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Abstract

This paper presents an experimental study on
the noise reduction potential of sawtooth trail-
ing edge serrations at low-to-moderate Reynolds
number (1.6× 105 < Rec < 4.2× 105, based on
chord). The noise radiated by flat plates with
both straight and serrated trailing edges has been
measured in an anechoic wind tunnel at the Uni-
versity of Adelaide. The trailing edge serrations
were found to reduce narrowband noise levels by
up to 13 dB. The straight and serrated trailing
edge far-field acoustic spectra are scaled accord-
ing to existing theory and compared to predic-
tions of trailing edge noise obtained using cur-
rent semi-empirical methods. In addition, ve-
locity spectra measured in the trailing edge near
wake region using hot-wire anemometry are re-
lated to the far-field noise measurements to give
further insight into the serration noise reduction
mechanism.

1 Introduction

Airframe noise has been identified as one of the
major sources of noise during aircraft approach
and landing [1]. As aircraft noise standards be-
come more stringent, airframe noise and in par-
ticular airfoil trailing edge noise, will need to be
significantly attenuated. Trailing edge noise is
also considered to be a significant noise source
for fans, wind turbines and underwater vehicles

[2, 3]. This type of flow-induced noise is pro-
duced by the interaction of turbulent eddies with
a sharp trailing edge resulting in the radiation of
acoustic energy.

A reduction in trailing edge noise can be
achieved by modifying trailing edge geometry
so that boundary layer vorticity is scattered into
sound with reduced efficiency. Various passive
trailing edge modifications such as porous edges
[4], brush or comb type extensions [5, 6], shape
optimisation [7] and trailing edge serrations have
been investigated as a means of reducing trailing
edge noise. Trailing edge serrations have been
shown both theoretically [8, 9] and experimen-
tally [10]-[16] to significantly attenuate the trail-
ing edge noise radiated into the far-field. The
majority of experimental studies on trailing edge
serrations have been conducted on full scale wind
turbine blades or wind tunnel scale airfoil models
at high Reynolds numbers (Rec > 5×105, based
on chord) [10, 12, 14, 15]. These studies have re-
ported that trailing edge serrations reduce broad-
band noise levels by up to 7 dB at low frequen-
cies and produce a high frequency noise increase
of ∼ 2 dB.

The physical mechanisms by which trailing
edge serrations reduce trailing edge noise are not
yet fully understood. In addition, design rules
and empirical scaling laws for trailing edge serra-
tions that relate their noise signatures to Reynolds
number and boundary-layer flow properties still
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need to be derived from experimental data if trail-
ing edge serrations are to be used in practice.

This paper focuses on the noise reduction po-
tential of trailing edge serrations applied to a
flat plate at low-to-moderate Reynolds number
(1.6× 105 < Rec < 4.2× 105). This experimen-
tal study has relevance to applications employing
small sized airfoils such as small scale wind tur-
bines, unmanned air vehicles (UAVs) and com-
puter and automotive fans, all of which operate at
lower Reynolds numbers. The aim of this study
is (1) to evaluate acoustic scaling laws for trail-
ing edge serrations to clarify the relationship be-
tween noise and Reynolds number and trailing
edge flow properties, and (2) to investigate how
serrations affect noise production at the trailing
edge.

2 Experimental method

2.1 Anechoic wind tunnel facility

Experiments were performed in the anechoic
wind tunnel at the University of Adelaide. The
anechoic wind tunnel test chamber is 1.4 m ×
1.4 m × 1.6 m (internal dimensions) and has
walls that are acoustically treated with foam
wedges providing a near reflection free environ-
ment above 250 Hz. The facility contains a con-
traction outlet that is rectangular in cross-section
with dimensions of 75 mm x 275 mm. The maxi-
mum flow velocity of the free jet is ∼ 40 m/s and
the free-stream turbulence intensity at the con-
traction outlet is 0.33% [17].

