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Abstract 
Besides the investigation of the aeroacoustics responses of an asymmetric aerofoil subjected to serrated trailing edge flap 
angles from negative (flap-down) to positive (flap-up), this paper also provides a new perspective on the physical mecha-
nisms of broadband noise reduction by a serrated trailing edge. The blade-loading effect, which is a function of the length 
and flap angle for a straight/non-serrated trailing edge flat plate, plays a considerable role in the self-noise radiation that is 
hitherto less recognised. When the same trailing edge flat plate is cut into a sawtooth serration shape, the self-noise reduc-
tion will be underpinned simultaneously by both the serration effect (dominant) and the blade-loading effect. The results 
demonstrate that the far-field radiation of a serrated aerofoil can be manipulated significantly depending on the direction of 
the flap angle. In the flap-down configuration, the blade-loading will become a negative factor that causes a deterioration of 
the noise reduction performance across the entire frequency range. In the flap-up configuration, three spectral frequencies 
zones can be defined. At the low-frequency zone, the diminished cross-flow at the sawtooth gaps will impede the noise reduc-
tion capability. At the central-frequency zone, the re-distribution of the turbulence sources and reduction in the turbulence 
spanwise length scales will enhance the noise reduction performance. Improvement in the noise performance can also be 
achieved at the high-frequency zone owing to the lack of interaction between the cross-flow and sawtooth structure. A new 
concept is positively demonstrated by varying the serration flap angle as a periodic function across the spanwise direction 
(spanwise wavy serration). When compared to a non-flap serrated trailing edge, the spanwise wavy serration is found to 
further increase the noise reduction level between the central and high-frequency regions.
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Graphic abstract

1  Introduction

Self-noise emitted from the trailing edge of an aerofoil blade 
represents a major environmental and operational issue in 
the aviation, wind turbine and home appliance industries. 
There have been continuous efforts in the research com-
munity to develop new flow control methods to improve 
the level of reduction for the trailing edge self-noise. For 
example, Liu et al. (2019) employ trailing edge flap on their 
aerofoil to mitigate the stall noise. One of the most com-
monly used methods to reduce the turbulent boundary layer 
trailing edge noise of aerofoil is inspired by the owl’s wing. 

The unique feature of trailing edge sawtooth serrations has 
been successfully demonstrated in wind tunnel experiments 
with broadband noise reduction typically up to 8 dB (Gruber 
et al. 2011). Also, reduction in trailing edge noise has been 
witnessed through the addition of serrations on a real size 
wind turbine blade by Oerlemans et al. (2009) and Hurault 
et al. (2015). Although noise reductions were found to be 
lower than that obtained under laboratory conditions, they 
still observe overall sound power level reductions on the 
wind turbine blade up to about 3 dB.

In the early 2010s, Gruber et al. (2011) and Moreau and 
Doolan (2013) investigate experimentally the influence of 
different parameters on the noise reduction performance of 
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flat plate serrations inserted into a cambered aerofoil and 
flat plate, respectively. After a comprehensive experimental 
study on many sawtooth geometries, Gruber et al. (2011) 
establish that significant noise reduction can be achieved if 
two conditions are fulfilled. As depicted in Fig. 1 for a con-
ventional serration geometry S�0 , the first is when the serra-
tion length H is of the same order as the turbulent boundary 
layer thickness near the trailing edge. The second is when 
the serration half angle �  (also the serration wavelength � ) 
is small, giving the appearance of a sharp sawtooth. These 
conditions generally agree well with the recommendation 
given by Howe (1991). The same observation for the ser-
ration length and serration wavelength is also reported by 
Chong et al. (2013), who investigate several non-flat plate 
type serrated trailing edges.

Gruber et al. (2011), Chong and Vathylakis (2015) and 
Avallone et al. (2016) employ various experimental tech-
niques to visualise the three-dimensional flow in the vicinity 
of the trailing edge serrations. Gruber et al. (2011) employ 
smoke visualisation technique at the vicinity of their serrated 
trailing edge, where prominent cross-jet is observed across 
the sawtooth gaps. They suggest that the interaction between 
the cross-jet and the sawtooth geometry could cause a noise 
increase at high-frequency. The cross-jet across the sawtooth 
gaps is also inferred by Chong and Vathylakis (2015) as a 
source to trigger the vortical structures at the vicinity of the 
sawtooth oblique edge to interact with the local turbulent 
boundary layer. Such viscous and inviscid interaction will 
re-distribute the momentum and turbulent shear stresses 
along the sawtooth edges and tips and reduce the acoustical 
scattering efficiency of the hydrodynamic pressure fluctua-
tion into noise. The phenomenon of flow mixing between 
the turbulent boundary layer and pressure-driven vortical 
structure (Chong and Vathylakis 2015) is also evidenced by 
Jones and Sandberg (2012), Moreau et al. (2016) and Aval-
lone et al. (2016). Employing the volumetric particle image 
velocimetry technique, Avallone et al. (2016) demonstrate 
pairs of counter-rotating streamwise-oriented vortical struc-
tures in the space between the serrations, which are driven 
by the mean pressure difference between the suction and the 
pressure sides of the aerofoil. These structures cause a fun-
nelling effect that acts to distort the mean flow that causes 

a local variation in the effective angle seen by the turbulent 
flow approaching the serration edges, resulting in higher sur-
face pressure fluctuations at the root compared with the tip.

The noise performance of a serrated trailing edge can 
also be influenced by a third sawtooth geometrical variable, 
which has hitherto received little attention. This geometrical 
variable is the flap angle ( � ), or inclination angle relative to 
the aerofoil camber line of the serrated flat plate, as illus-
trated in Fig. 1 on a NACA 65(12)–10 aerofoil. When the 
serration flat plate or element of the sawtooth is deflected 
“upward” with relative to the zero flap angle, a positive flap 
angle �P is produced. Likewise, a “downward” deflection of 
the serration flat plate will produce a negative �N . This sign 
convention is adopted throughout the paper here. As will be 
shown later, varying the flap angle of the serrated flat plate 
can produce considerably different noise performances. This 
has considerable ramification for industrial blades, such as 
the wind turbine. This is because wind turbine blades that 
adopt the serration technology can be very susceptible to 
the misalignment between the incoming flow angle and the 
serration flap angle.

The change in noise characteristics by serrated trailing 
edge with flap angle could be attributed to two possible 
mechanisms. The first is related to the change in global flow 
field around the aerofoil when introducing a flap angle to the 
serrated flat plate. The different blade-loading will almost 
certainly affect the growth of boundary layers, thereby 
resulting in different trailing edge self-noise characteristics. 
Oerlemans et al. (2009) and Dassen et al. (1996) suggest that 
flap angle at the serrated trailing edges is the cause for the 
increase in high-frequency noise, as the serrations are mis-
aligned with the flow in the wake of the aerofoil. The second 
mechanism is considered as more localised. As discussed 
earlier, serration sawtooth without flap angle can already 
create a substantial level of three-dimensional flow at the 
trailing edge to reduce the noise scattering efficiency. It is 
anticipated that introducing a flap angle to the serrated flat 
plate will enhance the three-dimensionality of the flow fields 
at region close to the trailing edge, thereby further affecting 
the self-noise radiations.

Acre León et al. (2016) study a combined effect of aero-
foil angles of attack and serration flap angles (flap-down 

Fig. 1   Geometric parameters of 
the baseline and serrated trailing 
edge flat plates for the NACA 
65(12)-10 cambered aerofoil: 
serration amplitude (H), ser-
ration wavelength ( � ) and flap 
angle ( � ). The figure contains 
some examples of the serration 
with positive flap angle ( S�P10 ) 
and negative flap angle ( S�N10)
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only, towards the pressure surface) on a NACA 0018 aero-
foil. They observe that the aeroacoustics performance of a 
serrated trailing edge is more sensitive to the flap angle, 
rather than the aerofoil incidence angle. Across all the angles 
of attack investigated, the flap-down serration is found to 
degrade the noise performance, and in some cases, signifi-
cant noise increase can be observed at the high-frequency 
region. Various results presented in the paper on the bound-
ary layer and near wake development all converge to the fact 
that a flap-down serration can increase the statistical turbu-
lence level in the near field and promote the edge-oriented 
streamwise vortices. The combination of these effects can 
impede the aeroacoustics performance of a serrated trailing 
edge. However, the effect of flap-up for a serrated trailing 
edge has not been studied in that paper. This gap is partially 
addressed by Vathylakis et al. (2016) when a flap-up serrated 
trailing edge is also studied. Albeit using an asymmetrical 
aerofoil, they also observe the same aeroacoustics trend in 
the flap-down configuration, but crucially, a mild flap-up 
serration can actually produce a better noise reduction per-
formance at the central frequency region by a further 2 dB, 
although a slight degradation in the noise performance at 
low-frequency is also noted.

