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Abstract The trailing edge of a NACA 0018 airfoil is modified through the attachment of serrations with different degrees

of permeability. Acoustic beamforming is used to inspect the turbulent boundary layer-trailing edge noise emissions from

the unmodified and serrated trailing edges. Different freestream velocities and angles of attack are investigated. The serration

permeability is prescribed by having slits cut into the solid surface of the serrations in two different configurations. The results

indicate that a certain benefit in noise reduction is obtained from a mixed solid/slitted configuration, while a fully slitted

configuration loses most of the noise reduction performance.

Keywords Aeroacoustics · Trailing edge serrations · Acoustic beamforming

1 Introduction

Over the last years, trailing edge serrations have become the

predominant device for noise reduction in industrial wind

turbine blade applications [17,21,24]. Their effectiveness has

been well established in wind tunnel experiments [6,12,15,

22], with measured noise reduction levels up to 8 dB. The

Reynolds numbers there investigated go roughly from 0.2 ×

106 to 1×106. In [15], for example, single microphones were

used to characterize the noise directivity. A wide frequency

range was presented, from around 20 to 20 × 104 Hz, while

the range where noise reduction was observed was found to

be case dependent, typically ranging from around 200 Hz to

a Strouhal number-dependent upper limit [15].

Despite the research available, there is still debate about

the physical mechanisms. Two mechanisms have been

hypothesized. The first argues that serrations beneficially
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modify the flow [11,19], and a second argues that the most

contributing factor is the reduction of the scattering efficiency

by the modification of the trailing edge geometry [13,16].

Traditionally, the most common design has consisted

of thin, triangular solid panels. Designs which incorporate

surface permeability were investigated in [14]. This was

achieved by the introduction of holes or slits in the material.

More recently, a variation of this design has been proposed

by Oerlemans [24].

The solid serrations have been found to reduce noise, but

are known to increase it beyond a certain frequency [6,15].

This unwanted effect can lead to the degradation of the over-

all noise reduction performance in industrial applications or

limit the application of serrations to a range of conditions.

Yet this seems to be mostly averted by the slitted serrations

tested in [14], showing a promising direction toward a new

design alternative. An attempt to replicate this result is thus

presented here. In addition, the noise reduction performance

of a new hybrid design is explored.

Two variations of the slitted serration designs and two

solid serrations with different lengths (Fig. 1) are compared,

using the unmodified straight trailing edge as the base-

line reference. The geometry of the serration labeled Slitted

has been chosen based on the best-performing serration in

[14].

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s40857-017-0093-8&domain=pdf
http://orcid.org/0000-0002-1681-6819


112 Acoust Aust (2018) 46:111–117

Fig. 1 Serration model

schematic

The serrations have been mounted on a NACA 0018 air-

foil. This symmetric airfoil has been preferred, as equal

flow conditions are obtained on the upper and lower sides

at α = 0◦. This differs from [14], where a non-symmetric

NACA 6512-10 airfoil was used. Three freestream velocities

were investigated, 30, 35 and 40 m/s, with the highest corre-

sponding to a Reynolds number of around 526,000, and two

angles of attack, α = 0◦ and α = 12◦ (the geometric angle

of attack is indicated).

The TBL-TE noise was measured by means of acoustic

beamforming using a microphone array. This method was

preferred in order to obtain the acoustic signals from sound

sources on the trailing edge location and avoid extraneous

noise sources in the background [5]. In comparison, [14]

used single microphones to obtain the noise levels.

The current study compares the acoustic emissions of the

serrated edge to the unmodified straight edge of the air-

foil. This is done in view of the state-of-the-art application

of serrations in the wind turbine industry [21,24]. For this

purpose, the objective of serrations is to mitigate the noise

of state-of-the-art airfoil designs without prior trailing edge

modification.

2 Experimental Setup

The experiments were conducted at the Delft University of

Technology Vertical Wind Tunnel (V-Tunnel). It is a low-

turbulence (�1% turbulence intensity) wind tunnel. An open

test section was used, allowing a direct line of sight to the

relevant noise sources from the trailing edge (Fig. 2).