2.2 Test model

The flat plate model used in this study is com-
posed of a main steel body and a detachable trail-
ing edge plate made from brushed aluminum, as
shown in Fig. 1 (a). The main body has a span
of 450 mm and a thickness of 5 mm. The lead-
ing edge (LE) of the main body is elliptical with
a semi-major axis of 8 mm and a semi-minor axis
of 2.5 mm while the trailing edge (TE) is asym-
metrically bevelled at an angle of 12◦. Three 0.5
mm thick trailing edge plates were used (one at a
time) as shown in Fig. 2 (a): one with a straight,

unserrated configuration and two with serrations.
The flat plate model with the straight unserrated
trailing edge is used as the reference configura-
tion for all tests and so will be referred to as the
reference plate hereafter. Two different serration
geometries are compared in this study, both with
root-to-tip amplitude of 2h = 30 mm: one with
a wavelength of λ = 3 mm (λ/h = 0.2, termed
narrow serrations) and the other with λ = 9 mm
(λ/h = 0.6, termed wide serrations). The two ge-
ometrical parameters h and λ are defined in Fig. 1
(b). As shown in Fig. 2 (b), the root of the serra-
tions is aligned with the trailing edge of the main
body so that only the serrated component of the
trailing edge plate is exposed to the flow. The
area of the reference plate is equivalent to that of
the flat plate with serrated trailing edges giving
the same effective wetted surface area in all three
test cases. The serrated and reference plate mod-
els all have a mean chord of 165 mm.

The trailing edge plate is fastened to the main
body with 24 M2 × 0.4 screws. These screws
protruded slightly (< 0.4 mm) into the flow be-
low the lower flat surface of the plate model;
however, this was consistent for all three plate
configurations. Hot-wire measurements within
the boundary layer on the lower flat surface of the
plate downstream of the screws confirmed that
any flow disturbances created at the screws dis-
sipated well before the trailing edge. The method
of trailing edge attachment used in this study
avoids bluntness at the root of the serrations that
may produce vortex shedding and a tonal noise
component. The flat plate model was held be-
tween two side plates and attached to the contrac-
tion at zero angle of attack as shown in Fig. 2 (b).
The span of the flat plate models extends beyond
the width of the contraction outlet (see Fig. 2 (b))
to eliminate the noise produced by the interaction
of the side plate boundary layers with the model
leading edge.

2.3 Acoustic and velocity measurements

Acoustic measurements were recorded at a sin-
gle observer location using a B&K 1/2" micro-
phone (Model No. 4190) located 554 mm di-
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(b) Sawtooth serrations at the trailing edge of a flat plate
with root-to-tip amplitude of 2h and wavelength of λ.

Fig. 1 : Schematic diagram of the flat plate model
with trailing edge serrations.

rectly below the trailing edge of the reference
plate. Hot-wire anemometry was used to obtain
unsteady velocity data in the wake of the serrated
and reference plate models. A TSI 1210-T1.5
single wire probe with wire length of L = 1.27
mm and a wire diameter of d = 3.81 µm was
used in experiments. The sensor was connected
to a TSI IFA300 constant temperature anemome-
ter system and positioned using a Dantec auto-
matic traverse with 6.25 µm positional accuracy.
The traverse allowed continuous movement in the
streamwise (x), spanwise (y) and vertical (z) di-
rections. The co-ordinate system used in this
study is shown in Fig. 1 (b). The origin of the
co-ordinate system is located at centre span at the
root of the trailing edge serrations.

Experiments were conducted at free-stream
velocities between U∞ = 15 and 38 m/s corre-
sponding to Reynolds numbers, Rec = 1.6× 105

(a) Trailing edge plates. Top: straight unserrated trailing
edge (reference), middle: narrow serrations with λ = 3 mm,
bottom: wide serrations with λ = 9 mm.

(b) The flat plate model with wide trailing edge serrations
held between the side plates and attached to the contraction
outlet.

Fig. 2 : The trailing edge plates and the flat plate
model in situ.

and 4.2 × 105, respectively. Acoustic and flow
data were recorded for each flat plate model us-
ing a National Instruments board at a sampling
frequency of 5×104 Hz for a sample time of 8 s.

3 Experimental results

3.1 Acoustic measurements for the reference
plate with straight trailing edge

Before investigating the noise reduction effects of
trailing edge serrations in Section 3.2, the noise
produced by the reference plate with straight
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trailing edge is examined in this section.
Figure 3 shows the far-field acoustic spec-

tra for the reference plate with a straight trailing
edge at free-stream velocities between U∞ = 15
and 38 m/s. The spectra in this figure follow a
clear trend with broadband noise levels decreas-
ing with a reduction in flow velocity. This is par-
ticularly evident at lower frequencies (< 1 kHz)
where higher noise levels are measured. In addi-
tion, a broad peak is observed in the noise spectra
at high frequencies (e.g. at 8.5 kHz for U∞ = 38
m/s). This peak reduces in frequency and ampli-
tude with decreasing flow speed and is attributed
to vortex shedding from the trailing edge.

