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Abstract

The broadband noise generated by the scattering of turbulent flow at the trailing

edge of a NACA 0018 airfoil with trailing edge serrations is investigated varying

both the airfoil angle of attack and serration flap angle. Acoustic emissions

from the trailing edge are measured using a microphone array. The noise level

is observed to be higher than that of the airfoil without serrations at frequen-

cies beyond a crossover value. The latter is found to scale with a characteristic

Strouhal number based upon the boundary layer thickness and the freestream

velocity. A satisfactory collapse of the results under varying angles of attack

and freestream velocities is observed. The modifications of the hydrodynamic

behavior and the noise increase are linked by high-speed observations conducted

with particle image velocimetry. An increase in the energy of turbulent fluc-

tuations is also observed at the expected crossover frequency. The dominant

cause of the increased noise is thereby identified at the pressure side edge of the
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serrations at a given flap angle.

Keywords: aeroacoustics, trailing edge serrations, particle image velocimetry

1. Introduction

The scattering of surface pressure fluctuations at the airfoil trailing edge,

driven by the turbulence in the boundary layer, becomes the most dominant

source of airfoil self-noise at low Mach numbers ([1]). As a solution to mitigate

this source of noise, serrated trailing edges have been proposed as a means to

reduce the efficiency by which this scattering occurs. Models that predict the

level of noise reduction have been suggested by [2, 3], and experimental proof

of the noise reduction is provided in [4, 5, 6, 7]. The latter have observed

reductions of up to 7 dB in wind tunnel measurements, in some contrast with

the reduction levels predicted by [2, 8], which exceed 10 dB. Predictions by [3]

yield noise reduction levels closer to those observed experimentally.

While noise reduction has been demonstrated consistently in wind tun-

nel measurements, an increase in noise beyond a certain frequency, called the

crossover frequency, has also been observed ([4, 9, 10, 11, 12]). This departure

is not foreseen in the analytical models proposed by [2, 8, 3], and has been

ascribed to the increased turbulence intensity observed in the regions between

serration teeth ([5]).

The increase is particularly evident when the serrated edge is not aligned

with the undisturbed wake flow ([10]) due to a rotation about the z axis (see

figure 1). This condition occurs when the airfoil is at incidence, and is even

more pronounced when the serration has a flap angle ([13]). Although it can

happen even at zero values of both if the airfoil has a camber that results in

a flow curvature at the near-trailing edge wake. The condition in which the

flow near the trailing edge is not aligned with the undisturbed freestream flow

direction will be referred in the following as serration-flow misalignment. In

the present work, the degree of misalignment is given in terms of the angle of

attack of the airfoil and the flap angle of the serrations.
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This condition is relevant in the industrial use of trailing edge serrations,

such as in wind turbine blades. Situations which lead to a misalignment of

the serration with respect to the undisturbed wake flow are common: the large

range of angles of attack at which blade sections are operated, departures from

the installation or manufacturing tolerances, and the prevalent use of cambered

airfoils are a few examples. A certain level of misalignment must therefore be

expected, and an investigation into how this causes the undesired increase in

noise is essential.

The frequency above which this increase occurs is termed the crossover fre-

quency, fc, following [10]. It is correlated to the boundary layer thickness δ99

(for simplicity contracted to δ) and the inflow velocity, U∞, through a constant

Strouhal number

Stc =
fcδ

U∞
. (1)

[10] proposed a value of Stc ≈ 1. In [5] the boundary layer thickness parameter

was approximated using δ∗ from XFOIL ([14]). This scaling behavior was found

empirically from measurements of several serration geometries, retrofitted on a

NACA 6512-10 airfoil, and run at flow velocities ranging from 20 to 70 m/s.

The experimental measurements of Stc for the different cases collapse, with an

uncertainty of 30%, around Stc = 1. [10] proposed a value of Stc ≈ 1, found

empirically from measurements of several serration geometries, retrofitted on a

NACA 6512-10 airfoil, and run at flow velocities ranging from 20 to 70 m/s.

Different angles of attack were also tested during this research, ranging from

0◦ to 15◦, but it is not evident at which the results of the Struhal number are

discussed. The experimental measurements of Stc for the different cases collapse

around Stc = 1 with an uncertainty of 30%. The variance was attributed to

the accuracy of the boundary layer estimation, which was not measured for all

flow velocities, but was instead calculated using XFOIL. The authors further

suggested that the collapse of Stc is expected to improve if spanwise variations

of the boundary layer, introduced by the irregularity of the serrated edge, were

to be considered.
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Besides the pioneering work in [15, 5], and later [12], no other studies have

tried to link the effect of serration misalignment to the important noise increase

at high frequencies, despite its critical importance for the effective application of

these devices in industrial settings. Moreover, detailed flow field measurements

in addition to acoustic measurements are needed to provide insight into the

origin of this effect.

Therefore, in order to confirm the observations in [15, 5] regarding the

Strouhal number, and to further explore the relation between the hydrodynamic

flow behavior and the noise increase, the present study employs a combination

of acoustic microphone array measurements and flow field data obtained via

particle image velocimetry.

