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With the objective of reducing the broadband noisegmitted from the interaction of highly
turbulent flow and aerofoil leading edge, sinusoiddeading edge serrations were analysed as
an effective passive treatment. An extensive aeraaugstic study was performed in order to
determine the main influences and interdependencies factors, such as the Reynolds number
(Re), turbulence intensity (Tu), serration amplituce (A/C) and wavelength ¥/C) as well as the
angle of attack (AoA) on the noise reduction capaliy. A statistical-empirical model was
developed to predict the overall sound pressure lel’and noise reduction of a NACA65(12)-
10 aerofoil with and without leading edge serration in the analysed range of chord-based
Reynolds numbers of 2.5- 1% Re< 6-1¢ and a geometrical angle of attack -10 dega < +10
deg. The observed main influencing factors match ¢tent research results to a high degree,
and were quantified in a systematic order for the ifst time. Moreover, significant
interdependencies of the turbulence intensity andhe serration wavelength (Tul/C), as well
as the serration wavelength and the angle of attacfg/C- AoA) were observed, validated and
qguantified. In order to study the noise reduction nechanisms, Particle Image Velocimetry
(PIV) measurements were conducted upstream of theeeofoil leading edge and along the
interstices of the leading edge serrations. Velogit turbulence intensity and vorticity in the
plane perpendicular to the main flow direction (y/zplane) were analysed and linked to the
acoustic findings. It was observed that a noise redtion is accompanied by a reduction of the
turbulence intensity within the serration interstices. The reduction in turbulence intensity is
more pronounced with large serration amplitudes. Havever, the impact of the serration
wavelength was found to be no function of the turblence. It is more likely to be affected
acoustically by spanwise de-correlation effects asresponse to the incoming gusts.

Nomenclature

A = amplitude of leading edge serrations [mm]
A = wavelength of leading edge serrations [mm]
Uo = free stream velocity [m$

Tu = turbulence intensity [%]

Re = cord-based Reynolds number [--]

AoA = angle of attack, defined as y/H [..]
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C = aerofoil chord length [mm]

S = aerofoil span [mm]

H = nozzle height [mm]

Humax = maximum aerofoil thickness [mm]

AoA = angle of attack [°]

X = local streamwise (longitudinal) coordinate [mm]
y = local anti-streamwise (transversal) coordirjata]
z = local vertical coordinate [mm]

OASPL = overall sound pressure level [dB]

AOASPL = overall sound pressure level reduction [dB]
pse/pe. = non-dimensional, fractional sound pressure [--]
f = frequency [Hz]

ASPL = sound pressure level reduction [dB]

w = angular frequency 1$

(C] = polar angle [deg]

Ma = Mach number [--]

LE = aerofoil leading edge

[. Introduction

ECENT research has firmly established sinusoidaliteg edge (LE) serrations as an effective passdatment

to reduce the emitted broadband noise of an aéefposed to a highly turbulent flow. A reductiorthe overall
sound pressure level of up AWASPL = 7dB and local sound pressure level redostaboveASPL = 10dB in the
relevant frequency region could be reaché®everal parameters have been found to influereeffiectiveness of
noise reduction by leading edge (LE) serrationdgclvinclude the Reynolds number (Re), turbulentenisity (Tu),
serration amplitude (A/C), serration wavelengitC) and angle of attack (AoA). However, up to ndwese
parameters have been regarded independently, #nlitthe effort was made to analyse them as aarilated system
of factors with respect to the noise reductionsTderves as motivation for the current work, wteecemprehensive
statistical-empirical model has been developed thighaim to describe the noise emittance and raxuof serrated
LE as an interrelated system of several influengiagameters. As it is shown in Section IV-C, theadeped model
even shows good fit and accurate predictions of ehmtted noise when applied to an external experiaie
environment.

Although different hypotheses on the noise reduacti®echanism were proposed before, they have hitimett
been comprehensively verified. In general, threelrarisms have been identified that could be resplenfor the
reduction in broadband noise. First is the redsgathwise correlation coefficients as a result obirerent response
times of the incoming turbulence; second, a redaatif the acoustic sources as manifested in thectish in RMS
pressure fluctuation at the serration peak; aridj,tl reduction of the streamwise turbulence isityndue to the
converging flow within the serratiof<

Up to now, research on the effect of LE serratifmaissed either on the noise reduction capabibitypn the
aerodynamic advantages of the performance of thefaleitself. The effect of sinusoidal LE on thidt land drag
forces has been analysed experimentally, numeyiaatl through the use of flow pattern visualisafi§m numerical
study to optimise the serration design in ordéntprove the aerodynamic forces on the aerofoil prasented.The
commonality of the recent research is the focudestribing the flow, starting at the serration acef In contrast, a
numerical study has been recently published, inckvigressure and velocity distributions are analystedistinct
streamwise locations, starting upstream of thé Héwever, no information is available so far toatédse the effect
of different serration parameters on the flow nfrof and within the interstices of the serratésL

Of particular importance is the correlation betweke aerodynamic flow behaviours and aeroacoustisen
reduction mechanisms. In general, the incomingulerice amplifies the surface pressure fluctuataose to the
aerofoil LE, which then radiate into broadband alis® The serrated LEs, on the other hand, cause #isan
decrease in the surface pressure fluctuations abskeguently reduce the broadband noise level. Dheerging
nature of the serration could generate a nozzéxefd accelerate the flow within and reduce tivellef turbulence
intensity before the fluid-structure interactioranéhe stagnation points. Therefore, it is plagstblanalyse the noise
reduction mechanism in terms of the aerodynamibsdeurs in front of and within the intersticestbé serrations
for different serration parameters. This providesnativation in the current study to perform Padidimage
Velocimetry (P1V) experiments to gain a deeper usidading of the underlying principles, and thenge the results
to enhance the acoustic noise reduction capabilityture applications.
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II. Experimental Setup

In the current study, a cambered NACA65(12)-10 fadrvas utilised, due to its similarity to reafdiapplication
such as the stator vanes or axial fan blades. éwrsln Fig. 1, the aerofoil has a chord length of €50 mm and a
span width of S = 300 mm. Between the leading €gffe = 0) and x/C = 0.3, there is a section that loa removed
and replaced by different serration profiles. Nibi& x is the streamwise direction. Further dowewtr, 0.3 < x/C <
1.0, is the unmodified aerofoil main body. Onceaeltied, the serrations form a continuous profilengivthe
appearance that they are cut into the main bodyeo&erofoil. The serration geometry is definedviay parameters:
amplitude (chordwise peak-to-trough value) and wength (spanwise peak-to-peak-value). Both parametse
normalised by the aerofoil chord length C = 150 nime angle of attack is defined as a non-dimensicate of
vertical LE tip displacement (y) and the heightlod nozzle outlet (H), giving AoA y/H at small angle of attack.
The shape of the LE serrations is designed acaprdira sinusoidal curve, and the NACA65(12)-10 iteofvas

extruded along the line of this curve. An importatture of the current design is the semi-cydiae of the serration
tips.

15 mm
Trailing edge

50 mm

Amplitude A

‘wm edge

i

W'.xvclclngth A

Figure 1. NACA65(12)-10 aerofoil main body and re-@achable leading edge with measures of importance
for the acoustical treatment in the open jet stream® 1

Experiments were conducted in the aeroacoustigktyaat Brunel University Londonvhere an open jet wind
tunnel is situated in a 4 m x 5 m x 3.4 m semi-apacchambet! The nozzle exit is rectangular with dimensions of
0.10 m (height) x 0.30 m (width). The wind tunnaehcachieve a minimum turbulence intensity of 00.2-%. The
maximum jet velocity is about 80 isin order to achieve high turbulence intensitigs)( grids of various spacing
were used. Adopting the criteria setlgws and Liveséy, all grids are biplane square meshes with a consttio
of bar diameter and mesh size (M/d = 5). Usingtineulence prediction model Byufderheide et a® which is based
on the work ofLaws and Livesés, five different grids for the generation of Tutimre range of 2.1 % Tu<5.5 %
were defined and verified experimentally. The iné¢¢ength scale of the turbulent eddies was faworioe a function
of Tu, but it was not included as an integral patenfor the noise modelling analysis.