The flap angle of a serrated flat plate trailing edge, 
despite being largely overlooked so far, can certainly rep-
resent the 3rd optimisation parameter in addition to the 
serration amplitude and wavelength to control the aeroa-
coustics responses. For example, Woodhead et al. (2017) 
exploit this property to design their serrations with the 
flap angle as a periodic function in the spanwise direc-
tion. They found that a more rapid spanwise waviness 

of the serration can outperform the noise reduction per-
formance at the central to high-frequency ranges, while 
remain the same level at the low-frequency, when com-
pared to the non-flap serration. The paper published by 
Acre León et al. (2016) contains important time-averaged 
flow quantities in conjunction with the far-field acoustics 
in third-octave bandwidth. However, there are still some 
gaps in the literature for a complete understanding of the 
physical mechanisms, especially the lack of detailed power 
spectral density and coherence studies between the hydro-
dynamic and acoustic fields for a serrated aerofoil sub-
jected to nonzero flap angle. An improved understanding 
of the underlying physics would almost certainly provide 
a new avenue to elevate the serration technology to the 
next level. For example, the flexible serrated trailing edge 
studied by Zhou et al. (2020) is found to achieve additional 
2 − 3 dB broadband noise reduction at high-frequency. Set-
ting a spanwise periodicity for the trailing edge serrations 
can also achieve further level of broadband noise reduc-
tion (Woodhead et al. 2017). The main objective of this 
paper, therefore, is to perform an experimental study to 
investigate the overall performance of serrated and non-
serrated trailing edges with different flap angles, and their 
effects on the far-field radiation, boundary layer near the 
trailing edge and the near wake velocity generated under a 
flow condition that comprises a medium level of Reynolds 
number and a low angle of attack. Note that this paper 
does not provide a complete parametric study of the effects 
of serration geometries (amplitude, wavelength and flap 
angle) across wide ranges of Reynolds number and angle 
of attack.

Fig. 2   Schematic of the wind 
tunnel configuration
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2 � Experimental set‑up

2.1 � Design of the experimental aerofoil and flat 
plate add‑on

The aerofoil model used in this study is the NACA 65(12)-
10. This type is commonly adopted in the outlet guided 
vanes of aircraft engine, or in a compressor cascade. The 
overall width of the aerofoil is 0.45 m, although only 0.3 m 
is submerged in the open jet with the excess parts extending 
beyond the side plates of the open jet nozzle. The nominal 
chord length of the aerofoil is 0.15 m, but the overall chord 
length C depends on the type of flat plate trailing edge add-
on. In order to achieve the same wetted surface area, the 
length of the baseline flat plate is always designed to be 
half of the corresponding serrated flat plate (see Fig. 1). 
For example, a serrated flat plate of 35 mm in length (i.e. 
C = 0.185m ) will be compared against the baseline flat plate 
of 17.5 mm (i.e. C = 0.1675m ). The flat plate trailing edges 
are 3D-printed with a printing resolution of 100 microns 
(0.01 mm) for all the cases.

Figure 1 presents some schematics for the serrated trail-
ing edge with the flap-down (negative flap), non-flap and 
flap-up (positive flap) configurations. The three serration 
geometrical parameters are the serration amplitude (H), ser-
ration wavelength ( � ) and flap angle ( � ). The baseline (non-
serrated) trailing edge is designed as (B), and the serrated 
trailing edge is (S). These acronyms are used throughout 
the paper, and the readers can refer to Fig. 1 for the relevant 
schematic illustrations. In order to focus on the effects of H 
and � to the self-noise radiation, the serration wavelength is 
kept the same at � = 3.3mm throughout the experiment. The 
coordinate system adopted in the current work is defined as 
follows: streamwise (x), vertical (y) and spanwise (z). The 
corresponding velocity vector is given by the u, v and w, 
respectively. Note that the coordinate x has its origin at the 
aerofoil leading edge. A separate streamwise coordinate 

definition of x′ refers to the origin at the sawtooth tip. This 
difference will be reminded again later in the paper.

Coarse sandpaper strips are applied to both the suction 
and pressure surfaces of the aerofoil at x∕C = 0.2 to trip 
the boundary layers into turbulent. This is to ensure that 
turbulent noise source can be generated at the trailing edge. 
The coarse sandpaper has a thickness of 0.95 mm and width 
of 10 mm.

The main aerofoil body has a 0.8 mm slot at the rear end, 
which allows a tight insertion of the trailing edge flat plate of 
the same thickness. The range of flap angles for both the ser-
rated and non-serrated trailing edge flat plates is investigated 
at −15◦ < 𝜙 < 15◦ at intervals of 5◦ . In what follows, �P and 
�N denote the positive flap angle (flap-up) and negative flap 
angle (flap-down), respectively.

The above design will introduce a small geometrical step 
of 0.2 mm on each side of the trailing edge surface. Accord-
ing to Gruber (2012), the far-field noise is only slightly 
affected ( < 0.5 dB ) by this minor discontinuity. This means 
that any changes in the far-field radiation are predominantly 
due to the various trailing edge treatments. In the current 
study, the boundary layers are fully turbulent when reaching 
the trailing edge. The ratio between the geometrical step and 
boundary layer displacement thickness ( t

�∗
 ) at the suction 

side and pressure side near the aerofoil’s trailing edge is only 
0.13 and 0.05, respectively. Therefore, the small geometrical 
step is not expected to alter the turbulent boundary layer 
significantly. In addition, no vortex shedding noise is gener-
ated, which is consistent with Blake (1986) who states that 
t

𝛿∗
> 0.3 represents the criterion to produce the bluntness-

induced vortex shedding tone noise.

2.2 � Wind tunnel facilities and instrumentation

This section describes the wind tunnel facilities and 
instrumentation set up for the far-field acoustic and near-
field flow measurements, which are both performed at 

Fig. 3   Schematic describing the 
two-step approach to measure 
the v and w velocity compo-
nents. The main flow direction 
is pointing towards the plot. 
Drawings are not to scale
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the aeroacoustics facility at Brunel University London 
(see Fig. 2). The open jet wind tunnel is situated inside a 
4m × 5m × 3.4m anechoic chamber. The nozzle exit is 
rectangular with dimensions of 0.10 m (height) × 0.30m 
(width). The jet velocity ( U∞ ) can reach 80ms−1 , but in 
the current work the jet velocity is fixed at U∞ = 24ms−1 
only, corresponding to a representative Reynolds number 
of about 2.96 × 105 based on the overall aerofoil chord. The 
open jet wind tunnel can produce low turbulence intensity of 
0.1%–0.2% at U∞ ≈ 30ms−1 . The background noise (with-
out the presence of the aerofoil, but with the side-plate in 
place) is largely contributed by the low subsonic jet noise, 
which is very low in comparison with the aerofoil self-noise 
level produced at the identical flow speed. All the far-field 
noise and flow measurements are performed at a geometric 
angle of attack for the aerofoil at � = 0◦ . It is important to 
emphasise that all the aeroacoustics behaviours and flow 
physics discussed in this paper, including any references to 
the acoustic and hydrodynamic spectral frequency in dimen-
sional form, are only pertinent to a flow condition that com-
prises medium level of Reynolds number and low angle of 
attack.

The far-field noise measurements are performed with 
eight 1/2-inch condenser microphones (G.R.A.S. 46AE). As 
shown in Fig. 2, the microphones are positioned at equal dis-
tance to the trailing edge of 0.97 m at the mid-span across a 
range of polar angles 50o ≤ � ≤ 120o , with 10o interval. The 
acoustic data are acquired using a 16-bit analogue-digital 

card manufactured by the National Instrument. The sampling 
frequency is 40 kHz with a sampling time of 20 seconds. 
The sampled data are then windowed, and the power spec-
tral density (PSD) of 1 Hz bandwidth is computed from a 
1024-point Fast Fourier Transform (FFT) with a frequency 
resolution of 39 Hz and a 50% overlap time.

The sound pressure level is denoted as SPL and given by 
the following equation:

where p is the root mean square of the acoustic pressure and 
pref = 20�Pa is the reference pressure.

The sound power level, PWL, can be calculated based 
on an assumption that the acoustic waves from the aero-
foil trailing edge are radiated in a cylindrical fashion. The 
PWL radiated per unit span in the range of polar angles 
between 50o(�1) ≤ � ≤ 120o(�8) is calculated by the fol-
lowing equations:

where Spp is the far-field pressure power spectrum density at 
a polar angle � , where �� = 10◦ ×

�

180
 is the angle between 

adjacent microphones in radian, and W(f ) is the sound power 
integrated for the radiation angles from �1 to �8 , with inter-
vals of 10◦ , W0 = 10−12 W, c∞ = 343ms−1 is the speed of 
sound for air and � = 1.225 kgm−3 is the air density.

The overall sound power level (OAPWL) of the aerofoil 
self-noise defined within a frequency range f can be repre-
sented by:

To investigate the upstream boundary layer profile of the 
baseline and serrated trailing edges, a single hot-wire probe 
( 5�m diameter, 1.25 mm length, DANTEC 55P11) is used 
to measure the mean and fluctuating velocities. The hot-
wire is operated at an overheat ratio of about 1.8, which 
achieves a good velocity sensitivity in the measurements. 
To determine the location of the hot wire probe with respect 
to the aerofoil surface, a very lightweight metal shim of a 
pre-determined thickness is placed on the surface before the 
experiment. The hot wire probe is then traversed with an 
incremental step of 0.05 mm towards the metal shim. As 
soon as the first contact between the hot wire prongs with the 
metal shim surface is made (monitored by a multi-meter), 

(1)SPL(f ) = 20 log10

[
p(f )

pref

]
, dB

(2)W(f ) =
2� ∫ Spp(f ,�)��

�c∞

(3)PWL(f ) = 10 log10

[
W(f )

W0

]
, dB

(4)OAPWL = 10 log10

[∫
f
W(f )df

W0

]
, dB.