A C = 20 cm chord length NACA 0018 airfoil was

used. To ensure that the noise source observed was TBL-

TE noise, the boundary layer was tripped at 0.2 · C using

three-dimensional roughness elements following the recom-

mendations in [10]. It was confirmed to remain turbulent up

to the trailing edge using a microphone probe.

The serrations were inserted in the trailing edge using a

modular system, as shown in Fig. 3. The straight edge refers

to the unmodified trailing edge of the airfoil.

The length of the solid serrations is established as a

ratio with the airfoil chord length. The serrations that were

0.2 ·C = 4 cm in length are labeled Sr20, and the 0.1 ·C = 2

cm long serrations are labeled Sr10. The semi-permeable

designs, labeled slitted and hybrid, along with the solid ser-

rations, can be observed in Fig. 1. The solid area of the hybrid

design was the same as Sr10, while the length of the semi-

Fig. 2 Wind tunnel setup (left)

indicating the microphone array

location with respect to the

airfoil and microphone

configuration on the array

(right)
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Fig. 3 Airfoil and serration schematic indicating the coordinate system

permeable area in both designs was the same as for Sr20.

The serration root of all the designs aligns with the original

trailing edge of the airfoil.

The serration length was chosen following the design

guidelines presented in [15], where it is recommended to be at

least twice the boundary layer thickness at the straight trailing

edge location, δ. For the current setup, δ was measured using

particle image velocimetry (PIV) [5], and the serration length

was confirmed to satisfy this recommendation. At α = 0◦,

at the straight trailing edge location, δ = 9.4 mm.

The design of the slitted serrations followed that of [14].

0.5 mm cutouts were made in the material, leaving 0.5 mm

slits. The cutouts end at the base of the serration. The same

slit dimensions were used in the hybrid design.

Figure 2 shows a schematic of the experiment setup, along

with the microphone array and its location with respect to the

test section. The distribution of the 64-microphone array is

also shown. It follows a multi-arm logarithmic spiral config-

uration [23,26] with a diameter of 0.9 m.

The center microphone of the array was aligned with the

middle point of the trailing edge (for the case with α = 0◦).

The distance from the array plane to the airfoil trailing edge

(r0 in Fig. 2) varied between 1.05 and 1.26 m. The beam-

forming method accounts for the distance, and a reference

distance of 1 m was used to present the results in the remain-

der of this paper. To further avoid unwanted sources of noise,

the airfoil leading edge was located 0.5 m from the wind tun-

nel nozzle and the side-plate edges.

The spatial resolution �R (i.e., the minimum distance at

which two different sound sources can be separated) of the

phased microphone array can be estimated using Rayleigh’s

criterion with the following equation

�R ∼ Y tan
(

1.22
c

f D

)

. (1)

where Y is the distance from the array plane to the scan

plane, c is the sound speed, f is the sound frequency, and

D is the array diameter. This parameter limits the lowest

frequency that can be analyzed. In this experiment, a fre-

quency of 800 Hz was considered as a lower limit to avoid

the influence of extraneous noise sources coming from the

wind tunnel system.

A sampling frequency of 50 kHz and a recording time

per measurement of 60 s were employed. To calculate the

ensemble average of the cross-spectral matrix, the acous-

tic data were averaged using time blocks of 2048 samples

(�t = 40.96 ms) for each Fourier transform and a Hanning

window with 50% data overlap. With these parameter values,

the frequency resolution is 24.41 Hz and the expected error

[9] in the estimate for the cross-spectrum was 2.6%.

For beamforming, a scan grid covering the expected area

of noise generation was selected, ranging from z = −0.22 m

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

to x = 0.2 m in the streamwise direction, according to the

axes defined in Fig. 2, with a distance between grid points of

1 mm. Thus, the resulting grid size is 441 × 501.

Each microphone was previously calibrated using a pis-

tonphone, and the array was tested by using tonal sound

generated with a speaker at a known position emitting at

several single frequencies. The signal-to-noise ratio (SNR)

of this setup was found to be between 10 and 24 dB for the

frequency range of interest 1–5 kHz for all cases.

The shear layer effect in the acoustic measurements [1]

was considered negligible because of the small angle (<10◦)

between the center of the array and the scan area of interest

and the considerably low freestream velocities employed in

this experiment [27].