The turbulence intensity near the aerofoil’'s Lassumed isotropic. In this context, the analysihefmeasured
power density spectra showed a good agreementatthturbulence models (Fig. 2) wén KarmanandLiepmann
in Eg. (1), after having applied the correctiondtion of Rozenbergf in Eq. (2) in order to take the dilution in the
high-frequency region close to the Kolmogorov sdale accountu’? is the velocity fluctuationq,,,, is the integral
length scalek, the streamwise wave number akigl a constant that controls the gradient of the offilat high
frequencies. The lower limit of the investigatecdbichbased Reynolds number was determined by theireeh

isotropic condition of the Tu, whereas the uppsritliwas dictated by the fan capacity in the experital setup
(2.5-16 <Rex< 6-10).

O (w) = — (1)

ly  1+K24y,,°

Grotm, = exp ((—9/4) - ("X/an) 2)
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Figure 2. Normalised turbulence energy spectrum aceding to Liepmann at 30ms! < Ug < 60ms?, Tu =
3.9%, measured at the imaginary location of the a@foil leading edge. Applied correction for high-frequency
dilution according to Rozenberg.?°

The conducted experimental study can be subdividedan aeroacoustic and an aerodynamic studyhén t
aeroacoustic study (Section V), a statistical-eiogl model describes the acoustic response, asdaién of five
influencing parameters. In the aerodynamic stuéeiign V), the flow patterns in front of the seivas and within
the interstices of the serrations are analysedhbyRarticle Image Velocimetry (PIV) technique. Altigh these
aeroacoustic and aerodynamic experiments werexdastit independently, the results are supplemetdagch other
where a causal relationship between the flow padtand the aeroacoustic results for a selectedonBiguration is
established.

A. Aeroacoustic Measurement Technique

Because of the chosen parameters of the Desigrperinents (DoE), which will be discussed in Settild, a
total of ten leading edge sections were investijakbese include one configuration with a stralghto serve as the
baseline case. Free field measurements of the AdgieN (Aerofoil-Gust-Interaction) were conducted the
aeroacoustic facility aBrunel University Londo®* The aerofoil was held by side plates and attadlustied to the
nozzle lips. Noise measurements at the aeroacowstit tunnel were made by a PCB Y-inch prepolarisef
condenser microphone at polar angle®cf 90 degree at a distance of 0.95 m from the LEhefaerofoil at mid-
span. The acoustic data was recorded at a santpie@f SR = 40 kHz, with a blocksize of BZ = 10Z#e feasible
frequency range for the data analyses was setQd12& fanayse< 10 kHz, where the lower limit is due to the cut-of
frequency of the anechoic chamber. The upper livai chosen in order to avoid the possible influermeaerofoil
self-noise, which is not related to aerofoil-gusteraction. The range of jet speeds under invastigés between 25
ms! and 60 m3, corresponding to Reynolds’ numbers based on ¢hefail chord length of 2:30°< Re< 61¢°
respectively.

As shown in Table 1, the levels for each of the fiwestigated parameters were defined. Upper@merllevels
are set as a consequence of the fan capacity, #xérmam grid-generated turbulence and the restristiof the
experimental setup. Intermediate levels are sahbyhoice of the measurement plan and the statiggatures of
the future model, as described in Section IlI.

Table 1. Non-dimensional DoE (Design of Experimen}devels of the different factors of interest. Setion
amplitude and wavelength normalised by aerofoil chal (C = 150mm); angle of attack normalised by noz#
height (H = 100mm).
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Unit -0DoE -1boE OpoE +1poE +0DoE

XNondim - -2.3784 -1.0 0.0 +1.0 +2.3784

Re -- 250,000 351,422 425,000 498,57 600,000
Tu(u) % 2.08 3.07 3.79 451 5.50
Asen/C -- 0.080 0.144 0.190 0.236 0.300
Asen/C - 0.050 0.122 0.175 0.228 0.300

y/H -- -0.128 -0.054 0.000 0.054 0.128
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In order to ensure valid measurements, where thkgbaund noise of the wind tunnel facility is wbilow the

AGI-Noise, preliminary measurements were perforraedxtreme flow conditions prior to the main acaustudy.

At minimum and maximum fan speed, the acousticatigne of the background noise, the baseline adrafiol the
aerofoil with the expected capacity in maximum eaisduction (A457.5) were measured. The acoustic results are
shown in Fig. 3. The angle of attack was chosedretoonstant at zero degrees, and the Tu is, aocptoliEq. 3, set

to the maximum at 5.5 %. The plot of the narrowdspectrum in Fig. 3 illustrates that the ambiersa without the
presence of an aerofoil in front of the nozzle eushows a significant lower sound pressure lesgipared to both
the aerofoil cases. The sound pressure level ircéke of the aerofoil with a straight LE (baseliase) is always
below the emitted sound of an aerofoil with a gedd E, especially in the intermediate frequengjoe of interest
between 300 Hz and 4 kHz, where the main contioutf the noise reduction is expected to come fitoarserrations.
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Figure 3. Comparison of emitted narrow band spectrm of aerofoil at Re = 250,000 and Re = 600,000 with
baseline (straight) and serrated leading edge (dast). Additional plot of the sound spectrum without
attached aerofoil (dotted). Results at highest ingtigated turbulence intensity and zero angles of &ck. The
OASPL is indicated in the box.

B. Particle Image Velocimetry Setup

Particle Image Velocimetry (PIV) was used to trimmovement of seeded particles, illuminated kasar light
sheet. The PIV allows a two-dimensional velocitgldi measurement that could compensate the laclpaifas
resolution by point measurements (e.g. hot wird@yoMoreover, the presence of a hot wire probédcloave some
negative impacts on the flow in front of and withie interstices of the serrations. The PIV experita took place
in the anechoic chamber of the aeroacoustic windeLatBrunel University Londaf! The experimental arrangement
is illustrated in Fig. 4a.

When the aerofoil is attached to the exit nozzlihwide plates, a laser light sheet is projectadangs a® = 90-
degrees polar angle from a platform underneathéhefoil. If [, y, z] denote the longitudinal, trsversal and vertical
directions, respectively, the laser light sheet bl in the [y, z] plane. A LitrdhNd:YAG-Laser with two cavities
was used as a source for the laser beam, whicitealdat wavelengths of 1064 nm (infrared) andoatising frequency
of 15 Hz.

Polyethylene glycol (PEG) was dispersed to dropéts diameter of 1.5m < d < 2.5um. The seeded particles
were injected on the inlet of the centrifugal fariside of the anechoic chamber. After passing tindhe diffuser,
the silencers and a series of flow conditioningickw of the acoustic wind tunnel, the particlexhethe nozzle,
where the flow is accelerated before it can findlischarge into the atmosphere and impinge on ¢hefal. The
injected particles show a homogeneous distributiben reaching the measurement plane (Fig. 4b).