Fig. 4   Comparison of the SPL, dB, produced by the B�0 
( H = 15mm ) and S�0 ( H = 30mm , � = 3.3mm ) trailing edges at 
U∞ = 24ms−1 and � = 0◦
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we can estimate that the hot wire probe is now at a height 
equivalent to the thickness of the metal shim with respect to 
the aerofoil surface.

The near wake velocity power spectral densities and coher-
ence function in the spanwise direction are also investigated 
by two single hot-wire probes—one is termed as a “stationary 
probe” and another one is called the “traversing probe”. The 
overheat ratio in this case is adjusted to a slightly lower value 
of 1.6 for both hot-wire probes. This is to minimise the ther-
mal interference when the two probes are in close proximity 
to each other during the coherence measurement. An X-wire 
probe ( 5�m diameter, 1.25 mm length, DANTEC 55P61) 
is used to measure two velocity components simultaneously 
in the near-wake flow field. Measurements are taken across 
selected two-dimensional y-z and x′-y planes, set up in refer-
ence to the coordinate system indicated in Fig. 9a. For each 
measurement point, the three velocity components (u, v, and 
w) are acquired in a two-step approach. In the first step, the 
probe is positioned as shown in Fig. 3. This configuration cor-
responds to the velocity acquisition of the u and v. When all 
the pre-set grid points have been measured using the configu-
ration depicted in the first step, the probe will then be rotated 
by 90◦ about its stem, whose configuration is now depicted as 
the second step in Fig. 3. After that, the probe will move back 
to the first grid point, and then, another velocity acquisition 
will commence again for the same grid points. This time, it 
will facilitate the velocity acquisition of the u and w. During 
the experiment, the overheat ratio for both wires is set at 1.6, 
a value that is a compromise between achieving an acceptable 
velocity sensitivity and minimal thermal interference between 
the wires at low speed. Both the effective cooling velocity 
calibration and yaw calibration of the X-wire are carried out in 
situ. Once the yaw factors are determined, they will be applied 
alongside the effective cooling velocities measured by wire 1 
and wire 2, respectively, to calculate the velocity components 
u, v (first step) and u, w (second step). Readers can refer to 

Garcia Sagrado (2008) for detailed explanation of the proce-
dures and relevant mathematical derivations. Temperature cor-
rection to the acquired voltages for both the single and X-wire 
is applied throughout the measurement campaign.

Signals from both the single and X-wire probes are dig-
itised by a 12-bit A/D converter (TSI model ADCPCI) at a 
sampling frequency of 20 kHz for 120000 realisations. The 
hot-wire probes are attached to a computer-controlled three-
dimensional traverse system with a resolution of 0.01 mm 
in all the axes. More details about their operating procedure 
are discussed in Sect. 3.2.

3 � Results

Discussion in this section will focus on both the far-field 
spectral characteristics (Section 3.1) and the near-field sta-
tistical properties (Section 3.2) pertaining to the baseline and 
serrated aerofoils. The analysis will be based on the aeroa-
coustics performance of the flat plate trailing edges with and 
without flap angle � . As mentioned earlier, the wind tunnel 
velocity is set at U∞ = 24ms−1 and angle of attack � = 0◦ for 
all the cases considered here.

3.1 � Far‑field spectral characteristics

3.1.1 � Trailing edge flat plate with zero flap angle � = 0◦

This sub-section will focus only on the aerofoil self-noise 
radiation at � = 0◦ . It will begin with some presentations 
of the SPL of the baseline and serrated aerofoil. The nar-
ration will then shift to the quantification of noise reduc-
tion/increase by the serrated trailing edge with amplitude 
H, which is measured against the baseline (straight, non-
serrated) trailing edge of H/2. This approach is illustrated 
in Fig. 1 and has been adopted by Gruber (2012) and many 
others to ensure the same wetted area for both the serrated 

Fig. 5   Comparison of the 
SPL, dB, produced by the a 
B�0 baseline trailing edges, 
and b S�0 serrated trail-
ing edges ( � = 3.3mm ), 
both as a function of the H 
( 2mm < H < 35mm ), at 
U∞ = 24ms−1 and � = 0◦
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and baseline aerofoils. This definition is adopted throughout 
this paper.

Figure 4 shows an example of the acoustic spectra con-
taining self-noise radiation by the baseline and serrated 
aerofoils, including the background noise of the open jet 
wind tunnel. Similar to the study by Vathylakis et al. (2016), 
who used the same facility, the background noise from the 
open jet flow (i.e. without the aerofoil, but with the pres-
ence of the side holding plates) is shown to be significantly 
lower than the self-noise produced by the quietest serrated 
aerofoil across the entire frequency range of interest. The 
SPL spectrum produced by the serrated aerofoil is lower 
than that produced by the baseline aerofoil over a signifi-
cant portion of the low-to-central frequency region. How-
ever, noise increase can also be observed at f > 6 kHz . The 
same characteristics are also reported in the previous studies 
(Oerlemans et al. 2009; Dassen et al. 1996; Acre León et al. 
2016; Vathylakis et al. 2016; Gruber 2012) for a non-flap 
( S�0-type) serrated aerofoil. After analysing many dataset 
in the context of non-dimensional frequency, f �∕U∞ ≈ 1 is 
found to be the condition for a serrated aerofoil to switch 
from a positive performance of broadband noise reduction to 
a negative outlook with higher noise level than the baseline 
aerofoil (Gruber 2012). Here f is the frequency, and � is the 
turbulent boundary layer thickness near the trailing edge. It 
has been established that the reduction in broadband noise 
at the low-to-central frequency is attributed to the serration 
effect. The noise increase at the high-frequency, however, 
is proposed by Gruber (2012) to be the byproduct of the 
interaction between the cross-flow and the sawtooth edges.

Here, the effect of the trailing edge flat plate length for 
the self-noise radiation is investigated for both the baseline 
B�0 and serrated S�0 aerofoils between 2 ≤ H ≤ 35mm . 
Figure 5a shows the noise spectra for the baseline B�0 trail-
ing edge at U∞ = 24ms−1 , � = 0◦ and � = 0◦ . It is reasonable 

to treat the H = 2mm as the closest configuration to the 
unmodified NACA 65(12)-10 shape. By simply increasing 
the H against the above reference, broadband noise reduc-
tion can already be realised between 0.25 ≤ f ≤ 2.5 kHz . 
The level of noise reduction is also found to improve as H 
increases. However, at 2.5 ≤ f ≤ 5 kHz , the radiated noise 
level increases as the H increases. It is important to state that 
the noise increase observed here is not contributed by the 
cross-flow because the flat plates for the B�0 do not feature 
any air gaps.

In general, increasing H will cause a reduction in noise 
level at low-frequency, but increase in noise level at high-
frequency. This trend suggests that the self-noise radiation 
is a function of the boundary layer properties near the flat 
plate trailing edge. However, as one would expect the turbu-
lent boundary layer near the trailing edge to become thicker 
when H increases, the increase in size of the largest eddy 
scale in the boundary layer would normally translate into 
increase in noise level at low-frequency, and reduction in 
high-frequency noise levels. This reasoning, however, con-
tradicts the measured noise spectra in Fig. 5a. This implies 
that the change in noise characteristics as a function of H is 
more related to the change in the blade-loading. The result-
ing shift in the leading edge stagnation point as H varies 
could cause an inhomogeneous development of the bound-
ary layers at the suction and pressure surfaces. It is possible 
that the cumulative eddy size between the suction and pres-
sure surfaces at the vicinity of the trailing edge is actually 
smaller as H increases. Further investigation is certainly 
needed to verify this conjecture.

Figure 5b shows the noise spectra for the S�0 trailing 
edges at the same geometrical and flow conditions. For 
consistency, the serration wavelength, � = 3.3mm is main-
tained for all the serrated cases. The serrated trailing edges 
also exhibit a similar trend as the baseline trailing edge 

Fig. 6   Comparison of the 
�PWLS , dB, produced by a 
S�N5, S�N10 and S�N15 , and b 
S�P5, S�P10 and S�P15 , where 
H = 30mm , � = 3.3mm , under 
U∞ = 24ms−1 and � = 0◦ . Note 
that the �PWLo produced by the 
S�0 is also included for both the 
sub-figures
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discussed earlier. For a slightly different frequency range 
of 0.1 < f < 2.5 kHz , the quietest serration configuration is 
associated with the largest H. It is interesting to note that, 
at 100 Hz, increasing the H of the serrated flat plate can 
reduce the noise in a consistent manner. This implies that 
the serrated flat plate has a considerable effect on the blade-
loading. Generally, the S�0 is considerably more effective 
than the B�0 to accomplish noise reduction as a function 
of H. The radiated noise level is also found to increase as 
a function of H at high-frequency for the serration. How-
ever, the frequency that marks the onset of noise increase 
is almost constant at f ≈ 2.5 kHz for the S�0 for the entire 
range of H considered here. Therefore, the high-frequency 
noise source is unlikely to be governed by the boundary 
layer properties at the trailing edge as it does not exhibit the 
Strouhal number effect.