According to Blake [2], narrowband blunt
trailing edge vortex shedding noise is negligi-
ble if the trailing edge is sufficiently sharp such
that bluntness parameter h/δ∗ < 0.3 where h is
the thickness of the trailing edge and δ∗ is the
boundary layer displacement thickness. While
the boundary layer properties have not been di-
rectly measured in this study, they can be ap-
proximated using the expressions for a turbulent
boundary layer at zero pressure gradient on a flat
plate as follows [18]

δ = 8δ
∗, and (1)

δ

c
=

0.37

Re1/5
c

, (2)

where δ is the boundary layer thickness and c is
the plate chord. The boundary layer properties
for the reference plate at flow speeds between
U∞ = 15 and 38 m/s calculated using Eqns. (1)
and (2) are given in Table 1. As shown in this
table, the bluntness parameter h/δ∗ is well above
0.3 for all free-stream velocities between U∞ =
15 and 38 m/s indicating that narrowband noise
contributions due to blunt trailing edge vortex
shedding can be expected.

For an idealized (non-compact) semi-infinite
flat plate of zero thickness, the amplitude of the
radiated trailing edge noise scales proportionally
with M5, where M is the free-stream Mach num-
ber [19]. The one-third-octave band spectra for
the reference plate at flow speeds between U∞ =

Table 1: Flat plate boundary layer properties be-
tween U∞ = 15 and 38 m/s.

U∞, m/s δ, mm δ∗, mm h/δ∗
38 4.7 0.53 0.84
35 4.8 0.60 0.82
30 5.0 0.62 0.80
25 5.2 0.64 0.77
20 5.4 0.67 0.74
15 5.7 0.71 0.70

Fig. 3 : Far-field acoustic spectra for the refer-
ence plate at U∞ = 15 - 38 m/s.

15 and 38 m/s are normalised by M5 in Fig. 4:

Lp1/3 scaled1 = Lp1/3 −50log10(M), (3)

where Lp1/3 is the far-field acoustic spectra in
one-third-octave bands. The frequency of trail-
ing edge noise is expected to scale according to
f ∼ U∞/l, where l is the characteristic length
scale. In Fig. 4, trailing edge thickness, h, is
used as the characteristic length scale and the nor-
malised one-third-octave band spectra for the ref-
erence plate are plotted against Strouhal number
based on trailing edge thickness, Sth = f h/U∞.

Figure 4 shows that an M5 power law gives a
good collapse of the reference plate noise spec-
tra between U∞ = 15 and 38 m/s. Spectral data
that are originally spread by almost 40 dB are col-
lapsed to within 7 dB. The one-third-octave band
noise levels of the reference plate therefore in-
crease according to an M5 power law.

Figure 4 shows that at flow speeds between
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U∞ = 15 and 38 m/s, vortex shedding noise con-
tributions occur at a Strouhal number of Sth =
0.08−0.11. This is in good agreement with sev-
eral other studies on flat plate trailing edge noise
[20, 21, 5].

Fig. 4 : Normalised one-third octave band acous-
tic spectra for the reference plate scaled with
M5 with h as the characteristic length scale at
U∞ = 15 - 38 m/s.

Boundary layer displacement thickness, δ∗, is
commonly considered the most relevant scaling
parameter for trailing edge noise [20]. The one-
third-octave band spectra for the reference plate
at flow speeds between U∞ = 15 and 38 m/s are
normalized by both M5 and δ∗ in Fig. 5 (a):

Lp1/3 scaled2 =Lp1/3−50log10(M)−10log10(δ
∗),

(4)
and δ∗ is used as the characteristic length scale.
The spectra in Fig. 5 (a) coalesce to within 6
dB and the vortex shedding noise peak occurs
at St∗

δ
≈ 0.13 for all flow speeds between U∞ =

15 and 38 m/s. This excellent scaling with the
parameter δ∗ is expected given that the source
of trailing edge noise is the turbulent flow field
about the trailing edge and δ∗ is a property of the
flow field within the source area.

The BPM model developed by Brooks et al.
[21] is a commonly used semi-empirical predic-
tion method for estimating airfoil self-noise. The
BPM model was derived from existing theory and
aeroacoustic data for NACA0012 airfoil mod-
els at a wide range of Reynolds numbers. The

(a) Reference plate.

(b) Plate with wide serrations.

(c) Plate with narrow serrations.