A CCD (charge-coupled device) camera was positia@tmedhstream at a distance of 1.3 metres of thef@ieto
trace the illuminated particles. Although the otisgositioning of the camera is preferable, it aarbe realised due
to the setup restrictions, and the necessity tervieshe leading edge of the aerofoil that wouldehizeen blocked by
the aerofoil main body at a horizontal alignmenteitical angle of 27.8 degrees was found to bicserfit to ensure
monitoring beyond the aerofoil main body. Accordiaghe pulsing frequency, the camera capturecolible frames
per second, where the time delay between eacltopismes was 3.5s in order to track the movement of particles
in the 2 mm thick light sheet. Therefore, the reablution in time is much higher than 15 Hz, alifjio there is a lack
of data in-between, analogue to old frequency @ty which were not capable of real-time analysis.
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Figure 4. a) Sketch of experimental PIV setup. b) &ser plane (y/z-plane) with illuminated PEG partices at
the tip of serrated leading edge.
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In order to compensate the possible image distodiee to the off-axis camera, an image-model f& applied
to the captured frames for the purpose of dewarpimd) perspectively transforming the skewed imagebdse if
viewed from a normal angle. Based on a mathematicalel, the model fit describes how points in thgecot plane
(mm-scale) are transformed into the image planee(ycale). The captured and dewarped double fraamable
analysing the signal via a cross or an adaptiveetaion. Equation 4 shows the underlying normaliseoss-
correlation function for the same interrogationsaoétwo frames. It describes two series as a fondaf the lag. The
resulting values vary between [-1, 1], where 1eepnts a perfect correlation, and O representsmelation at all

1 Sy (FL»2)-Fp) (R (v.2)~F3) @)

N-1 ’ OF10F2

N is the number of pixels, F1, F2 are the intertimgeareas (IA) of both images,, F, the mean values of the IA and
0r1, Oy the standard deviation of the fA.

The velocity field of planes that stretched alohg &erofoil span and height (y/z-plane) was obthinethe use
of an adaptive correlation, which is based on tleeszcorrelation, but uses a varying interrogaticea. Starting at a
large initial 1A (128 x 128 pixels) with a high sigl-to-noise ratio (S/N ratio), it performs a crassrelation before
reducing the 1A and using the calculation resudt&a input parameter for the next step until thalflA size (16 x
16 pixels) is reached. After analysing the acqudatd, each performed correlation was checkeddégathe amount
of substituted vectors (Fig. 5a). A significant ambof such vectors required an increase of thed fils. Moreover,
a sporadic comparison between the results of aptizdaand a cross-correlation allows an estimatibthe validity
and the quality of the obtained results.
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Figure 5. a) Data capturing and post-processing. BYACA 65 (12)-10 with slices in y/z-plane.

A set of five different serrations as well as tlasdline LE were analysed at five distinct strearawdsations each
(Fig. 5b), and at zero angles of attack (AoA = @)d@he chosen serration amplitude (A/C) and wangtle (./C)
cover the extremes of the previously conductedasenastic study. Due to restriction in the experitaksetting, only
[v, w] velocity components were recorded (Fig. 4&)e free stream velocity was limited to a low leseU, = 20
ms?in order to prevent slip effects of the seededigas. The upper frequency of the turbulent veipfiiictuations
should increase with the freestream velocity, dredptarticles of the used diameter itb< d < 2.5um are not able
to follow the fluctuations at frequencies higheantilO kHz. Additionally, too high velocities wikk&d to difficulties
in achieving the optimum particle density and signality for valid PIV data. The streamwise turdate intensity,
the main cause for the broadband LE noise, was sie¢ maximum of Tu = 5.5 %. As Table 2 indicathe,execution
of experiments at all distinct locations was prdith by limitations, due to the blocking of theikie area by the
aerofoil main body.

Table 2. Measurement matrix for each streamwise l@tion, varying from -5 mm (in front of the serration)
to +15 mm (within serration interstices). X indicaes conducted, -- not conducted experiment.

No. Label A/C AC Tu y/H Re Streamwise loc. [mm]

H1 © A& [% [ H SN EN R R Y

1 A12.26 0.08 0.175 5.1 0 200,000 K K K - -
2 A45.26 0.30 0.175 5.1 0 200,000 K K K K [k
3 A297.5 0.19 0.050 5.1 0 200,000 K K - -
4 A29.45 0.19 0.300 5.1 0 200,000 K K K K [k
5 A29.26 0.19 0.175 5.1 0 200,000 K K K K [k
6 BL -- - 5.1 0 200,000 x| x 4 4 -1 -

The post analysis of the experimental data focosethe evaluation of three parameters: velocitghulence
intensity and streamwise vorticity. Note that [wpdv] refer to the vertical and spanwise composeiithe velocity,
respectively. In this study, the [w] velocity cormamt was found to be the dominant parameter abmsgilose to the
serrations where only a minor effect of the [v] gmment was observed. For brevity, the analysii®RIV results
thus only focuses on the [w] component of the vigfoEquation 5 shows the definition of turbulenctensity based
on the vertical velocity Tu(w). Note that the logakan value of the vertical velociy’ was adopted as the
normalisation parameter because the streamwiseiselmlomponent [u] was not measured in the PIV exrpent.
This definition is different to the streamwise tuldnce intensity Tu(u) as defined in Eq. 3 in Setti-A, which was
measured by a hot wire probe.
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Tu(w) = ‘/F/ W (%)

The streamwise average velocifyis of significant higher magnitude compared to ¢benponents normal to it.
Therefore, assuming velocity fluctuations of a samorder for all three directions of the velooitgctor:

Tu(u) < Tu(w) (6)

The vorticity describes rotation around the X, g araxis (Eq. 7), or the local rotation (spin) aheee-dimensional
velocity field?® For planar data gradients (y-z plane), Eq. 7 rediic a vector that is perpendicular to the flasidfi
Turbulence is rotational and typically charactedi®y large fluctuations in the vorticity. Three-dinsional, time-
dependent vortex stretching is the underlying pplecthat causes velocity fluctuations, which, tiselwes, define the
turbulence Due to the fact that a high turbulence intensitgn inherent aspect of the incoming flow, anddacgon
of the Tu is the main aim of the serrations, theich of the vorticity as an evaluation parametensefeasible.

©=curl@ = Vxi - @:(Z—”yv—j—:) @)

lll. Statistical — Empirical Modelling Technique

Prior to the modelling, recent scientific outputsascreened in order to identify meaningful targdtigs for the
present study. A set of five parameters, namelyRiegnolds number (Re), the turbulence intensity,(The serration
amplitude (A/C) and the waveleng®ti€) as well as the angle of attack (y/H), was detkéor future analysis. Apart
from straightforward investigations regarding thes@lute effect of the independent parameters onlehel of
broadband noise reduction, the development of tistital-empirical model was the main objectivetloé present
work. A crucial part of this model is the carefutsdription of the interdependencies between thieiénting
parameters. For this purpose, the statistical Desid=xperiments (DoE) approach was used.

When analysing a defined physical experimental sgacvarying several influencing parameters, tressit
method would be to vary one of the parameters,enthid others remain constant, and to repeat thtegure for each
parameter of interest (raster method). This mighaib easy and effective method to describe thednfle of these
parameters on a certain response variable witgtaddgcuracy, as long as the number of parametsrsa#l, and the
interdependencies between the parameters are alidegfy An increase of the parameters inevitablydea a rise of
the necessary measurement trials (MT) with an exptial trend. Analysing a system with five parame{&) and
varying the parameters on five levels each (njltesn 3125 trials, according to the n-permutat{&uy. 8) that
represent a hardly manageable experimental volAmpglying the statistical Design of Experiments (D@pproach
leads to a significant reduction of the experimewntdume to 43 trials without a relevant loss dfoirmation on the
system behaviour (Eq. 9). This approach keeps tpergnental volume manageable and facilitates thmiled
analysis of multiple parameters with a reasonalgi laccuracy.

