorting probe (Figure 4-5) which 

has zero resistance was inserted in the probe holder. Subsequently, the zero Ohms 

potentiometer of the CTA is balanced. After balancing the probe support resistance, the 

chosen hot wire sensor is connected with the measurement chain and the CTA is balanced 

once again by altering the decade resistance. The indicated resistance now represents the 

sensor resistance at the actual room temperature. Subtracting the lead resistance of Rlead 

= 0.5 Ω yields a condition where the resistance of the whole measurement chain is 

compensated. 
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Adjustment of overheat ratio 

The overheat adjustment determines the working temperature of the sensor and is defined 

by the overheat ratio a (Eq. 4-2). This ratio describes the change in resistance and thus 

the change in temperature between the reference mode (room temperature) and the 

operating mode. 

� = �����
��          (4 – 2) 

Where Rw is the sensor resistance at operating temperature Tw and R0 the reference 

resistance at calibration (room) temperature. The overheat ratio for air is recommended 

to be in a range of a = 0.8 (Jørgensen, 2002). However, an overheat ratio of a = 0.6 was 

chosen to keep the over temperature manageable. With a temperature coefficient of 

resistance of α0 = 0.36% at T0, the over temperature of the operating sensor can be 

determined according to Equation 4-3. 

�� − �� = 

�� = 167         (4 – 3) 

The selected overheat ratio is applied to the setup by setting the decade resistance to Rw 

(Eq. 4-4) what completes the calibration. 

�� = ��!� + 1#        (4 – 4) 

Square wave test for balancing the bridge 

In order to optimise the bandwidth of the circuit a square wave test has been conducted. 

Most CTA have a build-in square wave generator, as it is the case for the used device. 

The probe is exposed to a constant flow at expected maximum velocity (Umax = 60ms-1) 

and the output signal of the CTA is visualised by connecting with an oscilloscope. An 

optimal adjustment requires a 15% undershoot of the square wave signal (Figure 4-5). 

This can be obtained by altering the gain and the amplifier filter of the CTA. 

 

  

Figure 4-5: Left: Shorting probe to balance resistance of measurement chain. Centre: 

Square wave test for calibration (Jørgensen, 2002). Right: Exemplarily result of square 

wave test. 
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4.2.2 Velocity calibration 

To provide the relation between velocity and output voltage of the CTA signal, further 

calibration is necessary. On this purpose, the hot wire is exposed to varying flow 

velocities at the measurement location while a pitot tube, located close to the hot wire 

measures the dynamic pressure. Use of the ambient temperature and barometric pressure 

enables the determination of the flow velocity in accordance to Equation 4-5.  

$� = %&∙�()*
+          (4 – 5) 

Relating the output voltage of the CTA to the measured flow velocity yields a calibration 

curve to be used for further hot wire measurements. The curve fit is performed by use of 

a polynomial function of 4th order (Eq. 4 – 6) or the King’s Law (Eq. 4 – 7) whereas the 

polynomic form is expected to yield a higher accuracy. For a calibration in a velocity 

range of 5 ms-1 < U < 65 ms-1 25 measurement points were chosen where the most points 

cover the low to intermediate velocity region due to the higher gradient in voltage. 

$ = ,� + ,-. + ,&.² + ,0.³ + ,2.2    (4 – 6) 

.& = ,� + ,-!$#�       (4 – 7) 

Where E is the output voltage, C0 – C4 are calculated constants, U the flow velocity and 

n the scaling power of the velocity.  

  

Figure 4-6: Left: King’s law. Right: Polynomial regression of 4th order. 

4.2.3 Traversing unit 

A two-axis Isel® traversing system was used to carry out hot wire measurements at a high 

grade of automation and accuracy. Implementing the traverse in the IFA-300 thermal 

anemometry system enabled to control it simultaneous to the data acquisition via TSI 

ThermalPro® software. An accurate adjustment of the traverse system to the measurement 

planes of interest was crucial to obtain valid data. 
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Figure 4-7: Left: Two-axis Isel® traverse mounted in front of the nozzle exit to measure 

the y/z-plane. Right: Mounted aerofoil at nozzle exit and ½-inch condenser microphone 

at 1m distance mid-span above the leading edge. 

4.3 Acoustic Measurements 

The NACA65(12)-10 is equipped with either the baseline LE or one of the nine serrations 

of interest and a possible small gap between the joined bodies is sealed by use of smooth 

surface tape. Taping of the configuration takes place carefully to avoid flapping of the 

tape during the measurements. Afterwards, the actual configuration is inserted in the setup 

and fixed via side clamps. The clamps fix the position with a high repeatability and 

redundantise the need of further support. In case of serrated leading edges, an occurring 

gap between aerofoil and sideplates was taped via highly adhesive tape (see section 6.2.4). 

As described in section 3.8, all measurement trials were executed in a randomised order, 

what necessitates the change of turbulence grid, flow velocity, leading edge and angle of 

attack prior each measurement. This procedure is time consuming but eliminates the 

influence of systematic influences. 
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Figure 4-8: Experimental setup for acoustic measurements of serrated leading edges. 

A PCB ½-inch 426E01 prepolarised ICP® condenser microphone was mounted at polar 

angle of ϴ = 90 deg. mid-span at a vertical distance of one meter above the leading edge 

of the aerofoil to gather the acoustic data (Figure 4-7). The connection to a PCB ICP® 

signal conditioner provided the required ICP® current. Digitalisation of the acoustic 

signals took place via a 16-bit National Instruments A/D soundboard. Used data acquiring 

software was TSI ThermalPro® where the calibration record and the acoustic raw data 

were gathered independently. The used calibration device was a G.R.A.S. calibrator of 

type 42AB, which operates at a reference frequency of 1000 Hz and a sound pressure 

level of 114 dB or a sound pressure of 10 Pa respectively. Due to the unknown accuracy 

of TSI ThermalPro®, the post processing was conducted via Matlab® and included 

converting the acoustic signal to sound pressure and the spectral analyses as well as 

determining the sound pressure level in the narrow band spectrum. 

The acoustic data was gathered at sampling rate SR = 40 kHz and blocksize BZ = 1024, 

resulting in a frequency resolution of Δf = 40 Hz and a time resolution of Δt = 26 ms. The 

overlapping was set to 50% while the measurement time was 20 seconds. With respect to 

the expected measurement signals the output voltage range was set to -5V ≤ U ≤ +5V in 

order to avoid clipping of the data. After exporting the obtained data to Matlab®, the 

calibration factor was applied to convert the signal from volts to Pascals. The data was 

then windowed and the Power Spectral Density (PSD) of 1 Hz bandwidth computed from 

a 1024-point FFT using hamming windowing and the limiting frequency range, defined 

in section 6.2.1. Subsequently, the overall sound pressure level was determined by 

integration of the narrow band spectrum. 
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5 Measurement Methodology 

This section deals with necessary and crucial considerations to enable a successful 

conduction of the intended acoustic measurements via DoE. The use of different grids 

facilitates a manipulation of the open jet turbulence intensity. Comparing the measured 

turbulence intensities of different designed and manufactured grids to semi-empirical 

models by Von Kármán and Liepmann indicates if isotropic conditions can be assumed. 

Apart from the intensity, the integral length scale is also an important characterising 

parameter of the turbulence, which requires notice. The adaption of grid parameters to 

provide a convenient turbulence intensity by means of the defined DoE factor levels is 

the aim of these preliminary analyses. Additionally, the measurement of velocity and 

turbulence intensity of the nozzle exit area gives a knowledge on the system initial 

conditions. 

5.1 Turbulence intensity 

Turbulence (lat. turbulentus: disturbed) describes the velocity fluctuation in a flow. The 

magnitudes of the fluctuations are very small in relation to the average flow velocity but 

still of macroscopic dimension (Schade, Kunz, 2007). A characterisation of the turbulence 

takes place by defining the ratio of velocity fluctuation and average flow velocity (Eq. 5-

1). The turbulence intensity shows in principle a directional behaviour. 

�� = �����							
����							
����							(��				�
��				�
��				�) = �√ ∙ |��|					�� = �������� ����� �! "�����#� �$�������� "��% ����� �!   (5 – 1) 

The general turbulence intensity takes respect to the fluctuations of all three velocity 

components. Assuming that the fluctuating velocity is equal in all three directions of the 

velocity vector leads to the definition of the isotropic turbulence intensity. &'(ℎ �*�+						 = �*�+						 = �*%+						 

,-./01203 = 4-�-5							67 = |--�|						6�    8 |-*|				 = ∑ (�:;��)<:=> �($;�)?� = �@ ∗ B �(() ∗ C(()@D    (5 – 2) 

The isotropic turbulence intensity equals the standard deviation of the flow velocity in 

relation to the average flow velocity. 

Active and passive turbulence generation 

The turbulence intensity is one of the most important parameters to characterise a flow. 

Many flow phenomena are caused or influenced by the turbulence intensity (Tu). 
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Tu of up to 20 % are achieved in turbomachinery due to periodic rotor-stator interaction 

and wake convection. This is the reason, why it is of high interest to manipulate the Tu 

in an accurate manner in experimental wind tunnel setups in order to analyse a flow with 

the necessary precision. Aerodynamically well-designed wind tunnels show a very low 

turbulence intensity of 0.1 ≤ Tu ≤ 0.3 %. The generation of additive turbulence can be 

subdivided in two principles, the active and the passive turbulence generation. Passive 

turbulence generators use turbulence grids with biplanar bars or screens with cylindrical 

wires and enable to generate turbulence intensities up to 10 %. It is the simplest and 

cheapest method to control the Tu as flow parameter. Active turbulence generators are 

inducing a momentum into the flow what leads to high Tu. It takes place either by moving 

parts like actuators or by jet injection. The active Tu generation enables turbulence 

intensities up to 20%. The current study employs solely passive turbulence generators in 

form of biplanar grids. 

5.1.1 Grid generated turbulence intensity 

Unless mentioned otherwise, the origin of co-ordinates is defined as the centreline of the 

nozzle exit in both, horizontal and vertical direction (Figure 5-1). 

 

Figure 5-1: Picture of nozzle exit. Definition of the origin of co-ordinate system. 

Seven different grids were analysed with characteristic parameters shown in Table 5-1. 

Corresponding to the proposal by Laws and Livesey (1978) all grids are biplane square 

meshes with a constant ratio of bar diameter and mesh size (M/d = 5).  
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The absolute dimensions of the different grids (WGrid, HGrid) result out of the necessity to 

cover the whole area of the wind tunnel nozzle according to the defined distance (LHotWire) 

between the mesh and the hot wire probe, which is mounted at 30 mm in front of the 

nozzle exit. An often-used characterising parameter for grids is the grid porosity βGrid, 

which is a function of mesh size and bar diameter (Eq. 5-3). EFG HI%K = �LMNO,QRM<�LMNO,SQSTU = (VLMNO;HWTX)�VLMNO� ∙ 100%    (5 – 3) 

 
Figure 5-2: Characteristic grid parameters. 

Grids, placed in a flow represent damming devices and cause a loss in the pressure that 

can be escribed by a resistance coefficient. The resistance coefficient KGrid bases on 

empirical data, proposed by Pinker and Herbert (1967) and Reynolds (1969). In principle, 

the resistance coefficient is a function of Reynolds number, based on the bar diameter, 

porosity and Mach number.  

[FG H � \�]^, EFG H, _`�        (5 – 4) 

However, at incompressible flow conditions, the influence of the Mach number is 

negligible and the resistance coefficient can be written as stated in Equation 5-5. 

[FG H � a�]^� ∙ b�;cdX:e
� f

cdX:e
�         (5 – 5) 

The factor A is a function of the Reynolds number and bases on empirical data. The 

Reynolds numbers, based on the bar diameter (dBar = 4 – 20 mm) and at flow velocity (U 

= 10 m/s – 70 m/s) results in values of 3∙103 < Re < 1.1∙105.  
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According to Laws and Livesey (1978), exceeding a Reynolds number of Re > 250, the 

resistant coefficient turns out to be a function of only the grid porosity and Eq. 5-5 reduces 

to Eq. 5-6. 

[FG H � 0.52 ∙ b�;cdX:e� fcdX:e�         (5 – 6) 

Table 5-1: Characteristic grid parameters 

Parameter Unit G 0.5 G1.0 G1.5 G2.0 G3.0 G4.0 G5.0 

dBar mm 20 15 14 11 8 8 4 

MMesh, mm 100 75 70 55 40 40 20 

M/d -- 5 5 5 5 5 5 5 

LHotWire mm 410 460 410 460 360 410 410 

WGrid mm 390 432 390 432 361 390 390 

HGrid mm 270 388 270 388 208 270 270 

βGrid % 64.0 64.0 64.0 64.0 64.0 64.0 64.0 

KGrid -- 0.749 0.749 0.749 0.749 0.749 0.749 0.749 

In order to determine the turbulence intensities, a 1-D hot wire probe was placed 30 mm 

in front of the nozzle exit and -10 mm in z-direction. This location represents the tip of 

the aerofoil leading edge when installed. The horizontal position refers to the centre of 

the nozzle outlet (y = 0) in order to ensure a fully developed flow profile in the core of 

the free jet. The velocity range of investigation was 10 ms-1 ≤ U0 ≤ 60 ms-1 in steps of ΔU 

= 10 ms-1. All measurements were repeated once to reduce the statistical spread and 

provide reliable data. The obtained results meet the expectations. Large grids generate 

high turbulence intensities whereas small grids act as flow straightener and reduce the 

turbulence intensity significantly. The results show a slight dependency on the flow 

velocity. Especially in the low velocity region, the turbulence intensity is very high and 

decreases with increasing velocity (Figure 5-3). A similar behaviour is observed in terms 

of the mesh size. Grids with large meshes, which generate high turbulence intensities, 

show a stronger dependency on the flow velocity.  

For further investigations the turbulence intensities, generated by the different grids were 

averaged over main velocity region of interest (25 ms-1 ≤ U0 ≤ 60 ms-1) by use of the 

experimental data and matching with power functions (Table 5-2). 
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Figure 5-3: Summarise of measurement results. Analysed grid G1.5 acc. to Table 5-1. 

Plot of turbulence intensity and RMS-value over mean flow velocity (left). Plot of 

power spectral density over frequency (right). 

Analysing the experimental data in terms of matching them to a velocity scaling law, 

results the definition of a proportionality. An increase of the flow velocity leads to a lesser 

influence on the turbulence (Eq. 5-7). 

�� � \�?D�  ∼ �
�kk.l�        (5 – 7) 

Table 5-2: Results of turbulence measurements and comparison to power-functions. 

Parameter Unit G 0.5 G1.0 G1.5 G2.0 G3.0 G4.0 G5.0 No G 

dBar mm 20 15 14 11 8 8 4 N/A 

MMesh, mm 100 75 70 55 40 40 20 N/A 

TuMeasResults % 4.95 3.70 3.89 3.16 5.50 3.24 2.08 0.32 

TuPowerFunct. % 4.92 3.68 3.86 3.11 5.34 3.22 2.11 0.31 

Error % 0.58 0.43 0.88 1.44 2.99 0.39 1.31 5.33 

The influence of the mesh size can be described accordingly with the exception that the 

effect of the mesh size itself is a function of the flow velocity (Eq. 5-8). 

�� � \�_V��m�  ∼ n �k
VLMNO

o
;D.p

      (5 – 8) 

In addition to the already described findings, the turbulence intensity shows a strong 

dependence on the distance between grid and measurement location.  

U = 60 m/s 

U = 40 m/s 

U = 50 m/s 

U = 30 m/s 

U = 20 m/s 

U = 10 m/s 
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Increasing the distance reduces the resulting turbulence. According to Laws and Livesey 

(1978), the minimum streamwise distance between mesh location and measurement 

location should be at least ten times the mesh size to ensure a fully isotropic turbulence. 

Due to restricted dimensions of the wind tunnel and the nozzle, the requirements are not 

to be fulfilled in the most cases (Table 5-3). Nevertheless it is of interest, whether the 

measured turbulence intensities are quasi isotropic. 

Table 5-3: Check on required distance between grid and measurement location acc. to 

Laws and Livesey (1978) to guarantee isotropic turbulence. 

Parameter Unit G 0.5 G1.0 G1.5 G2.0 G3.0 G4.0 G5.0 

MMesh, mm 100 75 70 55 40 40 20 

LHotWire mm 410 460 410 460 360 410 410 

LMin mm 1000 750 700 550 400 400 200 

Ensured? no no no no no no yes yes 

5.1.2 Check on isotropy 

The bi-dimensional spectrum of the turbulence qrr�[s, 0) can be written as product of 

the power-density spectrum of the vertical velocity fluctuations trr(u) and a correlation 

length of the fluctuating velocity v!(u). 

qrr([s, 0) = �w ∙ trr(u) ∙ v!(u)      (5 – 9) 

Two theoretical models, proposed by Von Kármán (Eq. 5-10, Eq. 5-11) and Liepmann 

(Eq. 5-13, Eq. 5-14) are the most common models to describe an isotropic turbulence, 

based on the factors of power-density spectrum and correlation length. 

trrxy (u) = r� �z{{|w�k

}n~��M o�

��
n~��M o��>>/�         (5 – 10) 

v!xy(u) = }z{{ n�(�/)�(p/|)o+ n~��M o�
�
}n~��M o����
n~��M o�       (5 – 11) 

The statistical velocity field can be reduced on the evaluation of the square velocity 

fluctuation u�+ and the integral length scale Λuu (Eq. 5-12). The one dimensional power 

density spectrum is described by the square of the one-dimensional velocity 

fluctuations �*				, the integral length scale Λuu, the mean velocity U0 and the reduced 

wavenumber κe as well as the streamwise wavenumber Kx. 
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q��
�[�u� � �′2				���

�?0 ∙ 1�1+n[��^ o2�5 6�  , � �^ =  √���� ∙ �n5 6� o�n1 3� o[� = u?0 ;  u = 2 ∙ � ∙ \         (5 – 12) 

Most authors determine the integral length scale by fitting the von Kármán spectrum to 

the experimental data. In the present work, the integral length scale has been determined 

by autocorrelation of the hot wire signal. Additionally, a comparing approach of fitted 

integral length scales was performed. The factor κe bases on the gamma function by Euler 

and the integral length scale. 

Liepmanns approach raises the influence of the integral length scale. However, same 

adjustments must apply to convert the resulting spectrum in [Hz] and to take respect to 

the high frequency attenuation as presented in Equation 5-16. 

trr� (u) = r� �z{{+w�k �
y��z{{�b�
y��z{{� f�           (5 – 13) 

v!�(u) = wz{{+4�
y��z{{� y��z{{��
y��z{{�            (5 – 14) 

Reduction on the evaluation of the square velocity fluctuation u�+ and the integral length 

scale Λuu yields the one-dimensional power-density spectrum. 

q��� (u) = �′2				��?0 ∙ 11+[�2�2  , [� = u?0           (5 – 15) 

The resulting spectra based on either the Von Kármán or the Liepmann approach needs 

to be multiplied by a factor of two to obtain a single sided spectrum. Furthermore, a factor 

of 2∙π is applied to convert the frequency to [Hz]. The dilution in the high frequency 

region, caused by the Kolmogorov scale is also respected by applying the exponential 

function given in Equation 5-16 where Kη is a constant that controls the gradient of the 

roll off at high frequencies (Gruber, 2012 and Rozenberg, 2007). 

�y������� = ^�� �b−9 4� f ∙ �[s [ ¡ ¢+£ , [  ≈ 4.3 ∙ 10³¦;�       (5 – 16) 

The constant [  controls the gradient of the spectrum in the high frequency region and is 

related to the Kolmogorov subspace.  

Rozenberg (2007) specifies this value to be [  ≈ 4.8 ∙ 10¨¦;�, however this value does 

not provided a sufficient decrease of the power spectral density at high frequencies. 

Consequently, the constant [  was determined by matching the experimental data. 

Apart from the spectra, a low velocities U0 ≤ 20 ms-1, the results show good agreement 

with the theoretical Von Kármán spectrum (Figure 5-4).  
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The spectrum at U0 = 10 ms-1 shows occurrence of tonal effects in the high frequency 

region. This phenomenon vanishes at higher flow velocities. The theoretical power-

density spectrum based on the Liepmann approach shows a higher accuracy in terms of 

experimental data-fit. The absence of peaks in the low to medium frequency range 

indicates that no shedding of single vortices from the grid is present at the measurement 

location. 

 

Figure 5-4: Grid 1.5 acc. to Table 5-1 , U0 = 10 ms-1 – 60 ms-1 in steps of ΔU = 10ms-1. 

Comparison of power-density spectrum according to Von Kármán (straight) and 

Liepmann (dotted). 

By use of Liepmann’s longitudinal velocity spectrum trr� �[s� � ?D ∙ trr� (u) it can be 

demonstrated that trr� ([s) ⟶ ���					zw        '\    [� ⟶ 0.           (5 – 17) 

With streamwise wavenumber [s = u/?D ⟶ 0 it becomes clear that the resulting 

longitudinal velocity spectrum in the low frequency range depends on the product of �*+				� 

(Figure 5-5). This approach includes an explanation for the gap between model and 

measurement results at low frequencies.  
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Figure 5-5: Grid 1.5, Λ=5.76 mm, U0 = 10 ms-1 – 60 ms-1 in steps of ΔU = 10ms-1. 

Comparison of power-density spectrum according to Liepmann with [s ⟶ 0. 

The observed gap between the measurement data and the theoretical velocity spectrum is 

caused by a higher integral turbulent length scale and velocity fluctuation respectively 

turbulence intensity in this frequency region. This might be an indicator for flow 

instabilities or an unsteadiness of the flow. Further, the vibration of the probe within the 

flow or interfering electric signals might be causal for this deviance. The characteristic 

area of generated turbulence is defined as the region where the power density starts to 

decrease and the power-density scales according to the Kolmogorov spectrum with f -5/3 

(Figure 5-7). As shown in Figure 5-6 the data at low frequencies result out of oscillations 

with high wavelengths. The turbulence is characterised as velocity fluctuations at high 

frequencies and are comparable with the overtones of the shown sinusoidal oscillation at 

a low frequency. 
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Figure 5-6: Sinus signal at 50 Hz plus seven covering sinus signals (overtones) at higher 

frequencies. 

The dependencies of the resulting power-density spectrum become clear by non- 

dimensionalising the spectrum. The reduced frequency is obtained by multiplying with 

the integral turbulence length scale Λuu, divided by the mean velocity U0 (Eq. 5-18).  

\$�$H � � "∙z���k            (5 – 18) 

The magnitudes of the power-density subside by division of the mean velocity with a 

power of 0.5. As it is shown in Figure 5-7, the power-density spectrum reduces to one 

characteristic curve, independent of the mean velocity. The measurement results show a 

fit to the theoretical approach of high degree. The good fitting of the reduced power-

density spectra for different velocities backs a reliable determination of an overall integral 

turbulent length scale, independent of flow velocity as presented in section 5.1.3. 

However, in the low frequency region a significant deviance between theoretical model 

and measurement results is present. Because the grid-generated turbulence is represented 

by the Kolmogorov region where a constant slope in the curve of the power-density is 

present, this gap in the low frequency region does not affect the statement of isotropy.  
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Figure 5-7: Grid 1.5, U0 = 30 ms-1 – 60 ms-1. Reduced power-density spectrum over 

reduced frequency. Comparison of measurement data and power-density spectrum 

according to Liepmann. Additional Kolmogorov spectrum scale f-5/3. 

Aufderheide et al. (2014) propose a turbulence prediction model (Eq. 5-19) for cascade 

wind tunnels based on the work of Laws and Livesey (1978). They determine the 

turbulence intensity as a function of the mesh size MMesh, the loss coefficient of the grid 

ζ and a factor K to compensate the wind tunnel contraction downstream. The virtual 

position x0 is considered to be in an order of x0 = 10 ∙ MMesh to guarantee an isotropic 

turbulence. The factor b is approximately b ≈ 100 in case of a biplanar grid with M/d ≈ 5. 