The results presented in Fig. 5 demonstrate that both 
the B�0 and S�0 can manipulate the self-noise radiation 
as a function of H in a similar fashion, albeit with different 
sensitivity levels. From the comparison made in Vathylakis 
et al. (2016), the serrated flat plate with a low H is found to 
be more effective to reduce the high-frequency broadband 
noise, while a moderately high H is more effective to reduce 
the low-to-central frequency broadband noise. The excep-
tion is when H ≥ 30mm for the S�0 , where it is effective to 
reduce the broadband noise across the entire low-to-high-
frequency range. This particular configuration for the serra-
tion ( � = 3.3mm , H = 30mm ⟶ �∕H = 0.11 ), therefore, 

is chosen for further investigation on the sensitivity of aero-
foil self-noise radiation subjected to flap angle. The results 
will be discussed in the next section.

3.1.2 � Trailing edge flat plate with nonzero flap angles, 
� ≠ 0◦

This section will investigate the effect of the aerofoil self-
noise radiation subjected to trailing edge flat plates with 
nonzero flap angles. Using the same definition, the serrated 
flat plate of H = 30mm will be compared against the base-
line straight flat plate of H = 15mm . This applies to all the 
nonzero flap angle configurations. The naming convention of 
different trailing edge flat plates will be informed by either 
the �P or �N , which refers to the positive (flap-up) or nega-
tive (flap-down) flap angle, respectively (see Fig. 1). For 
example, a serrated flat plate with � = +10◦ will be denoted 
as S�P10 ; a baseline flat plate with � = −5◦ will be denoted 
as B�N5 and so on. This naming strategy will be adopted 
throughout the rest of the paper.

To quantify the effect of flap angles to the serrated flat 
plates (as well as the straight, non-serrated flat plates), one 
can examine the �PWLi , which is defined as the difference 
in the sound power level, as a function of frequency, in the 
following:

Essentially, Equation (5) stipulates that the reference aero-
foil, whose sound power level radiation represents the fun-
damental value, is the B�0 . Therefore, when the subscript i 
in Equation (5) is B, the comparison is between the B�0 and 
the straight, non-serrated flat plate trailing edge with either a 
negative or positive flap angle. When the subscript i is S, the 
comparison is between the B�0 and a serrated flat plate trail-
ing edge with either a negative or positive flap angle. Finally, 
if the subscript i is o, the comparison does not consider the 
flap angle effect for the serrated flat plate, which would con-
form to the default comparison as commonly defined in the 
literature. It should be noted that a positive value of �PWLi 
represents noise reduction, and the opposite is true for a 
negative �PWLi.

The �PWLS at various flap angles are demonstrated 
in Figure 6. The results follow largely the same trends as 
observed previously by Vathylakis et al. (2016). Figure 6a 
compares the �PWLS spectra for all the negative flap angles, 
( S�N5, S�N10, S�N15 ), including the �PWLo by the S�0 
serrated trailing edge to serve as the reference. The S�0 is 
shown to achieve broadband noise reduction across a wide 

(5)

�PWLi(f ) = PWLB�0(f ) − PWLj(f )

i =

⎧
⎪⎨⎪⎩

B, if j = B�P orB�N

S, if j = S�P or S�N

o, if j = S�0

Fig. 7   Comparison of the OAPWL, dB, integrated between 
0.2 ≤ f ≤ 7 kHz of the baseline and serrated trailing edges as a func-
tion of the flap angles ( � ) at U∞ = 24ms−1 and � = 0◦
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range of frequency up to f ≈ 6 kHz . Beyond this frequency, 
noise increase is observed. This is consistent with the SPL 
spectrum shown in Fig. 4. Interestingly, deflecting the ser-
ration flap angle downward would exclusively return a dete-
rioration of the aeroacoustics performance. Although the 
spectra shapes of the S�N5, S�N10, S�N15 resemble closely 
to that produced by the S�0 , the �PWLS level across almost 
the entire frequency range will drop further whenever the 
negative flap angle is increased further. Moreover, a larger 
flap-down angle of the serration not only can result in higher 
level of noise increase in the high-frequency region, but it 
can also cause the onset frequency for the noise increase to 
happen earlier.

On the other hand, the S�P configurations in Fig. 6b 
produce a more positive outlook in comparison with the 
S�N trailing edges. Different spectral characteristics of 
the �PWLS achieved by the serrated S�P trailing edges 
are manifested in three unique frequency zones: (a) 

0.1 < f < 1.5 kHz , (b) 1.5 < f < 7 kHz and (c) f > 7 kHz . 
In frequency zone (a), producing a flap-up angle for the 
serrated trailing edge will lower the level of �PWLS . 
Although the trend is similar to the S�N-typed serrated 
trailing edges, the S�P is more sensitive to the flap angle 
at this frequency zone. For the S�P10 and S�P15 , the noise 
difference at some frequencies are hovering at �PWLS ≈ 0 
(i.e. no noise reduction). Nevertheless, all the S�P ser-
rated trailing edges would start to recover in their �PWLS 
level at increasing frequency. The recovery even surpasses 
the �PWLo reference level in the frequency zone (b). This 
means that all the S�P trailing edges can outperform the 
S�0 trailing edge within this frequency zone. For example, 
the �PWLS at f = 4.0 kHz achieved by the S�P10 and the 
S�0 trailing edges are 6.2 dB and 4.2 dB, respectively. 
This represents a 2 dB further level of noise reduction. 
Finally, the �PWLS produced by all the S�P serrated trail-
ing edges remain positive at the frequency zone (c), i.e. 
noise reduction continues to occur. This is in contrast with 

Fig. 8   Comparison between the �PWLB and �PWLS , dB, for the baseline and serrated trailing edges, respectively, across −15◦ ≤ � ≤ 15◦ , at 
U∞ = 24ms−1 and � = 0◦
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the S�0 serrated trailing edge which is characterised by 
noise increase throughout the frequency zone (c).

Figure 7 presents the variation in the overall sound 
power level, OAPWL, integrated between 0.2 ≤ f ≤ 7 kHz 
for the baseline and serrated trailing edges across 
−15◦ ≤ � ≤ 15◦ . Initially peaked at � = −15◦ (i.e. B�N15 ), 
the results of the baseline trailing edge show a continuous 
drop of the OAPWL as a function of � towards the posi-
tive (flap-up) up to B�P10 , before slightly picking up the 
OAPWL again at B�P15 . For the serrated trailing edge, 
the results show a significant reduction in the OAPWL 
against the baseline for all the flap angles tested here. An 
interesting aspect of the serrated trailing edge subjected 
to the misalignment is the presence of an almost parabolic 
curve mirrored at the � = 0◦ vertical axis line. This means 
that, as far as the overall sound performance is concerned, 
to achieve the quietest serration configuration one has to 
avoid any serration flap angle. However, the spectral char-
acteristics of the radiated far-field noise by the individual 

flap-alignment configuration are more complex, as dem-
onstrated in Fig. 6. The underlying mechanisms that cause 
the behaviours in Fig. 6a for the S�N , as well as different 
spectral characteristics of the three frequency zones for the 
S�P in Fig. 6b, cannot be answered by the acoustic results 
alone. In the next section, analysis of the boundary layer 
and near-wake will be performed to shed some lights of 
the manipulated flow dynamics by the misaligned serrated 
trailing edges and their effect on the radiated noise spectral 
characteristics.

3.2 � Investigation of the noise mechanisms

3.2.1 � Blade‑loading effect and serration effect 
on the self‑noise radiation

In the previous section, the quantification of the noise 
increase or reduction is measured against the reference 
baseline B�0 , as defined in Equation (5). When a baseline 

Fig. 9   Schematics illustrating the locations and coverage for the a boundary layer measurements, b spanwise coherence measurements, c near 
wake measurements and d streamwise wake measurements
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straight trailing edge is subjected to a nonzero flap angle, the 
configuration is analogous to an aircraft wing or tailplane 
deployed with flap setting at the rear. This kind of manoeu-
vre is known to alter the entire pressure loading of the wing 
or tailplane, thus changing the lift coefficients. The growth 
of boundary layers could be very sensitive to the pressure 
loading of an aerofoil, which can in turn affect the level and 
spectral characteristics of the radiated self-noise. Indeed, 
it will be shown later that the �PWLB , as a function of fre-
quency, is nonzero for some cases. Therefore, it is necessary 
to make a distinction when a change in the noise level occurs 
as a direct result of the changes in the pressure loading. This 
type of noise manipulation by the flap angle is also related 
to the “blade-loading effect”. Note that it is different from 
the “serration effect” when noise reduction/increase occurs 
as a result of the serrated trailing edge.