MT,_per =n* = 3125 (8)

MTpop_cop =25 +2-k+1=43 9)

A. Design of Experiments (DoE) Methodology

The final aim of the experimental modelling is #iglity to describe the defined experimental sgaceneans of
functions that take into accounts all of the inflamg parameters of significance (Eq. 10). For fphigpose, response
variables (RV) have to be defined in order to actaaget values of the regression functions. Trefficients are
determined, depending on the chosen set of infingrmmarameters (IP).

i=1.4
RV, = f {2, ((1P + 1P?) + SiLy (1R IPL0)} {j=1.5 (10)
k=1.4

The Design of Experiments methodology is basedheméfinition of an experimental space for a setopsisting
of a full factorial core [-1 .. +1], star pointsu[-. +o] that label the upper and lower experimental bauies, and a
central point [0], defined as the experimental atfient, where all the parameters are on theirrrgdrary values
(Fig. 6)25 15 26Based on this experimental composition of the Dwdhodology, the analytical statistic gathers the
population from a subset. A circumscribed centrainposite design (CCD) was chosen as the appropriate
experimental design. Circumscribed CCDs are charigedd by statistical properties, such as ortholignar
rotatability?”
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An experimental design is defined as rotatabléhefvariance of the probability distribution isumétion of the
distance between the star point and the central,pand not of the direction, as is the case withagonality. Given
a set of points within the experimental space etrsstant distance to the central point, the rotatdbsign shows a
constant prediction accuracy for all points. Withgards to the statistical analysis, this propesgyhighly
advantageou®.0n the contrary, orthogonal designs show the adgarto avoid the confounding of the effects. This
enables the determination of all the regressiofffictents independent
of each othef® 2° In general, thes-values (star point locations) ar
higher than the coordinates of the central cese=(> 1), thus represent
the limits of the experimental space, as showrign & Consequently,
each factor is varied as a combination of the fiem-dimensional
levels [+, +1, 0, -1, &].

A special design is the combination of the both pprties
orthogonality and rotatability. As the requiremenft®rthogonality are
not completely grantable while simultaneously guotgaing
rotatability, this design is defined as pseudo-mgtinal and rotatable.
It combines the advantages of both properties,aslpebecause the
resulting confounding is of negligible magnitude.

Based on the defined experimental design, the tesstrix,
including the upper and lower parameter settingsljccbe defined Figure 6. Experimental space described k
according to Table 1, and resulted in a total ofié&surement pointsa  circumscribped CCD  design with
plus a number of 16 repetitions for the centrahpwi order to define illustrated  orthogonal and rotatable
a system-characteristic statistical spread, amgiémantee the desiredfeatures?®
statistical features. The trials of the stratedycplanned experiment were performed in a randothéseer to secure
the reduction or elimination of unknown and uncoltable disturbing quantities. The analyses of shetistical
significance allowed the elimination of parameteith impacts on the response variable smaller tharstatistical
spread.

B. Response Variables

As already mentioned, the response variables (R¥)be described by means of all influencing pararsdiP)
in the first and the second order as well as ttedependencies between the influencing parami@grs.0). Defining
response variables is a crucial part of evaluaixgerimental data. They are expected to descriéeysiem with the
necessary accuracy. This study focuses on thelbsetmd reduction of serrated LE compared to &lyas LE, and
does not take into account any local effect asardte frequency. Consequently, the response Vesiabinterest are
limited to the overall sound pressure(level). Téirdea sound pressure reduction, information ot pibte baseline
and the serrated LE, are necessary. The compasgseals the effective reduction. However, the ddpenies of the
sound generation itself are also of interest bexdtutacilitates the analysis of the influence afle case on the
reduction independently. The emitted noise witlasetine LE is a function of the Reynolds numbethefturbulence
intensity and of the angle of attack (Eq. 11). dse of serrated LE, additional influences of sematvavelength and
amplitude must be taken into consideration (Eqg. 12)

OASPLg,[dB] = 20 - log (;’i) — 0ASPLy, = f (Re, Tu, %) (12)
ref
DSerr A A
0ASPLg,...[dB] = 20 - log (’;j—f) > 0ASPLyyy = f (Re,Tw2,2,2) (12)

where = 210°Pa and the underlying frequency ranggyke= 300 Hz — 10 kHz, as described in Section II-A.
Subtracting the OASRLrfrom the OASPE_ gives the overall sound pressure level reduch@ASPL, and equals
the logarithmic quotient of both emitted overalued pressures (Eg. 13).

AOASPL[dB] = 0ASPLg, — OASPLs,,, = 20 - log (p’;i) (13)
The last chosen response variable, simil&«@#ASPL, is the fractional sound pressure of theasedrLE compared
to the baseline (Eq. 14). This non-dimensionalalzle defines the percentage of the serrated sowsdyre and its
difference tol, the sound pressure reductidmwithout the logarithmic shift of effects.
Pserr — 1 (14)

PBL 10(A0ASPL/20)
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IV. Selection of Key — Noise Results

A. Aeroacoustic Model

All four response variables were analysed withpleriously described design of experiment methaglpl&igure
7 shows the comparison of the observed and thégbeddvalues in the case of the emitted noise frloenserrated
LE. The diagonal line represents the optimum infémm of a perfect match of the experimentally okied and the
regression-predicted values. Figure 7 shows theatebults of the serrated OASPL have an excellgneeanent with
the model, resulting in a standard deviation 066-10.17 %, highlighting the validity to descrilhetsystem via the
approach described in Section Ill. The emitted eois
with a baseline LE was analysed by varying the
Reynolds number, the turbulence intensity and th
angle of attack. Note that the serration amplitadd
the wavelength do not affect the baseline noisi
prediction. The statistical spread rises slightly,
however, when defining the overall noise reductisn
uncertainties of the baseline and the serratiol
prediction accumulate. For the first time, a ragkaf
the main factors and the interdependencies by mea
of their influence on the broadband noise redudison
presented. The Pareto diagrams in Fig. 8 show
enhancing (> 0) and damping (< 0) effects of the ¢
influencing parameters on the target values. Th o
AOASPL characterises the sound reduction capabilit e 65 7 7 80 85 %0 9
of the LE serrations. The diagram (Fig. 8b) shdvas,t Observed OASPL Serr. dB
in contrast to the response variables of the smrerigure 7. Left: Check of fit for the statistical-empirical
noise in the absolute value of OASPL (Fig. 8a); tmodel. Plot of observed vs. predicted values of thwverall
most dominant factor affeCting the level of broaﬂﬂbasound pressure level with serrated |eading edg
noise reduction is the serration amplitude. T(QASPLge,). 59 measurement points.
Reynolds number, previously the strongest enhancing
factor, seems to weaken the sound reduction cégyaloreover, an increased influence of the seratvavelength
on the sound reduction is visible in a linear anddyatic form. In general, the most significant elegencies of the
overall sound pressure level reductiZd®@ASPL) are backed by findings of previous studigs0-32: 6;33; 34; 34, 35

Observed vs. predicted values
5 Factors, 1 Block, 59 Runs; MQ abs. error = 0.0180896
AV OASPL_Serr

| 80

Predicted OASPL_Serr, dl
~
a

70

Pareto diagram standardised effects ; Variable: OASPL_Serr Pareto diagram standardised effects; Variable: dOASPL

a} 5 Factors, 1 Block. 59 Runs: MQ abs. error = 0.0180896 b) 5 Factors, 1 Block, 59 Runs; MQ abs. error = 0.0189832
AV OASPL_Serr AV dOASPL
(1)Re(L) I 236,67 (3ACL) I /4,18
(2)Tu(L) |92 57 (1)Re(L) ]-16,91
(3AC(L) 46,45 el 12,75
Tu(@) -45.46 Lic(Q) ]-0,45
Re(Q) ]-30,02 (2)Tu(L) 19,31
(5)yH (L) ]-16.28 AIC(Q) ]-8,04
(4)LC(L) ]11,95 YIHQ) ]-7.75
2141 ]-6.85 (S)y/H(L) 17,50
41751 l6.92 21741 16,02
Uc@) 5.90 Tu(@) 15,79
AIC(Q) 409 4151 15,31
1741 -3.64 1L*5L ]-3,89
21*5L 3,45 Re(Q) ]-3.69
1L73L 3.31 1L4L 12,73
2131 -3,26 21*3L 12,65
1L*5L 2,62 131 ]-2,60
3Lt4L 2.34 341 ]-2,52
yH(@Q) Lo7 3551 168
3L*5L 72 21750 52
2L 38 2L joo

p=.05
Estimated standardised effects (absolute values)

Estimated standardised effects (absolute values)

Figure 8. Pareto diagrams. Ranking of enhancing (8) and extenuative (< 0) effects. Red line indicatdevel

of statistical significance (p = 5 %). Distinctiorbetween linear (L) and quadratic (Q) effects.

a) Response variable of emitted noise with serratdcE. b) Overall noise reduction with serrations.

