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This work discusses the physics of noise reduction achieved from serrated trailing-edges and its impact
by the serration design. An experimental campaign is carried out with a benchmark 2D model based on a
NACA 633-018 airfoil. Different trailing-edge serrations are tested under several flow speeds and angles
of attack conditions to build a complete dataset of acoustic measurements. Systematic modifications of a
reference sawtooth serration design are made to its scale and geometry. Scale modifications are based on

- sawtooth serrations and comprehend carefully considered variations of the serration height (2h),
gggg Msc: wavenumber (1), and aspect ratio (2h/1). Geometric shape modifications are represented by concave-
1111 shaped and combed-sawtooth serrations. This study represents a unique sensitivity-based parametric
analysis on the scaling and geometric properties of trailing-edge serrations where the impacts of each
modification are studied separately. The results obtained are used to provide guidelines for serration de-
sign choices and their impact on broadband noise reduction.
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1. Introduction

Trailing-edge serrations are currently the standard technology
applied to mitigate the noise generated by the turbulent
boundary-layer flow past an airfoil trailing edge. Industrial applica-
tions, such as wind energy [1,2] and turbo machinery [3], have
adopted serrations as they provide significant noise reduction [1].
However, their proven efficiency and applicability contrasts with
the current design methods for such device. This is due to the dis-
crepancies observed between theoretical predictions and results
from experimental campaigns and numerical simulations.

Theoretical models [4-8] have described the main physical
mechanism of serrated trailing edges and explained the noise
reduction obtained. According to the theory, by creating a
non-orthogonal angle between the incoming turbulent flow fluctu-
ations and the trailing-edge direction, serrations promote a weaker
scattering of the dominant wall-pressure fluctuation modes, i.e. the
spanwise oriented waves (k, = 0). Similarly to the noise of a slant-
ed trailing edge [9], this weaker scattering in comparison to a
straight edge is responsible for the noise reduction observed in
the far field.
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The analytical approaches, however, neglect the modifications
of the flow due to the presence of the serrations which, in turn, af-
fect the acoustic response [10-12]. Throughout the years, re-
searchers have demonstrated that the flow is significantly altered
by introducing trailing-edge serrations [13-18]. In an effort to
model such alterations, Ref. [17] has shown that three physical
mechanisms dominate the modification of the wall-pressure fluc-
tuations on the surface of a serrated trailing edge. Two of these
mechanisms concern the alteration of conditions in the vicinity
of the serrations while the last one pertains only to serrations gen-
erating aerodynamic loading, i.e. a pressure difference between the
upper and lower side of the serration exists. This aerodynamic
loading causes a pair of counter-rotating vortices to be formed
around the serration edges [15], inducing an increase in the wal-
I-pressure fluctuations over the serrations. The latter is associated
with the noise increase from serrated trailing edges at high angles,
as shown in [10,19].

The modification of the wall-pressure fluctuations for serrated
trailing edges is often described as the main cause of the departure
between the predicted and the observed noise reduction spectrum
from serrated trailing edges [6,18,10]. For example, while models
predict an asymptotic noise reduction at high frequencies, experi-
ments and numerical simulations have always demonstrated a
cut-off of the noise reduction and even noise increase at high fre-
quencies based on the flow speed (U..), and boundary-layer thick-
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ness (38) (> %) [13,10-12]. Also, analytical models suggest that the
higher the serration aspect ratio (2h/4) the lower the noise from
the serrated trailing-edge. However, Ref. [20] has shown a limit
on the serration aspect ratio, where increasing its height (2h) or de-
creasing its wavelength (1) does not improve the maximum noise
reduction and an increase of the high-frequency noise is observed.
Ref. [20] has come to the conclusion that, differently from the an-
alytical predictions [4], noise reduction from serrations is more
correlated to the ratio 2h/6, and that the aspect ratio (2h/1) does
not affect noise reduction in the same way as the predictions
suggest.

Besides, several serration concepts exist, such as the sawtooth
serrations, the concave-shaped (iron, or ogee-shaped) serrations
[11,21], and the combed-sawtooth serrations [2]. Despite that,
there is no consensus on the advantages and disadvantages of each
geometry, which is also dependent on airfoil geometry, flow condi-
tions, and installation effects. Therefore, the design of trailing-edge
serrations lack general guidelines and still requires dedicated nu-
merical simulations and experimental campaigns for each
application.