���ª« � 100 ∙ 4VLMNO∙¬�(s;sk) ∙ [          (5 – 19) 

[ =  �+® ¯1 + �$�®°�b�
√�;®°f£®°√�;®° ±  &'(ℎ ² = �dX:e�L³ > 1      (5 – 20) 

The downstream contraction factor k bases on the ratio of grid surface and surface of the 

wind tunnel downstream. Applying an overall loss coefficient of ζ = 0.0108 results in a 

good agreement between the averaged measured turbulent intensities and the prediction 

model (Figure 5-8). 
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Figure 5-8: Comparison of measured and predicted turbulent intensities based on grid 

parameters MMesh and LHotWire. 

5.1.3 Integral time/ length scale 

A common parameter to describe a turbulent flow is, apart from the turbulence intensity, 

the integral time scale tL or integral length scale Λωω. The length scale is a measure for 

the characteristic size of turbulent eddies, the time scale represents the time an eddy needs 

to pass a distinct location at convective velocity UC respectively (Eq. 5.21).  

�����, µ, ¶) = ?� ∙  (� = ? ∙ B ](�, µ, ¶, ·)C·Ḑ        (5 – 21) 

In other words, the integral length scale represents the product of integral time scale and 

the eddy velocity UC. In case of free stream measurements, the convective velocity of an 

eddy can be assumed equal to the mean flow velocity of the stream, given a sufficient 

distance between grid and measurement location. The integral time scale can be 

determined by the normalised autocorrelation function (Eq. 5-22) of velocity fluctuations 

at velocity time series u(t). 

](·) = ¹��(s,!,º,»)¹��(s,!,º,D) = �(�)∙�(�;»)																	�*			�(s,!,º)          (5 – 22) 

The autocorrelation is an important method to gain knowledge on the eddy size when 

only one-dimensional hot wire measurements are carried out. It describes the correlation 

of a signal with itself along the time axis by use of integration instead of the correlation 

of two different signals at identical discrete times. It is a mathematical tool to define 

repeating patterns. One important assumption regarding the autocorrelation is the frozen 

turbulence hypothesis by Taylor. It says that the advection, the process of turbulence 

transport, is entirely due to the mean flow velocity and is not affected by the turbulent 

circulations itself. Thus, the turbulence does not change during the time an eddy passes 

the hot wire. The frozen turbulence hypothesis only holds if the turbulence intensity is 

small (Eq. 5-23). 
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�� � �X¼N
�¼MT<

≪ 1           (5 – 23) 

The normalised correlation R(τ) of the velocity fluctuations is plotted in Figure 5-9 over 

the time scale τ. Determining the area under each function by calculating the integral over 

the time results in the integral time scale tL. Multiplying with the eddy velocity yields the 

integral length scale. Obviously, it is not possible to determine the integral from zero to 

infinity over the time. Thus, a practical problem is to define the right number of data 

samples to obtain reliable results. According to Gruber (2012), a characteristic empirical 

value of 0.5 or 50% was chosen to define the correlated signal and consequently the 

integral time scale. The integral turbulent time scale tL is therefore defined as ·�/+ where,   ¹��(s,!,º,»)¹��(s,!,º,D) = 0.5.           (5 – 24) 

With the underlying assumption of frozen turbulence, the integral turbulent length scale 

follows accordingly. ���(�, µ, ¶) = ?¾ ∙ ·�/+          (5 – 25) 

In principal, the most precise method to determine the integral turbulent length scale 

without the assumption of frozen turbulence would be the cross-correlation of two 

independent signals, both representing the streamwise turbulence intensity at different 

locations. 

 

Figure 5-9: Normalised autocorrelation function of velocity fluctuations over time. 

Measurement results of Grid 1.5 acc. to Table 5-1 at U0 = 60 ms-1. 

The trend of the normalised autocorrelation in Figure 5-9 shows that the resulting time 

scales decrease with the flow velocity and accordingly the eddy velocity.  
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Overall, the resulting integral length scales show a clear pattern and are almost constant 

at varying flow velocities (Table 5-4). 

Table 5-4: Results of integral length scale and integral time scale, averaged over 

velocity range U0 = 25 – 60 ms-1. 

Parameter Unit G 0.5 G1.0 G1.5 G2.0 G3.0 G4.0 G5.0 No G 

dBar mm 20 15 14 11 8 8 4 N/A 

MMesh, mm 100 75 70 55 40 40 20 N/A 

TuMeasResults % 4.95 3.70 3.89 3.16 5.50 3.24 2.08 0.32 

Λuu mm 6.45 4.60 5.88 3.95 4.14 3.73 3.12 8.26 

The plot of the integral length scale and turbulence intensity over the quotient of mesh 

size and distance between mesh and measurement point (Figure 5-10) shows that both 

aerodynamic parameters reveal similar dependencies on the grid design. 

 

Figure 5-10: Comparison of integral length scale and turbulence intensity of the 

different grids as a function of mesh size M and distance L to measurement location. 

The integral time scale shows, in opposition to the turbulence intensity, a strong 

dependency on the flow velocity. The lower the velocity, the higher the times scale but 

multiplying the time scale with the eddy velocity yields the length scale, which itself 

shows only a minor influence by the velocity (Eq. 5-26). 

��� � \b?¿��f  ∼ ?;D.À          (5 – 26) 

The influence of the mesh size scales with the same power than in case of the turbulence 

intensity (Eq. 5-8) but without velocity interactions (Eq. 5-27). 

(� � \�_V��m�  ∼ �
VLMNOÁk.Â         (5 – 27) 
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5.1.4 DoE – Grid design 

The preliminary investigation of the turbulence intensity (Chapter 5.1), based on the grid 

parameters as well as the distance between grid and measurement location, revealed a 

varying turbulence intensity in the range of approximately 2.1% < Tu < 5.5%. The Tu is 

considered isotropic in a velocity range of 25 ms-1
 ≤ U0 ≤ 60 ms-1. Comparison with the 

theoretical power-density spectrum for an isotropic turbulence by von Kármán and 

Liepmann shows a good agreement for the defined velocity range. Especially the 

approach by Liepmann describes the reduction of the power-density spectrum at high 

frequencies with good accuracy. Thus, the resulting turbulence intensities are shown to 

be isotropic despite the fact that the required distance between grid and measurement 

location according to Laws and Livesey (1978) of LMin ≥ 10∙MMesh could not be fully 

satisfies in five of seven analysed cases. Allying the Tu prediction model proposed by 

Aufderheide et al. (2014) shows a good match to measurement results. 

The obtained knowledge on minimum and maximum Tu with given isotropic character 

and with respect to the restrictions of the test setup leads to the definition of the turbulence 

intensities, required by the experimental approach of design of experiments (DoE). 

Table 5-5: Definition of necessary Tu levels for DoE setup. 

 Unit -αDoE -1DoE 0DoE +1DoE +αDoE 

TuNondim -- -2.3784 -1.0 0.0 +1.0 +2.3784 

Tu % 2.08 3.07 3.79 4.51 5.50 

Utilising the Tu prediction model and transposing the parameters according to the mesh 

size MMesh provides the necessary grid parameters to achieve the defined turbulence 

intensities (Eq. 5-28) with b ≈ 100 for bi-planar grid at M/d ≈ 5 and an overall loss 

coefficient of ζ = 0.016. 

_V��m � n @�
�DD∙yo+ �(s;sk)¬           (5 – 28) 

As can be seen in Figure 5-11, four of the five defined turbulence intensities, required for 

the DoE design (Table 5-5) can be obtained by use of already existing grids. In case of 

the Tu for the non-dimensional position -1DoE (factorial core) and 0DoE (central point) the 

grid results do not match the desired value exactly but can be adopted by modifying the 

distance to the measurement location. 
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Figure 5-11: Comparison of measurement results (symbols) and prediction of Tu 

(straight lines) in accordance to Aufderheide et al. (2014). Slight changes of loss 

coefficient ζ360 = 0.011, ζ410= 0.0112 and ζ460 = 0.0101. Additional plot of Tu results by 

Gruber (2014). 

The desired Tu for the upper limit of the factorial core +1DoE (Tu = 4.51%) requires a grid 

different from the already manufactured. The manufacturing process is restricted by a 

necessary bar diameter dBar that represents an integer multiple of 3 mm, 4mm and 6mm 

or a combination of these. Additionally, the ratio of mesh size and bar diameter should 

remain on M/d = 5 and the distance between mesh and measurement location should be 

kept manageable to prevent large mesh sizes what might result in an affection of isotropy. 

Consequently, Table 5-6 presents the chosen parameters whereas a slight adaption of the 

resulting Tu in accordance to requirements is still possible by varying the grid location. 
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Table 5-6: Mesh parameters to provide Tu+1DoE = 4.51 % while guaranteeing M/d = 5. 

Parameter Unit G 0.75 

MMesh, mm 90 

dBar mm 18 

LHotWire mm 410 

TuPredicted % 4.59 

5.2 Velocity/ turbulence profiles 

Rudimentary measurements of the velocity and turbulence profiles at the nozzle exit 

provide knowledge on the distribution and homogeneity. The profiles of velocity and 

turbulence represent initial conditions for the intended aeroacoustics measurements. 

According to Figure 3-4, they can be classified as passive parameters. By means of 

comparability, profiles with and without mounted aerofoils as well as with different 

turbulence grids were carried out. 

The hot wire probe was traversed along the exit surface at a distance between nozzle and 

measurement location of 30 mm, representing the location of the aerofoil leading edge 

tip. The horizontal traversing in y-direction of the nozzle width (wNozzle = 300mm) took 

place in the range of -130 mm ≤ y ≤ +130 mm in steps of 20 mm, covering 87% of the 

nozzle width. The ISEL®-Traverse dimensions and the applied sideplates at the nozzle 

exit restricted measurements more close to the nozzle walls. In vertical direction steps of 

10 mm were applied while measuring along the whole nozzle height of hNozzle =100 mm. 

Hence, the number of measurement points for each profile sums up to 106 (Figure 5-12, 

left). In the context of analysing a small area in front of the aerofoil leading edge with 

high resolution as presented in Section 0, a conduction of 307 measurements per profile 

is necessary (Figure 5-12, right). 
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Figure 5-12: Measurement procedure for velocity/ Tu profile (left, 106 trials) over 

whole nozzle exit (straight black line) and velocity/ Tu in area close to leading edge of 

attached aerofoil (right, 307 trials). Dotted line (--) indicates (imaginary) aerofoil 

location. 

5.2.1 Profiles without mounted aerofoil 

The nozzle was equipped with and without turbulence grid. In case of an applied grid a 

grid mesh size of M = 40 mm and bar diameter of d = 8 mm with a resulting ratio of M/d 

= 5 was used to provide an intermediate turbulence intensity of Tu ≈ 3.3% (Grid 4). A 

low turbulence with grid was obtained by use of M = 20 mm, d = 4 mm (Grid 5), resulting 

in Tu = 2.08 %. All velocity and turbulence profile measurements took place at nozzle 

outlet speed of U0 = 40 ms-1.  

Settings without turbulence grid and without mounted aerofoil yield the lowest possible 

turbulence intensity in the current setup (Figure 5-13). Turbulence and velocity profile 

show a regular pattern with slight horizontal increase of velocity in the area left of the 

nozzle centre. Figure 5-13 shows the influence of the wall boundary layer along the nozzle 

height. In this region, the flow velocity reduces to zero, whereas the turbulence intensity 

tends to infinity (Eq. 5-29). Along the nozzle width, no such behaviour is visible because 

the profile could not be recorded close to the nozzle walls. 

�� �?D� →  ∞    '\ ?D → 0          (5 – 29) 
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Figure 5-13: Turbulence profile (left) and velocity profile (right) at 30 mm distance to 

nozzle exit. U0 = 40 ms-1. No turbulence grid and no aerofoil mounted. 

In comparison, the velocity profile with applied grid shows a significant change of the 

average velocity along the horizontal axis (Figure 5-14). However, the turbulence profile 

is only slightly affected by the deviant behaviour what originates from a proportional 

increase of both, velocity fluctuation and average velocity. Of question is whether the 

bars of the applied grid are causal for the deviant velocity distribution. 

 

Figure 5-14: Turbulence profile (left) and velocity profile (right) at 30 mm distance to 

nozzle exit, representing the LE location. Tu grid 4, U0 = 40 ms-1, no aerofoil. 

On this purpose, the bar diameter was reduced from d = 8 mm (grid 4) to d = 4 mm (grid 

5) while keeping the M/d ratio constant. As can be seen in Figure 5-15, the homogeneity 

of the velocity profile with grid 4 increases but the trend to higher average velocities in 

the horizontal y-direction is still present.  
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The results of turbulence intensity are accordingly. The effect of increasing homogeneity 

can be attributed to the reduced bar diameter and mesh size, which act as flow 

straightener. The trend of the velocity is caused by a possibly slight asymmetry of the 

nozzle what leads to an acceleration of the fluid in the positive y-direction close to the 

nozzle walls and is reinforced by large bar diameters and mesh sizes of the grids. 

 

Figure 5-15: Comparison of velocity profiles of Grid 5 (left) and Grid 4 (right). 30 mm 

distance to nozzle exit, U0 = 40 ms-1, no aerofoil. 

To validate the measured velocity profiles and to increase the knowledge on the central 

velocity profile, a central region of the velocity profile was measured by use of a pitot 

tube (Figure 5-16). A horizontal distance of 150 mm and a vertical distance of 50 mm 

were analysed. The resulting profile shows a relative high homogeneity with a standard 

deviation of 0.26 ms-1. However, the profile still shows deviation along the horizontal 

direction, especially at y = 18 mm where a drop of the velocity occurs. Nevertheless, the 

results confirm the hot wire measurements though the mount of the aerofoil in front of 

the nozzle exit stabilises the velocity profile and enables a quasi-symmetric incoming 

flow profile as shown in Section 5.2.2. 
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Figure 5-16: Pitot measurements of central velocity profile (m/s) at 81 measurement 

locations. Grid 4, no aerofoil, U0 = 40 ms-1. 

5.2.2 Profiles with aerofoil 

Of interest is the velocity and turbulence profile at the nozzle exit when the NACA65(12)-

10 aerofoil is mounted. Thus, two different profiles were measured, one with turbulence 

grid (G4, Tu = 3.2%) and one without. Both measurements have been carried out at 

constant fan speed of 1600 rpm or U0 ≈ 50 ms-1 respectively, including a slight reduction 

of the mean velocity in case of inserted grid due to the occurring pressure drop. The tip 

of the leading edge is aligned at a vertical distance of z = 40 mm and the maximum 

thickness of the aerofoil represents the projected blocking thickness of 15mm. As can be 

seen in Figure 5-17, the average velocity shows a slight drop in case of inserted grid due 

to the loss of dynamic pressure. A relatively high chosen vertical step size (z = [0, 10, 30, 

50, 70, 90, 100] mm) allows only a rough estimation of the velocity profile. In general, 

both obtained profiles show similar patterns. The larger area of low velocity above the 

aerofoil indicates that the suction side of the mounted aerofoil has a higher influence on 

the velocity profile. A remarkable difference to the analysed velocity profiles without 

mounted aerofoil is the absence of velocity deviations along the horizontal direction. 
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Figure 5-17: Mean velocity profile in m/s. Re ≈ 500,000. Dotted line indicates projected 

aerofoil height. Left: Aerofoil without grid (Tu = 0.3 %). Right: Aerofoil with grid 4 

(Tu = 3.2 %). 

Regarding the turbulence profile without the use of a turbulence grid (Figure 5-18, left), 

the location of the aerofoil cannot be determined. This is due to the very low turbulence 

intensity of 0.3 to 0.45%. The presence of the aerofoil does show a large effect on these 

values. In opposition, the influence of the aerofoil is clearly visible in case of used grid 

and thus high Tu. The aerofoil acts as damming devise and causes a rise of the turbulence 

intensity in regions of high blocking ratio, because the denominator in form of average 

flow velocity decreases. 

 

Figure 5-18: Turbulence profiles corresponding to Figure 5-17. Aerofoil without grid 

(left) and with grid (right). Tu in %. 
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6 DoE – Acoustic measurements 

Prior executing the intended acoustic measurements in terms of the already defined DoE, 

careful analyses of the factors of interest is crucial. The turbulence intensity and flow 

velocity or Reynolds number respectively were already discussed in Chapter 5. 

Remaining factors are the angle of attack and the serration parameters in form of serration 

wavelength and amplitude. Utilisation of previous measurement results by Chong et al. 

(2014), executed with a similar setup at Brunel University London, give a first impression 

on the effects of these factors. This is essential to enable a successful conduction of the 

intended experiments because the effect of the factors on the response variables have to 

be continuous and the occurrence of any plateaus or sudden changes have to be avoided. 

Otherwise, the DoE regression functions of first and second order are not sufficient to 

describe the system with the desired accuracy.  

The second part of this chapter focusses on preliminary measurements to define the final 

measurement procedure and a valid method to evaluate the obtained acoustic signals. This 

includes the analyses of the acoustic background level to obtain valid data and a selection 

of a suitable frequency range to analyse the acoustic data. Furthermore, it has to be 

guaranteed that no self-noise of the aerofoil due to trailing edge scattering, etc. occurs 

and influences the leading edge noise analyses. 

6.1 Preliminary analyses of acoustical data 

Chong et al. (2015) conducted an extensive number of measurements with serrated 

leading edges of a NACA65(12)-10 aerofoil at Brunel University London. The 

experimental setup shows a high similarity to the setup used in the present work. The test 

cases can be subdivided into two groups. First, they analysed the emitted noise of the 

serrated leading edge with the highest noise reduction potential at amplitude A = 45 mm 

and wavelength λ = 7.5 mm. Additionally, the baseline case was measured to enable a 

comparison and definition of the noise reduction. In this setup they used a turbulence 

intensity of approximately Tu = 3.7% (grid 1) as well as Tu = 0.33% (no grid) and varied 

the geometrical angle of attack from -8 deg ≤ αAoA ≤ +10 deg. Secondly, they focussed 

on the influence of turbulence intensity and serration parameters A and λ while keeping 

the angle of attack constant at zero degree. According to Table 6-1, 12 serrated leading 

edges were analysed at turbulence intensities of Tu = 0.33% (no grid), Tu = 3.7% (G1), 

Tu = 3.2% (G2) and Tu = 5.5% (G3) each. 
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Table 6-1: Parameter matrix of serration amplitude A and wavelength λ tested by Chong 

et al. (2014). 

  A [mm] 7.5 30 45 

λ
 [

m
m

] 

7.5 x x x 

15 x x x 

30 x x x 

45 x x x 

6.1.1 Tonal noise occurrence 

Preliminary measurements of the turbulence intensity at the nozzle outlet of the wind 

tunnel revealed the turbulence intensity to be Tu = 0.1% (Section 4.1). However, this is 

the case when no aerofoil is applied. With mounted aerofoil at approximately 30 mm 

downstream of the nozzle outlet, the turbulence intensity is with Tu =0.33 still very low 

but compared to the free stream Tu significantly higher. In case of low turbulence, the 

generation of tonal noise at the trailing edge is possible, because the boundary layer on 

the aerofoil pressure-side may stay laminar to the trailing edge what enables the 

development of an acoustic feedback loop. A further necessity to obtain tonal noise is a 

low to moderate flow velocity. Exceeding a certain velocity leads to a transition of the 

boundary layer to turbulent and thus to the elimination of the tonal effect. As shown in 

Figure 6-1, the frequency of the tonal effect alters with the incoming flow velocity. The 

higher the velocity, the higher is the frequency of the tonal emission until the transition 

of the boundary layer occurs and the tonal effect vanishes. 

 

Figure 6-1: Narrow band spectrum at different flow velocities. Attached baseline 

leading edge to NACA651210 aerofoil at zero angle of attack. Tu = 0.33%. 

x: 1891 Hz

y: 32.91 dB 

x: 988.3 Hz 

y: 36.94 dB 
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A possibility to supress the generation of tonal noise is the use of serrated leading edges. 

As can be seen in Figure 6-2 the use of serrations supresses the tonal noise generation and 

leads to a massive reduction of the sound pressure level in a wide frequency range. 

 

Figure 6-2: Narrow band spectrum. Tonal component emitted from trailing edge due to 

laminar boundary layer at zero angle of attack. Tu = 0.33%, U0 = 20 ms-1. 

In case of an incoming flow at high turbulence, no tonal noise generation is possible but 

significant broadband noise is generated at the aerofoil leading edge. Nevertheless, the 

level of broadband noise can be reduced by use of serrated leading edges. The aim of the 

present work is to define the most effective undulation design to reduce this emitted 

broadband noise by a maximum. In terms of the intended DoE experiments, the 

possibility of a tonal noise occurrence in the baseline case has to be avoided. Baseline 

measurements are to be compared with the serrated cases to define the overall noise 

reduction. A baseline LE where tonal noise occurs would corrupt this definition and 

compromise the whole study of broadband aerofoil-gust-interaction (AGI) reduction. 

Consequently, this necessity limits the lower flow velocity and minimum turbulence 

intensity to be analysed in order to guarantee a turbulent boundary layer.  

The noise reduction capability of an A45λ30 serration is shown in Figure 6-3. The 

increase of turbulence intensity by varying the used turbulence grids broadens the 

frequency range where a noise reduction of more than10 dB occurs in a steady manner. 

The first plot however shows a measurement result at a very low turbulence intensity 

what leads to the generation of tonal noise at the reference baseline LE. In this case, the 

sound reduction includes the elimination of tonal effects and is much higher, compared 

to broadband sound reduction. Thus, a jump of the noise reduction from 10 dB in the high 

turbulent cases to 25 dB in the case of very low Tu occurs. Therefore, the minimum Tu 

to be analysed by means of the DoE is required to be far beyond the tonal noise case and 

is set to Tu = 2.1%. 
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Figure 6-3: Sound pressure level reduction dSPL [dB]. Comparison of LE A45λ30 at 

different inflow turbulence intensities. 

6.1.2 Influence of angle of attack 

The baseline aerofoil as well as the A45λ7.5 leading edge was measured at different 

angles of attack. The experimental setup refers to the already described one (Section 4.3). 

The geometrical angle of the aerofoil was altered from -8 deg ≤ αAoA ≤ +10 deg. The 

turbulence intensity, measured between nozzle exit and aerofoil leading edge is Tu = 3.7 

% with a standard deviation of 0.098 %.  

 

Figure 6-4: Leading edge A45λ7.5 (McEwen, 2015). 

The dependency of the emitted noise with and without serrated leading edge shows only 

a slight influence on the angle of attack. In case of a baseline leading edge, the emitted 

sound is at its highest value at zero degrees and decreases with increasing angle. The 

serrated case behaves deviant. At negative angles of attack, the emitted sound is at its 

highest level and reaches a minimum at a value of zero.  
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Further increase leads to a short increase of the SPL, followed by a significant reduction 

at uncorrected angles of α > 6 deg. However, the absolute change of the SPL in 

dependency of the angle of attack is defined by values ≤ 1dB. 

Nevertheless, the reduction of the sound pressure level dSPL as a result of the emitted 

sound with baseline and serrated leading edge provides a more significant dependency 

(Figure 6-5). The best sound reduction capability is defined by a region of angles close to 

zero degrees. Moreover, low flow velocities provide the highest sound reduction. 

 

Figure 6-5: Reduction of the sound pressure level dSPL [dB] by comparing the baseline 

LE with an undulated A45λ7.5 LE. Variation of AoA at distinct velocities. 

The above-explained dependencies, based on first preliminary measurements provide a 

first impression on the system behaviour. In principle, the characteristics of the SPL-

reduction as a function of the AoA seem to be continuous and thus the variation of the 

serration design promises a describable change in the SPL and SPL-reduction. A steady 

change of the noise reduction is present even at different flow velocities what 

redundantises the apprehension of a developing plateau what would confine the model 

quality of the DoE. In terms of the DoE experiments, analyses of the AoA in a range of -

10 deg ≤ αAoA ≤ +10 are possible without restrictions in the validity. 