A NACA 0018 airfoil, with its original straight trailing edge, and fitted with

serrations, is experimentally tested at different freestream velocities. Multiple

serration flap angles, φ, and angles of attack, α, are prescribed as sources of

serration-flow misalignment. Time-averaged flow information is obtained with

stereoscopic particle image velocimetry (PIV, [16]), by which the boundary layer

near the edge is studied. Its thickness is measured from the straight-edge airfoil

and, with the acoustic measurements of fc, the crossover Strouhal values are

calculated.

Time-resolved PIV is then employed to inspect the flow dynamic behavior

and reveal the link between the turbulent flow in the boundary layer and the far

field acoustic spectra. In particular, parameters such as the streamwise length

scales and most energy-bearing eddies are compared near the edge between the

straight-edge and the serrated-edge airfoils. The turbulence frequency spectra

are then used, in conjunction with the Strouhal number, to identify and locate

the source of the high frequency noise increase.
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2. Experimental setup

2.1. Flow facility, model, and flow conditions

Delft University of Technology’s vertical wind tunnel (V-Tunnel), with a

square exit cross section of 40 cm×40 cm, was used to carry out the experiments.

Its freestream turbulence is reported to be below 1% at 10 m/s ([17]).

A NACA 0018 airfoil profile with a chord length C = 20 cm and span 40 cm,

covering the full width of the test section, was selected. At the trailing edge,

sawtooth serrations produced from a sheet of metal were attached. The tooth

length was 2h = 4.0 cm (0.2C), the spanwise width was λ = 2.0 cm (λ = h), and

the thickness was equal to 1 mm. Figure 1 shows the airfoil, the dimensions of

the serrations, and the coordinate system. The definitions of the angle of attack

α and the serration flap angle φ are also indicated. The serration dimensions

follow the recommendations in [5]. In particular, it is suggested that the length

required to achieve a reduction in noise must comply with 2h ≳ δ, for δ the

boundary layer thickness. In the present case 2h ≈ 4δ at α = 0◦, φ = 0◦. The

serration dimensions follow the recommendations in [5], where it is suggested

that 2h ≳ δ, for δ the boundary layer thickness. In the present case 2h ≈ 4δ at

α = 0◦, φ = 0◦.

Laminar-to-turbulent transition was forced with a strip of carborundum

(nominal size of 0.6 mm) placed at 0.2C, following guidelines given in [18],

on both sides of the airfoil. The effectiveness of the device was verified us-

ing a remote microphone probe, which indicated a broadband spectrum in the

turbulent boundary layer after transition.

Due to the change in slope at the junction between the airfoil and the serrated

attachment, two coordinate systems are defined based on the wall-normal of the

airfoil surface at the trailing edge and that of the serration surface. Figure 1

shows the coordinate system for the serrated attachment at φ = 0◦ (x, y, z) and

for the airfoil (x′, y′, z). For simplicity, the prime will be omitted in the results

section and is implicit for the straight edged airfoil case. The velocity compo-

nents corresponding to these coordinate systems will be indicated as (u, v, w),
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C = 20 cm
2h = 4 cm

λ = 2 cm

y

xz
α

φ

U∞

y′

x′

x

y

φ

Figure 1: Airfoil and serration dimensions (top), and convention used for the coordinate

system rotation over the airfoil and serration surfaces (bottom).

respectively, and are implied to be (u′, v′, w) for the airfoil measurements.

To investigate different levels of serration-flow misalignment, two serration

flap angles and three angles of attack of the airfoil were selected. The flap angles

tested were φ = 0◦ and 6◦, while the geometric values of the chosen angles of

attack were αg = 0◦, 6◦, and 12◦.

Both acoustic phased array and statistical flow field measurements with par-

ticle image velocimetry (PIV) were conducted spanning the range of flow ve-

locities, 30, 35, and 40 m/s. The resulting chord-based Reynolds number is

approximately 400,000, at the lowest velocity. This velocity range yields a suffi-

cient signal-to-noise ratio for the trailing edge noise source above the laboratory

background noise. The flow field measurements were conducted at a freestream

velocity of 20 m/s, limited by the PIV system acquisition frequency and the

temporal resolution necessary to obtain time-resolved flow information.
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2.2. Acoustic measurements

Acoustic phased array measurements were recorded to estimate the noise

modification due to the serrations. An array consisting of 64 microphones with

an effective diameter of 0.9 m was used. The array configuration followed a

planar multi-arm logarithmic spiral distribution ([19, 20]), as illustrated in figure

2. The array plane was parallel to the center plane of the wind tunnel and

located at a distance of 1.05 m as illustrated in figure 3. The center of the array

was aligned with the trailing edge of the airfoil at zero angle of attack. The test

section was altered from the one described in the PIV setup by using longer

side plates, which extended 0.7 m downstream of the airfoil trailing edge. The

leading edge of the airfoil was located 0.5 m downstream from the nozzle exit.

These modifications reduced the unwanted contribution of the parasitic noise

sources due to the nozzle and the downstream edges of the side plates.