The resulting sound pressure level for both kinfifeading edges as well as for the sound reduatam be
predicted with respect to the different influencfiagtors by the use of the obtained regressiontifomén Table 3.
The model provides functions to predict the resporasiables by taking into account statisticalbyngiicant factors.
Terms in red represent factors whose influencenaler than the statistical spread, and which gfeee, can be added
to the error term. This reduces the complexityhef dbtained regression functions to its necessaryrmam.
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Table 3. Functions of response variables defined éimear combinations of single terms. Terms in red
indicate influences smaller than the limit of stattical significance.

Term OASPLg = OASPLser = AOASPL = Dser / PeL =
[dB] [dB] [dB] [-]
Constant 1.116E+01 6.780E+00 2.123E+00 8.088E-01
(D Re(L) +1.478E-04Re +1.437E-ORe +4.002E-0RRe - 2.124E-ORe
Re (Q) -1.049E-10Re? -9.310E-11Re? -1.175E-1Re? +9.485E-1Re?
(2) Tu (L) +1.234E+01Tu +1.491E+0TTu -2.426E+00Tu +1.717E-0TTu
Tu (Q) -1.281E+00Tu? -1.472E+00Nu? +1.922E-0TTu? -1.271E-02Tu?
(3) AIC(L) -- -3.800E+01A/C +4.994E+01A/C -4.201E+00A/C
A/C (Q) -- +3.249E+0YA/C)? -6.538E+01(A/C)?2 +6.912E+0A/C)?2
(4 C (L) - +1.352E+01)./C -1.835E+00J/C +2.456E-0/C
AIC(Q -- +3.531E+0% A /C)2 -5.787E+01\/C)? +4.393E+0@)\/C)?
(5) yH (L) -1.142E+0:y/H -1.357E+0:y/H +4.658E+0ty/H -4.215E-01y/H
y/H (Q) -5.152E+0:(y/H)? -5.638E+01-(y/H)2 -4.574E+0:(y/H)? +3.462E+0n(y/H)?
1L -2L +6.323E-07ReTu +1.715E-O0ReTu +4.608E-0ReTu -4.496E-0ReTu
1L -3L -- +2.327E-0ReA/C -1.876E-05ReA/C +6.622E-0/ReA/C
1L -4L - -2.221E-05Re A /C +1.709E-0ReM/C -1.058E-0Re)/C
1L -5L -8.150E-06Rey/H +1.574E-0Rey/H -2.389E-0Rey/H +1.741E-0Rey/H
2L -3L - -2.349E+00Tu-A/C +1.951E+00Tu-A/C -1.213E-0ITu-A/C
2L -4L - -4.268E+00Tu- ) /C +3.847E+00u-A/C -3.043E-0TTu-A/C
2L -5L +3.069E+00Tu-y/H +2.115E+00Tu-y/H +9.546E-01Tu-y/H -6.861E-02Tu-y/H
3L -4L - +2.290E+03A/C- 1 /C | -2.521E+0I0/C-MC +1.101E+0A/C-A/C
3L -5L -- +6.987E+0+A/C-y/H -1.649E+0-A/C-y/H +1.597E+0+A/C-y/H
4L -5L - -4.926E+0: A /C'y/H 4.524E+0:-A/Cy/H -3.393E+01\/C-y/H

The intermediate effect on the influencing paramsatéthin the experimental space on the overa@oeduction
is plotted in Fig 9. The serration amplitude hashighest intermediate effect with a maximunAGfASPL = 5.3 dB,
where the gradient decreases at high amplitudessétration wavelength shows an optimum at smaltésmediate
values, whereas at high wavelength the noise riggucapability is weakened considerably. The pitediprofile for
the influence of the turbulence intensity depicttrang increase of the noise reduction capalalitifigh Tu levels.
On the contrary, at low Tu levels, only a smallseoieduction is predicted.

Profiles for predicted values
Re Tu, % A/C L/C y/H
6,00
5,50 %
5,00 % Qﬁj
a q}’
4,50 % 4
ta, | § §
4,00 P ) I s e e '4},,5,‘ rrrrrrrrrrrrrrrrrrrrrrrr o o e
@ K % 5 I3 i‘%
3,50 B ; 3 g
1 ? . 3 g
N H ¥ / _T
3,00 {7 3 ‘@ % a
] : | 2
% | | :
2,50 § % S
2,00 i
1,50 %
1,00 %
0,50
0,00
wn wn n wn wn n © N < N - O © OO MmN - [=2] [ee] © < - © o © -
232338 -o-0w 3333882832835 8¢8 ¢85
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Figure 9. Intermediate impact of investigated factes on the overall sound pressure level reduction
(AOASPL), including the error band. Horizontal blue band indicates average effect of the serrated LE.
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A remarkable effect, already visible in the resporariableAOASPL, but even more distinct in case of the
fractional sound pressure, was found to be thesenr wavelength and the turbulence intensitC(Tu), as can be
seen in the Pareto diagram (Fig. 8b). EspeciallpvafTu, small serration wavelengths are cruciac¢hieving a high
level of noise reduction, as exhibited by the greeloured region in Fig. 10. As the Tu is relatedte integral length
scaleAy of the incoming gust, large serration wavelengties expected to reduce the de-correlation efféctise
incoming gust is characterised by small sizes ef tiirbulent structures. Previous investigationsgested that
wavelengths that are as small as possible are ibetdbr high noise reduction capability albeietimpact of the
wavelength was regarded as small compared to thatise amplitudé.’ 26 The statistical DoE analysis shows that
the optimal wavelength highly depends on the incgmiu. Low to intermediate turbulence intensitieslbthe
findings of the preliminary investigations thataavl serration wavelength is more desirable. Howeathigh Tu,
wavelengths of intermediate values are far morecéffe in reducing the emitted OASPL, as shownign1®. This
backs the finding of a recently published work, véhthe optimum serration wavelength is definednaset the size
of the incoming turbulent structure in the formtloé integral length scak,..! An optimal set of Tu an&/C leads to
a fractional sound pressure of < 0.53 or < 53 %p=med to the baseline.

Pserr/ PaL
> 0,86
<0,83
<0,78
<0,73
<0,68
<0,63
<0,58
<0,53

BERECCOENN

Figure 10. Influence of interdependency between setion wavelength (L/C or M/C) and turbulence
intensity (Tu) on the fractional overall sound presure (pser/psL). Other influencing factors remain on
intermediate levels (Re = 425,000, A/C = 0.19, yA0).

Furthermore, an interdependency between the arigitark and the serration wavelength (AdiS) was also
found to be significant, as shown in Fig. 11. Imgel, the noise reduction capability is at its masm at zero angles
of attack, which is in agreement with the researatput of other authofs’. However, at a high negative AoA (or
y/H), small wavelengths are contributory to achiewehigh noise reduction (red-coloured region), \ehsr
wavelengths of intermediate dimensions are beréfiai high positive AoA. The underlying principld this
interdependency is assumed to be related to thafispeemi-cyclic shape of the LE serrations. Ie ttase of a zero
angle of attack, the serration wavelength withHigiest noise reduction capability is defined bguti-optimum of
de-correlation effects and a reduction of the tlebce intensity within the serration intersticepraaching the
serration roots (to be discussed in Section V)aAtegative AoA, the projected three-dimensionahavéhere the
incoming gusts impinge upon is at its maximum.His tase, the use of small wavelength serratiohengficial for
the broadband noise reduction. In the case of giy#0A, however, the three-dimensional effectlod serrations
decreases, and the effect tends to be more andlikeflat-plate serrations. This is especially ta@se because of the
semi-cyclic serration design, where the lower sigfaf the LE is planar. If larger wavelengths asedlin this case,
the interaction of the incoming gust with the thddmensional shape is eased, and, consequentlypile reduction
capability improves.
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Figure 11. Response variable of overall sound pras® level reduction AOASPL). Influence of
interdependency between wavelength/angle of attagk/C - y/H). Other factors remain on intermediate leels
(Re = 425,000, Tu = 3.8 %, A/C = 0.19).