In this work, design guidelines for trailing-edge serrations are
sought. To create these guidelines, a parametric study based on ex-
periments with sawtooth serrations of different scales and other
geometries, namely concave-shaped, and combed-sawtooth serra-
tions is carried out. Differently from other parametric studies
[20,22,23], this work proposes a sensitivity-based approach, based
on a reference sawtooth serration geometry, where each parameter
of this serration design that affects the trailing—edge noise is varied
separately. The trends found are interpreted through the physical
mechanisms described in previous research. The model of a bench-
mark airfoil section [24], the NACA 635-018, is selected for the ex-
periments and tested under different conditions of flow speeds and
angles of attack to build a complete picture of the acoustic proper-
ties of serrated trailing edges. A description of those experiments is
presented in Section 2 including flow conditions, serration geome-
tries, acoustic measurements, and post-processing techniques.
Section 3 reviews the physics of noise scattering from serrated
trailing edges and of the wall-pressure fluctuations on the serra-
tion surface, which is used in the results section of the work (Sec-
tion 4) to interpret the results obtained. Design guidelines and
conclusions are shown in Sections 5, and 6 respectively.

2. Experimental methodology
2.1. Flow facility, model, and flow conditions

Experiments are conducted in the aeroacoustic wind-tunnel fa-
cility at the Delft University of Technology (A-Tunnel). The open test
section wind tunnel has an option of exchanging nozzles that allows
controlling maximum speed and model dimensions. In this cam-
paign, a rectangular 0.4 x 0.7 m nozzle is selected, resulting in a
maximum flow speed of 35 m/s. The test section is enclosed by an
anechoic chamber where the acoustic measurements are carried
out. The chamber is designed to avoid reflections from frequencies
higher than 150 Hz. More details about the facility are shownin [25].

The model used is a symmetric 2D NACA 633-018 airfoil with
0.2 m chord and 0.4 m span. This airfoil is chosen following the ef-
forts to create facility-validated benchmark data [24]. The model
symmetry allows for assessing the radiated noise from the trailing
edge without aerodynamic loading conditions on the serrations
(airfoil at oo = 0°) and comparing it with conditions with aerody-
namic loading. Besides, the low trailing-edge angle (dre) of less
than 4° is appropriate to reduce installation effects in the wedge
junction between the serration and the airfoil trailing edge. The
trailing edge section is separated at 80%c to allow the installation
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of different inserts. An insert with the baseline airfoil trailing-edge
is used as the reference configuration while an insert with two
claps is used to allow the serrated trailing-edges to be placed.
The baseline insert has a trailing-edge thickness of about 0.15
mm, while the serrated trailing-edges inserts are 1 mm thick.
The serrations have their centre aligned with the baseline trail-
ing—edge location and are manufactured via laser cutting of a steel
sheet. Fig. 1 shows a schematic of the setup and the model in-
stalled in the wind-tunnel facility.

A zig-zag tripping tape of 0.6 mm height is placed at 5%c on
both sides of the model to force the laminar-to-turbulent transi-
tion location at all tested conditions, following the benchmark
work of Ref. [24]. For most of the analyses, the model is tested at
three different flow speeds (15,20, and 30 m/s). Measurements
are taken at angles of attack («) from 0° to 10° in steps of 1°, and
from 10° to 20° in steps of 2°. To measure the acoustic emissions
from both the suction and the pressure sides, the measurements
are carried out for positive and negative angles of attack. Table 1
summarizes the conditions of test.

A pitot rake is installed at the model to measure the boundary-
layer properties at the trailing-edge region. The rake contains 12
total pressure tubes along the wall-normal direction and 2 static
tubes on each side of the model (upper and lower side). The mea-
surements are used to assess the boundary-layer velocity profile at
mid-span and 90%c location for the reference configuration. The
effect of the tubes in proximity to the airfoil walls is corrected fol-
lowing the work of [26]. Fig. 2a shows the setup of the measure-
ment and Fig. 2b the resulting boundary-layer displacement
thickness from the experiment. The displacement thickness is used
in the remainder of this work to characterize the acoustic emis-
sions at the trailing edge.

2.2. Serration geometries

The serrations are varied by modifying their scaling (height, and
wavelength for the sawtooth design), geometry (for the sawtooth
vs. concave-shaped serrations), and comb size (for the combed-
sawtooth serrations). A reference serration is defined with a height
2h =30 mm, and a wavelength 2 =15 mm (2h/1 = 2). The refer-
ence serration dimension follows Ref. [10], which has demonstrat-
ed adequate noise reduction levels for serrations with 2h/6 ~ 4 (6
based on the & = 0° condition), and 2h// = 2. The other geometries
are built upon variations of the reference geometry, creating a sen-
sitivity-based study using a one-factor-at-a-time approach.