Every microphone in the array was calibrated before the experiment using a

pistonphone. The performance of the array was evaluated with sound produced

by a speaker at several discrete frequencies, and with white noise. The sound

pressure level (SPL) values at the array center were also measured using a

calibrated TENMA 72-947 sound level meter. Thus, the microphone array was

calibrated for both source position and strength detection. Data was acquired at

a sampling frequency of 50 kHz over a measurement period of Tmeas = 60 s. The

acoustic data was averaged using time blocks of 2048 samples (∆t = 40.96 ms)

for each Fourier transform, and windowed by a Hanning weighting function

with 50 % data overlap. After cross-correlating the microphones signals, the

averaged cross-spectral matrix required for beamforming was obtained. With

these parameters, the expected error ([21]) in the estimate of the cross-spectrum

is:

εr =

√
∆t

Tmeas
= 2.6% . (2)

For applying beamforming to the data from acoustic phased array measure-

ments, a scan grid of potential sound sources is defined. Conventional frequency
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Figure 2: Microphone distribution within the

array. Coordinates are shown in the coordi-

nate system attached to the serrations at zero

angle of attack.

1.05 m

0.7 m

0.5 m

Figure 3: Schematic of the setup used for the

acoustic measurements. The side plates are

rendered here transparent.

domain beamforming ([22, 23]) is frequently applied for aeroacoustic measure-

ments due to its simplicity, robustness and low computational demand. Unlike

many deconvolution methods, this technique renders continuous results when

applied to distributed sound sources, such as trailing edge noise ([24]). There-

fore, conventional frequency domain beamforming was employed in the present

study, considering a medium with uniform flow ([23]). The shear layer effect in

the acoustic measurements ([25]) was assumed to be negligible due to the small

angle (< 10◦) between the array center, and the limits of the scanned area of

interest and the considerably low flow speeds used ([26]). Source maps, also

known as acoustic images, are obtained by applying the beamforming proce-

dure for all the points in the scan grid. The scan grid covered a rectangle from

z = −0.22 m to z = 0.22 m in the spanwise direction and from x = −0.3 m to

x = 0.3 m in the streamwise direction, relative to the axes in figure 1, with a

distance between grid points of 1 mm. Therefore, the scan grid contained the

entire airfoil and was composed of 441 × 601 grid points. Based on Rayleigh’s

criterion ([27]), the minimum resolvable distance for the highest frequency con-

sidered in this analysis (5 kHz), and considering c = 340 m/s, is 0.10 m. The
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considered spacing between grid points is approximately 100 times smaller than

Rayleigh’s limit at 5 kHz.

Since trailing edge noise is expected to be a distributed sound source, the

beamforming results were integrated over an area extending from z = −0.1 m

to z = 0.1 m and from x = −0.06 m to x = 0.06 m (see figure 7). This area

was selected to reduce the noise contribution from extraneous sources, while

including a representative part of the trailing edge ([28]). The beamforming

results in that area were normalized by the integral of a simulated unitary point

source located at the center of the integration area evaluated within the same

spatial domain ([23]). This process was repeated for each frequency of interest

in order to obtain the trailing edge noise spectra.

2.3. Velocity measurements

2.3.1. Boundary layer characterization

Boundary layer profiles and integral parameters for the straight trailing

edge airfoil were obtained with low-repetition-rate planar PIV. The flow was

seeded using an evaporated water-glycol based fog fluid (SAFEX), resulting in

tracer particles of mean diameter below 1 µm. A Quantel Twin BSL 200 laser

(Nd:YAG, 200 mJ/pulse) was used for the illumination of these tracer particles

in the measurement plane, which was oriented perpendicular to the airfoil sur-

face and near mid-span (x-y plane). Two PCO Sensicam QE CCD cameras with

sensors of size 1376 × 1040 px and a pixel-pitch of 6.7 µm/px were used. Both

cameras were equipped with Nikon NIKKOR macro objectives of 105 mm focal

length and operated at an f-number of ƒ/8. Their combined field of view (FoV)

of 36 × 16 mm2 enclosed the boundary layer at the trailing edge at α = 12◦.

The resulting digital imaging resolution was approximately S = 65 px/mm.

Figure 4 shows a schematic of the setup. Sets of 300 uncorrelated image pairs

were acquired per test case and camera at a frequency of 5 Hz and with a laser

pulse separation time of ∆t = 15 µs. At a freestream velocity of 20 m/s, this

pulse separation is equivalent to a freestream particle displacement of about

∆x = 0.31 mm, or S∆x = 20 px.
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FoV1FoV2

Figure 4: Planar PIV measurement setup (left) and resulting FoVs (right).

The acquired image pairs were processed with the LaVision DaVis 8 soft-

ware using a multi-pass, multi-grid algorithm with window deformation ([29]).