The key question is whether or how much the blade-load-
ing effect contributes to the �PWLS in Fig. 6 by the serrated 
trailing edges. To provide some hints, Fig. 8 shows the com-
parison between the �PWLB and �PWLS at their respective 
flap angles. For the negative flap angles �N = −5◦ , −10◦ and 
−15◦ , noise reduction can generally be observed at low-to-
central frequencies for the �PWLS by the serrated trailing 
edges. It is also obvious that the absolute level of �PWLS 
drops as the �N becomes more negative (larger flap-down 
angle). This phenomenon follows the trend exhibited by the 
straight flat plates �PWLB , where the value changes from 
≈ 0 dB at ( �N = −5◦ ) to ≈ −1.8 dB at ( �N = −15◦ ). This 
indicates that in a flap-down configuration for a serrated 
trailing edge, the manipulated boundary layers as a result of 
the blade-loading effect (to be shown later) have a profound 
detrimental effect on its effectiveness in the reduction of the 
self-noise. This will lead to two important outcomes: (1) 
the blade-loading effect co-exists with the serration effect in 

a flap-down configuration for the serrated trailing edges at 
0.1 ≤ f ≤ 7 kHz (as indicated by the vertical dashed lines in 
Fig. 8), and (2) the blade-loading effect counteracts against 
the serrated trailing edge for its effectiveness in the reduction 
of the self-noise radiation.

However, at f > 7 kHz , the far-field radiation by the ser-
rated trailing edge is only dominated by the blade-loading 
effect. This is manifested by the collapse of both the pre-
dominantly negative values of �PWLB and �PWLS.

The analysis now focuses on the positive flap angles 
�P = 5◦, 10◦ and 15◦ . The �PWLB at f ≥ 200Hz produced 
by the baseline trailing edges remains largely zero across 
the entire range of positive flap angles investigated here. 
Clearly, this indicates that the blade-loading effect cannot be 
a dominant factor for the aeroacoustics radiation in a flap-up 
configuration. This is reflected by the corresponding �PWLS 
where the spectral variation as a function of the �P does not 
exhibit any discernible trend. Rather, the unique spectral 
characteristic of the �PWLS produced by the serrated trailing 
edge of various flap-up configurations at 0.2 ≤ f ≤ 7 kHz is 
governed by a more localised flow field manipulation, which 
will be extensively discussed in the next sections. Again, it is 
important to emphasise that the blade-loading has a minimal 
effect at �P.

3.2.2 � Flow study of the boundary layer and wake 
properties

In order to shed some lights on the manipulated hydrody-
namic fields of aerofoil subjected to serrated trailing edges 
with flap angle, and most importantly their effects on the 
aerofoil self-noise radiation, some boundary layer and wake 
flow measurements were performed in the same aeroacous-
tics facility under the same flow setting as the noise tests. 

Fig. 10   Comparisons of the 
boundary layer a mean veloc-
ity profiles and b turbulence 
intensity profiles, subjected 
to different flap angles for the 
baseline trailing edge flat plates 
( B�N10, B�0 and B�P10 ) at 
U∞ = 24ms−1 and � = 0◦ . The 
comparison contains the mean 
and turbulence velocity profiles 
measured at the suction and 
pressure surface, all taken at 
x = 145 mm
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The schematic of the experimental set-up for the hot-wire 
measurements is shown in Fig. 9. Note that Fig. 9a con-
tains the coordinate system used in the current study. The 
streamwise location has two definitions: x′ has the origin 
coincided with the serration tip, whereas the x starts from 
the aerofoil leading edge (not shown here). The boundary 
layer measurements are performed on both the suction and 
pressure surfaces of the aerofoil. The measurement point at 
each surface is always positioned at the identical location, 
i.e. 5 mm upstream of the interface between the aerofoil 
and trailing edge flat plate. For the serrated trailing edge, it 
would be 5 mm upstream of the interface as demonstrated in 
the schematic of Fig. 9a. We also ensure that the spanwise 
location of the boundary layer measurement aligns with the 
location of one of the sawtooth tips. This particular spanwise 
location is denoted as zo . Each boundary layer profile con-
tains 46 points, with a finer spatial resolution at the near wall 
region achieving �y ≈ 0.05mm . The nearest measurement 
point with relative to the aerofoil surface is about 0.5 mm.

Figure 9b represents the set up for the measurement of 
the near-wake turbulent velocity by two single hot-wire 
probes—one is termed as the “stationary” probe and another 
is called the “traversing” probe. The use of two hot-wire 
probes is to determine the magnitude squared spanwise 
coherence of the near-wake turbulent velocity, �2 , which is 
defined as:

where 0 ≤ �2 ≤ 1 . �vivj
(zo∶z, f ) is the cross-power spectral 

density between the two streamwise fluctuating velocity sig-
nals vi and vj . The velocity measurement vi is measured by 

(6)�2(z, f ) =
|�vivj

(zo∶z, f )|2
�vivi

(zo, f )�vjvj
(z, f )

,

the “stationary” probe at x� = 1mm (downstream of the ser-
ration tip), y = 0 , and z = zo . The velocity measurement vj 
is measured by the “traversing” probe situated at the same x′ 
and y locations, but traverses along the spanwise z direction. 
�vivi

(zo, f ) and �vjvj
(z, f ) are the auto power spectral density 

of each individual fluctuating velocity signal. The coherence 
function provides information about the frequency content 
of the cross-correlation pertaining to a turbulent structure. 
A longitudinal coherence can tell us the decay of the eddies, 
while a spanwise/lateral coherence relates to the physical 
size of the turbulent eddies.

The X-wire flow measurements produce a series of two-
dimensional wake profiles in the y–z plane at x� = 1mm 
downstream of the tip of the serration shown in Fig. 9c. 
The spatial resolution for the wake measurement in the 
y-direction is typically 0.25 mm in order to capture the 
large velocity gradient in the viscous sublayer region. 
The resolution in the z-direction is 0.33 mm for a total 
distance of 9.9 mm, which is equal to 3 � . As explained 
earlier in Sect. 2.2, the three velocity components u, v, 
and w are measured by the X-wire in a two-step approach. 
The same approach is also adopted in the flow measure-
ments conducted in the streamwise direction, as depicted 
in Fig. 9d. Note that this measurement accounts for the 
wake deflection by the cambered aerofoil, i.e. the travers-
ing in the streamwise direction is subjected to a gradient 
of dy∕dx� = −0.24.

Note that the above flow measurements were carried 
out at exactly the same flow condition as the noise tests: 
U∞ = 24ms−1 and geometrical angle of attack � = 0◦ . 
Three baseline trailing edges ( B�N10 , B�0 and B�P10 ) 
are investigated against the three serrated trailing edges 
( S�N10 , S�0 and S�P10).

Fig. 11   Comparisons of the 
boundary layer mean velocity 
profiles taken at x = 145mm 
for the a suction surface, and 
b pressure surface, subjected 
to different flap angles for 
both the baseline and ser-
rated trailing edge flat plates 
( B�

N
10, S�

N
10, B�0,

S�0, B�
P
10 and S�P10 ) at 

U∞ = 24ms−1 and � = 0◦
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The results shown in Fig. 10 correspond to the bound-
ary layer measurements upstream of the trailing edges. 
Figure 10a shows the boundary layer mean velocity pro-
files at the suction and pressure surfaces for the baseline in 
B�N10 , B�0 and B�P10 . Note that the freestream velocity 
U∞ is taken as the velocity measured at the largest y loca-
tion away from the aerofoil surface ( ∼ 25.5mm ), which is 
close to du∕dy = 0 . Boundary layer thickness developed at 
the pressure surface is considerably larger than that devel-
oped at the suction surface. This is due to the designation of 
NACA 65(12)-10 as a laminar aerofoil, where the highest 
point at the suction surface occurs at a considerable distance 
downstream of the leading edge. Therefore, the growth of 
boundary layer on the suction surface is predominantly sub-
jected to a favourable pressure gradient over more than half 
chord length of the aerofoil, before slowly diffuses towards 
the trailing edge under an adverse pressure gradient. On the 
other hand, the aerofoil pressure surface is largely flat and 
diverges. The entire surface is predominantly subjected to 
adverse pressure gradient so the boundary layer has already 
grown considerably by the time it reaches the trailing edge. 
In addition, it has also been observed that leading edge sep-
aration bubble will be produced upstream of the tripping 
devices (Chong et al. 2018). The presence of a leading edge 
separation bubble on the pressure surface will certainly be 
another factor to increase the overall thickness of the turbu-
lent boundary layer at the trailing edge.

When a negative flap angle is used for the baseline flat 
plate ( B�N10 ), the boundary layer at the suction surface 
becomes fuller, and even the u(y)∕U∞ at 3 ≤ y ≤ 19mm has 
been found to exceed unity. This means that the velocity at 
this region is higher than the freestream value, suggesting 
the presence of a near-wall flow acceleration. The bound-
ary layer thickness is also thinner than that produced by the 
non-flap trailing edge ( B�0 ). By examining the profile at 
the pressure surface of the same flap angle ( B�N10 ), the 
boundary layer becomes less full and it is clearly thicker than 
that produced by the B�0 . These observations can be cor-
roborated to the corresponding turbulent velocity profiles in 
Fig. 10b. Comparing the B�N10 to the B�0 , the turbulence 
intensity across the thinner boundary layer at the suction 
surface becomes lower, while the turbulence intensity across 
the thicker boundary layer at the pressure surface becomes 
larger. This means that deploying a flap-down to the baseline 
flat plate will enhance the downwash to achieve stabilisation 
of the boundary layer near the trailing edge at the suction 
surface, while it will increase the turbulence characteristics 
at the pressure surface near the trailing edge.