Generally, as shown in Fig. 12a, the serration @ogs# is the main factor in reducing the broadbaoide, which
is mainly effective in a frequency range of 850tbBi8500 Hz, where an average effect on the local®Buction of
up toASPL~ 10 dB is achieved by the largest serration amgdit(tA/C = 0.3).

Independently, the turbulence intensity was fountd another important factor for the level of lafm@nd noise
reduction. The narrow band spectra of three reptasee measurement trials at intermediate settfigfse remaining
factors are plotted in Fig. 12b. It can be seen tie difference between the emitted noise of theeline and the
serration increases with increasing Tu. This efiscespecially distinct in the intermediate frequemange of
approximately 800 Hz to 4 kHz. It is important tot@ that the frequency range, where a sound redutakes place,
broadens with a rising turbulence intensity. Ahgrthe Tu from low to intermediate values causemamrase of the
upper frequency limit, where high turbulence intées lead a decrease of the low frequency limite Broadband
noise emissions and thus the OASPL rise with anease of the turbulence intensity. Consequently, rthise
reduction capabilities of serrated LE are mostatiife at these conditions.

—BL, 845 dB
-=-A/C =008, 836d8
s AJC =019, 80.3dB| T
=== A/C =030, 786dB

m m
h=l -
0 =
o &
Re =425.000 T
ISR
200 yH=0 1 100 uf " f =44 caL=0.175
o ¥ ‘ i . Tu=550% dOASPL=5458 - _ jo0. 10 b)
10° ' 10° W0 0 10
f, Hz f,Hz

Figure 12.  Emitted aerofoil leading edge broadbandoise. Other influencing parameters remain on
intermediate levels. a) different serration amplitudes (A/C), where vertical dashed lines indicate maj
bandwidth of noise reduction (850 Hz < f < 3.5 kHz)b) Variation of the Tu. Baseline (straight) and errated

LE (semicolon) measurements. Offset shifted by 0 dB5 dB and 30 dB respectively.

In order to compare the measurement results tdhtbary, Amiets® flat plate approach was used for selected
configurations of the baseline case to prediciehding edge far-field sound pressure level ohgaglate exposed to
a turbulent flow.
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Analysis of the measurements with a straight LE¢line case) yielded a scaling of the emitted naitiethe 2¢
power of the turbulence intensity and tH& pbwer of the free stream velocity or the Mach nambespectively.
Slightly deviant results were achieved by analysiregemitted OASPL of serrated L&miet's® model was modified
according to the scaling of the Mach number for M&CA65(12)-10 aerofoil, and by taking into account
Gershfeld’'$” modification to consider the aerofoil thicknesguBtion 15 gives:

Ayuh Rx

SPL:[dB] = 10log |exp (%)?Ma“ Tu? ,+1813 (15)
: g (142

whereAy, is the longitudinal integral length scale of thebulence, R the observer distance, h the aersdailispan,
z the thickness an#, the normalised chordwise wavenumber. Integraltlesgale and turbulence intensity were
measured independently of the noise, and repraseatlynamic parameters of the flow. The model takesaccount
the cross power spectral density of the surfacespire on the aerofoil caused by turbulence. Thisbeadescribed
via the energy spectrum of the turbulence inter(§ity. 2).

The comparison of the noise spectral density ferlihseline case (straight LE) shows a good agrdewitn
Amiet'sflat plate model in the case of intermediate pat@msettings, as shown in Fig. 13. At extremersgtof the
parameters, however, the comparison between thiteemioise andmiet'smodel is less accurate.

90
80 |
70 |
60 |

3 50 A

& 40
30 1 o Measurement; 84.8 dB
20 1 o Model Amiet; 84.6 dB

10 1 —Measured narrow band
0 I I L I

200 4000
f, Hz
Figure 13.  1/3 Octave band spectrum. VerificationfoAmiet's adopted flat plate model, taking into acount
the aerofoil thickness acc. to Gershfelé: 37 Theoretical results (diamond, red) vs. measuremest(circle,
black). Tu = 3.8 %, y/H = 0, Re = 425,000y, = 5.8 mm. Additional plot of measured narrow bandspectrum.

B. Model Refinement

Complementary measurements were carried out inuker regions of the defined experimental spadedbthe
stability of the statistical model, especially gtreme settings of the influencing parameters. Mkasurement results
were found to fit well into the model, althoughiaarease of prediction uncertainty was observet witltiple factors
on extreme levels, which statistically representarge distance between the central point and teasorement
locations. In general, the model was found to mtettlie noise emissions and the noise reductioronedudy accurate.

However, up to now, the model bases on a data b&58 measurement trials, including the measuré¢mithe
central point for 17 times to describe the stat#dtispread. The stability of the model, could beriowved by
incorporating additional data points from a pregistudy, which took place under the same measutesnaditions,
but with different leading edges and flow paranmstétor this purpose, trials of the executed measunésras well
as the results of the validation measurements aedded to the existing model. 285 measurement sefultthe
emitted noise of serrated LE at various configoratj and the noise reduction by comparison to #selme cases
were implemented. The additional measurement sesudt based on eight serration designs (Fig. i4iigh were
tested in a velocity range of 20 s Uy < 60 ms!, or Reynolds number of 200,080Re< 600,000 respectively. The
turbulence was varied by using three grids wittiedént mesh dimensions, yielding Tu = 3.2 %, 3.a8d 5.5 %.
The angle of attack was altered from -0.X0%/H < 0.128. The extra data points are also found te/éil to the
regression curve (Fig. 14a), and the fit of regoesshows a match of high order, when comparingtieerved and
predicted values in the case of the emitted OASPItHe serrated LE.
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a’ Observed vs. predicted values
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Figure 14.

a) Incorporated data points to initial rodel as shown in Fig. 7. Check of model validity fo
serrated LE noise (OASPIlser). b) Test matrix of additional data points from previous study at 200,00& Re<
600,000 and -0.10Z y/H < 0.128?

Comparing the initially defined model with the redd one results in dependencies of the same order a
magnitude in case of the emitted noise and noihacten. Compared to Fig. 15a, the modified intpetelency plot
between Re antdC for the OASPL of serrated aerofoil (Fig 15b) e#ns almost unaffected by the additional amount
of data points, but is much more reliable by now ttuthe increased data pool.

o o}
4 %
¥ s
o o
0 E
& &

a)

b)

Figure 15. Comparison of interdependency between Reolds number and serration wavelength (Re -
)/C). Original model a) and adapted model b) by usef additional data points (circles)?

To conclude, the influence of the additional dadalpn the main factors is of negligible impactrthermore, all
interdependencies show a constant behaviour orly slight changes in magnitude due to the additidata. This
comparison implies that the initially developedistecal-empirical model is stable and reliable.
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C. Model Validation with External Data

To validate the current statistical-empirical modiek predicted broadband noise reduction is coetpaith the
experimental results obtained independently inRA&RP Aeroacoustic Wind Tunnel at thestitute of Sound and
Vibration Research, University of SouthamptéFhe model was scaled in accordance with the changboundary
conditions and the predicted values were comparéet experimental data. The aerofoil use8authamptors the
same (NACA 65(12)-10) with a chord length C = 156 and a span of S = 450 mm. To prevent tonal rg@geration
due to the convection of Tollmien Schlichting wawegshe laminar boundary layer, they tripped trenfinear the
leading edge at both the suction and the presgledcforce a transition to a turbulent flow. Netheless the tripping
can be assumed to have no influence on the leadigg noisé® *°. The tests were performed by the use of serrated
sinusoidal leading edges, defined by the amplitwdeh a peak-to-trough ratio of 2h and the wavethrig An
important difference to the aerofoil used in thetBampton study is the fact that the serration peddnds the initial
aerofoil chord length by 1h, giving an averagedrdhmomparable to that of the baseline leading etlge.turbulence
intensities were generated at Tu = 2.5 % and 3.2rfbthe incoming flow velocity ¢ 20 mst, 40 mstand 60 m3.
The distance of the microphone location in ordemiasure the far-field noise was different as vaeil] could be
corrected by use of the monopole scaling law adéongrib Eq. 16.