6.1.3 Influence of Amplitude/ Wavelength 

Figure 6-6 shows the influence of a varying serration amplitude at certain wavelengths. 

All serrated LE show a reduction of the two broadband peaks in the narrow band spectrum 

compared to the baseline case. However, altering the amplitude from A = 30 mm to A = 

7.5 mm results in a jump of the emitted noise in the frequency range of the peak that is 

far higher than the difference between A = 45 mm and A = 30 mm. This is especially the 

case at high wavelengths. The response variable of interest is the overall sound pressure 

level (OASPL), which is only slightly influenced by changes in the high frequency region 

due to the lower energy level in this range.  
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Consequently, as shown in Figure 6-9, the OASPL changes continuously with varying 

serration amplitude. Defining the reduction of the OASPL though would most likely 

result in stagnation at very low serration amplitudes. Due to this trend and the low noise 

reduction capability of low amplitudes, the minimum amplitude of interest for the DoE 

experiments is set to A = 12 mm.  

 

Figure 6-6: Narrow band spectrum of serrations vs. baseline at U0 =50 ms-1. Variation 

of serration amplitude at fixed wavelengths. Tu = 3.2% 

The effect of serration wavelength shows a more continuous trend although much weaker 

than the serration amplitude. In particular, at intermediate to high amplitudes, the effect 

of this factor on the response variable is describable by the chosen experimental design 

(Figure 6-7). This proposition is also supported by the OASPL, plotted in Figure 6-9. 

 

Figure 6-7: Sound reduction capability of serrations vs. baseline at U=50 m/s. Variation 

of serration wavelength at fixed amplitudes. Tu = 3.2%. 
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All three grids and the no grid configuration result in a similar dependency of the sound 

pressure reduction as a function of serration amplitude and wavelength. The higher the 

amplitude, the more effective is the sound reduction. The wavelength shows an optimum 

at intermediate values and the sound reduction capability decreases at very high or low 

values. The results for the extremes of the analysed serration parameters are plotted in 

Figure 6-8. As already discussed, the A7.5λ45 case shows almost no reduction capability 

what improves only with minor effect with decreasing amplitude.  

 

Figure 6-8: Sound pressure level reduction dSPL [dB]. Comparison of min/max 

parameters of LE serrations. Tu = 3.2 %. 

The serration amplitude has the most significant influence on the overall SPL. The higher 

the amplitude, the lower is the emitted noise. The configuration with a wavelength of λ = 

15 mm results in the lowest noise emissions (Figure 6-9). Moreover, the effect of different 

inflow velocities can be described. The efficiencies of the serrated leading edges seem to 

decrease when the velocity increases. This trend is clearly uniform without the risk of 

developing a plateau at very high or low values and therefore enables the choice of the 

lowest and highest velocity to be analysed in accordance to the requirements of an 

isotropic turbulence intensity and a turbulent boundary layer, and is not restricted by the 

noise reduction capability. Recapitulatory, it is important to note that no serrated leading 

edge emits higher noise than the baseline LE. 
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Figure 6-9: Comparison of overall SPL [dB] to describe influence of serration 

amplitude (left) and serration wavelength (right) on emitted broadband noise at varying 

velocity. Tu = 3.2 %. 

6.2 Preliminary measurements 

Upon gaining information on restrictions of the factor levels to guarantee a valid 

conduction of the DoE experiments, the details of the experimental setup and post-

processing must be defined. Moreover, the ambient conditions require a recheck to 

validate the measurement location. 

6.2.1 Frequency range to be analysed 

Prior analysing the obtained data, a feasible frequency range needs to be selected. 

According to the measurements carried out after installing the anechoic chamber at 

Brunel University the lower cut-off frequency was defined at 230 Hz (Figure 6-10). 

Additionally the typical frequency range of the fan self-noise is expected to be less than 

300 Hz. Therefore, the lower frequency limit to evaluate the obtained data is set to fmin = 

300 Hz. 
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Figure 6-10: Cut-off frequency (point at which less than 99% of energy is absorbed) of 

anechoic chamber at Brunel University London (H&H, 2014). 

As explained in Chapter 2, leading edge broadband noise due to aerofoil gust interaction 

(AGI) is expected to occur in a low to moderate frequency range (Figure 6-2). This backs 

the imperative of a limiting upper frequency to neglect possible high frequency noise with 

noise sources different to the leading edge. 

 

Figure 6-11: Schematic illustration of flow induced noise, radiated by a rigid supported 

aerofoil. (Blake, 1986 and Carolus, 2013). 

The sample measurement in Figure 6-12 shows that the aerofoil with baseline reveals 

small peaks, which represent tonal components at high frequencies. Moreover, the 

aerofoil with serrated leading edge emits higher noise compared to the baseline in the 

high frequency range.  
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According to Narayanan et al. (2014), the peaks at high frequencies are due to instability 

and are observed in both, serrated and un-serrated cases. The underlying mechanism is 

not jet fully understood but suspected to be related to the forward facing step, described 

by Pearson et al. (1976). Chaitanya et al. (2015) show that the noise reduction generally 

increases with increasing frequency until a frequency is reached, where the aerofoil self-

noise starts to become dominant. Hence, the effectiveness of leading edge serrations is 

restricted to this frequency range. By means of the overall sound pressure level, the 

frequency range above 20 kHz does not represent a significant influence because the 

levels at lower frequencies dominate the OASPL due to its higher energy levels. However, 

a meaningful upper frequency limit is defined at fmax = 10 kHz. 

 

Figure 6-12: Sample measurement with parameter levels acc. to the DoE Central Point. 

Dotted vertical lines indicate selected lower and upper frequency limit. 

6.2.2 Preliminary investigations 

Valid measurements can be obtained only if the level of wind tunnel self-noise is 

significantly below the noise level of the aerofoil with the serrated leading edge, which 

emits the lowest sound pressure level. In addition, the emitted serrated sound pressure 

level should be well below the baseline case along the whole frequency range. 

A serrated leading edge with the highest chosen amplitude and lowest wavelength 

(A45λ7.5) was analysed because it promises to achieve the highest sound reduction and 

consequently emits the lowest sound pressure level. Thus, the gap between baseline and 

serration is at its maximum and the OASPL of the serrated leading edge is at its lowest 

level. This means if the sound reduction can be described without interfering with the 

surrounding and background noise, all other serrated leading edges are describable too. 

The sound pressure levels of serrated and baseline leading edge were analysed by varying 

the turbulence intensity. The angle of attack has been chosen to be constant at zero degree 

(y/H = 0). The Reynolds number of the incoming flow was switched between 250,000 ≤ 

Re ≤ 600,000 or lowest and highest velocity respectively.  
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The Reynolds numbers were defined by calibrating the required flow velocity for each 

turbulence grid to compensate the pressure drop due to the grid resistance, described by 

the porosity. 

Table 6-2: Investigated factor levels to analyse the noise emissions in the context of 

preliminary measurements. 

Factor Unit Level 

Re -- 250 000, 600 000 

Tu % 2.08, 3.07, 3.79, 4.51, 5.50 

ASerr /C -- 0.30 

λSerr /C -- 0.05 

y/H -- 0.00 

The plot of the narrow band spectrum in Figure 6-13 shows that the sound pressure level 

in case of no mounted aerofoil is always below the emitted sound of an aerofoil with 

serrated leading edge. In both cases (very low and very high turbulence intensity) the 

ambient noise without attached aerofoil in front of the nozzle outlet shows a significant 

lower sound pressure level compared to both aerofoil cases. Especially the intermediate 

frequency region between 1 kHz and 5 kHz, where the main contribution of the noise 

reduction due to serrations is expected, shows a large difference between aerofoil noise 

and ambient noise. 

  

Figure 6-13: Comparison of emitted narrow band spectrum of aerofoil at Re = 250,000 

and Re = 600,000 with baseline (straight) and serrated leading edge (dashed). 

Additional plot of the sound spectrum without attached aerofoil (dotted). Results at 

lowest (left) and highest (right) investigated turbulence intensity. 
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Of further interest is the evolution of the emitted noise with baseline and serrated leading 

edges as a function of the turbulence intensity. A change from low Tu to intensities at 

intermediate levels causes a strong increase of the emitted noise whereas a further 

increase of the turbulence intensity causes only a slight increase of the OASPL (Figure 

6-14). This pattern is visible in all, Re = 250,000 and Re = 600,000 as well as baseline 

and serrated cases. During the measurement of the serrated leading edge at Re = 600,000 

tonal components are visible at distinct frequencies. These are believed to be caused by a 

flapping of tape that was used to attach the serrated leading edge to the main body of the 

aerofoil. Moreover, these preliminary measurements confirm that the Reynolds number 

dominates the offset of the sound pressure level. 

  

Figure 6-14: Narrow band spectrum, showing the influence of turbulence intensity at 

distinct Reynolds numbers. Baseline LE (left) and serrated A/C = 0.3, λ/C = 0.05 LE 

(right). 

6.2.3 Tripped Aerofoil 

A tripping in form of a rough-surface stripe was attached along the whole span on the 

aerofoil top and bottom (Figure 6-15). The tripping stripe had a width of 1 cm and was 

placed at a streamwise location at 5 cm chord length. 

The tripping of the flow forces the transition of the boundary layer into fully turbulent. In 

principle, the boundary layer is already assumed as turbulent due to the high incoming 

turbulence intensity, which causes a bypass transition. However, to validate this 

assumption the tripped case needs to be compared to the untripped case in order to analyse 

possible differences in the emitted noise.  
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Figure 6-15: Experimental setup with attached tripping tape to secure a fully turbulent 

boundary layer. 

A measurement at a Reynolds number of Re = 250,000 shows that the OASPL with and 

without tripping is very similar (Figure 6-16). The narrow band spectrum shows that 

especially in the frequency range between 300 Hz and 4.5 kHz both cases are almost 

congruent. Exceeding the 4.5 kHz limit, the local SPL of the tripped case even increases 

compared to the untripped one what can be assigned to self-noise due to the rough surface 

of the strip. The characteristic frequency region where broadband trailing edge noise 

occurs is mainly located between 2 kHz and 5 kHz. In this region, no reduction of the 

emitted noise is observed in the tripped case what leads to the conclusion that the 

boundary layer is already turbulent, even without tripping. This backs the initial discussed 

assumption of a turbulent boundary layer due to the bypass transition caused by the high 

incoming turbulence intensities. Consequently, no tripping of the boundary layer will be 

necessary for the upcoming measurements to neglect tonal or broadband trailing edge 

noise. Tripping, quite the contrary, would cause an increase of high frequency self-noise. 
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Figure 6-16: Comparison of measurements with (semicolon) and without tripping stripe 

(straight) to analyse the possible fraction of trailing edge noise on the noise emissions.  

6.2.4 Attachment of serrated leading edges 

In opposition to the baseline leading edge, which can be easily attached to the sideplates 

of the nozzle exit, the attachment of the serrated leading edges requires a more careful 

procedure. In dependence on the serration amplitude and wavelength a gap between the 

serrated leading edge and the sideplate and clamps occurs, which might influence the 

noise emissions. Therefore, a preliminary analysis of this effect is necessary. 

  

Figure 6-17: Gap between serrated LE and clamps in experimental setup. Untaped (left) 

and taped (right). 
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The measurement results shown in Figure 6-18 show the influence of the occurring swirl 

when the incoming flow is influenced by the gap between serrated LE and sideplate. The 

caused difference in the narrow band spectrum is mainly located in the high frequency 

region and would therefore have only a minor effect on the OASPL. Nevertheless, it 

would influence the measurement results and accuracy of the system definition. During 

the execution of the experiments, the gap is taped by highly adhesive tape in all serrated 

cases. Special attention has been paid to avoid any kind of flapping, etc. of the tape during 

the measurements. 

 

Figure 6-18: Narrow band spectrum without (straight) and with taped gap (semicolon) 

between serrated LE and sideplates. Re = 351422, Tu = 3.07, A/C = 0.236, λ/C = 0.238, 

y/H = 0.054. 
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7 Acoustic results 

Execution of the DoE-defined measurements trials took place in accordance to the 

experimental setup and with the measurement settings presented in Section 4.3. Four 

response variables are of interest to describe the experimental space. These variables are 

explained more detailed in the context of the experimental design in Section 3.5. The first 

response variable is the overall sound pressure level of the aerofoil with baseline leading 

edge. Secondly, the overall sound pressure level with serrated leading edges is of interest. 

The third variable is the reduction of the overall sound pressure level by means of 

comparison between baseline and serration and the last defined variable characterises the 

fraction of the emitted overall sound pressure in comparison to the baseline. 

�������;   �����
���;   �����;  �
���/��� 

In this chapter, the effects of all influencing factors as well as their interdependencies on 

these response variables are analysed and discussed. 

7.1 Fit of Regression 

All four defined response variables have been analysed by the previous described design 

of experiment methodology. Figure 7-1 presents the comparison of observed and 

predicted values. The plotted diagonal line represents the optimum in form of a perfect 

match of experimental-observed and regression-predicted values. The emitted noise with 

a baseline leading edge was analysed by varying the Reynolds number, the turbulence 

intensity and the angle of attack. The factors amplitude and wavelength do not affect the 

baseline noise emittance. The spread of the measurement points round the theoretical 

optimum is very low. Consequently, the regression function shows a good fit to predict 

the emitted overall sound pressure level. Although it is a function of all five factors, the 

statistical spread of the serrated leading edge noise is even smaller, compared to the 

baseline case. 
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Figure 7-1: Observed vs. predicted values of response variables. Fit of regression and 

measurement trials. 

The result for the OASPL reduction shows an increase of the statistical spread (Figure 

7-1, bottom left). This is a result of the occurred statistical spread of aerofoil with baseline 

(OASPLBL) and serrated leading edge (OASPLSerr). Because the sound reduction is 

defined as the difference of the latter, the uncertainties of these response variables are 

accumulating when defining the sound reduction. The same explanation though to a lower 

degree applies for the quotient of the sound pressure with baseline and with serration 

(pSerr/pBL). However, the fit between measurement results and regression function is still 

of a high degree and justifies a further analysis of the obtained data. 

The employed methodology defines the standard deviation and thus the uncertainty of the 

regression functions by analysing the repeated measurements of the central point  

(Table 7-1).  
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The resulting value is assumed to describe the standard deviation of the whole system. In 

the current design, the central point has been repeated 17 times in a randomised order 

together with the remaining measurement trials. Thus, the ± 95 % confidence interval, 

defined for each response variable, is based on this statistical uncertainty at the central 

point. 

Table 7-1: Statistical uncertainty at central point of DoE analyses. 

 

7.2 Broadband leading edge noise ‒ Baseline leading edge 

The Pareto diagram shown in Figure 7-2, defines the impact of the different factors on 

the defined response variable of the overall sound pressure level with baseline leading 

edge (OASPLBL). Factors of positive values enhance the impact while negative values 

attenuate it. Reynolds number and turbulence intensity show the strongest impact in a 

linear order. A small fraction of the same factors causes an attenuation in a quadratic 

manner. The angle of attack (y/H) attenuates the impact in linear and quadratic order. One 

significant interdependency is the combined influence of turbulence intensity and angle 

of attack (2L∙3L). The interdependencies of Reynolds number and turbulence intensity 

(1L∙2L) as well as Reynolds number and angle of attack (1L∙3L) do not affect the response 

variable significantly (limit of significance p = 5 %). 

Factor Unit Average Std. deviation Dev., % 

OASPLBL dB 84.53 0.1226 0.15 

OASPLSerr dB 80.58 0.1345 0.17 

dOASPL dB 3.95 0.1378 3.49 

pSerr/pBL -- 0.63 0.0101 1.58 
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Figure 7-2: Pareto diagram of emitted noise with baseline leading edge OASPLBL. Limit 

of significance p = 5 %. 

A summary of the effect of these analysed factors is shown in Figure 7-3. Each factor is 

altered from its defined minimum to its maximum while all other factors remain on their 

intermediate levels. Hence, the effect of each altered factor on the response variable is 

shown. Obviously, the Reynolds number has the highest impact on the emitted OASPL. 

Overall sound pressure levels of up to 92 dB are predicted for the highest Reynolds 

number Re = 600,000. In general, altering the Reynolds number leads to an overall change 

of the OASPL of 21 db. The turbulence intensity shows a strong effect on the OASPL 

while adjusting the level from low to moderate. A change to higher turbulence intensities 

still increases the emitted noise but with a reduced effect. This backs the observation in 

the preliminary measurements (see section 6.2.2). The angle of attack shows, in 

accordance with the Pareto diagram, only a slight but still significant influence on the 

response variable. A zero angle of attack causes the highest noise emissions where the 

OASPL is reduced as soon as the angle of attack is changed. It is clearly visible that 

negative AoA emit noise at a higher level than positive values. 
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Figure 7-3: Impact of investigated factors on the overall sound pressure level with 

baseline leading edge (OASPLBL). The predicted value at intermediate levels of all 

factors is plotted in blue.  

7.3 Broadband leading edge noise ‒ Serrated leading edge 

The emitted noise with serrated leading edge depends on all five investigated factors and 

their interdependencies. The most important influences are the Reynolds number (linear, 

enhancing), the turbulence intensity (linear, enhancing) and the serration amplitude 

(linear, attenuating). Most of the interdependencies as well as the quadratic influence of 

AoA, serration amplitude and wavelength are either below the limit of significance or 

close to this limit (Figure 7-4). In general, the impact of Reynolds number and turbulence 

intensity seems to be similar to the emitted noise with baseline leading edge (see Figure 

7-2). Additionally the serration amplitude joins as third highest magnitude the list of 

factors with high impact. 
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Figure 7-4: Pareto diagram of emitted noise with serrated leading edge OASPLSerr. 

Limit of significance p = 5 %. 

Once again, the Reynolds number represents the main influence on the emitted overall 

sound pressure level and causes OASPL from 66 dB to 89 dB (ΔOASPL ≈ 33 dB) in the 

analysed range. Similar to the previously discussed baseline case, the turbulence intensity 

influences the noise generation to a high degree when altering this factor from low to 

intermediate levels. Further increase of the Tu does not necessarily lead to a further rise 

of the response variable. The profile for the evolution of the OASPL in dependence of the 

Tu even shows a questionable drop of the emitted noise at high Tu levels (Tu > 5 %). 

This shape of the function might be a result of exceeding the limits of the used statistical 

model despite the extensive preliminary analyses in Chapter 6 . The design of experiments 

methodology (DoE) can describe the influence of the factors by means of linear and 

quadratic functions. If the emitted noise as a function of the Tu forms a plateau at high 

Tu levels, this evolution is no longer describable by means of DoE. The corrected function 

is plotted in Figure 7-6. It can be seen that this effect is more distinctive in case of serrated 

leading edges compared to the baseline. An interesting influencing factor is the angle of 

attack. In case of high negative angles (y/H << 0), the emitted noise is predicted to be at 

its maximum and steadily decreases in a linear manner with altering in direction of 

positive values. On the contrary, in the baseline case the AoA shows a significant 

influence in both, linear and quadratic manner.  
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The emitted OASPL has its maximum at zero AoA and decreases with altering the level 

in direction of positive or negative values. With regard to the upcoming evaluation of the 

OASPL reduction (dOASPL), these different evolutions will contradict each other. 

 

Figure 7-5: Impact of investigated factors on the overall sound pressure level with 

serrated leading edge (OASPLSerr). The predicted value at intermediate levels of all 

factors is plotted in blue. 

 

Figure 7-6: Evolution of the OASPL while altering the turbulence intensity (straight). 

Other influencing factors remain on their intermediate levels. Additional plot of the 

corrected function (dashed). 
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The serration amplitude shows a clear influence on the emitted noise. High amplitudes 

cause a significant reduction of the OASPL. The main noise reduction takes place in a 

frequency range of 850 Hz to 3500 Hz (Figure 7-7). In this range an intermediate effect 

on the local sound pressure level of up to ΔSPL ≈ 10 dB is visible whilst comparing the 

baseline and the highest serration amplitude (A/C = 0.3). 

 

Figure 7-7: Emitted aerofoil leading edge broadband noise with different serration 

amplitudes. Other influencing parameters remain on intermediate levels. 

7.4 Reduction of OASPL (dOASPL) 

The reduction of the overall sound pressure level compares the emitted noise with 

baseline and serrated leading edge. It can be defined as the difference between these two 

OASPL or as a specific sound pressure level, where the emitted sound pressure of the 

serrated case represents the reference value (Eq. 7-1). 

����� = ������� − �����
��� = 20 ∙ ��� � �̅���̅����    (7 – 1) 

This response variable characterises the sound reduction capability of the leading edge 

serrations. The Pareto diagram in Figure 7-8 shows that in contrast to the previous 

analysed response variables the serration amplitude influences this variable with the 

highest effect. The Reynolds number, previously the strongest enhancing factor, damps 

the sound reduction capability. Moreover, an increased influence of the serration 

wavelength on the sound reduction is visible in linear and quadratic form. For the first 

time, a variety of interdependencies shows a significant influence that affects the 

magnitude of the regarded response variable. 
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Figure 7-8: Pareto diagram of overall sound pressure level reduction dOASPL. Limit of 

significance p = 5 %. 

In general, the measurement results fit to previously observed effects of the serrations. 

Polacsek et al. (2011) carried out numerical analyses to describe the effect of leading edge 

serrations on aerodynamics and noise emittance. Especially for low Reynolds numbers 

they obtained high noise reduction over a wide frequency range.  

The serration amplitude has the highest effect on the overall noise reduction with a 

maximum of ΔdOASPL = 5.3 dB where the gradient decreases at high amplitudes (Figure 

7-9). The serration wavelength shows an optimum at small to intermediate values where 

high wavelengths constrain the noise reduction capability significantly. The predicted 

profile for the influence of the turbulence intensity depicts a strong increase of the noise 

reduction capability at high Tu levels (Figure 7-9). On the contrary, at low Tu levels, only 

a small noise reduction is predicted and even a decrease at intermediate values is visible. 

Similar to the influence of the turbulence intensity on the emitted OASPL with serrated 

leading edges (Section 7.3)  this seems to be a plateau, which is not describable with the 

necessary accuracy by use of the DoE methodology. 

Pareto diagram standardised effects; Variable: dOASPL
5 Factors, 1 Block, 59 Runs; MQ abs. error = 0.0189832

AV dOASPL

1,002239
1,523791
-1,68139

-2,52309
-2,60644
2,653349
2,735904

-3,69913
-3,89656

5,31596
5,79438
6,027029

7,502975
-7,7562
-8,0449

9,318327
-9,45332

-12,7501
-16,9119

44,18267

p=,05

Estimated standardised effects (absolute values)

1L*2L
2L*5L
3L*5L
3L*4L
1L*3L
2L*3L
1L*4L
Re(Q)
1L*5L
4L*5L
Tu(Q)
2L*4L

(5)y/H(L)
y/H(Q)
A/C(Q)

(2)Tu(L)
L/C(Q)

(4)L/C(L)
(1)Re(L)

(3)A/C(L)



Acoustic results 

 

99 

 

 

Figure 7-9: Impact of investigated factors on the overall sound pressure reduction 

dOASPL. The predicted value at intermediate levels of all factors is plotted in blue. 

To deepen the knowledge on the sound reduction principle on the level of spectral 

analyses at different Tu levels, the narrow band spectra of three representative 

measurement trials are plotted in Figure 7-10. It can be seen that the difference between 

the emitted noise of baseline and serration increases with increasing Tu level. This effect 

is distinct especially in the intermediate frequency range of approximately 800 Hz to 4 

kHz. It is important to note that the frequency range where a sound reduction takes place 

enlarges with rising turbulence intensity. Altering the Tu from low to intermediate values 

causes a broadening of the upper frequency limit, where high turbulence intensities lead 

to an additive expansion in direction of low frequencies. The fact that the low frequency 

fraction of the SPL affects the OASPL with much higher effect (higher energy levels) 

than fractions of higher frequencies (lower energy levels) serves as explanation for the 

stronger rise of the OASPL when applying high turbulence intensities. 
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Figure 7-10: Narrow band spectrum of measurement trials with baseline (straight) and 

serrated leading edges (semicolon) at different incoming turbulence intensities. Offset 

shifted by 0 dB, 15 dB and 30 dB respectively. 