The final interrogation windows size was set to 16 × 16 px and 50% overlap re-

sulting in a physical interrogation window size of 0.24 × 0.24 mm2 and vector

spacing of 0.12 × 0.12 mm2. Uncertainty in the vector fields, at this magnifica-

tion and flow conditions, is typically driven by cross-correlation uncertainty and

peak-locking. With a relatively high magnification of 0.44 and a pixel-pitch of

6.7 µm/px, peak-locking is unlikely since the particle image diameter exceeds

one pixel ([30]). Uncertainty of the cross-correlation between the image pairs is

the most critical source of random errors for the current setup. For 2-component,

planar PIV, this error is typically estimated to be 0.1 px ([31]). Following this

approach and with a freestream particle displacement of S∆x = 20 px, the

random error on the instantaneous velocity fields is estimated at 0.5% of the

freestream velocity. For the given experimental setup and number of samples,

the error on the mean velocity reduces to below 0.1% of the freestream velocity.

Table 1 provides an overview of the experimental parameters for the statistical

boundary layer measurements.

2.3.2. Time-resolved stereoscopic PIV

For the time-resolved flow field measurements, a stereoscopic PIV setup was

employed to measure the temporal evolution and statistics of the three veloc-

ity components in the x-y plane around the serrations. The flow was seeded
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Table 1: Parameters for the boundary layer characterization PIV measurements.

Parameter Symbol Value

Sensor size 1376 × 1040 px

Single field of view SFoV 20 × 16 mm2

Combined field of view FoV 36 × 16 mm2

F-number ƒ/ 8

Focal length 105 mm

Magnification 0.44

Imaging resolution S 65 px/mm

Laser pulse separation ∆t 15 µs

Freestream displacement ∆x ≈ 0.31 mm

S∆x ≈ 20 px

Light sheet thickness 1.5 mm

Acquisition frequency fs 5 Hz

Number of samples 300

Interrogation window size 16 × 16 px

0.24 × 0.24 mm2

Vector spacing (overlap 50%) 0.12 × 0.12 mm2
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as described in the previous section. For illumination, a Quantronix Darwin

Duo dual-cavity Nd:YLF high-speed laser was used (2 × 25 mJ at 1 kHz). Two

high-speed Photron Fastcam SA1.1 CMOS high-speed cameras (1024 × 1024 px,

20 µm/px pixel-pitch, 12 bit resolution) were equipped with 105 mm Nikon

NIKKOR macro objectives set at an f-number of ƒ/5.6. The cameras were

placed such that the optical axis of the first camera was perpendicular to the

measurement plane, while that of the second camera pointed upstream at a rel-

ative angle of 35◦ with respect to the first (see figure 5). With a field of view of

26 × 50 mm2 (imaged with half the sensor: 512 × 1024 px) centered on the ser-

rated trailing edge (see figure 6), the digital image resolution was S = 20 px/mm

at a magnification of 0.4.

10,100 images were acquired at an effective repetition rate of 10 kHz (image

pairs acquired at 5 kHz with ∆t = 100 µs, corresponding to 10 kHz in single

frame mode, s.f.), corresponding to a particle displacement of ∆x = 1.25 mm or

S∆x = 25 px. Additionally, 2000 image-pairs of particle images were acquired

at 250 Hz in order to obtain time-uncorrelated statistics. The pulse separation

was ∆t = 50 µs, corresponding to a freestream particle displacement of ∆x =

0.6 mm or S∆x = 12.5 px.

LaVision DaVis 8 was used for image acquisition and processing. For both

configurations, a multi-pass stereoscopic cross-correlation was applied with a

final interrogation window size of 16 × 16 px and an overlap factor of 75%,

resulting in a spatial resolution of 0.8 mm and a vector spacing of 0.2 mm.

Conventional stereoscopic calibration and self-calibration alleviated aspects such

as lens distortion and resulted in a disparity vector of less than 0.1 px. This is

considered sufficient for stereoscopic cross-correlation ([31]). Table 2 provides an

overview of the experimental parameters for the boundary layer measurements.

At the given magnification factor of about 0.4, the particle image diameter

is about 10 µm ([30]). Mitigation of the peak-locking effect by defocusing was

verified by considering the histogram of the particle displacements. All measured

8Single frame

12



Table 2: Parameters for the time-averaged and time-resolved stereoscopic PIV measurements.

Acquisition

Parameter Symbol Statistical Time-resolved

Sensor size 512 × 1024 px 512 × 1024 px

Field of view FoV 26 × 51 mm2 26 × 51 mm2

F-number ƒ/ 5.6 5.6

Focal length 105 mm 105 mm

Magnification ≈ 0.4 ≈ 0.4

Imaging resolution S 20 px/mm 20 px/mm

Interrogation window size 16 × 16 px 16 × 16 px

0.8 × 0.8 mm2 0.8 × 0.8 mm2

Vector spacing (overlap 75%) 0.2 × 0.2 mm2 0.2 × 0.2 mm2

Laser pulse separation ∆t 50 µs 100 µs

Freestream displacement ∆x ≈ 0.6 mm ≈ 1.25 mm

S∆x ≈ 12 px ≈ 25 px

Light sheet thickness 1.5 mm 1.5 mm

Acquisition frequency fs 250 Hz 5 kHz (10 kHz)8

Number of samples 2000 10.100
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Figure 5: Stereo PIV measurement setup.