SPL(d,) = SPL(d;) — |20~ log (Z—:) (16)

~ ASPL = [20-log (Z—:)

where d and d are the absolute distances between the sourcthamibserver (measurement location) at a polar
angle of® = 90 deg. Differences in the span were compendajedl linear scaling as well. Twelve measurement
points were analysed at zero angles of attack ane 2.5 %. The free stream velocity was set§e&40 ms and W
= 60 msh, while the serration amplitude and the wavelenggthe varied on three levels each (Fig. 16).

Applying the specific boundary conditions of thettég to the current model yields predictions lodé IOASPL
with the baseline and the serrations that exhimekent agreement with the measurement data plexsséamFig. 16.
The overall noise reductiohOASPL demonstrated a good agreement with the grexs; although with a slightly
larger error margins.

11C 7 x ExpRe=304,188 O Exp Re = 624,348 r2C 110 X ExpRe=394,188 O ExpRe=624,348 [ 20
100 4 —Predict Re = 394,188— Predict Re = 624,348 100 4 —Predict Re = 394,188—Predict Re = 624,348
L0 o . F 150 _w0q F 150
© 80 A = T 80 - =
i 105 - 10
8 70 1 < & 70 <
< 604 - % < 4 g Xmmm X 103
ooy et X L 5 (@) 60 X T T T T R e e e L] 5
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Figure 16. Validation of the current statistical-enpirical model with external experimental data provided
by ISVR, University of Southampton.! Analysis of the predicted OASPL with serrated LE étraight)
and OASPL reduction (AOASPL, dotted). Circle and cross indicate thé SVR experimental results !

The emitted noise level reduces with an increasleeo$erration amplitude, as predicted by the madein though
the influence of the wavelength shows a deviantbiglur. The comparative data underlines a decrga®hSPL
with increasing wavelength, which contradicts timelings and affects the fit of the model. This teaccumulates
regarding the overall noise reduction. The diveogebetween predicted and measured value is u2tdB at the
highest wavelength. Altogether, the current sigasinodel can be regarded as a robust tool foptadictions of the
AGI broadband noise subjected to serrated LEs.
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V. Aerodynamic Results

Up to now, there is little experimentally basedomfation in the literature to describe the effecserration
parameters on the flow in front of and within tihéerstices of the serrated Les. Therefore, liglkriown about the
flow field within the serrations, which has the @atial to be the main acoustic source for the legéidge noise. In
the following, some results of the experimental BtMdy are presented with the aim to describe #teems of the
flow approaching the leading edge, the flow witthie serrations and the turbulence of various serrgieometries
at different streamwise locations. In principleg tincoming turbulence causes surface pressurauéitioh on the
aerofoil LE that acts as main mechanism to radietedband noise. Serrated LEs result in incoheespionse times
of the surface to the incident turbulence across gparf. This results in a decreased level of surface press
fluctuation and ultimately a reduced level of brbadd noise. Because the changes in the flow fietdirwthe
serration have a potential to influence the incidemessure fluctuation, the scattering mechanisighimalso be
affected which ultimately causes a reduction in bheadband noiSe Hence, an improved understanding of the
underlying principles can be obtained by a detastedy of the flow field at regions close to the &&fration.

A. Velocity and Turbulence Intensity

Figure 17 illustrates the comparison of the vettiedocity W between a baseline leading edge and ariA29
serration at a position of 1 mm in front of theddeil (x/C = -0.007). The jet velocity was set hetsame 20 misfor
both cases. The velocity thus illustrates the lefalecondary flow, with velocity vectorsiwmandv embedded in the
figures to illustrate the flow direction. As thisclation is relatively close to the stagnation pdiné velocity in the
projected area of the baseline aerofoil drops Samtly compared to the resultant velocity abadve &erofoil (Fig.
17a). This gives a clear indication that the flomthe streamwise directiandirectly interacts with the leading edge
with minimal secondary flow or flow deflection iitkeer thez andy directions. Comparison to the serrated LE shows
a different flow pattern. First, the resultant \@tg in the projected area exhibits a significaet@ndary motion when
approaching the leading edge. This gives a hiritdbme flow deflections started to occur even lefeaching the
leading edge vicinity, and possibly result in ardased level of interaction with the leading ed§econd, the
influence of the spanwise geometrical variatiom assult of the serration is visible (Fig. 17b)isTis manifested in
the serration tip as a region of low velocity, wdees a higher velocity occurs at the serration tneutn summary, the
velocity at the vicinity of the leading edge is Iég for the serrated case compared to the basedises especially
close to the serration troughs.
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Figure 17.  Velocity (W) distribution. Comparison ofa) baseline and b) A2P45 serration upstream of
leading edge (POS -1 mm). Dashed lines indicate peoted aerofoil location.

The resultant velocity contours at different strease locations were plotted in Fig. 18. In someesasefraction
of the laser plane occurs due to the lowermost efigee serrations. Therefore, some parts of thegemeed to be
cropped out for clarity. The shift of the projectadrofoil region is due to a change of perspectelifferent
streamwise locations. At the extreme observatiagitipm (POS +15 mm), the lowermost edge of theatioms is no
longer visible. The trend of the velocity in Fi@ 4hows a clear secondary motion of the fluid enfrof and within
the serrations.
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After first entering the serration interstices (P€5mm), the main peak of the velocity is well bathethe LE tip,
indicated by the dashed lines. Increasing the stwése position within the serration shows a shiiftree main peak
upwards towards the suction side. The closer theels to the serration root, the higher is thisérfce of the serration
on the fluid above the aerofoil. The results preteat the region of high velocity (i.e. secondéow) tends to expand
outwards. The velocity plots also indicate thatahsolute magnitude increases with the streamvissante. This is
probably due to the tendency of flow to be acceétetraither upward to downward away from the sematthus
avoiding large-scale impingement to the serratamt.rUltimately, both the incident surface presdluetuation and
the scattered pressure will be reduced, resultifgg@adband noise reduction. This could be the mmegohanism of
the noise reduction by serration. The serrationg leen shown to cause a rapid change in the tefaeid. It is
also of interest to examine the change in turb@entensity. As the trend of the Tu(w) along diéfiet locations in

Fig. 19 exemplifies, the Tu fairly describes them@rpart of the mean velocity.
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Figure 18.
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Figure 19. Trend of vertical turbulence intensity Tu(w) along different streamwise locations by use @&/C

=0.3,MC =0.175 (A43.26) leading edge. Tu = 5.5 %, Re = 200,000, y/H =0
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In order to validate whether a change in the medocity or in the velocity fluctuation is the doraint cause of a
changing Tu(w) in the case of serrations, vertprafiles of the measurement data were extract&O& -1 mm in
front of the LE (Fig. 20). The comparison of theséline and the A426 serration shows a change in both the mean
vertical velocity w and fluctuation‘'wHowever, the increase of the mean vertical vejpeispecially in the region of
the projected aerofoil area, is more significart aches a maximum at the leading edge tip. Onttier hand, the
fluctuations remain constant in the vertical dir@ctand seem to show no dependency on the LE gepme
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Figure 20.

8_ ZE:

Tu(w) = W/W
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Vertical distribution of mean velocity Uw) (straight) and velocity fluctuationu’,, (dashed) at

root of serration with baseline (red) and serratedeading edge (black). POS = 1mm upstream of LE tipith
an A45.26 serration. Re = 200,000, Tu = 5.5 %, A/C=0.3/C=0.175.