Of special interest is the noise reduction in dependence of the angle of attack (y/H). As 

already discussed, the emitted noise with baseline and serrated leading edge follows 

different dependencies at varying angles (Figure 7-12). Reynolds number and turbulence 

intensity show only negligibly influence on the scaling of the emitted noise while altering 

the angle of attack. However, in case of a serrated leading edge the serration wavelength 

influences the trend of the AoA effect significantly (see Figure 7-11). In case of high 

serration wavelengths the aerofoil emits an OASPL increased by more than ΔOASPL = 

2 dB at high negative angles of attack. 

 

Figure 7-11: Interdependency between AoA (y/H) and serration wavelength (L/C) on 

emitted OASPLSerr with serrated leading edge. All other factors remain on their 

intermediate levels. 
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Due to this interdependency between the AoA and the serration wavelength, the resulting 

sound reduction capability is low at high negative angles, reaches its optimum at 

intermediate to slightly positive values and decreases again at high positive AoA (Figure 

7-12).  

 

Figure 7-12: Evolution of OASPL with altering AoA in baseline and serrated case. 

Additional plot of overall sound reduction. Other influencing factors remain on 

intermediate levels. 

7.5 Fractional sound pressure 

The emitted sound pressure of an aerofoil with serrated leading edge compared to its 

baseline counterpart (pSerr/pBL) is a response variable similar to the reduction of the overall 

sound pressure level (dOASPL). Nevertheless, this response variable provides an 

informative basis on the non-dimensional fraction of emitted noise what allows a more 

general use for future applications. Regarding the Pareto diagram (Figure 7-13, left) and 

comparison with dOASPL shows that the impact of the serration amplitude (linear and 

quadratic) has increased and more interdependencies are of negligible effect (< p = 5%). 

This is believed to be partly caused by eliminating the logarithmisation of the sound 

pressure what reduces the statistical noise. Few but significant influencing factors are an 

indication for a response variable, which shows clear dependencies and therefore can 

describe the system at high accuracy. 
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Figure 7-13: Pareto diagram of fractional sound pressure reduction (left) and dOASPL 

(right). Limit of significance p = 5 %. 

A remarkable effect, already visible at the response variable dOASPL but more distinct 

in case of the fractional sound pressure is the influence of the serration wavelength in 

dependence of the turbulence intensity (2L∙4L). Most preliminary investigations revealed 

that wavelengths as small as possible are beneficial for high noise reduction capability. 

In general, the impact of the wavelength was regarded as small compared to the serration 

amplitude. The statistical DoE analyses shows that the optimal wavelength highly 

depends on the incoming Tu. Low to intermediate turbulence intensities back the findings 

of the preliminary investigations. However, at high Tu wavelengths of intermediate 

values are far more effective in reducing the emitted OASPL as shown in Figure 7-14.  

This is the result of an interdependency between these two factors as shown in the Pareto 

diagram in Figure 7-13 where the 2L∙4L (Tu∙λ/C) term is the most significant 

interdependency of the system. An optimal set of Tu and λ/C leads to a fractional sound 

pressure of < 0.53 or < 53 % compared to the baseline. 
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Figure 7-14: Influence of serration wavelength and turbulence intensity (2L∙4L 

interdependency) on the noise reduction capability. Other influencing factors remain on 

their intermediate levels. 

This interdependency is backed by findings of Claire et al. (2013), Lau et al. (2013) and 

Chaitanya et al. (2015). Claire et al. describe the highest efficiency of the serration 

wavelength to be a function of the spanwise correlation length of the incoming turbulence, 

where this correlation length is almost equal to the chordwise correlation length. If the 

serration wavelength is smaller than the turbulence length scale, de-correlation effects 

occur, which reduce the emitted noise significantly. The highest efficiency and therefore 

maximum de-correlation effect is obtained if the wavelength satisfies Equation 7-2. 

!" = #$$ → 			 &'�( ≅ 2 ∙ #**	       (7 – 2) 

As shown in Section 5.1.3 the turbulence intensity is almost proportional to the chordwise 

turbulent length scale. Hence, an increasing Tu leads to an increase of the optimal 

serration wavelengths. Lau et al. (2013) describe the serration wavelength as a parameter 

of minor influence compared to the amplitude. Nevertheless, they define the wavelength 

to be more significant in a range of 1.0 ≤ λ/Λuu ≤ 1.5 than outside this range.  

One more time, this indicates a shift of the wavelength optimum to higher values with 

increasing chordwise length scale or Tu respectively. Finally, measurements by 

Chaitanya et al. (2015) show a decreasing capability in the overall sound power level 

reduction (OAΔSPL) at very high inclination angles Θ (Figure 7-15).  
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The inclination angle represents the serration wavelength in dependence on the amplitude 

according to Equation 7-3. 

+ = ,-,. �"/!          (7 – 3) 

Exceeding an inclination angle of Θ ≈ 76 degrees or underrunning the corresponding 

serration wavelengths respectively, results in a reduced noise reduction capability.  

 

Figure 7-15: Effect of serrated amplitude on overall noise reduction at different 

inclination angles according to Chaitanya et al. (2015), where h represents the 

amplitude height A/2. 

The profiles for the predicted values as shown in Figure 7-16 show similar evolutions and 

dependencies than the ones for the dOASPL (Figure 7-9). One interesting fact that backs 

the suspicion of a DoE design at its limits is the trend of the turbulence intensity. With 

regard to the fractional sound pressure reduction the trend at low Tu almost develops a 

plateau and is far less distinct than in case of analysing the dOASPL in Figure 7-9. 
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Figure 7-16: Impact of investigated factors on the fractional sound pressure pSerr/pBL. 

The predicted value at intermediate levels of all factors is plotted in blue. 

7.6 Validation measurements 

Basic procedure to describe the stability and accuracy of a statistical model is the 

performance of validation experiments. In the present study, the validation bases on three 

sets of data. First, self-executed experiments with factors on levels close to the limits of 

the experimental space represent the worst-case scenario where maximum deviations 

between model and measurements are expected. Applying the model to measurement 

results of Chong et al. (2015) with similar leading edge serrations and experimental setup 

provides further information on the model accuracy. Finally, the comparison with 

external data from the University of Southampton gives a first impression on the 

adaptability of the model on alternative boundary conditions. 

7.6.1 Measurements at limits of experimental space 

In order to validate the obtained regression function and to test the statistical model on its 

stability additional measurements were carried out.  
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As the outer experimental space is mathematically described only by the star points (Table 

7-2) in connection with an extrapolation of the factorial core it is known that the 

regression functions show an increasing prediction uncertainty with increasing distance 

to the central point of the experimental space. 

Table 7-2: Limits of experimental space. 

 Unit -αDoE +αDoE 

xNondim -- -2.378 +2.378 

Re -- 250,000 600,000 

Tu % 2.08 5.50 

ASerr /C -- 0.08 0.30 

λSerr /C -- 0.05 0.30 

y/H -- -0.13 0.13 

As a worst-case scenario, measurements at factor levels at or close to the limits of the 

experimental space were carried out. The resulting divergence between measured and 

predicted result is expected to be high, compared to the average uncertainty of this model. 

It would not be meaningful to set all factors on the maximum or minimum level within 

one measurement trial. This would only define the extreme points of the experimental 

space without valid information on the system behaviour close to the limits. 

Consequently, single factors were set on high/ low levels while other factors remained on 

intermediate levels. 

Table 7-3: Setting of validation trials. Bold face indicates levels at limits of 

experimental space. 

No. Re Tu ASerr /C λSerr /C y/H 

-- -- % -- -- -- 

1 500000 5.5 0.190 0.175 0.000 

2 280000 5.5 0.190 0.175 0.000 

3 550000 2.1 0.190 0.175 0.000 

4 260000 2.1 0.190 0.175 0.000 

5 350000 3.8 0.236 0.228 -0.102 

6 320000 3.8 0.144 0.122 -0.102 

7 280000 4.5 0.144 0.122 0.102 

8 310000 4.5 0.236 0.228 0.102 

9 360000 5.5 0.300 0.175 0.026 

10 340000 5.5 0.190 0.050 0.026 

11 270000 2.1 0.300 0.175 -0.026 

12 310000 2.1 0.190 0.050 -0.026 



Acoustic results 

 

107 

 

The results of the validation measurements are summarised in Table 7-4. It is important 

to note that the stated error is based on the underlying sound pressure and not on the 

logarithmised sound pressure level and is therefore higher. Nevertheless, the predictions 

of the overall sound pressure level reduction dOASPL and the fractional sound pressure 

in relation to the baseline pSerr /pBL fit quite well to the developed model. The largest 

deviation regarding the fractional sound pressure occurs in case of a very low turbulence 

intensity (point 3) and at a very high turbulence intensity combined with a low serration 

wavelength (point 10). Moreover, the combination of high serration amplitude and 

wavelength leads to an underestimation of the sound reduction capability by the 

regression function. 

Table 7-4: Experimental results (Exp.) and predicted results, based on regression 

functions (Reg.). Stated deviation is based on underlying sound pressure [Pa]. 

 OASPLBaseline OASPLSerration dOASPL pSerr/pBL 

No. Exp. Reg. Div. Exp. Reg. Div. Exp. Reg. Div. Exp. Reg. Div. 

-- dB dB % dB dB % dB dB % dB dB % 

1 88.4 89.7 16.1 84.1 85.2 13.1 4.2 4.6 16.1 0.61 0.59 2.1 

2 73.8 74.4 6.6 68.3 69.2 10.8 5.5 5.3 6.6 0.53 0.54 1.4 

3 82.0 81.5 5.5 78.4 78.5 1.0 3.6 3.1 5.5 0.66 0.70 4.5 

4 64.0 63.0 11.1 59.8 58.4 14.7 4.2 4.6 11.1 0.62 0.59 3.2 

5 78.6 79.0 4.0 75.2 75.6 4.3 3.4 3.4 4.0 0.67 0.68 0.5 

6 76.2 76.5 4.2 73.6 74.1 5.8 2.6 2.4 4.2 0.74 0.76 1.4 

7 73.4 74.2 8.9 69.0 70.8 23.1 4.4 3.5 8.9 0.60 0.67 7.3 

8 76.0 76.8 10.1 69.7 71.2 18.5 6.2 5.4 10.1 0.49 0.53 4.4 

9 80.2 81.2 11.6 72.9 73.5 6.7 7.3 7.2 11.6 0.43 0.43 0.4 

10 78.6 79.6 12.9 73.4 75.2 22.3 5.1 4.3 12.9 0.55 0.62 6.8 

11 65.2 64.0 12.5 59.5 57.8 17.0 5.7 5.9 12.5 0.52 0.52 0.3 

12 68.8 67.6 12.8 63.2 61.9 13.9 5.6 5.3 12.8 0.53 0.53 0.9 

7.6.2 Comparison to systematically gathered acoustic data 

Chong et al. (2015) carried out extensive measurements of a NACA65(12)-10 with 

serrated leading edges. Parameters like Reynolds number, serration amplitude and 

wavelength as well as the angle of attack were altered in equidistant steps. The acoustic 

data is used in order to compare the results with the defined model and to draw 

conclusions on the validity and stability of the system. The Reynolds number used in the 

existing model is required to be defined on a free stream velocity, recorded immediately 

in front of the aerofoil tip with a baseline leading edge. However, the researchers used a 

slightly different location of the Pitot tube to calibrate the incoming flow velocity and 

thus Reynolds number. Consequently, the resulting offset required a correction to enable 

an adoption of the regression functions.  
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The measurement trials carried out by Chong et al. can be subdivided into two groups. 

First, at an angle of attack of zero degree (y/H = 0) the Reynolds number was altered from 

200,000 to 600,000 or approximately 20 ms-1 to 60 ms-1 with leading edge serrations in 

the range between A/C = 0.05 to 0.3 and λ/C = 0.05 to 0.3. These cases were carried out 

at three different turbulence intensities each (Tu = 3.1 %, 3.7 %, 5.5 %). The second group 

deals with the angle of attack. A serrated leading edge with a maximum amplitude (A/C 

= 0.3) and minimum wavelength (λ/C = 0.05) was measured at a constant turbulence 

intensity (Tu = 3.7 %) and varying Reynolds number (Re = 200,000 – 600,000). A more 

detailed overview on the measurements conducted by Chong et al. (2015) is presented in 

Section 6.1. Altogether, this results in the comparison of the model with 192 measurement 

trials in the first group and 80 measurement trails for group two.. A complete 

documentation of the results is attached in Appendix B. The following deals only with a 

selected variety of measurement trials. 

In general, the predictions of the overall sound pressure level at varying turbulence 

intensity and Reynolds number are highly accurate and of constant quality (Figure 7-17). 

However, at very low Reynolds numbers the predicted values for the baseline aerofoil is 

lower than the results of Chong et al. (2015). Consequently, the predicted sound reduction 

capability is on a lower level as well. This is in accordance with own validation 

measurements. In terms of serration wavelengths, the model shows a deviation to the 

comparative data (Figure 7-18). The regression predicts a lower sound reduction 

capability at high wavelengths than measured but this divergence reduces at higher 

turbulence intensities (Appendix B). Nevertheless, this alleged overestimation of the high 

wavelength case requires further analyses.  

 
Figure 7-17: Model fit to comparative data by Chong et al. (2015) at small serration 

wavelength. Regression for OASPL (straight) and dOASPL (dotted). Symbols indicate 

experimental results. 
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Figure 7-18: Model fit to comparative data by Chong et al. (2015) at large serration 

wavelength. Regression for OASPL (straight) and dOASPL (dotted). Symbols indicate 

experimental results. 

The comparative data by Chong et al. (2015) describe the influence of the angle of attack 

(AoA) on only one specific serrated leading edge with maximum amplitude and minimum 

wavelength as well as intermediate turbulence intensity (Figure 7-19). It is important to 

note that the defined model and the corresponding regression functions are, in terms of 

amplitude and wavelength, at the limits of the experimental space and secured validity. 

The comparison shows an underestimation of the interdependency between negative AoA 

(y/H) and serration wavelength (λ/C ∙ y/H). Here, an adaption of the regression by 

increasing the characterising interdependency factor would reduce the prediction for 

negative AoA and increase the ones for positives. The plot of the results in Figure 7-19 

shows a mismatch of model and comparative data only for very low or high Reynolds 

numbers. It is important to rate the fit of the statistical model carefully when comparing 

to the extensive systematic measurements. The model has been developed by executing 

the underlying measurement trials in randomised order, what includes a change of all 

five-factor levels between each measurement trial. This reduces statistical uncertainties 

and prevents receiving a snapshot of the system performance. In case of the comparative 

data, the measurements were conducted continuously over the analysed range of 

Reynolds numbers. Hence, systematic influences in case of the latter cannot be expulsed 

and might partly serve as explanation for the small deviations. 
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Figure 7-19: Model fit to comparative data by Chong et al. (2015) at low and 

intermediate Reynolds number. Regression for OASPL (straight) and dOASPL (dotted). 

Symbols indicate experimental results. 

7.6.3 Adaption of model on alternative conditions 

Experiments with serrated leading edges have also been part of the research at the Institute 

of Sound and Vibration Research (ISVR) at the University of Southampton, UK 

(Chaitanya et al., 2015). The researchers used an open jet test facility similar to the one 

at Brunel University London. The tested main body was designed according to the NACA 

65(12)-10 aerofoil with a chord length C0 = 150 mm. To prevent tonal noise generation 

due to the convection of Tollmien Schlichting waves in the laminar boundary layer, the 

authors tripped the flow near the leading edge using a rough band of tape on both suction 

and pressure sides to force transition to turbulence. Preliminary measurements, carried 

out in Section 6.2.3 revealed the needlessness of such a tripping for the present study. 

Therefore, the comparability of model and the external data is not affected. 

The external measurements were performed by use of serrated sinusoidal leading edges, 

defined by the amplitude with peak-to-peak ratio 2h and wavelength λ (Figure 7-20). An 

important difference to the aerofoil used in the present study is the fact that the serration 

amplitude extends the aerofoil chord length by 1h. Thus, the Reynolds number based on 

the (maximum) chord length changes in dependence on the serration amplitude. The 

analysed turbulence intensity is Tu = 2.5 % and 3.2 % and the incoming flow velocity U0 

= 20 ms-1, 40 ms-1 and 60 ms-1. 
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Figure 7-20: Used NACA 65(12)-10 aerofoil of the Institute of Sound and Vibration 

Research, University of Southampton (Chaitanya et al., 2015). 

Ten different measurement trials of this experimental study were analysed and applied to 

the defined sound prediction model (Table 7-5). In order to define the non-dimensional 

factors needed for the noise prediction model, careful considerations are necessary. The 

non-dimensionalised serration amplitude is defined as the absolute amplitude divided by 

the aerofoil chord length with respect to the extension by 1h (Eq. 7-4). The same applies 

for the serration wavelength. The angle of attack is zero because the researchers did not 

observe significant changes in the emitted noise as a function of this factor.  

/0 = "12341 ; 	!0 = !567.2341        (7 – 4) 

The Reynolds number is a very important parameter. The model requires a constant 

Reynolds number for serrated and baseline leading edge to guarantee a comparison 

between both LE. Thus, the Reynolds number for both cases in based on the mean chord 

c0 = 150 mm. A solution for the difficulties to define meaningful Reynolds numbers 

would be a characteristic length that describes a hydraulic chord length of the aerofoil by 

means of a fictional aerofoil chord where the whole surface is closed. 
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Table 7-5: Factor levels of comparative data prior non-dimensionalisation. 

No. U0 Tu ASerr λSerr  AoA 

-- m/s % mm mm ° 

1 40 2.5 10 10 0 

2 40 2.5 15 10 0 

3 40 2.5 25 10 0 

4 40 2.5 25 20 0 

5 60 2.5 25 30 0 

6 60 2.5 10 10 0 

7 60 2.5 15 10 0 

8 60 2.5 25 10 0 

9 60 2.5 25 20 0 

10 60 2.5 25 30 0 

In terms of the experimental setup, the observer angle for the model and the comparative 

data is ϴ = 90 deg. relative to the downstream jet axis (Chaitanya et al., 2015). However, 

the observer distance is stated to be 1.2 m instead of the 0.95 m used for the model and 

requires a correction of the expected sound pressure level. According to Equation 7-5, the 

expected sound pressure level is ΔSPL = 2.029 dB lower than the one predicted by the 

model. 

���9": = ���9;: − <20 ∙ ��� �=>=? < →  @��� =  <20 ∙ ��� �=>=? <  (7 – 5) 

Moreover, the comparative data bases on an aerofoil with a span of 450 mm, compared 

to a span of 300 mm used for the model. Accordingly, the resulting sound pressure level 

would be significantly higher than predicted. To compensate the resulting offset a factor 

needs to be implemented. First a factor, which describes the aspect ratio between the 

emitting surfaces of the aerofoil used in the present study and the comparative aerofoil 

(Eq. 7-6). 

/ABCD/EBF�G = 3/2        (7 – 6) 

The change in the emitting surface has a linear influence on the emitted noise because the 

simple relation of force and area describes the resulting pressure. 

� = I/         (7 – 7) 

Apart from the change of the emitting area, the extension of the leading edge represents 

an additional influence on the resulting noise as this leading edge identifies the main noise 

source. Amiet (1975) developed a model to predict the leading edge far-field sound 

pressure level of a flat plate exposed to a turbulent flow (Amiet, 1975). 
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This model describes the sound pressure level to be proportional to the logarithmic 

semispan h of the aerofoil and results, according to Equation 7-8 in an offset of ΔSPL = 

1.76 dB. 

���JKL~10 log9ℎ: →  @��� = 10��� �1ABCD1EBF�G     (7 – 8) 

Implementing the correction for observer distance and difference in surface (span) as well 

as using the adapted definitions for serration amplitude, wavelength and Reynolds 

number leads to an adopted statistical model, which allows the application on the external 

noise measurement results. To determine the overall sound pressure level, the acoustic 

raw data was analysed in a frequency range of 300 Hz to 10 kHz. 

The measured OASPL for the baseline leading edge are 79.91 dB and 91.33 dB versus 

predicted values of 80.55 dB and 90.52 dB at the Reynolds numbers of interest. Overall, 

the model predicts values close to the measured ones (Table 7-6).  

Table 7-6: Measurements results (Meas.) and predicted values (Reg.), based on non-

dimensional set of factors. Comparison of adopted model and external data. 

Non-dimensional factor levels OASPLSerr dOASPL pSerr / pBL 

No. Re Tu A/C λ/C AoA Meas. Regr. Meas. Reg. Meas. Reg. 

-- -- % -- -- ° dB dB dB dB -- -- 

1 394188 2.5 0.133 0.067 0 77.10 77.10 2.81 3.00 0.72 0.70 
2 394188 2.5 0.200 0.067 0 76.02 75.75 3.89 4.62 0.64 0.59 
3 394188 2.5 0.333 0.067 0 74.36 73.94 5.55 6.10 0.53 0.54 
4 394188 2.5 0.333 0.133 0 74.00 74.27 5.91 5.77 0.51 0.55 
5 394188 2.5 0.333 0.200 0 73.83 74.91 6.07 4.92 0.50 0.59 
6 624348 2.5 0.133 0.067 0 89.37 88.88 1.96 1.26 0.80 0.85 
7 624348 2.5 0.200 0.067 0 88.49 87.89 2.84 2.58 0.72 0.73 
8 624348 2.5 0.333 0.067 0 87.44 86.79 3.89 3.49 0.64 0.69 
9 624348 2.5 0.333 0.133 0 87.12 86.78 4.20 3.42 0.62 0.68 
10 624348 2.5 0.333 0.200 0 86.72 87.08 4.61 2.84 0.59 0.71 

The emitted noise reduces with increase of the serration amplitude as predicted by the 

model though the influence of the wavelength shows a deviant behaviour. The 

comparative data shows decreasing OASPL with increasing wavelength what contradicts 

own findings and affects the fit of the model (Figure 7-21). This trend accumulates when 

regarding the overall sound reduction. The divergence between predicted and measured 

value is up to 1.15 dB at the highest wavelength.  
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Figure 7-21: Comparison of comparative data (Chaitanya et al., 2015) and model. 

Straight lines: Regression of emitted OASPL with serrated LE; dotted lines: Regression 

of OASPL reduction. Markers indicate measurement results. 

The narrow band spectra of the comparative data as well as of own measurement results 

at similar factor levels in Figure 7-22 shows the influence of the serration wavelength. As 

can be seen, the effect of the wavelength is far more distinct in the measurements carried 

out at Brunel University. Nevertheless, the resulting OASPL shows the lowest value at 

the intermediate wavelength. This is in accordance to the model because this represents 

the optimum level. In case of the comparative data, the OASPL is reduced continuously 

what is also visible in the narrow band spectrum. The gap between the overall sound 

pressure levels when comparing both sets of data is due to slightly different Reynolds 

numbers. 

 

Figure 7-22: Comparison of model-based data (straight lines) and comparative data 

(dotted lines) at similar factor levels by varying serration wavelength. Serration 

amplitude A/C = 0.3, Re = 382,511 (straight) and 394,188 (dotted). Comparative data 

shifted by 20 dB respectively. 
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7.7 Refinement of model 

The comparison of the defined acoustical model and extensive measurement data by 

Chong et al. (2015) as well as validation measurements at the limits of the experimental 

space shows a good agreement. However, up to now the model bases on a data basis of 

59 measurement trials. In order to increase the stability of this model, it can be lined with 

additional data points. On this purpose, trials of the executed measurements by Chong et 

al. (2015) as well as the results of the validation measurement were added to the existing 

model. Instead of the initial 59 cases (incl. 17 central points) to describe the system and 

to generate the corresponding regression functions, 344 measurement trials are describing 

the experimental space by now. The resulting, adopted regression functions are presented 

in Table 7-7. 