26 mm

50
m

m

FoV

x

y

z

Figure 6: Location of the field of view for

the stereoscopic PIV measurements in the

z/λ = 0.25 measurement plane.

velocity values, ni = Ui − ⌊Ui⌋, with the floor function ⌊· ⌋, were distributed

within 0.95 and 1.07 of ni/ni, confirming the small effect of peak-locking in

the measurement uncertainty. More important is the filtering effect due to the

spatial resolution. With the application of the aforementioned multi-pass cross-

correlation algorithm and window deformation, it has been established by [32]

that the velocity amplitude modulation will vary with less than 5% for windows

smaller than 0.6 times the characteristic wavelength. In the present case, a

window size of 0.8×0.8 mm2 was obtained, therefore allowing the measurement

of flow structures down to 1.2 mm with 95% accuracy. In order to quantify

random errors encountered in the present PIV setup, an a-posteriori statistical

method, introduced by [33], was used. Following [33], the random error in each

velocity field is approximately 1% in the freestream, and around 3% in the

inner boundary layer. As a consequence, for the acquired number of samples

(2000), the resulting error in the mean velocity is within 0.05% and 2% for the

root-mean-square (rms) value.
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Figure 7: Acoustic source maps for a third-octave band center frequency of 4 kHz. Airfoil with

straight trailing edge (left), serrated trailing edge with φ = 0◦ (center), and φ = 6◦ (right).

Thin lines indicate the airfoil and the serrations. U∞ = 35 m/s, α = 0◦

3. Results

3.1. Acoustic emissions

The acoustic measurements yield the difference in the acoustic frequency

spectra between the original and the serration-retrofitted trailing edge. Figure

7 shows the acoustic source maps for the baseline configuration and the serrated

trailing edges, with φ = 0◦ and 6◦, at a third-octave band center frequency of

4 kHz. The data shown was acquired at U∞ = 35 m/s and α = 0◦. The trailing

edge of the airfoil (indicated by the thin line) poses the primary sound source in

all three cases. The flow-aligned serrations provide a noise reduction of about

2 dB, while the flow-misaligned serrations (φ = 6◦) have an adverse effect.

The plots in figure 8 show the integrated third-octave band SPL with α

varying between 0◦ and 12◦, and for φ = 0◦ and 6◦, respectively. The serrations

are seen to effectively lower the noise emission when compared to the original

edge geometry, as also observed in [5, 6, 11]. The fact that the reduction is also

present at low frequency is consistent with the aforementioned studies. Cases

with φ = 0◦ exhibit a noise reduction of about 7 dB at f ≈ 1 kHz. At higher

frequency, the noise reduction decreases, resulting in very similar levels for both

configurations at 5 kHz. Serrations with φ = 6◦ also reduce the noise by about

15



Figure 8: Third-octave band SPL for the straight and serrated trailing edges for various α.

U∞ = 35 m/s, φ = 0◦ (left) and φ = 6◦ (right).

5 dB at the low frequency, but the flatter spectrum leads to its intersection with

that of the baseline trailing edge at about fc = 3.0 kHz. The frequency where

the crossover takes place varies with the airfoil incidence: fc = 3.0 kHz, 2.2 kHz,

and 1.6 kHz, respectively for the cases α = 0◦, 6◦ and 12◦.

As shown for U∞ = 35 m/s in figure 8, crossover frequencies are only ob-

served for φ = 6◦, but regardless of α. The same holds for the tests conducted

at U∞ = 30 and 40 m/s, which are omitted for sake of conciseness. This be-

havior is ascribed to the effect of the near-surface mean flow deflection and the

formation of streamwise coherent structures. In [13] it is argued that changes

in the angle of attack induce a global deformation of the flow field around the

airfoil and shows that a flap angle induces instead a localized effect, along with

a change of the local pressure gradient and turbulence intensity. This supports

the hypothesis that the noise increase is due to the serration misalignment with

the flow, leading to an increase in turbulence levels near the edge.

To facilitate the comparison between the emissions from the serrated edge

and the baseline configuration for the representative case φ = 6◦, differences

in SPL are presented in figures 9a, 9b, and 9c for α = 0◦, 6◦, and 12◦, respec-

tively. Positive values indicate a reduction in noise. The crossover frequency is

estimated by linear interpolation of the third-octave band data.
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Figure 9a shows the results for α = 0◦, where the serrations exhibit a similar

reduction in noise between the three measured velocities, at around f = 1 kHz

(∆SPL = 5 dB). The amount of reduction quickly decreases as the frequency

increases, which occurs earlier for lower velocities. At the highest frequencies

measured and U∞ = 30 m/s, serrations attain a noise level 5 dB louder than the

straight trailing edge. For α = 6◦, as discussed above (figure 9b), the crossover

frequency is lower than for α = 0◦ at all measured velocities. The difference

in SPL at the lower frequency is between 4 and 5 dB, while at f = 5 kHz the

increase in SPL reaches 7.5 dB. A similar result is seen for α = 12◦, where

crossovers occur at even lower frequencies, between fc = 1.5 kHz and 1.8 kHz.

In this case, the increase in SPL at the highest measured frequency, f = 5 kHz,

reaches a value of around 8 dB.