Fig. 5 : Normalised one-third octave band acous-
tic spectra for the reference plate and the plate
with trailing edge serrations scaled with M5 and
δ∗ with δ∗ as the characteristic length scale at
U∞ = 15 - 38 m/s.
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one-third-octave band spectra for the reference
plate are compared to the noise spectra predicted
with the BPM model in Fig. 6 (a). In this fig-
ure, boundary layer displacement thickness, δ∗,
is used as the characteristic length scale and the
noise spectra predicted with the BPM model have
been calculated using NAFNoise [22] (NREL
AirFoil Noise) at equivalent conditions to those
used in experiments here. While there are signif-
icant differences in the spectral shape and level at
low frequencies (Std∗ < 0.05), the BPM model is
in fairly good agreement with experimental data
when Std∗ > 0.05. Poor predictions at low fre-
quencies can be attributed to the fact that the
BPM model was derived from experimental data
that was at times truncated at low and high fre-
quencies. This truncation was done to eliminate
the influence of extraneous noise sources that
were expected to significantly affect the noise
levels in the low and high frequency regions. Ex-
amining the results of Brooks et al. [21] shows
that experimental data used in the derivation of
the BPM model at zero angle of attack is well
predicted at high Reynolds numbers but under-
predicted in the low frequency region at low
Reynolds numbers. It is also worth noting that
the low frequency experimental data in this study
has been analysed differently to that used in de-
velopment of the BPM model so differences are
expected between the model and experimental
data at low frequencies.

3.2 Acoustic measurements for the plate
with trailing edge serrations

Figure 7 shows the narrowband far-field acous-
tic spectra for the reference plate and the two
plates with trailing edge serrations at free-stream
velocities of U∞ = 15 and 38 m/s. The back-
ground noise spectra are also shown in this fig-
ure for comparison. Figure 7 clearly shows that
both serration geometries are effective in reduc-
ing the high frequency trailing edge vortex shed-
ding noise component. Reductions of up to 13 dB
are achieved at frequencies where trailing edge
vortex shedding noise is dominant (e.g. at 8.5
kHz for U∞ = 38 m/s).

(a) Reference plate.

(b) Wider serrations

Fig. 6 : One-third octave band acoustic spectra
for the reference plate and the plate with wide
serrations compared to the BPM model with δ∗

as the characteristic length scale at U∞ = 15 - 38
m/s.

Figure 8 shows the attenuation achieved with
the trailing edge serrations at flow speeds be-
tween U∞ = 15 and 38 m/s in one-third-octave
bands. In this figure, boundary layer displace-
ment thickness, δ∗, is used as the characteristic
length scale. Figure 8 shows that the attenuation
achieved with trailing edge serrations collapses
to within 3 dB over a wide range of frequencies
when the characteristic length scale is δ∗. Both
trailing edge serration geometries are observed
to achieve a significant reduction in vortex shed-
ding noise contributions at St∗

δ
≈ 0.13 and a mi-

nor noise reduction in the low frequency broad-
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(a) U∞ = 38 m/s.

(b) U∞ = 15 m/s.

Fig. 7 : Far-field acoustic spectra for the refer-
ence plate and the plate with trailing edge serra-
tions compared to background noise levels.

band noise. The wide serrations attenuate broad-
band noise levels by up to 3 dB at low frequen-
cies (St∗

δ
< 0.03) and significantly attenuate the

trailing edge vortex shedding noise component
(at St∗

δ
≈ 0.13) by up to 8 dB. Narrow serrations

slightly reduce broadband noise levels by up to
2 dB at low frequencies (St∗

δ
< 0.015) and pro-

duce a significant noise reduction of up to 8 dB
in the trailing edge vortex shedding noise compo-
nent (at St∗

δ
≈ 0.13). Unlike wide serrations, the

narrow ones have an adverse effect on the noise
in the mid frequency region, producing a noise
increase of up to 3 dB at 0.015 < St∗

δ
< 0.08.

Figure 8 shows that flow velocity has a mea-
surable effect on the noise reduction potential of

trailing edge serrations. The maximum noise re-
duction is achieved at higher flow speeds with the
attenuation level gradually reducing with a de-
crease in flow speed. Comparing Figs. 8 (a) and
(b) shows that the wide serrations clearly outper-
form the narrow ones by achieving higher levels
of low frequency attenuation over a larger fre-
quency range and no noise increase in the mid
frequency region.

(a) Wide serrations.

(b) Narrow serrations.

Fig. 8 : One-third octave band attenuation
achieved with the trailing edge serrations with δ∗

as the characteristic length scale at U∞ = 15 - 38
m/s.