Table 7-7: Regression functions of response variables, defined as linear combinations of 

the single terms. Terms marked in red indicate an influence smaller than the limit of 

significance. Model based on 344 measurement trials. 

Term OASPLBL = OASPLSerr = dOASPL = pSerr / pBL = 

 [dB] [dB] [dB] [--] 

Constant +1.3882E+01 +9.5454E+00 +5.9337E+00 +5.5870E-01 
(1) Re (L) +1.3252E-04∙Re +1.4030E-04∙Re -8.6334E-06∙Re +6.4219E-07∙Re 

Re (Q) -7,9959E-11∙Re² -8.9597E-11∙Re² +8.5421E-12∙Re² -3.0344E-13∙Re² 

(2) Tu (L) +1.2662E+01∙Tu +1.3617E+01∙Tu -1.3510E+00∙Tu +8.6220E-02∙Tu 

Tu (Q) -1.2372E+00∙Tu² -1.3591E+00∙Tu² +1.3724E-01∙Tu² -9.2602E-03∙Tu² 

(3) A/C (L) -- -3.0494E+01∙A/C +2.2114E+01∙A/C -2.0837E+00∙A/C 

A/C (Q) -- +8.5058E+00∙(A/C)² -2.0787E+00∙(A/C)² +1.9021E+00∙(A/C)² 

(4) λ/C (L) -- +1.7950E+01∙ λ /C -1.0173E+01∙λ/C +7.8299E-01∙λ/C 

λ /C (Q) -- +2.3836E+01∙( λ /C)² -3.2224E+01∙(λ/C)² +2.3574E+00∙(λ/C)² 

(5) y/H (L) +4.3846E-01∙y/H -1.1439E+00∙y/H -2.3703E+00∙y/H +3.5231E-02∙y/H 

y/H (Q) -4.1778E+01∙(y/H)² -7.6182E+00∙(y/H)² -3.6410E+01∙(y/H)² +2.2735E+00∙(y/H)² 

1L ∙ 2L -1.2579E-06∙Re∙Tu -6.0477E-07∙Re∙Tu -3.1754E-07∙Re∙Tu -2.7514E-09∙Re∙Tu 

1L ∙ 3L -- +3.6243E-05∙Re∙A/C -2.7669E-05∙Re∙A/C +8.4887E-07∙Re∙A/C 

1L ∙ 4L -- -3.1437E-05∙Re∙ λ /C +1.8393E-05∙Re∙λ/C -9.7572E-07∙Re∙λ/C 

1L ∙ 5L +4.4441E-06∙Re∙y/H +1.7562E-05∙Re∙y/H -1.5757E-05∙Re∙y/H +9.0742E-07∙Re∙y/H 

2L ∙ 3L -- -1.7440E+00∙Tu∙A/C +2.1034E+00∙Tu∙A/C -6.6213E-02∙Tu∙A/C 

2L ∙ 4L -- -1.3602E+00∙Tu∙ λ /C +1.6113E+00∙Tu∙λ/C -1.2327E-01∙Tu∙λ/C 

2L ∙ 5L -1.3468E+00∙Tu∙y/H -1.4474E+00∙Tu∙y/H +1.4443E+00∙Tu∙y/H -8.3819E-02∙Tu∙y/H 

3L ∙ 4L -- -1.2149E+01∙A/C∙ λ /C +9.1152E+00∙A/C∙λ/C -1.4456E+00∙A/C∙λ/C 

3L ∙ 5L -- -1.3665E+01∙A/C∙y/H +2.0752E+01∙A/C∙y/H -8.2007E-01∙A/C∙y/H 

4L ∙ 5L -- -3.5152E+01∙ λ /C∙y/H +2.1570E+01∙λ/C∙y/H -1.5293E+00∙λ/C∙y/H 
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7.7.1 Emitted noise of baseline and serration (OASPLBL, OASPLSerr) 

The fit of regression in Figure 7-23 shows a match of high order when comparing 

observed and predicted values in case of the emitted SPL at serrated leading edges. 

Naturally, the fit for the fractional sound pressure is of slightly lower grade as the 

deviation of the two underlying response variables accumulates. Nevertheless, a 

comparison to the initially obtained functions, shown in Section 7.1, reveals even a 

reduction in the statistical spread. 

  

Figure 7-23: Fit of model compared to underlying measurement trials in case of serrated 

LE noise (OASPLSerr) and fractional sound pressure of serrations compared to baseline 

LE (pSerr / pBL). 

Comparing the initially defined model with the refined one, results in dependencies of the 

same order and magnitude in case of the emitted baseline noise (OASPLBL). The only 

change in the interdependencies is the effect of Reynolds number and turbulence intensity 

(1L∙2L). This interdependency rises in importance and affects the emitted noise with a 

higher force than the linear influence of the angle of attack (y/H). With regard to the 

noise-emittance of serrated leading edges (OASPLSerr), the refined model shows slight 

changes in main and interdependent parameters. The effect of the amplitude (A/C) 

decreases in importance, while the impact of Reynolds number and Tu rises slightly. As 

Figure 7-24 shows, the interdependency between Reynolds number and wavelength 

(1L∙4L) still shows the same characteristics but is much more reliable by now as the trend 

is backed by an additional amount of data points. Moreover, the quadratic influence of 

the serration amplitude becomes insignificant while the interdependency between 

Reynolds number and Tu shifts to significant. 
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Summarised, the influence of the additional data pool on the main factors is of negligible 

impact. Furthermore, all interdependencies show a constant behaviour only with slight 

changes in magnitude due to the additional data. This backs the validity of the initial 

model and proves its stability. 

  

Figure 7-24: Comparison of interdependency between Reynolds number and serration 

wavelength (1L ∙ 4L). Original model (left) and modified (right) by use of additional 

data points (markers). 

7.7.2 Sound pressure of serrated leading edges pSerr / pBL 

The slight changes in the model with regard to the baseline and serrated case are 

accumulating when defining the fractional sound pressure of serrated LE in relation to 

the baseline (pSerr/pBL). Figure 7-25 shows the Pareto diagram of initial and refined model. 

It is obvious that a range of interdependencies and quadratic main factors rise in 

importance. The number of insignificant interdependencies reduces from six to three. 

This increases the system noise and therefore decreases the prediction precision. Here, 

slight effects like different measurement methodologies while obtaining the data manifest 

in contradicting trends of interdependencies. 
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Figure 7-25: Pareto diagram for original (left) and modified (right) model. 

The most important change in the refined model is an increase in importance of the 

interdependency between turbulence intensity and serrations wavelength. This effect has 

already been discussed in Section 7.5. The increase backs the presence of this most 

significant interdependency and justifies further analyses. In general, the order of the 

main factors by means of their effect on the response variable remains. Only the order of 

Reynolds number and serration wavelength switches. Figure 7-26 shows the 

interdependency of Reynolds number and serration amplitude (1L∙3L). This 

interdependency becomes significant in the refined model while it is insignificant in the 

initial one. By means of the fractional sound pressure, the additional amount of data points 

linearizes the quadratic trend while the main effect is preserved. 

  

Figure 7-26: Interdependency of Reynolds number and serration amplitude (1L∙3L). 

Insignificant (left) and significant (right) effect on response variable. 
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7.8 Comparison to sound prediction model of Amiet 

Amiet (1975) developed a model to predict the leading edge far-field sound pressure level 

of a flat plate exposed to a turbulent flow. It takes into account the cross power spectral 

density of the surface pressure on the aerofoil, caused by turbulence. This can be 

described via the energy spectrum of the turbulence intensity. Further influencing 

parameters are the Mach number and the integral length scale as well as the plate 

(aerofoil) geometry. Amiet (1975) provides a highly simplified equation (Eq. 7-9) to 

model the one-third octave-band sound pressure level. 

���>SJKL = 10��� TUVV∙1W? X,Y ∙ Z[" \]^S
�;4\]^? _S + 181.3bc

X, = � d327BVeF 
Z[ = �*f

d3 
g]h = i^i�

 (7 – 9) 

Where Λuu is the longitudinal integral length scale of the turbulence, R the observer 

distance and h the aerofoil semispan. Integral length scale and turbulence intensity were 

measured independently of the sound and represent aerodynamic parameters of the flow. 

The normalised chordwise wavenumber g]h is defined by the chordwise wavenumber of 

turbulence kx (Eq. 7-10) and the wavenumber range of energy containing eddies ke, 

characterised by the Gamma function. 

jh = kd3 = "l∙md3 ;  j� = √l�  o(Y/p)o(;/q)          (7 – 10) 

Gershfeld (2004) provides a modification of Amiet’s model to consider the aerofoil 

thickness z what results in a lower SPL in the high frequency region (Eq. 7-11). 

rs� �tk∙u"d3              (7 – 11) 

Amiet’s (1975) model includes a scaling of the Mach number and, at constant speed of 

sound, a scaling of the flow velocity with the fifth power. However, the comparison and 

scaling of the obtained measurement results at varying flow velocity, discussed in Section 

7.9.4, shows a scaling of the noise spectrum with the fourth power in case of the 

NACA65(12)-10 aerofoil (Figure 7-36). The turbulence intensity scales with the second 

power and matches the scaling of the experimental data (Figure 7-37). Consequently, the 

adapted velocity power law needs to be implemented into the theoretical model. 

The combination of Amiet’s (1975) flat plate model, Gershfeld’s (2004) geometrical 

optimisation and taking respect to the velocity scaling law results in the theoretical 

prediction of the SPL spectrum (Eq. 7-12). 
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���>SJKL = 10 log Trs� �tk∙u"d3  UVV∙1W? X,v ∙ Z[" \]^S
�;4\]^? _S + 181.3b     (7 – 12) 

The adapted model was used to calculate the 1/3 octave band spectrum for five different 

cases, which define the central point and star points of the Design of Experiments model. 

The theoretical model shows a high accuracy in predicting both, the overall sound 

pressure level and the underlying 1/3 octave band spectrum for the central point of the 

DoE measurement trials (Figure 7-27). The maximum difference between Amiet’s (1975) 

model and the measurement results in a frequency range below 2 kHz, which dominates 

the OASPL, is 1.8 dB. 

 

Figure 7-27: Verification of Amiet’s (1975) adopted flat plate model vs. measurements. 

DoE Central point. Tu = 3.8 %, y/H = 0, Re = 425,000, Λuu = 5.8 mm. 

Star points are defined by certain factors on their maximum or minimum levels while all 

other factors remain on their intermediate levels. Figure 7-28 shows the resulting 

spectrum at the limiting Reynolds numbers of the analysed experimental space. The 

prediction at Re = 250,000 shows large differences in the one-third octave band, 

especially in the high frequency region. Nevertheless, the resulting OASPL is close to the 

measured one. At high Reynolds numbers, the predicted spectrum shows a better fit to 

the measurement with the largest divergence in a frequency range between 1.4 kHz and 

3 kHz (Figure 7-28, right). The higher noise emittance of the experimental data in this 

frequency region is a common feature of all tested cases. 
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Figure 7-28: Verification of Amiet’s (1975) adopted flat plate model vs. measurements. 

Star points of Reynolds number. y/H = 0, Tu = 3.8 %, Λuu = 5.8 mm. Left: Re = 

250,000, right: Re = 600,000. 

Claire et al. (2013) conducted a similar comparison. The researchers found an increasing 

discrepancy between measurement and prediction and measurement with increasing 

inflow velocity (Figure 7-29). However, in the present study, intermediate to high 

velocities or Reynolds numbers show good results whereas very low values results in 

increasing differences. 

 

Figure 7-29: Predicted and measured PSD by Claire et al. (2013). 

Similar to the Reynolds number, the star points of the turbulence intensity (Figure 7-30) 

also shows a large difference in prediction and measurement at very low turbulence 

intensity whereas the predicted model shows far better results at high values. 
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Figure 7-30: Verification of Amiet’s (1975) adopted flat plate model vs. measurements. 

Star points of turbulence intensity. y/H = 0, Re = 425,000. Left: Tu = 2.1 %, Λuu = 3.0 

mm. Right: Tu = 5.5 %, Λuu = 3.9 mm. 

The theoretical model assumes a flat plate and is refined by Gershfeld (2004) to take 

respect to the aerofoil thickness. Staubs (2008) compared Amiet’s (1975) model with 

measurements of a symmetrical NACA0012 aerofoil and obtained good results in a 

frequency range between 200 Hz and 2 kHz. The aerofoil compared in the present study 

is a cambered NACA 65(12)-10 where the noise characteristics are different to a 

symmetrical aerofoil and in particular to a flat plate. Nevertheless, the used theoretical 

model shows a good agreement to the obtained noise spectrum at the central point as well 

as high turbulence intensity and Reynolds number. The model lacks of possibilities to 

analyse the influence of different angles of attack as well as serrations at the leading 

edges. Here, further numerical studies might be of interest. 

In general, a NACA65(12)-10 aerofoil emits noise at a higher level compared to a 

symmetric NACA0012 due to its cambered shape and thus lower leading edge angle. 

Oerlemans and Migliore (2004) observed a rising broadband sound level with increasing 

sharpness of the leading edge. This matches the experimental results where the resulting 

experimental OASPL is, except at very low Reynolds numbers, higher than the 

predictions by Amiet (1975). Moreover, the flat plate model underestimates the radiated 

noise at frequencies above 1 kHz for all tested cases. 

7.9 Summary of acoustic results 

The following section gives a brief overview on the obtained results during the acoustic 

study. Obtained regression functions are presented and the main influencing factors on 

the noise emittance and reduction are summarised. Moreover, the main conclusions are 

discussed with regard to the analysed system stability and accuracy. 
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7.9.1 Regression 

The resulting sound pressure level for both kind of leading edges as well as the sound 

reduction can be predicted with respect to the different influencing factors by use of the 

obtained regression function (Table 7-8). Terms in red represent factors below the limit 

of significance. Consequently, the influence of these terms is smaller than the statistical 

spread and can be added to the error term. 

Table 7-8: Regression functions response variables, defined as linear combinations of 

single terms. Terms in red indicate influences smaller than limit of significance. 

7.9.2 Factor analyses 

The average trend of the response variables were extracted from the regression functions. 

Factors other than the one altered on the abscissa remained on their intermediate level 

(Figure 7-31 – Figure 7-33). The Reynolds number and the turbulence intensity influence 

the emitted noise with baseline and serrated LE in a similar manner. No significant 

interdependencies were observed.  

Term OASPLBL = OASPLSerr = dOASPL = pSerr / pBL = 

 [dB] [dB] [dB] [--] 

Constant 1,1158E+01 6,7999E+00 2,1228E+00 8,0878E-01 
(1) Re (L) +1,4777E-04∙Re +1,4374E-04∙Re +4,0022E-06∙Re -2,1239E-07∙Re 

Re (Q) -1,0493E-10∙Re² -9,3100E-11∙Re² -1,1750E-11∙Re² +9,4847E-13∙Re² 

(2) Tu (L) +1,2339E+01∙Tu +1,4907E+01∙Tu -2,4257E+00∙Tu +1,7172E-01∙Tu 

Tu (Q) -1,2809E+00∙Tu² -1,4723E+00∙Tu² +1,9220E-01∙Tu² -1,2707E-02∙Tu² 

(3) A/C (L) -- -3,8002E+01∙A/C +4,9938E+01∙A/C -4,2009E+00∙A/C 

A/C (Q) -- +3,2492E+01∙(A/C)² -6,5377E+01∙(A/C)² +6,9117E+00∙(A/C)² 

(4) λ/C (L) -- +1,3516E+01∙ λ /C -1,8345E+00∙λ/C +2,4559E-01∙λ/C 

λ /C (Q) -- +3,5311E+01∙( λ /C)² -5,7870E+01∙(λ/C)² +4,3926E+00∙(λ/C)² 

(5) y/H (L) -1,1423E+01∙y/H -1,3573E+01∙y/H +4,6581E+00∙y/H -4,2147E-01∙y/H 

y/H (Q) -5,1519E+01∙(y/H)² -5,6378E+00∙(y/H)² -4,5738E+01∙(y/H)² +3,4616E+00∙(y/H)² 

1L ∙ 2L +6,3230E-07∙Re∙Tu +1,7151E-07∙Re∙Tu +4,6079E-07∙Re∙Tu -4,4964E-08∙Re∙Tu 

1L ∙ 3L -- +2,3272E-05∙Re∙A/C -1,8756E-05∙Re∙A/C +6,6221E-07∙Re∙A/C 

1L ∙ 4L -- -2,2212E-05∙Re∙ λ /C +1,7088E-05∙Re∙λ/C -1,0578E-06∙Re∙λ/C 

1L ∙ 5L -8,1498E-06∙Re∙y/H +1,5736E-05∙Re∙y/H -2,3886E-05∙Re∙y/H +1,7413E-06∙Re∙y/H 

2L ∙ 3L -- -2,3438E+00∙Tu∙A/C +1,9513E+00∙Tu∙A/C -1,2128E-01∙Tu∙A/C 

2L ∙ 4L -- -4,2683E+00∙Tu∙ λ /C +3,8468E+00∙Tu∙λ/C -3,0433E-01∙Tu∙λ/C 

2L ∙ 5L +3,0691E+00∙Tu∙y/H +2,1145E+00∙Tu∙y/H +9,5457E-01∙Tu∙y/H -6,8606E-02∙Tu∙y/H 

3L ∙ 4L -- +2,2903E+01∙A/C∙ λ /C -2,5206E+01∙A/C∙λ/C +1,1007E+00∙A/C∙λ/C 

3L ∙ 5L -- +6,9871E+00∙A/C∙y/H -1,6486E+01∙A/C∙y/H +1,5974E+00∙A/C∙y/H 

4L ∙ 5L -- -4,9261E+01∙ λ /C∙y/H 4,5240E+01∙λ/C∙y/H -3,3925E+00∙λ/C∙y/H 
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Nevertheless, the sound reduction capability slightly decreases with increasing Reynolds 

number. With regard to the turbulence intensity, high values provide the highest noise 

reduction. Analysing the effect of serration amplitude and wavelength (Figure 7-32) the 

noise reduction capability is only a function of the serrated leading edge because the 

baseline case is not influenced by these factors. Altering the serration amplitudes from 

low to intermediate levels causes a strong, almost linear, reduction of the OASPL whereas 

a further increase indeed leads to a continuing trend but with a diminishing force. The 

contrary applies for the serration wavelength. Small to intermediate wavelengths cause 

only a slight change in the emitted noise but the highest sound reduction. Further increase 

leads to a steady amplifying of the OASPL and therefore to a diminishing noise reduction 

(Figure 7-32). 

Figure 7-31: Intermediate effect of Reynolds number (left) and turbulence intensity 

(right) on response variables. Remaining factors are on intermediate levels. 

Figure 7-32: Intermediate effect of serration amplitude (left) and wavelength (right) on 

response variables. Remaining factors are on intermediate levels. 
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Figure 7-33: Intermediate effect of angle of Attack (y/H) on response variables. 

Remaining factors are on intermediate levels. 

7.9.3 Interdependencies 

Two interdependencies have been found to be of significant impact. The relation between 

turbulence intensity and serration wavelength (Tu∙λ/C) as well as the interdependency of 

serration wavelength and angle of attack (λ/C∙y/H). The first interdependency describes 

a shift of the optimal wavelength in dependency of altering the Tu. At low turbulence 

intensities, small wavelengths are more beneficial to reduce the noise effectively whereas 

at the highest Tu intermediate wavelengths are desirable. This interdependency even rises 

in importance after refining the model with additional data. The second interdependency 

shows a dependency of the noise reduction on serration wavelength and angle of attack. 

At zero angle of attack, the optimal wavelength is the intermediate one. Changing the 

AoA in negative direction leads to a shift of the optimal wavelength to smaller 

wavelengths where there is a slight trend to larger wavelengths in case of positive AoA. 
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Figure 7-34: Response variable dOASPL. Interdependency of turbulence intensity / 

serration wavelength (left) and wavelength / angle of attack (right). Other factors remain 

on intermediate levels. 

7.9.4 Scaling of Tu and Re 

According to the sound generation theory by Amiet (1975), the emitted flat plate AGI 

noise scales with the fifth power of the incoming flow velocity. To validate this assertion 

by means of the analysed NACA65(12)-10 aerofoil the experimental results of the lowest, 

intermediate and highest Reynolds number or flow velocity respectively, shown in Figure 

7-35, are analysed and compared. 

 

Figure 7-35: Central point. Narrow band spectrum of leading edge with baseline and 

serration at different Reynolds numbers. 
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In order to achieve a good comparability, the local sound pressure level was scaled with 

the fifth power of the velocity while the corresponding frequency was reduced to a non-

dimensional parameter (Eq. 7-13). 

wW = k∙xd3 y w = 2 ∙ z ∙ {                             | = }r~�}�,. �{ ,r��{���        (7 – 13) 

The obtained result (Figure 7-36) shows an acceptable fit with the theoretical assertion. 

However, a scaling with the fourth power of the flow velocity shows far better results. 

This matches the theory as a NACA65(12)-10 is expected to emit noise at a higher level 

than a flat plate or a symmetric NACA0012 due to the cambered surface and the resulting 

lower tip angle. Additionally, the noise spectrum of the serrated leading edges was scaled 

as well. A slightly higher discrepancy is visible but the results still show a good fit. 

 
Figure 7-36: Central point. Baseline and serrated LE. Scaling with the 5th power of the 

velocity. y/H = 0, Tu = 3.79 %. SPL for serrated LE shifted by 30 dB respectively. 

Additional plot of SPL(ωR)  ~ U4.  

Amiet’s (1975) leading edge noise prediction model also includes the turbulence intensity 

with a scaling of the second power. To analyse whether this model fits to the executed 

measurements a comparison of the maximum, minimum and intermediate turbulence 

intensity at constant boundary conditions was carried out. A good fit of the experimental 

data with the scaling law is visible in the baseline case at ωR < 100 or f <5 kHz 

respectively (Figure 7-37). At higher frequencies the scaling factor is almost linear 

(SPL(ωR ~ Tu). The serrated leading edges show a more distinct deviance from the 

applied scaling law but preserve similar dependencies. 
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Due to the higher energy level at low frequencies, the low region f < 3 kHz provides the 

main contribution to the overall sound pressure level. Consequently, the scaling with a 

power of two provides a good description of the emitted noise due to turbulence. The use 

of a non-dimensional frequency, based on the integral length scale instead of the semi-

span of the aerofoil is not possible because the length scale does not necessarily 

correspond with the turbulence intensity. 

 

Figure 7-37: Scaling of the SPL with turbulence intensity SPL(ωR) ~ Tu2. Comparison 

of serrated and baseline LE. y/H = 0, Re = 425,000. SPL for serrated LE shifted by 30 

dB respectively. 

7.9.5 Optimum within experimental space 

In order to get knowledge on the maximum sound reduction capability within the 

experimental space, the search for an optimum has been executed. Figure 7-38 shows the 

multi-optimum for serration noise (OASPLSerr) and noise reduction (dOASPL). By 

maintaining a low noise level of the serrated leading edges of OASPLSerr = 63.2 dB, a 

maximum reduction of dOASPL = 7.7 dB can be achieved. This secures both, a low 

overall noise level and a maximum noise reduction. This multi optimum is reached by 

setting the lowest Reynolds number and the highest turbulence intensity. The serration 

parameters are maximum amplitude and intermediate wavelength. The angle of attack has 

only a small influence but is required to remain on intermediate positive angles (y/H = 

0.09). 
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Figure 7-38: Multi optimum of serrated noise emittance. Minimum of emitted 

OASPLSerr and maximum of noise reduction dOASPL.  

7.9.6 Extrapolation, limits of statistical model 

The model and consequently the resulting regression functions are based on a limited 

experimental space, defined by the star point levels of each influencing factor. The 

regression functions are defined by terms of first and second order. Analysing the 

regression function for each response variable by means of the extrema offers a way to 

get knowledge on the limits of the statistical model. 