When a positive flap angle is used ( B�P10 ), a completely 
opposite trend can be observed. Comparing the B�P10 to the 
B�0 for the mean and turbulent velocity profiles, a flap-up 
configuration is shown to thicken the boundary layer and 
increase the overall turbulence intensity at the suction sur-
face. On the other hand, the boundary layer at the pressure 

Fig. 12   Streamwise vorticity ( �x ) contour maps in the y/H-z plane at x� = 1mm produced by the S�N10 , S�0 and S�P10 serrated trailing edges 
at U∞ = 24ms−1 and � = 0◦ . The serration tips are illustrated by the (+)
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surface becomes thinner and the overall turbulence intensity 
is lower.

The analysis now focuses on the comparison between the 
straight baseline flat plates and serrated flat plates of differ-
ent flap angles. The comparison is based upon the premise 
that any changes in the boundary layer velocity profile for 
a serrated trailing edge can be solely attributed to the saw-
tooth serration effect. As shown in Fig. 11a for the suction 
surface, the near-wall acceleration previously observed in 
the ( B�N10 ) disappears considerably for the ( S�N10 ). This 
implies that the stabilising effect of the flap-down configura-
tion has been weakened by the presence of interstices in the 
serrated flat plate. A similar trend of the serrated velocity 
profile becoming less full than its baseline counterpart at 
the suction surface is also demonstrated when comparing 
the S�0 against B�0 . However, the boundary layer profiles 
for both the ( B�P10 ) and ( S�P10 ) do not exhibit significant 
difference with each other.

In Fig. 11b for the ( B�P10 ) and ( S�P10 ) at the pressure 
surface, the boundary layer profiles between them again 
do not exhibit significant difference. However, in what 

previously considered as detrimental to the stability of the 
boundary layer on the suction surface, the serration now 
exerts a more stabilising effect on the pressure surface when 
the flap angle is increasingly deflected downward. Therefore, 
both the ( S�0 ) and ( S�N10 ) can cause the boundary layer 
to become thinner and fuller than the ( B�0 ) and ( B�N10 ), 
respectively.

To summarise, for a serrated flat plate with � ≤ 0◦ , the 
boundary layer will be stabilised at the pressure surface, but 
de-stabilised at the suction surface. However, at 𝜙 > 0◦ , the 
boundary layer remains unaffected by the serrated flat plate. 
This provides a first hint that introducing sawtooth interstices 
on the flap-down flat plate could enhance the three-dimension-
ality of the flow field. As will be shown later, the large pressure 
difference near the trailing edge for the S�N10 can force an 
upward cross-flow (pressure surface to suction surface) within 
the sawtooth gaps. The mixing between the boundary layer and 
cross-flow at the suction surface can cause an overall reduction 
in the momentum, which is reflected by the weakening of the 
near-wall acceleration in the boundary layer velocity profile 
(Fig. 11a). The cross-flow as a result of the pressure imbalance 

Fig. 13   (Top row) Spanwise distribution of the near wake power 
spectral density (PSD) of the fluctuating velocity �u′u′ , dB, and 
(bottom row) spanwise coherence function �2 , for the S�N10, S�0 

and S�P10 serrated trailing edges. All the contours are acquired at 
x� = 1mm and y = 0 , under flow condition of U∞ = 24ms−1 and 
� = 0◦
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will also drive the boundary layer at the pressure surface of 
the serrated flat plate to accelerate, resulting in a fuller profile. 
However, the three-dimensionality of the flow introduced by 
the serration becomes less obvious when the � is sufficiently 
positive. This is manifested by the similar boundary layer pro-
files between the B�P10 and S�P10 configurations.

The characteristics of the cross-flow mentioned earlier and 
its influence on the aeroacoustics behaviours of the serrated 
trailing edges will be investigated from the near-wake flow 
field. The streamwise vorticity contour maps in the y − z plane 
at x� = 1mm for the S�N10 , S�0 and S�P10 , measured in 
accordance with the schematic in Fig. 9c, are shown in Fig. 12. 
The streamwise vorticity, �x , is defined as:

From the measured data for a baseline straight trailing edge, 
the �v

�z
 term in Equation (7) should be predominantly zero in 

the near wake. However, there is variation in the spanwise 
flow components w as a function of y in the near wake. 
Although not presented here, the near wake pertaining to a 
baseline straight trailing edge aerofoil will feature alternat-
ing signs of �x on the suction and pressure surfaces, respec-
tively. The results in Fig. 12 for the serrated trailing edges 
corroborate well with the earlier conjecture of an upward 
cross-flow at the sawtooth gaps when � ≤ 0◦ . For the S�0 
case, the components of the +�x that are otherwise confined 
at the pressure surface will now be swept and engulfed by 

(7)�x =
�w

�y
−

�v

�z
.

the cross-flow and penetrate into the suction surface. This 
encroachment becomes more prominent for the S�N10 case, 
where the strength of the cross-flow is expected to be 
stronger. By contrast, the lack of cross-flow component at 
the sawtooth gaps for the S�P10 is manifested by the isola-
tion and localisation of various �x components at their 
respective regions.

The distance in the spanwise direction z in Fig. 13 for the 
near wake power spectral density (PSD) and coherence spectra 
�2 of the fluctuating velocity will be normalised by the friction 
velocity u� and kinematic viscocity � in the form of z+ = zu�∕� , 
which can represent the wall unit/coordinate. This is because it 
is widely established that the near wall region of the turbulent 
boundary layer is populated by hairpin vortices whose legs are 
stretched along the wall. They are responsible for the low-speed 
streaks observed in many studies (e.g. Kline et al. (1967), Kim 
et al. (1971) and Head and Bandyopadhyay (1981)). The aver-
age spanwise spacing between the low-speed streaks is known 
to be approximately z+ ≈ 100 (Kline et al. 1967).

Some interesting results can be extracted from the near 
wake PSD of the fluctuating velocity, as a function of both 
z+ and � , at x� = 1mm and y = 0 in Fig. 13 (top row). The 
schematic explaining the measurement method is shown in 
Fig. 9b. z = 0 corresponds to the location of the “stationary” 
probe that coincides with the first sawtooth tip ( zo ). Therefore, 
all the data presented in Fig.13 (top row) are measured by the 
“traversing” probe only. Although not shown here, readers can 
refer to Fig. 12 in Vathylakis et al. (2016) for the PSD contours 
corresponding to the baseline trailing edges B�N10 , B�0 and 
B�P10 . They all exhibit a largely similar spectral behaviours 
in the near-wake across the same range in z. However, for the 
serrations S�N10 and S�0 , clear periodic patterns of high PSD 
level are manifested at 0.1 < f < 1.5 kHz in Fig. 13 (top row). 
In what follows, the term “large-scale turbulence” will be used 
to represent the high PSD level in this frequency range.

For the S�0 case, the periodicity resembles a repeating “ ∩ ” 
shape, each of which is embedded in the region between two con-
secutive sawtooth tips. In other words, no obvious large-scale tur-
bulence is emanating from the sawtooth tip, while the maximum 
large-scale turbulence level is achieved at the location aligning 
with the sawtooth root (i.e. z = n�∕2 , where n = 1, 3, 5, ... ). For 
the flap down S�N10 , the periodicity pattern changes to a repeat-
ing “M” shape, where each “M” is also embedded in the region 
between two consecutive sawtooth tips. Similarly, there is no 
obvious large-scale turbulence level emanating from the sawtooth 
tip. However, the maximum large-scale turbulence now shifts to 
a new location aligning with the middle point of the sawtooth 
oblique edge, i.e. at z location between the sawtooth tip and root 
( z = n�∕4 , where n = 1, 3, 5, ... ). It is now clear that the large-
scale turbulence structure is transported by the cross-flow within 
the sawtooth gaps, as observed in the �x contour presented earlier. 
Deploying a flap-down of the serration flat plate compared to the 
S�0 case alters slightly the structure and level of the large-scale 

Fig. 14   Streamwise distribution of the serration tip-aligned and 
root-aligned turbulent kinetic energy k (m/s)2 , produced by the 
S�N10, S�0 and S�P10 serrated trailing edges under flow condition 
of U∞ = 24ms−1 and � = 0◦
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turbulence, but the fundamental remains the same. However, for 
a flap-up serration, i.e. the S�P10 case, the large-scale turbulence 
structure would completely disappear.