The one-third-octave band acoustic spectra
for the flat plate with trailing edge serrations at
flow speeds between U∞ = 15 and 38 m/s are
normalized by M5 and δ∗ in Figs. 5 (b) and (c).
In this figure, the one-third-octave band spectra
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have been normalized according to Eq. (4) and δ∗

is used as the characteristic length scale. For both
serration geometries, the spectra are observed to
collapse within 6 dB. The far-field noise pro-
duced by the serrated trailing edges therefore in-
creases with M5 in accordance with trailing edge
theory and scales in the same way as the noise
radiated by the straight trailing edge.

The one-third-octave band spectra for the flat
plate with wide serrations are compared to the
noise spectra predicted with the BPM model
[21] in Fig. 6 (b). This figure shows that again
the BPM model significantly underpredicts noise
levels in the low frequency region (Std∗ < 0.05).
At high frequencies (Std∗ > 0.05) however, where
the greatest noise reductions are measured, the
BPM model overpredicts the noise produced by
the serrated trailing edge and this becomes more
evident as the flow speed is reduced. A similar
result is observed when the spectra for the flat
plate with narrow serrations are compared with
the BPM model.

3.3 Wake velocity spectra

As the turbulent flow field about the trailing edge
is the source of trailing edge noise, velocity spec-
tra measured in the very near wake of the straight
and serrated trailing edges are examined in this
section to gain insight into the serration noise re-
duction mechanism.

Figure 9 shows the narrowband velocity spec-
tra measured at centre span in the near wake of
the flat plate model with straight and serrated
trailing edge at free-stream velocities of U∞ = 15
and 38 m/s. In this figure, the reference plate
spectra have been measured at x/c = 0.1, z/c = 0
which corresponds to a position 1 mm down-
stream of the straight trailing edge. The ser-
rated trailing edge spectra have been measured
at x/c = 0.19, z/c = 0 which corresponds to a
position 1 mm downstream of the serrated trail-
ing edge and ‘tip’ refers to position downstream
of the tip of a single serrated tooth while ‘valley’
refers to a position in the space mid-way between
two serrated teeth.

The velocity spectra at U∞ = 38 m/s in Fig. 9

(a) all show high energy at frequencies below 500
Hz, consistent with the high levels of low fre-
quency trailing edge noise in Fig. 7 (a). This
low frequency energy is likely due to eddies or
convected perturbations in the flow. High energy
velocity fluctuations are not observed at low fre-
quencies in the velocity spectra at U∞ = 15 m/s
(see Fig. 9 (b)). Similarly, the acoustic far-field
spectra do not display an excess in energy below
500 Hz (see Fig. 7 (b)).

At both U∞ = 15 and 38 m/s, the velocity
spectra for the reference plate in Fig. 9 show a
broad high frequency peak at the same frequen-
cies as the peak in the reference plate noise spec-
tra (see Fig. 7). This supports the theory that vor-
tex shedding at the trailing edge is the source of
the broad high frequency peak in the reference
plate noise spectra. No high frequency peak is
observed in the spectra for the serrated trailing
edges. This agrees with the noise spectra in Fig. 7
which show that serrations attenuate the vortex
shedding noise component. Trailing edge serra-
tions therefore reduce trailing edge vortex shed-
ding noise by suppressing vortex shedding from
the trailing edge. This indicates that trailing edge
serrations reduce this trailing edge noise compo-
nent by changing the behaviour of the hydrody-
namic field at the source location.

4 Conclusion

This paper has presented results of an experimen-
tal investigation on the noise produced by trail-
ing edge serrations. Trailing edge serrations were
found to minimise broadband noise levels at low
frequencies by up to 3 dB and achieve signifi-
cant attenuation of up to 13 dB in blunt vortex
shedding noise contributions at high frequencies.
The noise levels produced by both the straight
and serrated trailing edge increase with M5 in ac-
cordance with trailing edge theory. In addition,
the noise spectra for both the straight and serrated
trailing edge were found to scale well with trail-
ing edge boundary layer displacement thickness.

Experimental results presented in this paper
suggest that the noise reduction capability of
trailing edge serrations is related to their influ-
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(a) U∞ = 38 m/s.

(b) U∞ = 15 m/s.

Fig. 9 : Trailing edge velocity spectra for the ref-
erence plate and the plate with trailing edge ser-
rations.

ence on the hydrodynamic field at the source lo-
cation. To verify this hypothesis, a more compre-
hensive acoustic and flow dataset is required.
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