Regarding the emitted noise from a baseline leading edge the extremum is represented by 

a maximum at Re = 720,000 (Table 7-9). Exceeding this value would result is a decrease 

of the OASPL what disagrees with the physical principles. Alike for the emitted noise 

with serrated leading edge where a saddle point is reached with an amplitude of A/C = 

0.4 and a Reynolds number of approximately Re = 800,000.  
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According to the extremum of the regression function the highest noise reduction is 

reached at negative Reynolds numbers what is also not possible whereas the lowest 

fractional sound pressure is obtained at high serration amplitudes A/C = 0.3 and very low 

Reynolds number Re = 100,000. 

Table 7-9: Extrema of response variables. 

 

 

  

As the results for the extrema indicate, the statistical model is not easily mapped on 

broader limits of the experimental space. In the direction to lower factor-levels of 

Reynolds number, serration amplitude, wavelength and angle of attack there seem to be 

no restrictions. By means of higher factor levels the model is restricted by a Reynolds 

number of Re = 720,000 and an amplitude of A/C = 0.4. This analysis clarifies only the 

mathematical restrictions of the model and does not lead to assumptions whether or not 

the predicted values beyond the limits of the analysed experimental space are valid. 

7.9.7 Model refinement 

The initial model is adapted by adding additive data points, resulting out of validation 

measurements and previous measurements by Chong et al. (2015). The refined model 

relies on a larger data pool and is expected to show a higher stability in terms of 

predictions for emitted baseline and serration noise. By means of noise reduction, the 

uncertainty of predictions shows a slight decrease albeit the statistical noise increases 

slightly. Overall, the fit of data pool and regression is exceptional. Comparing initial and 

adapted model reveals a preservation of main factor order and magnitude while slight 

changes in interdependencies with low significance occur.  

Critical values; Variable: OASPL_BL
Result: Maximum
Predicted value for result: 95.12732 dB

Factor
Observed
minimum

Critical
value

Observed
maximum

Re
Tu
y/H

250000,0 719906,5 600000,0
2,1 5,0 5,5

-0,1 -0,0 0,1

Critical values; Variable: OASPL_Serr
Result: Saddle point
Predicted value for result: 91.87866 dB

Factor
Observed
minimum

Critical
value

Observed
maximum

Re
Tu
A/C
L/C
y/H

250000,0 798849,2 600000,0
2,1 4,5 5,5
0,1 0,4 0,3
0,0 0,2 0,3

-0,1 0,0 0,1

Critical value; Variable: dOASPL
Result: Saddle point
Predicted value for result: 8.50282 dB

Factor
Observed
minimum

Critical
value

Observed
maximum

Re
Tu
A/C
L/C
y/H

250000,0 -166100 600000,0
2,1 4 5,5
0,1 0 0,3
0,0 0 0,3

-0,1 0 0,1

Critical values; Variable: pSerr/pBL
Result: Saddle point
Predicted value for result: 0.4553256

Factor
Observed
minimum

Critical
value

Observed
maximum

Re
Tu
A/C
L/C
y/H

250000,0 101283,9 600000,0
2,1 3,8 5,5
0,1 0,3 0,3
0,0 0,1 0,3

-0,1 0,0 0,1
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The differences between both models are more distinct in case of dependent response 

variable such as overall sound pressure level reduction dOASPL and fractional sound 

pressure pSerr/pBL. The increased significance of the 2L ∙ 4L interdependency (Tu ∙ λ/C) 

gives evidence on the importance of this factor and boosts the necessity of further 

analyses. 

7.9.8 Theoretical noise prediction 

The comparison between the measured baseline noise and Amiet’s (1975) flat plate model 

shows a good fit at intermediate and high factor levels. The match is less accurate at low 

Re and Tu. The scaling of the velocity dependency is adapted from 5th to 4th power. This 

is meaningful as the NACA65(12)-10 emits higher noise than a NACA0012 or a thick 

plate because the tip angle is smaller. Furthermore, the model assumes a zero angle of 

attack. In opposition to the NACA0012, this cannot be guaranteed, because the 

NACA65(12)-10 produces lift forces even at a geometrical angle of zero. Summarised, 

Amiet’s (1975) model shows a comparability only under constricted conditions. 
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8 Aerodynamic effects of serrations (PIV study) 

Up to now, research in the effect of leading edge serrations focussed either on the noise 

reduction capability or on the aerodynamic performance of the aerofoil itself. Custudio 

(2007) analysed the effect of sinusoidal leading edges on lift and drag forces 

experimentally. Further work by Camara (2010) was done by investigating these effects 

numerically and by use of flow pattern visualisation. A numerical study to optimise the 

serration design with the aim to improve the acting forces on the aerofoil was presented 

by Gawad (2013). Commonality of the recent research is the focus on describing the flow, 

starting at the serration surface. Chen et al. (2015) performed a numerical study and 

described pressure and velocity distribution at distinct streamwise locations, starting in 

front of the aerofoil. Nevertheless, no informative basis to describe the effect of serration 

parameters on the flow in front and within the interstices of the serrated leading edge is 

available. Therefore, only little is known on the aerodynamic effects within the serrations. 

This chapter deals with a fundamental study with the aim to describe the flow and 

turbulence pattern of different serrated LE and at different streamwise locations. In 

principle, the incoming turbulence causes surface pressure fluctuation on the aerofoil 

leading edge. As Lau et al. (2013) point out; serrated leading edges result in incoherent 

response times to incident gust across the span. This results in a decreased level of surface 

pressure fluctuations and in reduced broadband noise emissions. Moreover, changes in 

velocity and especially turbulence intensity are believed to influence the radiation of 

broadband noise significantly. Hence, a deeper understanding of the underlying principles 

in order to manipulate the incoming turbulence might contribute to the acoustic 

improvement of future applications. 

8.1 Tu profiles in front of serrations 

In the context of the acoustic preliminary investigations, presented in Chapter 5, hot wire 

measurements were carried out to define the turbulence intensity at the nozzle outlet. In 

order to deepen the understanding of the relations between turbulence intensity and 

velocity with regard to the presence of an aerofoil, whether with straight or serrated 

leading edges further measurements have been carried out with emphasis on the region 

close to the leading edge. The setup of hot wire in relation to the leading edges is shown 

in Figure 8-1 while Section 4.2 deals with the general experimental setting for hot wire 

measurements. 
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Figure 8-1: Experimental setup to measure Tu/ velocity profiles at discrete locations for 

A30λ30 and A30λ15 LE. 

The flow around a cambered NACA65(12)-10 aerofoil has already been numerically 

analysed by Claire et al. (2013) and Polacsek et al. (2011). A spanwise slice of the RANS 

mean velocity field is shown in Figure 8-2. Close to the leading edge, a significant 

reduction of the streamwise velocity occurs due to the stagnation point. On the suction 

side, away from leading and trailing edge, high velocities are visible what is due to fluid 

acceleration. The pressure side of the aerofoil shows a large area of low velocity close to 

the trailing edge what can be attributed to the cambered shape of the analysed aerofoil. 

 

Figure 8-2: Numerical results by Claire et al. (2013). Flow around cambered 

NACA65(12)-10 aerofoil. Slice of RANS mean velocity field. 
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The measurement of the velocity and turbulence square profile in a centre area of 30 mm 

and at 7 mm in front of an aerofoil with baseline leading edge serves as reference. As 

shown in Figure 5-12, 307 measurement points define the resolution of the generated 

profiles shown in this section. As expected, Figure 8-3 shows clearly a velocity drop in 

the projected area of the aerofoil because it represents a damming device in the flow. 

Slight differences along the horizontal axis are visible and are believed to be caused by 

perturbations of the incoming flow. The fluid is accelerated at vertical position beneath 

the aerofoil (y < 0 mm) whereas the velocity rises only slowly at heights above the area 

dominated by the aerofoil (y > 15 mm). The turbulence profile is the counterpart of the 

velocity. 

 

Figure 8-3: Hot wire results. Streamwise velocity profile (left) and turbulence profile 

(right) in y/z plane. LE tip at y = 0 mm. Projected aerofoil area indicated by dashed line. 

Re ≈ 400,000, Tu = 3.3 %. 

The profiles in front of an A30λ15 serration (Figure 8-4) serve as comparison to the 

baseline. Moreover, use of two different turbulence grids enables to analyse the influence 

of the incoming turbulence intensity. A horizontal distance of 120 mm was traversed what 

results in eight wavelengths, starting at the tip of the serration at position 0 mm. The 

vertical distance was limited to 20 mm, starting 5 mm beneath the height of the aerofoil 

LE tip. It becomes clear that high turbulence intensities are necessary to enable a 

measurement of the influence of the serrations on the turbulence intensity. Figure 8-4 

shows no clear influences of the serrations on the flow, as no clear pattern of changing 

Tu in the vertical direction is present. Apparently, the region of higher turbulence in 

positive y-direction, which was already observed in Figure 8-3 is also present in the 

current profiles although the fluctuation along the horizontal is small (ΔTu < 0.35 %). 

The scattering of the Tu = 3.2 % profile compared to the Tu = 2.1 % profile seems to be 

caused by the difference in the turbulence. 
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Figure 8-4: Turbulence profiles with Tu = 3.2% (left) and Tu = 2.1 % (right) along eight 

wavelengths of A30λ15 serration. Dashed line indicates leading edge tip. 

To compensate the lack in resolution more detailed measurements were executed. Two 

different serrated leading edges were investigated while the straight leading edge in 

Figure 8-3 acts as reference. A hot wire probe was placed in front of the serrations and 

was traversed for one wavelength in horizontal direction, starting at the root of one 

serration at position 0 mm and moving half a wavelength in both horizontal directions. In 

vertical and horizontal directions, the hot wire probe was traversed in steps of 2 mm. 

Leading edges of interest were the A30λ30 and the already analysed A30λ15. The 

resulting turbulence profiles show similar patterns though more distinct in case of A30λ30 

(Figure 8-5). In regions close to the leading edge tip, the turbulence intensity reaches high 

values whereas it drops significantly at horizontal positions close to the serration root. 

This matches the theory as a rise of the Tu indicates a decrease of the mean velocity and/ 

or an increase of the velocity fluctuations. Low Tu is even more distinct beneath the 

aerofoil tip. A slight shift of the serration effect in the horizontal is present. This might 

be due to uncertainties of the measurement by means of a small offset in the experimental 

setting between hot wire and root of the serration. The differences in the Tu magnitude 

are not high and in the range of maximal ΔTu ≈ 0.4% but the measurement location is 7 

mm upstream of the serration. Moving in the positive z direction, starting from the LE 

tip, shows a less alleviated Tu. This matches the expectations because the serrations of 

the tip are curved and no saw-tooth. This means that the area of the trough expands and 

the serration effect lessens. 
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Figure 8-5: Turbulence profile along one serration wavelength A30λ30 (left) and 

A30λ15 (right). 307 trials, Tu = 3.2 %. Dashed line indicates aerofoil. 

The performed hot wire measurements show meaningful results at high resolution but 

also reveal the need for more detailed studies on the flow in front and within the 

serrations. The hot wire anemometry shows only a limited potential for this purpose as 

the probe influences the flow what would become apparent especially at narrow locations. 

The Particle Image Velocimetry (PIV) on the contrary represents a contactless 

measurement technique, which is predestined for such fields of application. 

8.2 PIV Setup 

The Particle Image Velocimetry (PIV) is an optical-based measurement technique that 

traces the movement of seeded particles illuminated by a laser light sheet. The objective 

of this experiment is to study the flow within the interstices/ gaps of the leading edge 

serrations of an aerofoil. Figure 8-6 (down right) shows the schematic of an aerofoil with 

detachable leading edge and the direction of the laser plane. 

The laser experiments took place in the anechoic chamber at Brunel University. The 

experimental arrangement is illustrated in Figure 8-6. When the aerofoil is attached to the 

exit nozzle on side plates, a laser light sheet is projected upwards at 90-degree polar angle 

from a platform underneath the aerofoil. If (x, y, z) denote the longitudinal, vertical and 

transverse directions, respectively, the laser light sheet will be in the (y, z) plane. The 

seeded particles are injected on the suction side of the centrifugal fan.  
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After passing the diffusor, several ducts, the silencers and a series of flow conditioning 

devices of the acoustic wind tunnel it reaches the nozzle, where the flow is accelerated 

before it can finally discharge to the atmosphere and impinge on the aerofoil. A CCD 

camera is positioned downstream of the aerofoil to trace the illuminated particles. An on-

axis positioning of the camera is preferable but cannot be realised due to setup restrictions 

and the necessity to observe the leading edge of the aerofoil, which would be blocked by 

the aerofoil main body at horizontal alignment. Components such as the safety cage, the 

aerofoil as well as the nozzle were painted a matt black to avoid potential reflection of 

these surfaces. With the same purpose, the laser, the platform and the surrounding were 

covered with a highly absorbing black Molton® cloth. 

 

Figure 8-6: Sketch of experimental PIV setup. 

8.2.1 Components 

A Litron® Nd:YAG-Laser with two cavities and a maximum output energy of 800 mJ is 

used as source for the laser beam. The radiated wavelengths are 532 nm (visible) and 

1064 nm (infrared). The maximum pulsing frequency is 15 Hz, while minimum time 

between the pulses of 4 – 6 ns can be realised and enables to measure even at high 

velocities. The beam diameter is 5 mm but can be expanded to a light-section by use of 

an optic.  
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The connection of laser and PSU computer allows controlling the laser via the timer box. 

Furthermore, the Q-switch of the PSU provides the charged energy for the laser pulses. 

To gather images of the illuminated particles in the laser plane a Dantec Dynamics® CCD 

camera is used (FlowSense EO 2M). It can achieve up to 44 frames per second (FPS) at 

a resolution of 1600∙1200 pixels and a pixel size of 7.4 μm. The camera records images 

independently at minimum interframe time of 200 ns what results, apart from the velocity, 

in the possibility to define the direction of the moving illuminated particles. This is a 

crucial feature to enable the evaluation of the gathered signal via cross-correlation. The 

camera is equipped with a Makro-Planar T*2/50mm Zeiss® lens with a focussing 

minimum distance of 0.24 m. 

Both, camera and PSU computer are connected to the timer box. The timer box is essential 

to synchronise the laser pulses and exposure time of the camera. The user-defined 

parameters via DynamicsStudio® software such as pulsing frequency, time between 

pulses, number of images, etc. are input parameters of the timer box (Figure 8-7). 

 

Figure 8-7: Input and output of timer box. 

8.2.2 Particle seeding 

Use of a Dantec High Volume liquid Droplet Seeding Generator enables to generate the 

particles by droplet seeding. A seeding fluid is dispersed to fine droplets in micrometre 

scale, which exits the generator as airborne spray. The seeding generator works in 

accordance to the principle of open-jet pumps. Compressed air passes capillary tubes at 

high velocity. This causes a drop in the static pressure and results in a vacuum, which 

itself sucks-in the fluid of the reservoir. As soon as the fluid leaves the capillary tubes, 

the high velocity fluid disperses it. Dantec (2015) states a seed output of around 1013 

particles/ second with an average diameter of two micrometres as shown in Figure 8-8. 

The suggested working fluid is paraffin but fluids such as vegetable oils (e.g. olive oil) 

and gear lubricant oils are also considered suitable. The particle diameter is an important 

parameter to gather data of high quality.  
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Because large particles are easy to trace they improve the signal quality and reduce the 

need for illumination but also have a slip and cannot follow flow fluctuations at high 

frequencies. One the contrary, small particles are able to follow high frequency 

fluctuations in an accelerating flow such as to measure e.g. turbulence. The turbulence 

intensity in the present work occurs in a frequency range of 1 – 10 kHz (see Figure 5-5). 

According to Dantec (2015), a rough guideline is that 3μm oil droplets follow fluctuations 

of up to 1 kHz whereas 1-μm oil droplets can follow frequencies up to 10 kHz. According 

to Figure 8-8 this will also be the measurement range for the intended experiments. 

 

Figure 8-8: Measured size distribution. SMD = 2.14 μm (Dantec, 2015) 

Two different working fluids were tested in the current study. Polyethylene glycol (PEG) 

and baby oil, whose main ingredients are paraffin and isopropyl palmitate (C19H38O2), 

PEG was found to be beneficial due to its higher visibility and optimal reflection 

characteristics at high laser intensities. Tests with baby oil revealed a high particle density 

but also high reflection what caused problems in focussing the particles and resulted in 

low signal-to-noise ratios (S/N ratio) of the obtained data. Stanislas et al. (2000) show 

that PEG has a good initial signal but is disadvantageous for use in closed loop wind 

tunnels because of the high decay rate (Table 8-1) what means that the particles evaporate 

rapidly. However, in the present study no such wind tunnel is used what negates this 

disadvantage. The particles are injected on the suction side of the centrifugal fan and pass 

the silencers and other sensitive devices of the acoustic wind tunnel. PEG is water-soluble 

and the mentioned high decay rate prevents the development of oily layers within the 

sensitive devices. 
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Table 8-1: Left: Initial value and decay rate for different tested seeding materials 

(Stanislas et al., 2000). 

 

The distance between particle injection and measurement location sums up to more than 

15 metres, interrupted by the already mentioned acoustic devices as well as diffusors and 

flow conditioners. Finally, the nozzle accelerates the flow and the particles before 

entering the laser plane. This results in a very homogeneous distribution of the particles 

within the flow without predominant directions or trends. 

 

Figure 8-9: Laser plane with illuminated PEG particles at tip of serrated leading edge. 

8.2.3 Camera position 

The aim of the PIV study is to analyse the flow in front and within the leading edge 

serrations. On this purpose, careful considerations on how to mount the CCD camera are 

necessary. An angle of 90 degrees between camera and laser plane is favoured in order to 

guarantee the tracing of the illuminated particles within the laser plane. Exceptions are 

made for deviations of small angles. A vertical mount of the camera (x/y-plane) was 

refused due to the impossibility of realising a laser plane in the horizontal direction. The 

same problem applies for a mount perpendicular the streamwise direction (x/z-plane), 

where the side plates and the aerofoil itself block the camera view. The lack of alternatives 

results in a particle observation plane in y/z direction. The presence of the nozzle in front 

of the aerofoil prohibits a mounting of the camera in this location because it would require 

a steep alignment angle (α > 45 deg). A direct horizontal alignment in front of the leading 

edge is also not possible because the camera would obviously influence the nozzle outlet 

flow. Consequently, the camera was placed downstream of the aerofoil. To enable an 

observation of the particles in front of the leading edge, the camera had to be misaligned.  
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A vertical angle of 27.8 degrees suffices to view over the aerofoil main body, while the 

horizontal angle between laser plane and camera is set to 90 degrees. An additional 

problem with a downstream mounted camera is occurrence of tripod vibrations because 

the tripod, which supports the camera, is exposed to the flow and the cylindrical shape of 

the bars causes vortex shedding. If the camera vibrates, the movement of these vibrations 

are added on the movement of the traced particles and results in corrupt signals. To 

prevent any vibrations, small wedges were installed in front of the tripod bars, which 

deflect the flow in the y direction and suppress vortex shedding without influencing the 

flow characteristics upstream, as it would be the case at large blocking ratios.  

The streamwise distance between leading edge tip and camera lens is 1.3 metres. This 

choice is influenced by several considerations. Short distances result in captured images 

of small dimensions what leads to high resolutions of the observed area but only a limited 

area of the laser plane can be focussed. On the contrary, large distances allow the analyses 

of larger areas while the resolution shrinks. This interdependency can be resolved by use 

of different camera objectives if available. In the present setup, the camera tripod and the 

installed wedges to avoid vibrations of the system also limit the minimum distance. 

Distances close to the nozzle exit would result in an influence of the free jet flow 

characteristics. 

8.3 Parameters 

The definition of meaningful levels for several input parameters of the timer box are 

necessary prior conducting experiments. It is highly important to define a suitable time 

between pulses (TBP). This parameter influences the signal-to-noise ratio (S/N ratio) 

significantly. It describes the time between two laser pulses and therefore the time 

between capturing the two images of the double frame on whose basis the displacement 

of the particles is detected. If the time steps are too high, particles might leave the 

interrogation area (IA) before they could be traced. Very small time steps might interfere 

with the capabilities of camera and laser or lead to an overload of data per interrogation 

area (IA) what increases the noise level. Moreover, the TBP is the reference to calculate 

the velocity of the particles in the post-analyses. A rule of thumb is that the TBP should 

secure that each particle can be traced for four times within one IA. When executing PIV 

experiments with laser planes in the flow direction, this would mean that the TBP is the 

time, determined on basis of the expected maximum velocity and a quarter interrogation 

area dimension, where the IA dimension is in [m] (Eq. 8-1). 

��� = ��� �	
��         (8 – 1) 
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However, in the present case, the laser sheet is in the y/z-plane and the size of the 

interrogation area does only have a minor influence on the traceability of the particles. 

Main parameter is the thickness of the laser plane. The particles must be traced four times 

during passing the z = 1 mm thick laser plane. With UMax = 20 ms-1, the TBP is 12.5 μs. 

��� = ������ �	
��        (8 – 2) 

This secures a tracing in the y/z-plane for four times if the streamwise velocity component 

does not exceed UMax. The velocity components in y/z direction are expected to be far 

less than the component of the main flow direction and can be neglected. However, 

experimental analyses revealed that reducing the time steps to TBP = 3.5 μs improves the 

S/N ratio slightly and has therefore been chosen as operating level. 

The size of the interrogation area is, apart from the camera position, the dominant 

influencing parameter of the resolution. The signal analysis is performed for each IA 

(including overlapping). As can be seen in Figure 8-10 and the corresponding Figure 8-11, 

large interrogation areas increase the signal to noise ratio but reduce the resolution. For 

small IA the opposite applies. The rule of thumb is a minimum of 10 – 11 particles per 

IA.  

   

Figure 8-10: Cross correlation map with stated S/N ratio. Effect of varying interrogation 

area. IA = 16 pixel (left), 32 pixel (centre), 64 pixel (right). 

   

Figure 8-11: Corresponding velocity field (vector length √�� + ��) to Figure 8-10. IA 

= 16 pixel (left), 32 pixel (centre), 64 pixel (right). 

S/N ratio = 24.04 S/N ratio = 42.27 S/N ratio = 53.14 
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Instead of defining the IA in pixels, the size can be adopted with regard to the current 

experimental setup. This gives a more meaningful parameter to decide on how the 

resolution is sufficient for the intended purpose. The absolute size of the interrogation 

area is a function of camera resolution, camera position and IA size (Eq. 8-3). 

���,��� = �����
� �,!"#      $ = %, &       (8 – 3) 

Where R is the resolution of the camera and L the absolute measure of the camera image. 

The current setup with a camera resolution of R = 1600 ∙ 1200 pixel, interrogation areas 

of IA =16 ∙ 16 pixel, and absolute scale of the images L = 344 mm ∙ 258 mm yields for 

the IA absolute values of IA = 3.44 mm ∙ 3.44 mm. This equates the absolute resolution 

of analyses with the selected IA and camera position. 

The data acquiring setup requires a sampling frequency, which defines the number of 

captured double-frames per second. As the intended experiments are carried out to define 

the turbulence intensity, the frequency should be as high as possible to reach a good time 

resolution and is set to f = 15 Hz. The turbulence intensity is a parameter that describes 

the velocity fluctuations, based on the average velocity, where the fluctuations are 

extracted pointwise from the different images. 

Together with the number of captured images, the sampling frequency defines the 

measurement time. The maximum amount of double frames is 136, the minimum 2 if the 

Tu should be computed. Increasing the number of captured images leads to a 

disproportional increase of the computing time for the post-analyses and to an averaging 

of the obtained signal (Figure 8-12). 

  

Figure 8-12: Exemplarily Tu (v,w) in front of baseline LE. No. Of images = 5 (left) and 

136 (right). Tu (u) = 5.5 %, TBP = 3.4 μs, f = 15 Hz, U0 = 25 ms-1; POS = -5 mm. 

The upcoming experiments require a high time resolution and a detailed view on the flow 

structures but also valid data and a Tu that is based on as many data points as possible. 