3.2. Crossover frequency scaling

Different boundary layer thickness parameters were investigated in order to

evaluate their effect on Stc (Eq. (1)) and its collapse: the wall-normal location

of the 0.99ue velocity (where ue is the edge velocity of the boundary layer), δ99,

the displacement thickness, δ∗, and the momentum thickness, θ. In contrast to

[5], the edge velocity ue was considered as the velocity scale.

The boundary layer parameters were evaluated over the straight airfoil trail-

ing edge, following the aforementioned study. Figure 10 shows the different

boundary layer parameters for various angles of attack and freestream veloci-

ties. The parameters generally show an increasing trend with angle of attack

on the suction side and a decreasing trend on the pressure side. A larger varia-

tion between the different velocities is observed with increasing angle of attack,

especially noticeable on the suction side. It is worth to note that δ∗ shows a

larger relative increase with an increase in angle of attack.

Based on the boundary layer parameters in figure 10, Stc was evaluated using

the crossover frequencies for the serrated edge at φ = 6◦ discussed in section

3.1. Figures 11 and 12 show Stc obtained using the suction and pressure side

boundary layer parameters, respectively. In both cases, the crossover frequency
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(a) α = 0◦ (b) α = 6◦

(c) α = 12◦

Figure 9: Noise reduction for the serrated trailing edge relative to the baseline airfoil for

different α values and φ = 6◦. The crossover frequency fc is indicated for each U∞.

Stc generally collapses well within 10% varying the freestream velocity.

When considering different angles of attack, a constant Strouhal number

cannot be identified. This suggests that the latter, as hypothesized in [10],

is valid for changes in the freestream velocity at an identical level of airfoil

incidence. A linear trend in Stc is nevertheless found for different angles of

attack, indicated by the linear regression applied to the measured data in figures

11 and 12 (dashed line). To evaluate the quality of this fit, its In order to

quantify the predictability of the data with the given linear trend over the three

velocities presented, the coefficient of determination, r2, is indicated in figures

11 and 12.

With δ99 as the characteristic length scale over the suction side (figure 11,
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Figure 10: δ99, δ∗ and θ, at the trailing edge of the baseline airfoil. U∞ = 20 m/s: +,

U∞ = 30 m/s: ×, U∞ = 35 m/s: �, U∞ = 40 m/s: �. Pressure side (red), suction side

(green), and measurements at α = 0◦ (blue).

Figure 11: Stc for different boundary layer thickness parameters measured on the suction side.

U∞ = 30 m/s: ×, U∞ = 35 m/s: �, U∞ = 40 m/s: �.

Figure 12: Stc for different boundary layer thickness parameters measured on the pressure

side. U∞ = 30 m/s: ×, U∞ = 35 m/s: �, U∞ = 40 m/s: �.

19



left), Stc on one hand shows a decreasing trend with increasing α. On the other

hand, the values exhibit a large spread for the different velocities. With δ∗

(figure 11, center), Stc instead shows an increase for increasing α. This results

in the aforementioned larger relative increase in δ∗ (figure 10, center). Overall,

the collapse of Stc with respect to the fit is very good when different values of

the freestream velocity are considered (maximum 10% deviation for the suction

side with δ99). The variation of Stc with θ (figure 10, right) is similar to that

with δ99 and shows a downward trend with increasing α. In conclusion, the

scaling with the displacement thickness, δ∗, offers a more systematic fit with

the data.

In general, the results suggest that a universal collapse of Stc for all angles of

attack and Reynolds numbers is not possible with the set of scaling parameters

investigated here. On the pressure side, Stc appears to vary with near-linear

behavior with angle of attack, exhibiting consistently high values of r2 over

the three boundary layer thickness parameters. , whereas the suction side The

suction side, on the other hand, has a less predictable behavior, exhibiting r2

of 0.37, 0.91 and 0.62. While the parameters used for scaling of the crossover

Strouhal number were measured on the baseline airfoil, they are indicative of

the condition when the serration is applied.

3.3. Near-edge flow characterization

PIV measurements in the x-y plane are used to characterize the mean flow

and turbulence intensity in the near-edge boundary layer. The analysis will

compare key parameters between the straight edge and the serrated edge. The

angle of attack and serration flap angle used are α = 12◦, φ = 6◦, at a freestream

velocity of U∞ = 20 m/s. As stated in section 2, this is the upper velocity

limit at which good-quality time-resolved flow information was obtainable with

the current PIV system. The α = 0◦, φ = 0◦ case is additionally shown for

comparison. This configuration was chosen based on the predicted value of fc

for this case, which is expected to occur well below the upper frequency limit

of the time-resolved flow data. Its approximation is discussed further below.
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Figure 13: Streamwise mean flow component, u.

The analysis is performed by comparing the flow at the serration edge at

the plane crossing z/λ = 0.25 (as indicated in section 2.3 and figure 6) and

x/2h = 0.5, with the flow over the straight edge of the unserrated airfoil at

x/2h = 0. The choice of this location has been made based on results from

[13]. It is established there that, at this location over the serrated edge, the flow

experiences the largest degree of spanwise flow deflection near the edge when

serration-flow misalignment is prescribed.