Table 2 shows the designs used for the study of the geometric
scaling of the sawtooth serrations. For the analyses, three parame-
ters are chosen, namely the serration height (2h), wavelength (1),
and aspect ratio (2h/ /). For each of the parameters, 4 serrations ex-
ist where its value remains the same while the other parameters are
changed individually. Following this approach, 4 geometries have
the same height (2h =30 mm) but different wavelengths and
aspect ratios, other 4 have the same wavelength (1 = 15 mm) but
different heights and aspect ratios, and other 4 have the same
aspect ratio (2h// = 2) but different heights and wavelengths.

The geometric changes are based on the concave-shaped serra-
tions (ogee-shaped serrations) described in Refs. of [11,21]. The
geometries are generated following Eq. 1. In the equation, the pa-
rameter n controls the geometry of the serration, n = 1 yields the
sawtooth design. If n < 1, the serration presents a concave shape,
i.e. the angles at the root are higher than at the tip. If n > 1, the ser-
ration presents a convex shape with angles at the tip higher than
the ones at the root. In turn, n is controlled based on the desired
percentage of surface area compared to the total area of the trailing
edge, referred to in this work as the solidity factor (SF), following
Eq. 2. Similarly to the previous study, 4 different geometries are se-
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(b)

Fig. 1. Experimental setup for acoustic measurements. (a) Schematic of the experiment, and (b) picture of the model mounted in the wind-tunnel facility.

Table 1
Flow conditions selected and available dataset of the acoustic campaign carried out.
Ux [m/s] Re. o]
15 200,000 [-20:2:-12 —10:1:10 12:2:20]
20 270,000 [-20:2:-12 —10:1:10 12:2:20]
30 400,000 [-20:2:-12 —10:1:10 12:2:20]

lected, with solidity factors of 0.2 (convex-sawtooth serrations),
0.5 (reference sawtooth serrations), 0.7, and 0.8 (concave-saw-
tooth serrations). Table 3 shows the geometries selected.

2h(Z+1)", —4<x<0
x(z)—{ 1), mgsx<0 1)
2h(-Z24+1)", 0<x<}
ffﬁfzxdz 1
SE="oh Tnrt @)

@

For the combed sawtooth design, two parameters are selected,
namely the number of combs per wavelength (Nieew, ), and the ratio
between the comb pitch and the open pitch. The latter affects the
solidity factor (SF) more significantly and is described using the
same parameter. Geometries are created for each of the two param-
eters as shown in Tables 4 and 5. It is important to highlight that the
combed-sawtooth designs corresponding to N = 5 in Table 4,
and SF = 0.75 in Table 5 are the same.

2.3. Acoustic measurement technique and post processing

The noise levels of the serration designs are assessed through
measurements with a microphone array. The schematic in Fig. 1a
shows the setup for the acoustic measurements. The microphone
array used consists of 64 G.R.A.S. 40PH microphones connected
to a PXle system with 4 PXle-4499 acquisition boards. Details of
the apparatus and data acquisition parameters are reported in
Table 6.

PS

Fig. 2. Experimental setup of the pitot-rake (a), and measured boundary-layer displacement thickness (b).
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Table 2
Geometry of the sawtooth serrations selected for the scaling study of trailing-edge serrations. Dimensions are shown in millimeters.
40 40
30 30
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The data acquired are processed with the conventional beam-
forming technique described in Ref. [27]. The steering vector for-
mulation number I from Ref. [28] is selected and the effect of the
flow velocity is corrected following the simplification proposed
in Ref. [27]. Resulting source maps of the baseline serration are
shown in Ref. [24]. The trailing-edge sources can be observed for
frequencies from 400 to 5,000 Hz.