Figure 8-13 shows the influence of image number on the average values. As can be seen, 

the averages remain almost constant after a first oscillation at low number of images. 

Defining this parameter is a compromise between resolution and obtaining reliable data 

with regard to the flow characteristics. A number of 45 images was chosen for the 

experiments, resulting at f = 15 Hz in a measurement time of three seconds.  



Aerodynamic effects of serrations (PIV study) 

 

144 

 

However, during data post-analysis, sets with 30 and 45 images showed the same 

accuracy, whereas the post-processing with 30 images led to a significant decrease of the 

computing time. 
 

No. 

Images 

v w 

-- m/s m/s 

5 0.022 -5.28 

10 0.056 -5.25 

20 0.174 -5.15 

40 0.129 -5.11 

60 0.124 -5.16 

80 0.130 -5.07 

136 0.136 -5.11  

Figure 8-13: Influence of image number on average velocity. Baseline with Tu = 5.5%, 

TBP = 3.5 μs, f = 15 Hz, U0 = 25 ms-1, POS = -5 mm. 

8.4 Calibration 

Both, laser and camera need to be calibrated. With regard to the laser, a calibration is 

necessary for both, location of laser plane and superposing of the two laser beams. Prior 

adjusting the laser plane, the expanding optic is remounted from the laser. A white sheet 

is placed at approximately one metre from the outlet of the laser in the axis of the laser 

beams. After running the laser, the two beams show a burning pattern on the sheet. If the 

two beams are superposed, the laser works with the required accuracy. Otherwise, a 

readjustment is necessary because different directions of the beams would result in 

capturing double frames with particles at different locations what distorts the tracing and 

the subsequent definition of flow velocity and direction. 

The location of the laser plane is defined by use of thin orange tape strips, attached to a 

smooth wooden surface of known dimensions (Figure 8-14). Inserting this surface in the 

measurement location above the aerofoil leading edge and aligning it in accordance to the 

desired position and angle of the laser plane is a simple way to calibrate the laser. The 

orange strips reflect the laser light and transform it into the visible range. The reflection 

is visible even with full protection goggles. Adjusting the laser until the plane superposes 

with the orange strips completes the laser calibration. 
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Figure 8-14: Thin orange strips (left) and resulting reflection of laser light during 

adjustment of laser (right). 

In principle, the calibration of the camera consists of capturing an image of known 

dimensions and setting a measurement scale factor, which can be used for the scaling of 

the experimental data. However, in this case an off-axis camera is used. Therefore, the 

scaling factor is not a constant but a function of the angle and varies along the camera 

field of view. With a camera setting as shown in Figure 8-6, particles in the top region 

are recorded larger compared to particles in the lower region of the laser plane because 

the distance between laser plane and camera enlarges from top to bottom due to 

perspective. Instead of a square section, each pixel contains an oblong trapezoidal section 

of the flow field (Dantec, 2011).  

 

Figure 8-15: Schematic camera location (Dantec, 2011). 

In some cases, the parameters to correct this misalignment due to an off-axis camera can 

be calculated from known angles, distances, etc. but this approach is not practicable. The 

used DynamicStudio® software offers the possibility to define the correction via an image 

model fit (IMF). This enables a dewarping of the recorded images at sufficient accuracy. 

The image model fit is defined by imposing a calibration target in the object plane, where 

a central marker as well as axis markers and markers with equidistant spacing are 

detectable.  
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The model fit is a mathematical model, which describes how points in the object plane 

(mm scale) are transformed into the image plane (pixel) (Dantec, 2011). The calibration 

target shown in Figure 8-16 was used for the current study. Due to the off-axis camera, 

the outer vertical lines tend to strive inwards while the central line is perpendicular. The 

image model fit detects the single markers and dewarps the image on the basis that they 

are all equidistant. An exemplarily result is shown in Figure 8-16 (right). Nevertheless, 

dewarping always comes along with a loss of information, which cannot be restored but 

the distortion is small for off-axis angles smaller than 30 – 45 degrees. 

  

Figure 8-16: Left: Original calibration image with off-axis camera (27.5 deg). Right: 

Dewarped image by use of image model fit (IMF). 

An alternative to dewarp the recorded images is to dewarp the vector map in the post 

analyses. This reduces the computing time but also leads to distorted vector maps, which 

are more difficult to analyse. 

8.5 Data analyses 

The procedure to capture and process gathered data is shown in Figure 8-17. After 

capturing the calibration record, a scale factor is set to provide the necessary information 

on the captured images in the object plane. Subsequently, the calibration record is used 

to define the image model fit, which transforms the points from the object into the image 

plane. The experiment is executed while reviewing the signal quality by means of S/N 

ratio followed by recording and dewarping of the double frame, using the IMF. The 

corrected images are masked to define only the image area of interest. The subsequent 

step is the signal analyses. Double frames enable to analyse the signal via cross or 

adaptive correlation while an auto correlation would still be possible but not eligible.  
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Equation 8-4 shows the underlying normalised cross correlation function for the same 

interrogation area of two frames. It describes two series as a function of the lag. The 

resulting values vary between [-1, 1] where 1 represents a perfect correlation. 

�'(� ∑ *+,-.,/0(+,1*+2-.,/0(+2134,342.,/        (8 – 4) 

N is the number of pixels, F1, F2 are the interrogation areas of both images, 5�, 5� the 

mean values of the IA and 6+�, 6+� the standard deviation of the IA (Dantec, 2011). 

The adaptive correlation, however, is based on the cross correlation but uses a varying 

interrogation area. Starting at large initial IA with high S/N ratios it performs a cross 

correlation before reducing the IA and using the calculation results as input parameter for 

the next step until the final IA size is reached. The adaptive correlation produces less bad 

vectors but suffers a lack of resolution when comparing to a cross correlation with the 

same final IA. However, the initial correlation at very high S/N ratios enables to reduce 

the size of the final IA what abolishes the lack of resolution. Additionally, a moving 

average feature can be added. In case of detected spurious vectors during the cross 

correlation, this feature corrects the vectors by interpolating with neighbouring vectors in 

a defined number of iterations. In the current analyses, the adaptive correlation is used as 

signal analysing method. Starting at IA of 128∙128 pixels it is reduced in three steps to 

16∙16 pixels what equals an absolute measure of 3.44∙3.44 mm. Furthermore, a moving 

average and a 50% overlapping are applied. After analysing the gathered data, each 

performed correlation is checked on the amount of substituted vectors. A significant 

amount of such vectors requires an increase of the final IA. Moreover, a sporadic 

comparison between results of adaptive and cross correlation allows an estimation of the 

validity and quality of the obtained results.  

Consecutively to the adaptive correlation, a new mask is defined to perform a vector 

masking. Ignoring this step leads to invalid results because the adaptive correlation 

function also accesses the masked area of the images where no particle information are 

available and therefore produces bad vectors. After finalising the signal analyses, the 

single vector maps for each captured double frame are merged to a vector statistics map, 

where the statistics of all essential quantities are calculated. This includes the mean 

velocity as well as the variance and standard deviation but also the turbulence intensity is 

defined if more than one vector map is available. 
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Figure 8-17: Data capturing and post-processing. Dotted line indicates signal analyses. 

8.6 Measurement Matrix 

Five different serrated leading edges were investigated in the PIV study, four of them 

representing star points by means of the previous DoE study while the fifth represents the 

central point. This includes the minimum and maximum wavelength with an intermediate 

amplitude as well as the extrema of the amplitude with intermediate wavelengths and one 

serration with intermediate wavelength and amplitude. Additionally, the baseline leading 

edge has been analysed. The angle of attack has been kept constant at a geometrical angle 

of zero degree. The acoustic study revealed only a minor influence of the AoA on emitted 

noise and thus no large effect on the flow characteristics is expected.  

Calibration record Measure scale factor Image model fit 

Capture Images 

Image dewarping 

Define mask Image masking 

Adaptive corr. 

Define mask Vector masking 

Vector statistics 

Plot results 

Check data quality 

Check data quality 

Export results 
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The turbulence intensity, main cause of broadband leading edge noise, was varied on two 

extremes, Tu = 2.1 % and Tu = 5.5 % to obtain the largest effect by comparing the 

resultant flow fields. The streamwise velocity was set to U0 = 20 ms-1 or Re = 200,000 

respectively. This represents the lowest velocity where the Tu was found to be quasi 

isotropic. Higher velocities lead to difficulties regarding the required particle density and 

signal quality for valid PIV data. Moreover, the upper frequency of turbulent frequency 

fluctuations increases with the velocity and particles of the used diameter are not able to 

follow fluctuations at frequencies higher than 10 kHz. 

Table 8-2: Measurement plan for each streamwise location, varying from -5 mm (in 

front of serration) to +15 mm (within serration interstices). X indicates conducted, -- not 

conducted experiment. 

No. Label A/C λ/C Tu y/H Re Streamwise loc. [mm] 

[--] [--] [--] [--] % [--] [--] -5
 

-1
 

+
2 

+
5 

+
10

 

+
15

 

1 A12λ26 0.08 0.175 2.1 0 200,000 x x x x -- -- 

2 A45λ26 0.30 0.175 2.1 0 200,000 x x x x x x 

3 A29λ7.5 0.19 0.050 2.1 0 200,000 x x x -- -- -- 

4 A29λ45 0.19 0.300 2.1 0 200,000 x x x x x x 

5 A29λ26 0.19 0.175 2.1 0 200,000 x x x x x x 

6 BL -- -- 2.1 0 200,000 x x -- -- -- -- 

7 A12λ26 0.08 0.175 5.5 0 200,000 x x x x -- -- 

8 A45λ26 0.30 0.175 5.5 0 200,000 x x x x x x 

9 A29λ7.5 0.19 0.050 5.5 0 200,000 x x x -- -- -- 

10 A29λ45 0.19 0.300 5.5 0 200,000 x x x x x x 

11 A29λ26 0.19 0.175 5.5 0 200,000 x x x x x x 

12 BL -- -- 5.5 0 200,000 x x -- -- -- -- 

The flow field in the y/z plane was recorded for each defined case at six discrete 

streamwise locations, two in front of the leading edge (-5 mm, -1 mm) and four within 

(+2 mm, +5 mm, +10 mm, +15 mm). Obviously, locations within the serrations exclude 

the analyses of the baseline LE. For each of the six analysed streamwise locations a 

calibration of laser plane and camera is necessary. Due to restrictions in amplitude and 

wavelength, only serrations of high amplitude and wavelength (A45λ26, A29λ45, and 

A29λ26) could be analysed at all defined locations within the serrations (Table 8-2). The 

parameter settings for the carried out PIV measurements can be summarised as shown in 

Table 8-3. 
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Table 8-3: Relevant settings for parameters and signal analyses. 

Parameter Label Value 

Particle fluid [--] PEG 

Particle diameter [μm] ≈ 2 

Time between pulses TBP [μs] 3.5 

Frequency f [Hz] 15 

No. images [--] 30 

Measurement time [s] 2 

Interrogation area IA [Pixel²] 16 

Resolution IA [mm²] 3.44 

Analyses method [--] Adaptive correlation 

Overlap [%] 50 

Refinement steps [--] 3 

8.7 PIV Results 

The post analyses of the obtained experimental data focus on the evaluation of three 

parameters. The velocity, the turbulence intensity and the vorticity. 

Instead of analysing the [v] and [w] component of the velocity field separately, the 

definition of the velocity length provides a more meaningful parameter. It describes the 

resultant of the velocity vector (magnitude) and is defined according to Equation 8-5. 

789,: = √�� + ��        (8 – 5) 

In general, the turbulence intensity is defined as the fluctuation of the velocity in all three 

dimensions, based on the mean velocity (Eq. 8-6). Current experiments analyse the flow 

field in the y/z plane. Resultant velocity information describes the [v] and [w] component 

of the [u, v, w] velocity field and consequently prohibits such a definition. 

�; = < =>?2@@@@@@@A=>B2@@@@@@@A=>C2@@@@@@@
D∙-=?@@@@2A=B@@@@2A=C@@@@20 = �√D |=>|@@@@@

	8        (8 – 6) 

Therefore, either the turbulence can be defined based on the single dimensions or as a 

two-dimensional Tu what reduces the definition to Equation 8-7. The post-analyses of the 

carried out experiments uses the definition according to latter as it describes the 

generalised turbulence profile and corresponds to the choice of velocity length as 

characteristic parameter. 
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�;-�, �0 = < =>B2@@@@@@@A=>C2@@@@@@@
�∙-=B@@@@2A=C@@@@20 = �√� G=>B,CG@@@@@@@@@@

	B,C@@@@@@       (8 – 7) 

Turbulence measurements carried out in the context of preliminary experiments for the 

acoustic study analysed the streamwise [u] component of the velocity and assumed an 

isotropic condition, where the fluctuations in all three dimensions are equal (Eq. 8-8). 

;H=�@@@@@@ = ;H9�@@@@@@ = ;H:�@@@@@@       (8 – 8) 

The resultant Tu however was based on the streamwise velocity and revealed values in 

the range of 2.1 % < Tu(u) < 5.5 %. In the current setting, the referencing velocity is the 

mean velocity of the y/z plane, which is much smaller compared to the streamwise 

velocity.  

789,: ≪ 78=         (8 – 9) 

Consequently, the Tu (v, w) result is much higher values as the denominator is small. 

Thomas (2009) extracted the [v] fluctuations of a plane perpendicular to the main flow 

direction and added the mean velocity of the main flow direction to the denominator to 

establish comparable values (Eq. 8-10). 

�;-�∗0 = |=B>|@@@@@@@
	8?,B            (8 – 10) 

This approach seems not to be suitable for the present study as no detailed information 

on the [u] velocity component is available. Moreover, a change in the [v,w] velocity 

components would find only little regard in the used mean velocity and shade potential 

effects. 

In terms of comparability between the Tu defined in the PIV post analyses and the 

previously measured Tu via hot wire anemometry, the method of determination is of 

interest. In case of hot wire measurements, the whole spectrum up to 10 kHz is obtained 

and averaged over a measurement time of 20 seconds. On the other hand, the method used 

by DynamicStudio® to calculate the turbulence intensity is not a direct one. The Tu is 

derived from a time-averaged set of vector sheets and can be described by velocity mean 

and fluctuation vector. In the present case, the Tu bases on 30 data points, recorded at a 

frequency of 15 Hz. 

The vorticity describes rotation around the x, y and z-axis (Eq. 8-11) or the local rotation 

(spin) of a three-dimensional velocity field (Dantec, 2011). Due to its rotational 

behaviour, it is classified as a pseudo-vector field. 

K = LMN*71 = O;LP*71 = ∇ Q 7 = RS:S. − S9S/U $ + RS=S/ − S:S:U V + RS9SW − S=S.U X     (8 – 11) 
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For planar data gradients (y/z plane) Equation 8-12 applies, as the x component cannot 

be calculated. Based on this two-dimensional approach, the vorticity represents a vector 

that is perpendicular to the flow field. 

K = RS:S. − S9S/U            (8 – 12) 

As McMurtry (2001) points out, turbulence is rotational and typically characterised by 

large fluctuations in the vorticity. Three-dimensional, time-dependent vortex stretching 

is the underlying principle that causes velocity fluctuations, which itself define the 

turbulence. Due to the fact, that a high Tu is an inherent aspect of the incoming flow and 

a reduction of the Tu the main aim of the serrations, the choice of vorticity as evaluation 

parameter seems feasible. 

8.7.1 Upstream influence of serration 

Figure 8-18 shows a first comparison between baseline leading edge and an A29λ45 

serration at discrete positions of 5 mm and 1 mm in front of the aerofoil. The baseline 

case at POS -5 mm shows clearly an acceleration of the fluid below the LE tip and a 

reduction at the projected aerofoil height. Close to the stagnation point of the LE (POS -

1 mm), the velocity drops even more significantly. Comparison to the serrated LE shows 

higher velocities at both locations. The influence of serration tips is visible and manifested 

as regions of low velocity whereas a higher velocity at the serration troughs occurs. 

Especially close to the LE tip (POS -1 mm), an effect of the serration along the completely 

projected aerofoil height is existing. The visible shift of the projected aerofoil location is 

due to a change of the camera perspective when different streamwise locations are 

analysed. Camera angle and streamwise position are kept constant what leads to an 

increase of the camera height at closer distances between laser plane and camera and 

consequently to a shading of the lower area of the obtained images. 
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Figure 8-18: Comparison of baseline and A29λ45 serration upstream of leading edge. 

Dashed line indicates aerofoil location. POS -5 mm (left) and POS -1 mm (right). 

Chaitanya et al. (2015) carried out a PIV study of a NACA65(12)-10 at a velocity of U0 

= 20ms-1. They compared the chordwise flow over baseline and serrated leading edges. 

A significant reduction of the area of low streamwise velocity in front of the leading edge 

tip due to the serrations was shown because the stagnation region literally diminishes 

(Figure 8-19). A small area of low velocity is visible in front of the serration tip but less 

distinct, because the flow is deflected in direction of the serrations troughs. This observed 

increase of [u,v] velocity components fit to the measurement results. The diminishing 

stagnation region is of high importance, especially as the distortion of the flow around 

the stagnation area in front of the aerofoil leading edge is causal for the leading edge noise 

emissions.  
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Figure 8-19: PIV results by Chaitanya et al. (2015). Mean velocity map for baseline 

(left) and serrated (right) leading edge. Plane of latter at tip of serration. AoA = 0 deg, 

U0 = 20 ms-1. 

The obtained PIV results enable a comparison to the already discussed hot wire 

measurements although the analysed streamwise velocity was different (Uu,PIV = 20 ms-1, 

Uu,HW = 40 ms-1) and the measurement location differs by 2 mm (XPIV = -5 mm, XHW = -

7 mm). Apart from the velocity magnitude, which is highly different due to the different 

measured velocity components, the results show a good agreement (Figure 8-20). A 

significant increase beneath the LE tip and a reduction along the height of the aerofoil 

projection is followed again by a slow increase of the velocity. 

  

Figure 8-20: Velocity profiles in the y/z plane. PIV velocity components [v,w] (left) and 

hot wire velocity component [u] (right). Left: Re = 200,000, Tu = 5.5%. Right: Re = 

400,000, Tu = 3.2%. 

Additionally, the resulting Tu profile in front of serrated LE measured via hot wire and at 

high resolution is comparable to the characteristics of the profile obtained by PIV (Figure 

8-21). Both cases show a low Tu beneath the LE tip and intermediate level along the 

vertical aerofoil height whereas a significant increase of the Tu occurs above. 

Furthermore, the PIV results show that the region of high Tu infiltrates the region of the 

aerofoil what might serve as an explanation for the slight shift of the Tu in case of the hot 

wire results. 
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Figure 8-21: Turbulence profiles in y/z plane. Left: Tu(v,w), A29λ26, Re = 200,000, Tu 

= 5.5%. Right: Tu(u), A30λ30, Re = 400,000 , Tu = 3.2 %. 

8.7.2 Run of velocity / turbulence intensity 

The resulting velocity of turbulence profiles at different streamwise locations were 

analysed and plotted slice-wise in Figure 8-24. A refraction of the laser plane occurs due 

to the lowermost edge of the serrations if the plane is within the interstices of the 

serrations. In these cases, images of the completely serrated profiles are not possible. A 

possible solution, however, would be to use mirrors above the aerofoil, which reflect the 

laser light onto the upper surface of the serration, which is not initially covered by the 

plane. This would require highly accurate alignment of mirrors in angle and streamwise 

position. In the present study, this procedure was prohibited by restrictions of the 

experimental setup. Obviously, no illumination of seeding particles is possible in the non-

covered area what requires a masking to avoid corrupt vectors as a result of the analyses 

via adaptive correlation. An exception could be made in case of the first, 2 mm position. 

Here, the serration tip is very slim and the affection of the laser plane is of minor impact. 

In addition, the thickness of the laser plane is beneficial to reduce the interstices of the 

light pillars to negligible dimensions. The interstices between the single light pillars 

increase significantly with the streamwise position of the laser plane. 



Aerodynamic effects of serrations (PIV study) 

 

156 

 

 

Figure 8-22: Resultant laser plane with illuminated PEG particles at streamwise position 

POS +15 mm within the serrations. 

The trend of the velocity in Figure 8-24 shows a clear acceleration of the fluid in front 

and within the serrations. After first entering the serration (POS +2 mm), the main peak 

of the velocity is well below the LE tip, indicated by dashed lines. Altering the streamwise 

position shows a shift of the main peak upwards as a function of laser plane location 

within the serrations (Figure 8-23). This is naturally, as the serrations have a sinusoidal 

and no saw-tooth shape and therefore the steepness of the flaks increases with the 

position. As already discussed, the shift of the projected aerofoil is due to a change of 

perspective at different streamwise locations. At the extreme observation position (POS 

+15 mm), the lowermost edge of the serrations is no more visible. 

  

Figure 8-23: Velocity length of A26W45 serration at POS +2 mm (left) and POS +15 

mm (right). Dashed line indicates aerofoil. 

The closer the plane is to the serration root the higher the influence of the serration on the 

fluid above the aerofoil (see also Figure 8-25). The results show that the region of high 

velocity tends to expand upwards. The velocity plots also indicate that the peak of the 

velocity itself increases with the x-wise distance. This is an expected trend as the 

serrations are nozzle-like and accelerate the flow.  
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Figure 8-24: Trend of velocity length √(v²+w²) along different streamwise locations by 

use of A45λ26 leading edge. Tu = 5.5 %, Re = 200,000. 

A vertical profile at the centre of a serration trough reveals a detailed view on the trend 

of the velocity peaks as shown in Figure 8-25. The vertical coordinates were corrected as 

a function of the x-wise position in order to generate a constant projected aerofoil area. 

Locations at the foyer of the serration (POS +2, +5) show a peak well beneath the LE tip 

whereas an increasing distance leads to the already mentioned shift of the peak inside the 

serration (POS +10, +15). The trend of the peak magnitude and vertical shift seems 

steady, except at POS +2 mm where a broad peak occurs. This feature has also been 

observed at several other serrated LE and therefore represents a characteristic feature. The 

peak seems to increase above average at locations close to the serration root. 
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Figure 8-25: A29λ45. Vertical cut through centre of serration at different streamwise 

positions within the serration. Indication of aerofoil (AF) top surface and leading edge 

(LE) tip location. 

The serrations cause a rapid change in the velocity. A changing velocity comes along with 

the expectations of changing turbulence intensity. As the trend of the Tu along different 

locations in Figure 8-27 shows, the Tu fairly describes the counterpart of the mean 

velocity. In order to validate whether a change in the mean velocity or in the velocity 

fluctuations is the dominant cause of a changing Tu in case of serrations, exemplarily 

vertical profiles of the measurement data were extracted at POS -1 mm in front of the LE 

(Figure 8-26). The comparison of the baseline and A45λ26 serration shows a change in 

both, mean velocity and fluctuation. However, the increase of mean velocity is far more 

distinct, occurs especially in the region of the projected baseline area and reaches a 

maximum at the leading edge tip. On the other hand, the fluctuations seem to show no 

dependency on the vertical direction but remain on an overall lower level. According to 

the Tu definition in Equation 8-13, a change of the denominator dominates the change of 

the Tu whereas the numerator has a minor effect. 
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Figure 8-26: Baseline (left) and A45λ26 (right) LE. Vertical distribution at y=140mm 

(root of serration, dotted). POS -1mm, Tu = 5.5 %, Re = 200,000. 

The comparison of incoming Tu with baseline and serration in Figure 8-26 shows how 

significant the Tu changes even before the turbulent structures impinge on the aerofoil 

surface. As the change in the Tu is clearly assigned to a change in the mean velocity, the 

trend of the Tu at different streamwise locations follows the same dependencies as already 

discussed in the context of the velocity trend. 
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Figure 8-27: Trend of turbulence intensity Tu(v,w) along different streamwise locations 

by use of A45λ26 leading edge. Tu = 5.5 %, Re = 200,000. 