The mean flow component in the streamwise direction, u, is presented in

figure 13. Suction and pressure side measurements are shown for the straight

and the serrated edges at α = 12◦, with φ = 6◦ for the latter. Additionally, the

serrated edge in the flow-aligned configuration, α = 0◦, φ = 0◦, is shown for

reference.

On the pressure side trailing edge, both the straight and serrated airfoil edges

exhibit higher velocity than at the suction side. Values of u for α = 0◦, φ = 0◦

are found between those observed for the suction and pressure sides for the

serrated α = 12◦, φ = 6◦ case. The lower speed over the suction side is due

to the adverse pressure developing with the airfoil incidence. These results also

confirm that no region of reverse flow is formed at the suction side.

As mentioned above, the largest degree of flow deflection is experienced at

this edge location for the flow-misaligned serrations (z/λ = 0.25, x/2h = 0.5).
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Figure 14: Spanwise mean flow component, w.

To quantify this, figure 14 presents the profile of the spanwise mean velocity

component, w. When the mean flow is not significantly modified, such as in the

case of the straight edge, and when the serrations are flow-aligned, w is close to

zero.

Misaligned serrations instead exhibit a significant spanwise velocity of w ≈

0.15ue. The highest level of deflection occurs on the pressure side, at around

y/δ ≈ 0.2, with a quick decrease away from the wall, and reaches w = 0 the

edge of the boundary layer. Therefore, the spanwise flow deflection has an effect

on the entire boundary layer flow. On the suction side, the deflection is about a

third of that of the pressure side, w ≈ 0.05ue, with opposite direction (towards

the center of the serration tooth). It has a rather uniform value due to the effect

of the streamwise vortex formed behind the serration, as discussed in [34, 13].

The mean wall-normal flow component, v, is shown in figure 15. Here, neg-

ative values represent flow that is oriented towards the surface (it is reminded

that the y axis is chosen such that it is always wall-normal). As expected, the

surface at the pressure side of the flow-misaligned serration experiences a con-

siderable degree of flow directed towards the wall. This suggests that an efficient

transfer of energy from the turbulent eddies to the unsteady surface pressure is

expected in this region. This likely results in a significant contribution to the

noise produced by the edge. The same measurement over the suction side shows
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Figure 15: Wall-normal mean flow component, v.

Figure 16: Wall-normal fluctuations, vrms.

instead flow being directed away from the wall, a consequence of the flow pass-

ing through the serration teeth. Due to the nature of the serration geometry,

with its angled edge, the streamwise vortex that is being formed behind it fails

to impinge on its suction side surface, contrary to what is usually observed in

flap edges ([35]).

As the wall-normal component fluctuations, vrms, are related to the increase

in acoustic emissions by the edge (see the trailing edge noise prediction equations

in [36, 2, 37], where the flow turbulence spectrum drives the produced sound),

they are here investigated. Figure 16 (left) shows similar behavior and levels

for the suction side measurements, reaching maxima at about y/δ = 0.3. While
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the pressure side measurement of the straight edge airfoil shows the lowest

values of vrms, the measurement of the serrated edge airfoil exhibits instead a

large increase near the surface, about a third larger than the maxima of the

suction side measurements, and twice of the straight edge airfoil pressure side

measurement. The results suggest a correlation between w and vrms, likely

driven by the wall-normal transport of turbulent fluctuations as the streamwise

vortex formation occurs.

The maximum of wall-normal fluctuations is observed at y/δ = 0.2 on the

pressure side, which is considerably close to the wall (1.5 mm), noting that

the boundary layer is significantly thinner here than on the suction side. The

maxima for the suction side measurements occurs instead at around y = 5 mm.

3.4. Characterization of the near-edge time-resolved flow

The boundary layer thickness differences between the pressure and suction

sides indicates a contraction of the integral length scale of the turbulent struc-

tures at the pressure side. This suggests that increased wall-normal fluctuations

at the pressure side are due to smaller structures, contributing to the higher end

of the noise frequency spectrum.

To evaluate this, the streamwise integral length scale is investigated, defined

in [38] as

Λx|uu =

∫ ∞

0

Ruu (ξx) dξx , (3)

where ξx is the separation distance in the x direction between signals for the

calculation of the spatial two-point correlation coefficient,

Ruu =
u (x) ·u (x+ ξx)

u2 (x)
. (4)

As the upper boundary of the integral is limited by the field of view available,

a fixed value is chosen for all the presented cases, such that ξx,max = 0.5h. The

choice of Λx|uu over other scales comes from the ability to accurately describe

it with the implemented measuring methodology. It scales linearly with Λx|vv,

as shown by results in [38].
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Figure 17: Streamwise turbulence length scale, Λx|uu (left), and most energetic streamwise

wavenumbers (right).

Due to the angle of the serration surface against the mean flow direction, the

latter is not necessarily parallel to the wall or the coordinate system arrangement

used so far. A rotation in the axes has, therefore, been prescribed, such that the

x direction is aligned with the local mean flow, u (calculated a-posteriori), and

the definition of Λx|uu is preserved. Some of the extent of ξx,max is nevertheless

lost due to this rotation, and the data is presented only for y locations where

the limit 0.5h is obtainable. The rotation is applied throughout the results

presented in this section.