3 Measurement Methodology

For this paper, delay-and-sum beamforming, also known as

conventional frequency domain beamforming [18,29], was

applied to the acoustic data, due to its simplicity, robustness

and low computational cost.

Since TBL-TE noise is assumed to be a distributed sound

source, the source maps were integrated over an area extend-

ing from z = −0.1 m to z = 0.1 m and from x = −0.06 m to

x = 0.06 m (see Fig. 4). This region was selected to reduce

the contribution from extraneous sound sources, while still

containing a representative part of the trailing edge noise

[25].

The beamforming results in that region were further nor-

malized by the value of the integral of a simulated line source

of monopoles of unitary strength placed horizontally at the

trailing edge position (x = 0 m and from z = −0.1 m to

z = 0.1 m), evaluated within the same area. This method

was proposed by Sijtsma [30], and it is a similar approach as

the covariance matrix fitting algorithm [31,32] applied to the

source power integration technique [29]. This method was

proven to provide very accurate results in the array methods

benchmark [28] for a simulated line source heavily contam-

inated with background noise. In addition, for this paper, the
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Fig. 4 One-third octave band (3150 Hz) beamforming source plot for

the straight edge airfoil with U∞ = 40 m/s and α = 0◦. The solid

black line represents the airfoil position, and the dashed black line the

integration region

main diagonal of the cross-spectral matrix was deleted to

reduce the influence of incoherent background noise.

This integration process was then repeated for each fre-

quency of interest to obtain the acoustic frequency spectra of

the trailing edge for the different serrations configurations.

4 Results

The integrated sound pressure level (SPL) at a reference dis-

tance of 1 m of the four serrated geometries and the straight

edge is observed in Fig. 5. The three investigated freestream

velocities are shown for α = 0◦. Additionally, the back-

ground noise is added as reference. The noise reduction by

all four serrations is evident.

To better illustrate the levels of noise reduction obtained,

the same data are presented relative to the straight edge

in Fig. 6. A positive �SPL represents a reduction in

noise.

Reduction levels of up to 8 dB are achieved by the hybrid

serrations. Serrations Sr20 perform similar, exhibiting only

slightly lower reduction levels. The short serrations, Sr10,

perform about 2 dB worse across the observed spectrum.

The slitted design proves to be most inefficient, especially at

frequencies below 2.5 kHz. This result disagrees with what

has been observed in [14], where this design performed sim-

ilar or better than the equivalent solid serration design. It

should be noted that the airfoil used in [14] was not symmet-

ric.

Fig. 5 Absolute integrated SPL

for the four serrated geometries

and the straight edge at α = 0◦

Fig. 6 Relative integrated SPL

for the four serrated geometries

with respect to the straight edge

at α = 0◦
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Fig. 7 Relative integrated SPL

for the four serrated geometries

with respect to the straight edge

at α = 12◦

The reduction level trends vary moderately across the

investigated velocities, showing some slight degradation at

lower frequencies.

The results at α = 12◦, shown in Fig. 7, exhibit a

weakened noise reduction performance for all the serration

designs. Sr20 and hybrid remain as the designs that reduce

most noise, topping almost at 6 dB. Negligible trend differ-

ences are again observed with increasing velocity, suggesting

that the noise reduction performance is only weakly affected

by it.

5 Discussion

All investigated serration designs provided a reduction of the

noise compared to the straight edge. Differences between

them were nevertheless observed.

In the current experiment, the serrations were investigated

at a zero flow incidence, in the α = 0◦ case. This was

achieved by using a symmetric airfoil and no serration flap

angle. The same flow conditions were thereby attained over

the upper and lower serration sides.

Under these conditions, only small or negligible differ-

ences have been found in the mean boundary layer features

over the Sr20 and the slitted serrations [3]. It is suggested

therefore that the poor noise reduction achieved with the slit-

ted serrations, compared to Sr20, is likely explained from a

standpoint of the scattering efficiency reduction by the geo-

metrically modified edge.