Chen et al. (2015) analysed a baseline and a serrated leading edge of a symmetrical 

NACA0012 aerofoil numerically. In terms of the streamwise RMS velocity, they 

observed a reduction in case of the leading edge serrations and concluded a reduction of 

the streamwise turbulence intensity as observed in the current measurement results. The 

reduction in fluctuation is expected to reduce the emitted interaction noise. 

 

Figure 8-28: Numerical results by Chen et al. (2015) of symmetric NACA0012 aerofoil. 

Streamwise RMS velocity fluctuation distribution at distinct streamwise locations with 

baseline (left) and serrated (right) leading edge. 
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The vorticity of the flow profiles is only discussed exemplarily as the trend is very similar 

for all obtained measurement results (Figure 8-29). At positions in front of the LE, a 

regular pattern of small contra-rotating structures is present. In general, the magnitude of 

vorticity is very small. However, moving the measurement plane downstream these 

structures enlarge. Already at POS -5 mm, the influence of the serration is visible in form 

of small vortices of higher magnitudes, located in front of the serration tips. This 

influences increases with distances close to the serrations. Entering the serrations at POS 

+2 mm shows the presence of high vorticity along the lower edges of the serrations, which 

radiate in the region beneath the aerofoil leading edge. 

  

 
 

 

Figure 8-29: Vorticity with A29λ26 LE. Variation of streamwise distance. 

This fits to the numerical results by Chen et al. (2015) who show the mean z-wall shear 

stress distribution of the suction side of an aerofoil with and without serrates leading edge. 

A spanwise secondary flow from peak to trough of serration is visible. According to Yang 

(2012), the wall vorticity is directly proportional to the wall shear stress in case of 1-D 

flow near a wall what enables a comparison to own obtained results of vorticity. 
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Figure 8-30: Mean z-wall shear stress distribution over aerofoil suction side. Numerical 

results by Chen et al. (2015). NACA0012 aerofoil with baseline (left) and serrated 

(right) leading edge. 

8.7.3 Comparison of serrations 

As already shown, the turbulence intensity mainly follows a change in the mean velocity. 

Hence, the distribution of the velocity can be used to describe the efficiency of the 

different analysed serrations. Figure 8-31 shows a characteristic distribution along an 

extracted vertical cut through the serration troughs. Obviously, the peak of the velocity 

shifts beneath the LE tip with increasing serration amplitude. Where a serration with an 

amplitude of A = 12 mm has its peak close above the tip, an A = 45 mm amplitude has 

its maximum well beneath. Moreover, a clear dependency of the peak magnitude on the 

serration parameters is visible. The peak increases when increasing the amplitude and the 

wavelength. Either the highest velocity is reached at maximum amplitude A45λ45 or at 

maximum wavelength A29λ45 what describes the expectations because high convergent 

angles (λ45) lead to a maximum acceleration of the fluid. However, the strong 

dependency on the wavelength contradicts the findings in the acoustic study. Another 

effect, which is only indicated, is a dependency of the peak shape on the wavelength. The 

smallest wavelength shows a broad peak and the comparison of A29λ45 and A45λ26 

shows the broader peak at the lower wavelength. Finally, serrations of either very small 

wavelength or amplitude show only little influence on the flow above the serration 

whereas the effect is similar for serrations, which exceeded a certain value. 
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Figure 8-31: Vertical velocity distribution. POS +2 mm, Tu = 5.5%. Dashed line 

indicates tip of aerofoil. 

The extraction of a horizontal profile at the vertical height of the leading edge tip provides 

information on the trend of the velocity along the single serration. The velocity 

distribution shows a continuous pattern with a peak at the root of each serration. The trend 

of the different serrations confirms the explained dependencies on serration wavelength 

and amplitude. The width of each profile is defined by the serration wavelength. 

 

Figure 8-32: Horizontal velocity distribution at LE tip height. POS +2 mm, Tu = 5.5%. 

With regard to the turbulence intensity, a slightly different behaviour is present what is 

caused by influences of a changing velocity fluctuation (Figure 8-33). Once again, the 

A29λ7.5 and the A12λ26 leading edge show the worst Tu reduction capability. 
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Surprisingly, the serration with the maximum wavelength shows a gap in performance 

compared to the remaining serrations with high amplitudes and intermediate wavelength. 

This indicates that both, high wavelengths and amplitudes lead to significant acceleration 

of the flow and to similar magnitudes in the mean velocity but only smaller wavelength 

reduce the fluctuations of the flow and thus lead to lower Tu. 

 

Figure 8-33: Vertical turbulence distribution. POS +2 mm, Tu = 5.5%. Dashed line 

indicates tip of aerofoil. 

8.7.4 Mapping of results on sound reduction capability 

The obtained PIV results raise the question whether a link to the acoustic performance 

can be established. As already described, leading edge noise is generated due to the 

impingement of the turbulent eddies within the incoming flow. Pressure differences are 

induced, which radiate at sound velocity and emit broadband noise. Hence, a possible 

sound reduction mechanism is to reduce the value of the kinetic energy of the impinging 

eddies by dissipation. Lau et al. (2013) observed that wavy leading edges effect a phase 

shift of the gust response along the span of the aerofoil. Consequently, the pressure 

fluctuation disperses over a longer period and results in smaller amplitudes of the pressure 

fluctuations at any spanwise location. Compared to a straight leading edge a reduction of 

the broadband noise level can be achieved. Hence, the phase shift prohibits an 

accumulation of the generated pressure as well as a noise radiation in phase. Narayanan 

et al. (2014) have observed a similar feature. With serrations, they observed an absence 

of oscillation in the acoustic spectra as it is the case with sharp leading edges. They argue 

that the radiated noise of the serrated leading edges is no more coherent and therefore 

leads to incoherent unsteady pressure differences across the chord of the aerofoil. 
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This results in significant noise reduction and a resulting spectrum, where the emitted 

energy decreases with increasing frequency. 

Serrations with high amplitude and wavelength were found to be the most effective in 

terms of fluid acceleration. As shown in the PIV study, the velocity is directly related to 

the turbulence intensity, which reduces if the flow is accelerated. The aerodynamically 

observed effect of amplitude can also be confirmed as dominant parameter in order to 

reduce the noise emittance. By means of wavelength, however, a deviation between 

aerodynamic and aeroacoustic performance is present. Small to intermediate wavelengths 

reduce the noise more effectively than large wavelengths. This might be contributed to 

the previously described effect of phase shift. Small wavelengths lead to a more dispersed 

impingement of turbulent eddies on the aerofoil surface and a higher incoherence of the 

pressure distribution across the aerofoil chord. A serration with λ45 wavelength leads to 

a very low turbulence intensity but the Tu impinges over a long spanwise area compared 

to smaller wavelengths. The aeroacoustically most effective serration is therefore defined 

by the optimum of dispersion and fluid acceleration. 

The acoustic results confirm the finding of an altering optimum serration wavelength as 

a function of the turbulent length scale. As Chaitanya et al. (2015) point out; the optimum 

setting is reached if the length scale equals half a serration wavelength. In this case, one 

tip, root and flank of a serration is excited incoherently what leads to a maximum noise 

reduction. This principle has to be taken in mind when regarding the aerodynamically 

most beneficial serration 

8.8 Summary PIV results 

The carried out PIV study gives proof on the aerodynamic serration effects. The incoming 

flow is accelerated within the nozzle-shaped interstices of the serrations whereas the 

maximum velocity shifts from positions below the LE tip vertically upwards with 

increasing penetration depth. The serrations also affect the flow in front and above the 

leading edge. Compared to a baseline, the incoming velocity is higher in average, whereas 

stagnation points occur only at locations of the serration tips. Analyses of mean velocity 

and velocity fluctuations reveal that the mean velocity is the most effected factor by the 

serrations and therefore dominates any changes in the turbulence intensity. The Tu 

changes contrarious to the velocity and shows the anticipated pattern at distinct 

streamwise locations. 

Hot wire measurements, executed upstream of the leading edge, are compared to the PIV 

results. Despite the different measured velocity components, [u] for the hot wire and [v, 

w] in case of the PIV, the profiles are comparable.  



Aerodynamic effects of serrations (PIV study) 

 

166 

 

The similar results support the obtained PIV results and encourage a mapping of the 

findings onto the three dimensional flow field. In the current study the [w] component 

compared to the [v] component of the velocity was found to have the main effect of the 

flow field and reaches significant higher magnitudes. This matches the expectations as 

the aerofoil and the serrations mainly affect the flow in the vertical direction. 

Comparison of different serrations results in a clear ranking in dependence of serration 

amplitude and wavelength. High amplitudes and wavelengths are found to have the 

highest effect on the acceleration of the flow. Moreover, the maximum velocity shifts 

vertically downwards with increasing amplitude until the peak is located beneath the 

aerofoil tip at maximum amplitudes. According to theory, the acceleration should reach 

a maximum as the steepness of the serration walls is at its highest. This matches the 

experimental results as the highest wavelength reaches the highest maximum velocity. 

Determination of the vorticity revealed small turbulent structures in front of the leading 

edge, which enlarge with decreasing distance of measurement plane and aerofoil. Overall, 

the turbulent contra-rotating structures in front of the aerofoil are of small scale but 

slightly higher values already indicate the presence of the serration tips. With penetrating 

the serrations, the vorticity increases significantly in the serrated area close to the height 

of the leading edge tip. 
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9 Discussion, Outlook & Implementation 

In the context of the performed acoustic study and fundamental analyses of the flow 

within the leading edge serration via PIV, several possibilities in order to deepen the 

understanding and/ or increase the applicability/ accuracy of the analysed mechanisms 

became evident. 

An interesting continuation of the acoustic analyses would be a weighing of the sound 

pressure level. In terms of applicability and with the aim to reduce the audible noise of 

aerofoils for the humankind, the analysis of A-weighted SPL would be more meaningful 

for practical applications. Especially the impact of noise reduction in the frequency range 

of 1 – 5 kHz, what is congruent to the main affected frequency range by leading edge 

serrations, would increase in its importance. 

As presented in Section 7.9.6, the extension of the acoustic model is limited by the 

quadratic terms of the regression functions or the extrema respectively. Apart from the 

model restrictions, the definition of the analysed factors might restrict the mapping on 

systems with deviant boundary conditions. A difficulty, obvious in the context of 

applying the model on external acoustic data (Section 7.6.3) was the definition of the 

Reynolds number, based on a chord length. For future analyses, it is suggested to define 

the average chord length instead of the maximum chord length as the characteristic length 

to improve the comparability. The turbulent inflow has been characterised mainly by the 

turbulence intensity but is also affected by the size of the turbulent structures in form of 

the integral length scale. Tu and length scale are correlated but not necessarily 

proportional. Therefore, melding these two characteristic parameters to one factor would 

lead to a higher reliability of the model. 

A detail, neglected in the present work is the consideration of a potential aerofoil surface 

effect on the total noise emittance. The troughs of the serrations were carved out of the 

aerofoil main body with the aim that the maximum aerofoil chord length remains constant 

with and without serrations. Other researchers often extended the aerofoil by half a 

wavelength and thus kept the absolute aerofoil surface constant. The carried out 

measurements with baseline and serration in this work justify a comparison if the leading 

edge represents the dominant noise source even though the absolute surface area of the 

serrated aerofoil decreases. This assumption is backed by numerical results by Claire et 

al. (2013) who analysed the noise emittance of a cambered aerofoil with and without 

serrations. Comparing the resulting RMS pressure distribution on the aerofoil fraction 

indicates the main noise source to be clearly at the leading edge. The pressure distribution 

along the aerofoil chord seems to be almost equal and of low magnitude for the baseline 

and serrated case.  
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Figure 9-1: Numerical results by Claire et al. (2013). RMS surface pressure with 

baseline (left) and serrated (right) leading edge. 

The Particle Image Velocimetry offers great possibilities to visualise the flow in front and 

within the serrations. However, strong restrictions in the PIV setup prohibited recording 

streamwise velocity information in the present study. This hampers a validation of the 

obtained results. Additional measurements with more-dimensional hot wire probes and/ 

or additional PIV measurements at a different experimental setup might be useful to 

diminish the current uncertainties. As discussed in Section 8.7.2, the presence of the 

serrated leading edge blocks the laser light plane, which impinges the aerofoil from 

beneath. Hence, only the characteristics of the flow in the interstices of the serrations can 

be analysed and no information on the flow on top of the serrations is available. 

Implementing an advanced mirroring technique, where mirrors reflect the passing laser 

light back onto the serration surface, would lead to an increase of the analysing area. 

After defining a statistical model, that describes the overall sound pressure of baseline 

and serration as well as the reduction capability, emphasis on the emitted spectrum might 

be of interest for future work. Similar to Amiet’s (1974) flat plate model, knowledge on 

the contribution of serrated leading edges to distinct frequency bandwidths would give a 

more detailed view on this modification and lift the prediction of noise reduction on a 

higher level. Moreover, studies on more advanced serration design parameters are of 

interest to optimise the analysed effect on a smaller scale. 

Several researchers indicate leading edge serrations as potential beneficial for axial fans. 

Chaitanya et al. (2015) argue that with the increasing bypass ratio of modern turbofan 

engines, fan broadband noise became a more dominant source, where the turbulence 

generated by the rotor wake interacts with the leading edge of flow conductors.  

Moreover, Carolus (2013) points out that the leading edge emits noise if the aerofoil is 

acoustically non-compact. The noise characteristic is broadband if the boundary layer is 

turbulent.  
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Hence, Carolus (2013) defines the influence of incoming turbulent flow on noise 

emissions of ventilators as very important (Figure 9-2). In addition, Claire et al. (2013) 

define turbulence generated by the rotor wake as the main contributing source of 

broadband noise in aero engines at approach conditions. The need for experimental 

studies is highlighted as todays CFD computing capabilities cannot efficiently cope with 

certain three-dimensional turbofan rotor–stator simulations. 

 

Figure 9-2: Broadband noise emission of axial fan rotor according to Carolus (2013). 

An exemplarily measurement by Carolus (2013) shows that the turbulent inflow mainly 

contributes to the low frequency noise below 1 kHz and is of broadband character (Figure 

9-2). Therefore, sinusoidal shaped leading edge serrations promise good results in 

reducing this interaction noise by de-correlating the noise sources. As presented by 

Polacsek et al. (2011), a wavelength twice as large as the turbulence correlation length 

leads to a maximum de-correlation while maximum serration amplitudes are beneficial 

as long as the aerodynamic performance is not affected significantly. 

 

Figure 9-3: Serrated leading edges of axial fan blades to reduce aerofoil-gust-interaction 

according to Carolus (2013). 
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Roger et al. (2013) points out that a change of the inertia of turbulent patterns due to 

interaction between solid surface and turbulence results in sound generation. If this takes 

place in the vicinity of a singular point such as an edge, it is at its highest efficiency. The 

sharper the edge, the higher the emitted noise. Modifications of incoming turbulence is 

challenging to impossible. Therefore, modifications of the impinging surface are the more 

promising approach. Here it has to be taken into account not to affect the aerodynamic 

performance. By means of fans, a minor deterioration is no problem as these devices are 

mostly not designed for special purposes and are therefore oversized. Changes in 

operating conditions are usually accepted within a reasonable range. However, up to now 

no practical application for industrial use of leading edge serrations is available but much 

needed. 
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Appendix A – Design of Experiments 

A1 Correlation matrix 

 

Table 0-1: Correlation matrix of the experimental design 

with pseudo orthogonal and rotatable features. 

Quadratic effects correlate with each other in a 

percentage range of 0.31%. Critical correlations are 

present at values ≥ 30%. 
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A2 Experimental design – Non-dimensional 

 
 

2**(5) central composite design, nc=32 ns=10 n0=2 Runs=44
+ 15 Central PointsStandard

Run Re Tu A/C L/C y/H
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43 (C)
44 (C)
45 (C)
46 (C)
47 (C)
48 (C)
49 (C)
50 (C)
51 (C)
52 (C)
53 (C)
54 (C)
55 (C)
56 (C)
57 (C)
58 (C)
59 (C)

-1,000 -1,000 -1,000 -1,000 -1,000
-1,000 -1,000 -1,000 -1,000 1,000
-1,000 -1,000 -1,000 1,000 -1,000
-1,000 -1,000 -1,000 1,000 1,000
-1,000 -1,000 1,000 -1,000 -1,000
-1,000 -1,000 1,000 -1,000 1,000
-1,000 -1,000 1,000 1,000 -1,000
-1,000 -1,000 1,000 1,000 1,000
-1,000 1,000 -1,000 -1,000 -1,000
-1,000 1,000 -1,000 -1,000 1,000
-1,000 1,000 -1,000 1,000 -1,000
-1,000 1,000 -1,000 1,000 1,000
-1,000 1,000 1,000 -1,000 -1,000
-1,000 1,000 1,000 -1,000 1,000
-1,000 1,000 1,000 1,000 -1,000
-1,000 1,000 1,000 1,000 1,000
1,000 -1,000 -1,000 -1,000 -1,000
1,000 -1,000 -1,000 -1,000 1,000
1,000 -1,000 -1,000 1,000 -1,000
1,000 -1,000 -1,000 1,000 1,000
1,000 -1,000 1,000 -1,000 -1,000
1,000 -1,000 1,000 -1,000 1,000
1,000 -1,000 1,000 1,000 -1,000
1,000 -1,000 1,000 1,000 1,000
1,000 1,000 -1,000 -1,000 -1,000
1,000 1,000 -1,000 -1,000 1,000
1,000 1,000 -1,000 1,000 -1,000
1,000 1,000 -1,000 1,000 1,000
1,000 1,000 1,000 -1,000 -1,000
1,000 1,000 1,000 -1,000 1,000
1,000 1,000 1,000 1,000 -1,000
1,000 1,000 1,000 1,000 1,000

-2,378 0,000 0,000 0,000 0,000
2,378 0,000 0,000 0,000 0,000
0,000 -2,378 0,000 0,000 0,000
0,000 2,378 0,000 0,000 0,000
0,000 0,000 -2,378 0,000 0,000
0,000 0,000 2,378 0,000 0,000
0,000 0,000 0,000 -2,378 0,000
0,000 0,000 0,000 2,378 0,000
0,000 0,000 0,000 0,000 -2,378
0,000 0,000 0,000 0,000 2,378
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000
0,000 0,000 0,000 0,000 0,000

Table 0-2: Non-dimensional settings for 

measurement trials according to the 

chosen central composite design with 

pseudoorthogonal and rotatable statistical 

features and with five influencing factors.
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A3 Experimental Design – With dimensions 

 

2**(5) central composite design, nc=32 ns=10 n0=2 Runs=44
+ 15 Central PointsStandard

Run Re Tu A/C L/C y/H
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43 (C)
44 (C)
45 (C)
46 (C)
47 (C)
48 (C)
49 (C)
50 (C)
51 (C)
52 (C)
53 (C)
54 (C)
55 (C)
56 (C)
57 (C)
58 (C)
59 (C)

351422 3,07 0,144 0,122 -0,054
351422 3,07 0,144 0,122 0,054
351422 3,07 0,144 0,228 -0,054
351422 3,07 0,144 0,228 0,054
351422 3,07 0,236 0,122 -0,054
351422 3,07 0,236 0,122 0,054
351422 3,07 0,236 0,228 -0,054
351422 3,07 0,236 0,228 0,054
351422 4,51 0,144 0,122 -0,054
351422 4,51 0,144 0,122 0,054
351422 4,51 0,144 0,228 -0,054
351422 4,51 0,144 0,228 0,054
351422 4,51 0,236 0,122 -0,054
351422 4,51 0,236 0,122 0,054
351422 4,51 0,236 0,228 -0,054
351422 4,51 0,236 0,228 0,054
498578 3,07 0,144 0,122 -0,054
498578 3,07 0,144 0,122 0,054
498578 3,07 0,144 0,228 -0,054
498578 3,07 0,144 0,228 0,054
498578 3,07 0,236 0,122 -0,054
498578 3,07 0,236 0,122 0,054
498578 3,07 0,236 0,228 -0,054
498578 3,07 0,236 0,228 0,054
498578 4,51 0,144 0,122 -0,054
498578 4,51 0,144 0,122 0,054
498578 4,51 0,144 0,228 -0,054
498578 4,51 0,144 0,228 0,054
498578 4,51 0,236 0,122 -0,054
498578 4,51 0,236 0,122 0,054
498578 4,51 0,236 0,228 -0,054
498578 4,51 0,236 0,228 0,054
250001 3,79 0,190 0,175 0,000
599999 3,79 0,190 0,175 0,000
425000 2,08 0,190 0,175 0,000
425000 5,50 0,190 0,175 0,000
425000 3,79 0,081 0,175 0,000
425000 3,79 0,299 0,175 0,000
425000 3,79 0,190 0,049 0,000
425000 3,79 0,190 0,301 0,000
425000 3,79 0,190 0,175 -0,128
425000 3,79 0,190 0,175 0,128
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000
425000 3,79 0,190 0,175 0,000

Table 0-3: Settings for measurement 

trials according to the chosen central 

composite design with pseudo-

orthogonal and rotatable statistical 

features and with five influencing 

factors. Dimensionalised in compa-

rison to Table 0-2 by defining upper 

and lower limits of each factor. 
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Appendix B – Validation of statistical model 

A4 Serration amplitude, serration wavelength and Tu 

  

  

Figure 0-1: Turbulence intensity Tu = 3.1 %, Angle of attack y/H = 0. Regressions for 

OASPL (straight), regression for dOASPL (dotted). Symbols indicate experimental 

results. 
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Figure 0-2: Turbulence intensity Tu = 3.7 %, Angle of attack y/H = 0. Regressions for 

OASPL (straight), regression for dOASPL (dotted). Symbols indicate experimental 

results. 
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Figure 0-3: Turbulence intensity Tu = 5.5 %, Angle of attack y/H = 0. Regressions for 

OASPL (straight), regression for dOASPL (dotted). Symbols indicate experimental 

results. 
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A5 Angle of attack y/H 

  

  

Figure 0-4: Re = 263,000 to 400,000. Tu = 3.1 %, A/C = 0.3, L/C = 0.05. Regressions 

for OASPL (straight), regression for dOASPL (dotted). Symbols indicate experimental 

results. 
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Figure 0-5: Re = 460,000 to 590,000. Tu = 3.1 %, A/C = 0.3, L/C = 0.05. Regressions 

for OASPL (straight), regression for dOASPL (dotted). Symbols indicate experimental 

results. 
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Appendix C – PIV results 

A6 Position 5 mm upstream (POS -5mm)  

Figure 0-1: PIV results of Tu(v,w) at streamwise position POS-5mm. Re = 200,000 and 

Tu(u) = 5.5%.   
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A7 Position 1 mm upstream (POS -1mm)  

Figure 0-2: PIV results of Tu(v,w) at streamwise position POS-1mm. Re = 200,000 and 

Tu(u) = 5.5%. 
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A8 Position 2 mm within serration interstices (POS +2mm)  

 

Figure 0-3: PIV results of Tu(v,w) at streamwise position POS+2mm. Re = 200,000 and 

Tu(u) = 5.5%. 
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A9 Position 5 mm within serration interstices (POS +5mm)  

Figure 0-4: PIV results of Tu(v,w) at streamwise position POS+5mm. Re = 200,000 and 

Tu(u) = 5.5%. 
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A10 Position 10 mm within serration interstices (PO S +10mm) 

 

Figure 0-5: PIV results of Tu(v,w) at streamwise position POS+10mm. Re = 200,000 

and Tu(u) = 5.5%. 
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A11 Position 15 mm within serration interstices (PO S +15mm)  

 

Figure 0-6: PIV results of Tu(v,w) at streamwise position POS+15mm. Re = 200,000 

and Tu(u) = 5.5%. 


	Chapter_1_2_Review_online
	Chapter_3_DoE
	Chapter_4_Facilities
	Chapter_5_Tu_profiles
	Chapter_6_Prelim_Acoustic
	Chapter_7_Results_Acoustic
	Chapter_8_PIV
	Chapter_9_Outlook_Appendix_References_online