The values of Λx|uu are shown in figure 17, in terms of the absolute wall

distance. Alongside are the values for the wavenumber of the most energy-

bearing eddies, approximated empirically ([39]) as

ke =

√
π

Λx|uu

Γ (5/6)

Γ (1/3)
, (5)

where Γ is the gamma function.

A notable difference in the integral length scales between the pressure and

suction side measurements is observed. The minimum wavelength on the pres-

sure side is approximately 1.5 mm at around 5 mm distance from the wall. On

the suction side, the minimum wavelength is 2.5 mm, detected at 11 mm from

the upper surface. These observations support the argument that the pres-

sure side contributes to the noise emission in the higher end of its frequency
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Figure 18: Spectrum of the wall-normal velocity component for different wall-normal locations.

spectrum.

A slightly higher wavenumber (ke = 450 m−1) is exhibited on the pressure

side serrated case compared to the straight edge case (ke = 370 m−1), indicating

a slight additional contraction of the boundary layer with the serration.

To illustrate the relation between the observed vrms over the boundary layer

and the energy in the turbulent flow eddies, the wall-normal flow component

spectra, Φvv, are presented in figure 18. The suction and pressure sides of the

straight and serrated edges are presented for α = 12◦, φ = 6◦. The absolute

wall-normal distance is used to present various locations in the boundary layer

of each case, while maintaining the same wall distance scale. The Kolmogorov

law is shown in the plots for reference. The signal floor due to noise is reached at

about −40 dB, as is evident from the plateau of the pressure side measurement.

The spectral results agree with the vrms levels of the different cases. Larger

values are observed over the straight edge at the location furthest from the wall,
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Figure 19: Predicted value of fc based on the pressure side measurements of Stc based on

U∞ = 30 m/s (×), U∞ = 35 m/s (�), U∞ = 40 m/s (�), and the linear extrapolation to

U∞ = 20 m/s (+).

y = 12 mm. The levels and spectral shape for the straight and serrated cases at

y = 8 mm are the same, as observed for vrms at this location.

Nearer the wall, the pressure side cases exhibit increasing levels, by about

10 dB between y = 8 and 5 mm. The most notable feature is found at y =

1.5 mm, where the Φvv levels of the pressure side reach those of the suction side.

Most importantly, the levels for the pressure side of the serrated case exceed

any other above roughly 1.1 kHz. A difference of around 5 dB is observed at

the top limit of the observed frequency range.

The relation between this turbulence spectra crossover frequency and the

acoustic spectrum one, fc, will be here established. For this purpose, the value

of fc for this case, α = 12◦, φ = 6◦ at 20 m/s, will be obtained with the Stc

model, as discussed in section 3.2.

Each choice of δ showed a dependence of Stc on ue. Therefore, an estimation

of fc on ue must take this into account. The results obtained in section 3.2 are

linearly extrapolated to obtain the acoustic fc for a 20 m/s freestream velocity.

The result of

fc = Stcue/δ . (6)

is shown in figure 19 for the freestream velocities of the acoustic measurements,
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as presented in section 3.1, and the extrapolated result at 20 m/s PIV freestream

velocity. The mean between the results of the different boundary layer thickness

parameter results is indicated at 1.14 kHz, which correlates well to the observed

crossover in the spectra of the turbulence ≈ 1.1 kHz.

These results confirm that the pressure side flow near the edge is the source of

the high frequency noise increase, exhibiting a crossover value in the turbulence

spectrum similar to that expected in the acoustic emissions.

4. Conclusions

The increase in high frequency noise by trailing edge serrations has been

confirmed using acoustic beamforming and ascribed to the misalignment of the

serrations with regard to the otherwise undisturbed mean wake flow.

A Strouhal number, proposed by [5], relating the crossover frequency of the

serration noise increase with the boundary layer thickness and its edge velocity,

has been investigated. Contrary to a single-number collapse, it exhibits a linear

modification with changes in angle of attack, and varies slightly for different

freestream velocities. A better fit is furthermore found by taking the pressure,

and not the suction side boundary layer thickness. As the thinner pressure side

boundary layer carries smaller turbulent eddies, and in turn these relate to the

production of higher frequency noise, its use in the Strouhal number calculation

is more representative.

PIV measurements determine the boundary layer flow properties over the

serration and straight trailing edge. A sharp increase in vrms on the pressure side

of the serrated case with a significant increase of spanwise velocity is observed.

The integral length scale of the turbulence is retrieved, identified on the pressure

side to be around half the size of the suction side values. This corresponds

approximately to the pressure and suction side boundary layer thickness ratio.

The turbulence frequency spectrum exhibits an increase in energy corre-

sponding to that of the estimated acoustic crossover. This increase is observed

at the pressure side, where vrms is seen to sharply increase, and coincides with
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the highest spanwise flow deflection.

The latter suggests that the source of the high frequency noise leading to the

crossover phenomenon is due to interactions taking place at the pressure side.
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