An argued intent of the serrations is to avert a trailing

edge design which is perpendicular to the flow direction,

thereby alleviating the impedance discontinuity at the edge

[8,16,20]. The slitted serration design nevertheless retains a

strong impedance change at the location where the slits origi-

nate, where it preserves 50% of the wetted edge of the straight

trailing edge. It has been furthermore shown that at this loca-

tion the intensity of the acoustic source term is larger [7],

possibly having a more critical effect on noise. It is therefore

likely that this design feature fails to achieve the intended

relaxation of the impedance discontinuity. The hybrid ser-

rations instead successfully recover the alleviation of that

discontinuity, even outperforming Sr20 in noise reduction at

around 1.8 kHz.

The performance of the hybrid design suggests that the

slits are indeed not an unwanted feature, but they need to be

carefully integrated into a proper design. It is further interest-

ing to note that, despite that the hybrid design has the same

solid serration contour as Sr10 (see Fig. 1), it consistently

reduces more noise than the former, especially in the central

frequency range that has been observed.

At α = 12◦ the relative noise reduction trends of the

different designs remain similar, with the Sr20 and hybrid

serrations being most effective, although by a lesser degree.

It is worth noting that the mean flow in the boundary

layer is known to be heavily modified by the solid serra-

tion when serration-flow misalignment is prescribed [2,6,7].

Strong streamwise vortical structures have been observed

originating from the serration edges, and increased turbu-

lence activity has been measured at the pressure side near

them [4]. The turbulent structures near the edges are there-

fore significantly modified and are vastly different on the

upper and lower serration sides. Despite this, noise reduction

is still observed by up to 4 dB, reinforcing the hypothesis that

a crucial factor to achieve noise reduction remains the allevi-

ation of the impedance discontinuity, which is still obtained

despite the introduction of serration-flow misalignment and

important modifications to the flow.

Slitted serrations, on the other hand, have been shown to

exhibit less large-scale mean flow modification [3], likely

due to its permeability, allowing an alleviation of the pres-

sure difference between the upper and lower sides of the

serrations. Avoiding the observed flow modification of the

solid serrations does not appear therefore to be an advantage

for improving noise reduction, without an effective relief of

the impedance discontinuity.
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Instead, the hybrid serrations, which already appeared to

have a more efficient modification of this discontinuity in the

α = 0◦ case, recover again the levels of noise reduction of

Sr20. Improvement is observed between around 1 and 2 kHz,

while the effect appears to lose effectiveness for frequencies

close to 5 kHz. A detailed flow study may reveal the reason

for this, but remains otherwise unexplained at this point.

The difference between the noise reduction observed here

for the slitted serrations and that observed in [14] can be

related to the difference between the investigated airfoil and

the material used for manufacturing the serrations. The use

of a significantly cambered airfoil in [14] is an important

departure from the research conducted here, where equivalent

flow conditions over the upper and lower serration sides are

enforced by the use of a symmetric airfoil at α = 0◦. Further-

more, while the dimensions of the serration and the slits were

comparable, the material was different. In the present case, a

1-mm-thick steel sheet was used, while [14] reportedly uses

stiff cardboard. Ultimately, while some detailed flow mea-

surements of the slitted serrations used here are available in

[3], no similar information is found regarding the serrations

of [14]. As a consequence, it remains difficult to formulate

an explanation to why such differences were found between

the two experiments without having more information about

the disparities in the boundary layer flow and general flow

topology.

6 Conclusions

The noise reduction of several serration designs has been

investigated with respect to the unmodified trailing edge of

a NACA 0018 airfoil. Several flow velocities and angles of

attack were prescribed, and a reduction in the noise was con-

firmed for all the serrations.

Differences in the reduction levels were nevertheless

observed. The slitted serrations exhibit the lowest reduction,

while the hybrid and Sr20 design the highest.

The observations imply that the design of serrations should

focus on the alleviation of the impedance discontinuity at the

trailing edge, which is suggested to be the primary mech-

anism to obtain noise reduction. Further benefits may be

obtained from beneficially modifying the flow or pressure

properties near the edge.

Designs such as the hybrid serrations might be an inter-

esting alternative to the traditional serration design. The

significant reduction of TBL-TE noise is supplemented by

a smaller wetted surface, compared to solid serrations with

a similar noise reduction (Sr20, in this case). This is likely

to have a lower impact to the aerodynamic performance of

the airfoil on which the serrations are installed, a desirable

feature for their use in some industrial wind turbine applica-

tions.
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