To better isolate the noise from the trailing edge, a source power
integration (SPI) procedure is used. Sources on the mid-span of the
trailing edge are integrated inside a region of 100 x 100 mm?
(0.5c x 0.5c). For conditions under angles of attack, the spectra pre-
sented are averaged from the results taken from both the pressure
and suction side, following the procedure discussed in Ref. [29].
Fig. 3 shows the difference between the noise levels of the baseline
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Table 3
Concave vs. convex serration geometry parametrization based on the solidity factor (SF).
SF =02 SF =0.5 SF =0.7
30 30 30
25 25 25
20 20 20
E) g g
15 E 15 815
" " "
10 10 10
5 5 5
0 0

Table 4

Combed-sawtooth geometric parametrization based on the number of combs per wavelength (Neeeth)-

N, teeth — 0
30

N, teeth — !
30

Niceth = 3

25

20

25

20

A

N, teeth — 5
30

25

20

25

25

El El g
£15 £15 £15
™ ] "
10 10
5 5
0 0 0
5 0 5 0 5
z [mml] 7z [mm]
Table 5
Combed-sawtooth geometric parametrization based on the solidity factor (SF) for Neer, = 5.
SF =0.50 SF =0.63 SF =0.75 SF =0.88
30 30— m 30 30

A
25

Table 6

Setup of the acoustic array measurement and

acquisition system.

Number of microphones 64

Microphone type G.R.AS. 40PH
Frequency range 50 Hz to 20 kHz
Acquisition system NI PXIe
Acquisition board PXle-4499 (x4)
Voltage range +10V

ADC converter precision 24 bits

Array x-span 2.0m

Array y-span 1.0m

airfoil and the same measurements carried out for the test section
without the model, taken here as the reference background noise.
All spectra are presented in twelfth-octave bands. Negative values
indicate that the background noise is lower than the baseline noise
of the airfoil (black line in the graph). The black line represents the
noise reduction floor for the measurements. Measurements of serra-
tions that would reduce more noise than the background levels are
compromised due to the background noise. In the same figure, the
noise reduction obtained with the reference serration geometry is
shown in blue. The results show that the noise levels from the serrat-
ed trailing edge are still 2-3 dB above the background ones, indicat-
ing that the measurements are not hampered or affected by the
facility background levels within the frequency range of interest.
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—— Background noise
—s—Reference sawtooth serrations

ASPL [dB]

-12 .
103

frequency [Hz|

Fig. 3. Measured difference between background noise and baseline noise levels
(black curve) obtained with source power integration from the centre span region.
The difference between the reference sawtooth serration design and the baseline
noise levels is shown in blue. Negative values of ASPL indicate noise reduction.
Background noise measurements are obtained by removing the model from the test
section while measuring at the same flow speed.

3. A review on the analytical description of acoustic scattering
and wall-pressure fluctuations on serrated trailing edges

Understanding the driving parameters of serration design re-
quires knowledge of the effects of each geometric modification
on the acoustic scattering and the flow field at the trailing edge.
This section gives a review of the main conclusions from the liter-
ature concerning serration acoustic scattering and modification of
the wall-pressure fluctuations around the serration design. The
concepts described in this section are used to guide the discussions
of the results in Section 4.

3.1. Acoustic scattering

Refs. [5-7] have described the scattering of the incoming turbu-
lent wall-pressure fluctuations on the trailing edge of a semi-in-
finite plate, creating models that predict the noise reduction
obtained by trailing-edge serrations. These models depend on
the incoming wall-pressure wavenumber spectrum over the serra-
tion, assumed to be invariant to the position along the serration.
These different models have common conclusions concerning the
serration design. For example, all models predict that the noise re-
duction obtained from the serrations reaches an asymptotic value
at high frequencies [5-7], as demonstrated in Fig. 4. The figure is
obtained with the rapid model described in Ref. [8].

The simplified model of Ref. [5] brings important insights into
the characteristics of the noise reduction spectrum obtained from
a serrated trailing edge. According to the work, the noise reduction
reaches an asymptotic value described by Eq. 3. The limit is valid
for high frequencies (% > 1) and high serrations aspect ratios
(1. Similar assumptions can be used to derive an equation for
the cut-on frequency, i.e. the frequency where the noise reduction
reaches half (-3 dB) of its asymptotic value. This procedure yields
Eq. 4, in which the cut-on frequency (f ., o,) depends only on the
flow speed and the serration wavelength. Still, it is important to
point out that the model of Howe has shown a significant overes-
timation of the noise reduction obtained, as demonstrated in the
works of Refs. [13,10].
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1T A (constant 2h)

T2h, T A
(constant 2h/\)

1 2h 1
(constant \)

ASPL [dB]

1 1 1

frequency [Hz]

Fig. 4. Example predicted variation of the noise reduction depending on the
serration dimensions. The predictions are obtained with the rapid method from Lyu
and Ayton 2020 [8]. The black line represents the reference noise reduction while
the other lines illustrate the effect of different modifications of the serration
geometry. Negative values of ASPL indicate noise reduction.