The investigation next focuses on the effect of the large-
scale turbulence structure on the spanwise coherence spectra 
�2(z, f ) , as shown in Fig. 13 (bottom row). As a reminder, the 
reference probe aligns with one of the serration tips, where 
it is designated as z = 0 or zo . For the S�N10 , before the 

“traversing” probe reaches the next sawtooth tip, it becomes 
clear that �2 ≈ 0 within the sawtooth gap at z+ < 100 . This 
is expected as the local strong cross-flow would cut-off and 
eliminate the spanwise coherence that is associated with the 
turbulent boundary layer, and the fact that the large-scale 
turbulence has no significant footprint at the sawtooth tip. 
At the spanwise location around the sawtooth tip at z+ ≈ 
130 to 150, however, a relatively high level of �2 extending 

Fig. 15   Comparison of the 
contour maps of the band-
filtered Reynolds shear stresses 
̂
u′v′ (m/s)2 produced by the 
S�N10, S�0 and S�P10 serrated 
trailing edges at x� = 1mm 
under flow condition of 
U∞ = 24ms−1 and � = 0◦

Fig. 16   Comparison of the 
spanwise correlation length 
scale lz mm , produced by the 
S�N10, S�0 and S�P10 serrated 
trailing edges at x� = 1mm 
under flow condition of 
U∞ = 24ms−1 and � = 0◦
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slightly beyond 1 kHz can be observed. It is important to 
state at this point that the high coherence observed at z+ ≈ 
130 to 150 is not entirely stem from an undisturbed turbulent 
boundary layer,1 which is usually associated with a wall-unit 
of about 100. Instead, the result in the �2 contour suggests 
that a stretched horseshoe-type vortical structure, with the 
spanwise distance between the two legs of ≈ 130 − 150 wall-
unit apart, is produced as a response to the presence of the 
cross-flow within the sawtooth gaps.

For the case of S�0 , the characteristic of �2 described in 
the previous paragraph becomes less distinct. The transition 
from an “M” shape to an “ ∩ ” shape ( S�N10 → S�0 ) in the 
PSD contours means that the spatial extent for the “cutting-
off” of the turbulent boundary layer spanwise coherence by 
the cross-flow has shifted from the sawtooth mid-point to 
the sawtooth root region only. As a result, we can observe 
a relatively strong value of �2 between the sawtooth tip and 
mid-point that is previously unseen in the S�N10 case. It is 
likely that this recognisable level of spanwise coherence is 
related to the turbulent boundary layer. On the other hand, 
the dominant �2 at the consecutive sawtooth tips become 
broadened in the z+ domain. This may imply a change of the 
structural characteristics of the horseshoe vortices. Interest-
ingly, the high level of �2 at the consecutive sawtooth tip 
shares a similar frequency range as the frequency zone (a) 
described earlier for the �PWLs in Fig. 6. This observation 
will be discussed further later.

Finally, the absence of the cross-flow for the S�P10 case 
contributes to (1) appearance of a �2 contour in the ( z − f  ) 
domain that one would expect from a conventional turbulent 
boundary layer, and (2) absence of high �2 value at the con-
secutive sawtooth tip. These observations indicate that there 
is no activity of the horseshoe-like structure convecting pass 
the serrations at S�P10.

The establishment of the causal effect between the cross-
flow (within the sawtooth gaps) and stretched horseshoe 
vortices (emanated from the sawtooth tips) can be further 
examined from the turbulent kinetic energy (k) fields align-
ing to the serration root and tip, respectively. The k, which 
represents the total kinetic energy of the turbulent fluids tak-
ing into account of the three-dimensional velocity fluctua-
tions, is defined as:

The streamwise development of k for the S�N10 , S�0 and 
S�P10 serrated trailing edges is shown in Fig. 14. Note that 
all the distributions of k in the figure are subjected to a uni-
versal gradient of dy∕dx� =-0.24 to account for the wake 

(8)k =
1

2

(
(u�)2 + (v�)2 + (w�)2

)
.

deflection by the aerofoil camber effect. Several interest-
ing features can be derived from the figure. First, the k at 
the very near-wake produced by the sawtooth tip, typically 
at x�∕H < 0.07 , is always larger than that produced by the 
sawtooth root. The k generated at the sawtooth tip, especially 
for both the S�N10 and S�0 cases, is likely to be associated 
with the stretched horseshoe vortices. Second, these large 
level of k at the sawtooth tip will undergo a rapid turbulence 
decay to eventually collapse to the same k values produced 
by the sawtooth root, typically after x�∕H ≈ 0.1 − 0.2 . This 
indicates that a relatively homogeneous turbulent wake can 
be quickly established despite a highly imbalance of tur-
bulent kinetic energy at the very near-wake. Third, while 
the dk

dx′
 produced by the S�N10 and S�0 exhibit reasonably 

similar decay rates between them, the S�P10 is marked 
by a growth for the k ( dk

dx′
> 0 ) between 0.2 < x�∕H < 1.0 . 

Within this region, the overall k level for the flap-up serra-
tion is also the lowest amongst the configurations considered 
here. These observations suggest that the main source of the 
wake turbulent kinetic energy originates neither from the 
sawtooth tip nor the root for the flap-up configuration, and 
most interestingly, the weakened turbulent wake could be 
linked to the better noise reduction performance �PWLS at 
1.5 < f < 7 kHz (frequency zone (b) in Fig. 6) by the S�P10 . 
This conjecture can be verified by the investigation of the 
frequency-filtered power spectral density of the turbulent 
velocities.

Figure 15 presents the band-filtered Reynolds shear stress 
in the y∕H − z plane, which is defined below:

where the �(u�v�)(y∕H, z, f ) is the power spectral density of 
the Reynolds shear stress u′v′ . f1 and f2 are 1.5 and 7 kHz, 
respectively. This particular frequency range is chosen to 
coincide with the frequency zone (b) in Fig. 6. It is clear that 
the amplitude and spatial distribution of the ̂u′v′ sources sur-
rounding the sawtooth region are the largest for the S�N10 . 
However, deflecting the serrated trailing edge upwards, i.e. 
increases the � , can reduce the ̂u′v′ level. The S�P10 rep-
resents the configuration that is capable of achieving the 
largest reduction in the turbulent boundary layer sources sur-
rounding the sawtooth edge, which could explain the best 
noise reduction performance by this particular configuration 
at frequency zone (b) in Fig. 6. The overall distributions 
of the ̂u′v′ also reflect that whenever significant turbulent 
sources are amalgamated around the sawtooth region, such 
as the S�N10 case, the level of ̂u′v′ at elsewhere within the 
wake (i.e. the regions within the red boxes) becomes less 
pronounced. While the S�0 continues with the trend, the 
S�P10 produces an opposite effect where the diminished 

(9)̂
u�v�(y∕H, z) = ∫

f2

f1

�(u�v�)(y∕H, z, f ) df ,

1  Although not shown here, readers can refer to Fig. 12 from Vathy-
lakis et  al. (2016), where the corresponding B�

N
10 only exhibits 

meaningful level of spanwise �2 up to z ≈ 1mm.
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and fragmented ̂u′v′ surrounding the sawtooth edge is now 
accompanied by a relatively larger level of ̂u′v′ within the 
wake regions highlighted by the red boxes. This suggests 
that a re-distribution of the turbulent sources could be one 
of the reasons that enables the S�P10 to outperform the S�0 
in the noise reduction performance at f1 ≤ f ≤ f2 . Note that 
performing the same analysis for the Reynolds normal stress 
in ̂v′v′ will produce the same characteristics as the ̂u′v′.

According to Amiet (1976), the spanwise correlation 
length scale as a function of frequency, lz(f ) represents 
another main source for the radiation of aerofoil self-noise 
to the far field. The lz(f ) originates from the coherence func-
tion �2 in the following form:

where z1 is the closest spanwise separation distance between 
the “stationary” and “traversing” probes, and by definition, 
z2 ⟶ ∞ . In practice, the �2 in the spanwise direction for a 
turbulent boundary layer would decay quite rapidly to zero 
especially for the central and high frequencies. Therefore, 
a low value of z2 will normally be sufficient. In the cur-
rent analysis, the z2 is varied from 1

2
� to � , then 2� , where 

� is the serration wavelength. The reason to have different 
values of z2 is to examine the sensitivity of lz in the pres-
ence of cross-flow at 1

2
� and beyond. The results are shown 

in Fig. 16. The analysis will focus on the frequency zone 
(b), where f1 ≤ f ≤ f2 . It can be seen that, contrary to an 
earlier observation that the cross-flow represents a favour-
able mechanism to cut-off the large-scale turbulence at low-
frequency (frequency zone a), the absence of it for the S�P10 

(10)lz(f ) = ∫
z2

z1

√
�2(z, f ) dz

serrated trailing edge can actually help to produce a lower 
value of lz(f1 ≤ f ≤ f2) as early as when z2 =

1

2
� . This benefi-

cial effect continues to replicate at z2 = � , 2� and so on. The 
results thus suggest that, over a frequency range of interest 
(i.e. in frequency zone b), a flap-up serration at the trail-
ing edge can produce a better noise reduction performance 
owing to the weakening of both the turbulence source and 
spanwise correlation length scale.

4 � Discussion of the noise mechanisms

By adding a straight, non-serrated flat plate to the trailing 
edge of an aerofoil, it is already sufficient to reduce the 
radiated self-noise at the central frequency region. If the 
flat plate is longer in length, the level of noise reduction 
will also be higher. It is likely that the underlying mecha-
nism is related to the “blade-loading” effect, where the tur-
bulent boundary layers near the trailing edge are altered. 
However, there is a practical limit of how long the add-on 
straight flat plate can be realistically achieved. Instead, 
creating interstices in the form of sawtooth serration on the 
flat plate, one could create an additional“serration” effect 
that is so reliable to reduce the self-noise that it has been 
studied extensively in the research community since the 
last decade. It is worth mentioning that in those studies, 
the attention is almost exclusively focused on the serra-
tion amplitude and serration wavelength only. These are 
traditionally regarded as the primary geometrical variables 
for a serration.