The comparison of the vertical velocity fluctuatioetween the baseline and serration cases in Bindicates
how significant the Tu(w) changes, even beforetilgulent structures impinge on the aerofoil sugfadote that the
trend of the Tu(w) at different streamwise locasiam Fig. 19 should follow the same dependencychange in the
Tu(w) is mostly attributed to a change in the meartical velocity where the vertical velocity fluettions remain
roughly constant. Therefore, regions of increase@] in the projected frontal part of the aerofddse to the LE tip
are mainly caused by the increased mean effecargklscale velocity (i.e. secondary flow) such thalirect
impingement to the serration solid body is minirdisee. a reduced stagnation effect.

The streamwise vorticity contour shows some vatstructures that were developed in front of #aling edge.
These vortical structures will enlarge in size whagproaching the leading edge. For clarity, thelltesof the

streamwise vorticity are only presented for tr
type of serration because the trend is very simi
for other serration geometries. In generi
counter-rotating vortical structures in front oétr
aerofoil (POS -5 mm) are already prominent
the region close to the serration troughs. Wh
the flow begins to submerge inside the serratiE
interstices, the counter-rotating vortices incre £
in size and vorticity level significantly. Furthez
inside the serration interstices, as shown in F% "

Re = 200000
180-Tu= 5%

POS =+2mm
LE =A29W26

160} y

Vorticity, 1000/s

21 for the vorticity contour plot at POS =+ 2mn
pairs of counter-rotating vortices of higl
magnitude occur at the serration’s lower edges
the pressures side. The streamwise vortices at
lower edges are believed to be fed by t
incoming turbulent flow, and during the enerc

120}

transferring process from an isotropic turbulen
to swirling flow, the efficiency of the turbulence
leading edge interaction noise is weakene Figure 21.
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resulting in the reduction of a broadband noileading edge at POS = +2 mm within serration intet&es anc

radiation.
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The results in Fig. 21 correlate quite well witlnamerical worR, where a spanwise secondary flow from the
serration peak to the trough was observed by ainglyhe mean wall shear stress distribution of emofail suction
side.

B. Comparison of Serrations

As already shown, the turbulence intensity maioliofvs a change in the mean velocity. Hence, te&itiution
of the velocity can be used to describe the efficyeof the different analysed serrations in terrhgerodynamic
effects. Fig. 22 shows a characteristic distributadong an extracted vertical cut through the sematroughs.
Obviously, the peak of the velocity shifts benghthLE tip with an increasing serration amplitudéere a serration
with an amplitude of A = 12 mm has its peak closeva the tip, an A = 45 mm amplitude has its maxmmwell
beneath. Moreover, a clear dependency of the pemdnitude on the serration parameters is visiblee phak
increases when rising the amplitude and the wagéterThe maximum velocity is reached either at aimam
amplitude A4%45, or at a maximum wavelength A2, where the latter matches the expectations kechigh
convergent angles\45) lead to a maximum acceleration of the fluid.wdwer, the strong dependency on the
wavelength contradicts the findings in the acoustiay, which puts forward wavelengths of internagglisize to
achieve maximum noise reduction effects. In prilgithe maximum wavelength leads to a maximum acatbn,
and, thus, to a minimum of the Tu(w), which is ected to cause a reduction in the emitted noisehik case,
however, the noise reduction effect by turbulereduction seems to be overlain by the benefits cbdelation
effects of high significance at lower wavelengthAsother effect, which is only indicated, is a degemcy of the
measured maximum velocity region on the serratianelength (Fig. 22). The smallest wavelength shawsoad
region of maximum velocity, and the comparison @985 and A4%26 shows a flaring of this region at lower
wavelengths. Finally, serrations of either very Bmavelength or amplitude illustrate only littlefluence on the
flow pattern above the serration, whereas the eifemontrary for serrations, which exceeded aateralue.

The acoustic results confirm the finding of anréttg optimum serration wavelength as a functiothefturbulent
length scale. As previous researchers pointedtbetpptimum setting is reached, if the length segjeals half a
serration wavelengthln this case, one tip, root and flank of a seorafis excited incoherently, which leads to a
maximum noise reduction. This principle has to bptkn mind when regarding the aerodynamically nbesteficial
serration.
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Figure 22.  Vertical velocity distribution (W) of five different serrated leading edges (LE) at root of
serration. A and W indicate the absolute values of amplitude and walength (0.08< A/C <0.3, 0.0<A/C <
0.3). POS = +2 mm within serration interstices, Re 200,000, Tu = 5.5 %.
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VI. Conclusion

An experimental aeroacoustic study was performeatder to quantify the effects of five influencipgrameters
on the broadband noise emissions and reduction MAGA65(12)-10 aerofoil with serrated leading edgéke
statistical-empirical modelling techniqgesign of Experimen{®oE) was utilised to reduce the experimental rau
to a manageable amount in order to gain informatinrinterdependencies of each influencing paraneaterto
develop a prediction tool that describes the oamse radiation. The model, based on solely 58sueement points,
was validated and stabilised by extensive adddata. It shows a reasonably accurate performansettangs close
to the defined central point of the experimentalcgp and only slightly less accurate predictionhénouter regions
of the pre-defined setting ranges. When the predicesults are compared with external experimeddtd, the
excellent agreement indicates that a robust amabtelstatistical-empirical model was developethis study. The
aeroacoustic study was supplemented by Particlgdnveelocimetry (PIV) experiments to gain insighttbé flow
behaviour when in close proximity or inside thergton. The aeroacoustic and aerodynamic resudtie e current
paper to reach the following conclusions:

- A clear ranking and quantification of the influemgi parameters, where the Reynolds number (Re) lamd t
freestream flow turbulence intensity (Tu) are thainmcontributors to the broadband noise emissidine
serration amplitude (A/C), followed by the Reynotldsmber and the serration wavelengthCj represent the
main factors for an effective broadband noise rédnc

- ldentification of a significant interdependencdlud serration wavelength and the freestream tumoeléntensity
(MC-Tu) with regard to the overall noise reductiapability. This feature could be linked to the cteristic
size of the incoming gust in conjunction with a mmaxm phase shift.

- ldentification of a significant interdependencetttd angle of attack and the serration wavelendgti-f{yC) with
regard to the overall noise reduction capabilithisTcharacteristic behaviour could be assignedhteet
dimensional effects when the flow is approachirgydbrofoil.

- The effect of the stagnation point on the flowriont of the leading edge was observed to reducstidadly in the
case of serrations. With an advancing streamwiséipn along the interstices of the serrations M#lecity (i.e.
secondary flow) becomes more prominent, whilstttlibulence intensity reduces. This is regardedhasrtain
mechanism for the reduction in broadband noise usecthe main flow is deflected away from the stéigna
point near the serration troughs.

- The analysis of the mean vertical velocity and ¥eetical velocity fluctuations within the interséis of the
serrations reveals that changes in the mean Vevitacity dominate the turbulence intensity Tu(w).

- Counter-rotating vortices could be visualised. Ehsiseamwise vortices at the lower edges of thespre side
are believed to be fed by the incoming turbulemivfand during the energy transferring process faarsotropic
turbulence to a swirling flow. Consequently, thdicency of turbulence leading-edge interaction seois
weakened, resulting in the reduction of broadbavidenradiation.

- The serration amplitude has been confirmed asah@rnt parameter for the reduction of the broadbavise.
In the case of the serration wavelength, a conttiadj behaviour between the aerodynamic and aeustico
performances is observed

- It was found that a small or intermediate wavelermgtduces the broadband noise more effectively taage
wavelengths, which is backed by the hypothesis thatorigin of the noise reduction mechanism, due t
serrations, is not solely of an aerodynamic bui afsan acoustic nature. The noise reduction pgoleadf strong
incoherent effects at small to intermediate wavglles) superimposes the effect of a high Tu reductiidim large
wavelengths.
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