1+4<2;’ﬂ. (3)
2 Ue

fcut—on = E 7 . (4)

Effect of varying the serration height (constant J): Following Refs.
[5,21], increasing the serration aspect ratio (2h/41) yields an im-
provement of the asymptotic noise reduction from the serrations
(as depicted in Eq. 3). Also, according to the scattering models,
changes in the serration height do not affect the frequency range
where noise reduction happens (Eq. 4). This is shown in the blue
line of Fig. 4 where the modification of the height only modifies
the asymptotic predicted value of the noise reduction, without al-
tering the frequency in which this value starts.

Effect of varying the serration wavelength (constant 2h): Similar to
the serration height, analytical scattering models predict that, by
decreasing the serration wavelength, a higher asymptotic level of
noise reduction is expected [21]. However, the serration wave-
length influences the frequency at which the noise reduction
reaches its asymptotic value, following Eq. 4. Therefore, the analyt-
ical methods suggest that the higher the serration wavelength, the
lower the noise reduction obtained is but also the lower the fre-
quency where noise reduction starts, as illustrated by the green
line in Fig. 4.

Effect of varying the serration scale (constant 2h/7): The serration
scale defines the frequency range where noise reduction starts. By
increasing the serration height (2h), and wavelength (1) while
keeping 2h// constant, the noise reduction is not expected to
change but the frequency where the asymptotic noise reduction
starts is lowered. This is illustrated by the red line in Fig. 4, and
indicates that the scaling of the serration can be tuned according
to the desired frequency of noise reduction.

ASPLyax = log

3.2. Wall-pressure fluctuations along the serration surface

The models mentioned previously are based on a wavenumber-
frequency spectral representation of the wall-pressure fluctuations
beneath a turbulent boundary layer. This representation considers
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pure convection (Taylor’s frozen turbulence assumption [30]) along
the serration surface.

However, studies [31,16,11,12] have demonstrated that the
wall-pressure fluctuations vary along the trailing-edge serrations.
Ref. [17] has described three physical mechanisms that affect the
wall-pressure fluctuations along the serration surface. These
mechanisms affect directly the scattering levels, in turn modifying
the noise reduction obtained. Ref. [11] has shown that the scatter-
ing is more intense in the regions where the wall-pressure fluctu-
ations are higher. Ref. [32] demonstrated good predictions of the
serration noise reduction when using the simulated wall-pressure
fluctuation close to the serration. All these works highlight the im-
portance of considering how the wall-pressure fluctuations vary
with the serration geometry on the prediction of trailing-edge
noise. Therefore, this section briefly describes the physical proper-
ties observed for the wall-pressure fluctuations on the surface of
serrated trailing edges according to [17] and how they may affect
the scattered noise. Fig. 5 illustrates how these three mechanisms
affect the distribution of the wall-pressure fluctuations on the ser-
ration surface.

Impedance change at the trailing edge: As the flow passes from a
solid boundary to an open region at the trailing edge, the pressure
fluctuations along the plane of the airfoil chord are reduced. Ref.
[17] has shown that this modification causes the wall-pressure
fluctuations to reduce progressively from the root to the tip of
the serrations. This effect is especially pronounced at low frequen-
cies, where the turbulent scales are larger and the transition effect
is distributed over the serration surface. Fig. 5 shows the effect of
the impedance transition on the distribution of the wall-pressure
fluctuations over the serration surface. As shown, the wall-pres-
sure fluctuations are higher at the serration root and lower at the

Low frequency High frequency

3 3
m o
£ ° 2 2
®
e °° 1.— 1.
= s s
= & O =, =,
g 0 0o 0 e%- 0 0o 0 e%-
g\ o o =1 < ° o = | <
3

0000 0 00O
@ 2 -2
S o o o o
% 0O o0oo0O0O I'3 0 0O0O0OO I'3
—
I5
(o)}
£
©
©
ke, s
Y 2
: 0
° <

s 4
3 A
o
E 00 o0
©
£ o o
2
T ©o0o0o0o0 -5

Fig. 5. Exemplified distribution of the wall-pressure fluctuations over a serrated
trailing edge under different conditions as described in Ref. [17]. Reference wall-
pressure spectrum level (A¢,, = 0) is set at the centre and root of the serration.
Data is taken from measurements with the same airfoil at & = 0° (low aerodynamic
loading) and o = 10° (high aerodynamic loadin at a Reynolds number of 1 x 10°.