The broadband noise reduction by adding a serrated flat 
plate to the trailing edge of an aerofoil is contributed cumu-
latively by both the blade-loading and serration effects. 

Fig. 17   a Schematic illustrat-
ing a spanwise wavy serration 
trailing edge, b Comparison 
of the �PWLS , dB produced 
by a spanwise wavy serrated 
trailing edge ( |�(z)|(max) = 5◦ ) 
and by Equation (11), N = 3 at 
U∞ = 24ms−1 and � = 0◦
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However, the weighting of these two effects in their con-
tributions to the self-noise reduction can also be manipu-
lated by a third serration geometrical parameter, namely the 
serration flap angle. For example, results presented in this 
study demonstrate that a supposedly positive blade-loading 
effect of extending the flat plate length can be negated sig-
nificantly by a flap-down angle. Therefore, though relatively 
less studied, the geometrical characteristics of the flap angle 
can provide a unique opportunity to investigate further the 
mechanisms of the broadband self-noise reduction by a ser-
rated trailing edge.

For a non-flap serrated trailing edge presented in this 
paper, the streamwise vorticity plane at the near wake dem-
onstrates that some dominant streamwise vortical compo-
nents that are otherwise confined at the pressure surface will 
be swept and engulfed onto the suction surface by cross-flow 
through the sawtooth gaps. This pressure-driven mechanism 
corroborates with Avallone et al. (2016), who reported that 
the flow pattern pertaining to a serrated trailing edge is char-
acterised by pairs of counter-rotating streamwise-oriented 
vortical structures in the space between the serrations. These 
structures act to distort the mean flow which, according to 
Chong and Vathylakis (2015), cause a local variation in 
the effective angle seen by the turbulent flow approaching 
the serration edges. The encroachment of the pressure-
driven streamwise vortices can compartmentalise the tur-
bulent boundary layer and reduce the level of the spanwise 
coherence. In addition, it can also force the formation of 
the stretched horseshoe vortices with the two legs on the 
consecutive sawtooth tips separated apart by 130 − 150 wall 
unit. Clearly, there seems to be a destructive mechanism 
introduced by the cross-flow. However, further investigation 
is needed to correlate the frequency range of the radiated far 
field that is susceptible to the cross-flow.

For the flap-up serrated trailing edges, the lack of cross-
flow in the space between the serrations is accompanied 
by a significant deterioration in the noise reduction per-
formance at low-frequency, which is represented by the 
frequency zone a defined in Fig. 6b. This provides a clue 
that the cross-flow is responsible for the noise reduction at 
low-frequency. This is consistent with the earlier observa-
tion of strong perturbations to the large-scale turbulence 
structures by the cross-flow. It is necessary to point out 
that the aforementioned blade-loading effect is not preva-
lent for the flap-up serration based on two experimental 
evidences. First, the �PWLB is zero across a large fre-
quency range (Fig. 8). Second, the turbulent boundary 
layers just upstream of the flap-up serration remain the 
same profile between the straight and serrated flat plates 
(Fig. 11). However, the opposite is observed for the flap-
down serration, where the negative blade-loading effect 
is prevalent. For this very reason, a strong performance 
in the noise reduction at low-frequency that is otherwise 

anticipated owing to the presence of the strong cross-flow 
cannot be realised for the flap-down serration. In fact, the 
negative blade-loading effect for a flap-down serration is 
so dominant that the �PWLS spectra would start to drop 
across the entire frequency range as soon as a negative flap 
angle for the serration is introduced (Fig. 6a).

The absence of cross-flow by the flap-up serration has 
no detrimental effect on the central-frequency (zone b), 
as shown in Fig. 6b. It shows that the flap-up serration 
can outperform the non-flap counterpart within this wide 
frequency range, while the flap-down serration continues 
to experience a deterioration in the performance. This is 
an exciting result and a potential step up for the serration 
technology—aeroacoustically speaking. The strong per-
formance by the flap-up serration is underpinned by the 
enhancement of the serration effect through the weakening 
and re-distribution of the turbulence source around the 
sawtooth region, and the reduction in the spanwise cor-
relation length scale.

At the high-frequency (zone c) for the non-flap serration, 
the cross-flow is shown to be a detrimental source owing 
to its tendency to interact with the sawtooth structure and 
cause a noise increase. Understandably, the lack of cross-
flow for the flap-up serration can avoid the generation of this 
high-frequency extraneous noise altogether. On the other 
hand, the flap-down serration continues to be besieged by 
the negative blade-loading effect and is exacerbated by the 
very strong cross-flow at the space between the serrations 
that significant high-frequency noise increase becomes 
inevitable.

It is worth mentioning that this paper only concerns the 
effect of serration flap angle to the aeroacoustics perfor-
mance. For future research, one avenue is to include the 
effect of the angle of attack. The rationale is that the aer-
oacoustics comparison could be performed under a condi-
tion where the serrated aerofoil with serration flap angle 
produces the same aerodynamic lift as the serrated aerofoil 
with zero flap angle.

5 � Outlook

In summary, the level of impact by the blade-loading on 
the serrated flat plate is a function of the flap angle � . This 
property can be further exploited by varying the � as a peri-
odic function in the spanwise distance z. In addition, the 
|�(z)|(max) (i.e. maximum values of �N and �P ) will be the 
same. A sample of this configuration, which is herein called 
the “spanwise wavy serration”, is illustrated in Fig. 17a. It 
is hypothesised that the spanwise wavy serration might be 
able to neutralise the blade-loading effect on the acoustic 
radiation at the low-frequency region.
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As a preliminary study, a spanwise wavy serration of 
|�(z)|(max) = 5◦ , and a spanwise wavy wavelength of 45 mm 
(i.e. 30% of the chord), is constructed. The corresponding 
�PWLS produced by this particular spanwise wavy serra-
tion is plotted in Fig. 17b. Also included in the figure is the 
�PWLS , which is defined as:

The �PWLS thus represents the mean sound power reduc-
tion level, as a function of frequency. In the current context, 
the spectrum is averaged by several serrated flat plates at 
|�(z)| ≤ 5◦ , which is N = 3 (i.e. S�N5 , S�0 and S�P5 ). Fig-
ure 17b shows that the noise reduction level produced by 
the spanwise wavy serration and the �PWLS are similar at 
f < 3 kHz . This demonstrates that facilitating a spanwise 
periodicity of the serration flap angle can indeed neutralise 
the blade-loading effect on the aeroacoustics radiation. On 
the other hand, at the central and higher frequencies, the 
spanwise wavy serration outperforms the �PWLS by up to 1 
dB. The same positive outcome also holds true if the span-
wise wavy serration is compared directly to the non-flapped 
S�0 . The results suggest that the turbulence conditioning 
exerted by the flap-up serration components remains effec-
tive and is not negated by the presence of the flap-down 
serration components in the spanwise wavy configuration.

Although not tested here, the spanwise wavy serration 
could also produce a similar aerodynamic performance 
as the non-flapped S�0 . Further investigation is needed 
to fully establish the potential of this innovative serration 
configuration.

6 � Conclusions

This experimental study investigates the effect of serration 
flap angle on the aerofoil self-noise radiation. Both the far-
field and near-field measurements of a NACA 65(12)-10 
were conducted at the Brunel aeroacoustics facility, under 
a Reynolds number of about 2.96 × 105 and zero degree 
angle of attack. The serrated flat plate trailing edges were 
manufactured to cover a range of serration flap-down 
angles ( −15◦ , −10◦ , −5◦ ) and flap-up angles ( +5◦ , +10◦ , 
+15◦ ), including the 0◦ representing the reference, non-
flap angle.

Using a long serrated trailing edge flat plate at a non-
flap configuration, noise reduction can be achieved between 
the low and central frequencies, but at the high-frequency, 
noise increase is observed. When a flap-down serration is 
deployed, the dominant mechanism of the blade-loading 
will deteriorate the noise reduction performance across 
almost the entire frequency range. However, when the 

(11)�PWLS =

[
N∑
n=1

�PWLS. n

]
. (N)−1.

serrated flat plate is deployed flap-up, noise manipula-
tions at the three frequency zones (low, central and high) 
are exerted differently despite the disappearance of the 
blade-loading effect. At the low-frequency zone, the lack 
of cross-flow mechanism to eliminate the large-scale 
turbulence would negate the serration effect and cause 
a significant loss in the noise reduction performance. At 
the central-frequency zone, however, the weakening and 
re-distribution of the turbulence source around the saw-
tooth region, and the reduction in the spanwise correlation 
length scale, represent the two mechanisms that ultimately 
improve the noise reduction performance over the conven-
tional non-flap serrated configuration. The lack of cross-
flow for the flap-up serration, understandably, switches role 
to become a positive factor at the high-frequency zone as 
demonstrated by the lack of noise increase. This is due 
to the reduced level of interaction between the cross-flow 
and sawtooth structure. This paper provides a positive out-
look of facilitating flap angles to the trailing edge serra-
tion in the form of “spanwise wavy serration”. This new 
concept can preserve the noise reduction capability at low-
frequency, while improve the noise reduction capability at 
the central and high-frequency regions.
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