Applied Acoustics 211 (2023) 109470

serration tip, indicating that scattering, at low frequencies, is more
intense at the serration root, as discussed in the work of [11]. In
turn, the latter work has suggested that concave-shaped serrations
perform better at low frequencies as the geometry poses a higher
serration angle at the root, where the fluctuations are higher, con-
sequently reducing the scattered noise.

Wake development and acceleration of turbulent structures: As the
flow develops along the open region on the serrations, the small
scales of turbulence are accelerated throughout the serration gap,
eventually impacting the speed at which they are convected. Ref.
[17] demonstrates that this acceleration causes the amplitude of
the wall-pressure fluctuations around the tip of the serrations to
increase, as shown in Fig. 5. Since this acceleration happens mainly
for the inner scales of turbulence, the frequency where this effect is
observed can be estimated by Eq. 5, following Ref. [33] where u; is
the boundary-layer friction velocity, and v the flow kinematic vis-
cosity. Ref. [11] also demonstrates that this increase is associated
with a more intense scattering at high frequencies along the tip
of the serrations. The latter causes the noise reduction to reduce
at high frequency, in turn causing the cut-off of the noise reduc-
tion, not predicted by the analytical scattering methods.

u 2
fcut—off ~ 005% (5)

Aerodynamic loading effect: This effect is only existing when ser-
rations are placed at an angle with respect to the flow direction,
and aerodynamic loading is created over the serration surface. It
relates to the wall-pressure fluctuations due to the secondary flow
accelerations generated along the serration edge. According to Ref.
[17], the vortex pairs formed around the serration edges under
loading [15] are responsible for an extra broadband component
to the wall-pressure spectrum that is proportional to the serration
aspect ratio (2h/4), and is maximum at a Strouhal number that can
be described by Eq. 6. Ref. [12] has shown that by adding combs to
the serration (combed-sawtooth design), the secondary flow accel-
erations are greatly suppressed, yielding improved noise
characteristics.

In this work, these secondary flow features are created by plac-
ing the airfoil at different angles of attack. This is done so as the
symmetric airfoil with serrations aligned with the chord line al-
lows for a controlled aerodynamic loading condition. In practice,
the aerodynamic loading is generated not only due to the angle
of attack but also due to the asymmetry of the airfoil selected
[20], and the installation angle of the serrations [34,35]. Ref. [12]
has also demonstrated that similar secondary flow formations
are observed for airfoils with thick trailing-edge angles. In the lat-
ter, a NACA 0018 equipped with trailing-edge serrations is tested.
In this setup, the installation of the serrations aligned with the
chord line creates a wedge angle of about 12° between the airfoil
trailing edge and the serration plane.

flOadé*i‘l 0" \/ﬁ
U. 4205 (©)

4. Results and discussions

In this section, the results of the acoustic measurements are dis-
cussed. The first subsection is dedicated to the basic features of the
noise reduction from serrated trailing edges. The influence of flow
conditions such as the flow speed and angle of attack is discussed.
The second subsection is dedicated to the scaling of sawtooth trail-
ing-edge serrations, i.e. the influence of parameters such as the
serration height (2h), wavelength (1), and aspect ratio (2h/1). The
third section describes the modifications of serration geometry in
terms of concave and convex-shaped serrations while the last
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one is dedicated to the effect of introducing combs on the sawtooth
serration.

4.1. General characteristics of trailing—edge serration noise

This section gives a description of the noise reduction obtained
from serrated trailing edges. The acoustic results shown in this sec-
tion describe the noise reduction spectrum of the reference serra-
tion design (2h = 30 mm, and A = 15 mm) and how it varies with
the different flow conditions tested.

At first, the variation of the noise reduction with the flow speed
is assessed, as shown in Fig. 6. In Fig. 6(a), the dimensional fre-
quencies demonstrate how the noise reduction created by the ser-
rations is shifted from lower frequencies at low speeds to higher
ones at high speeds. Following previous works [11,12,20,36], the
measured noise reduction from serrated trailing-edges starts at a
certain frequency, reaches a maximum, and decays for higher
frequencies.

In Fig. 6(b), the spectrum of the noise reduction is scaled with
the Strouhal number based on the boundary-layer displacement
thickness of the baseline airfoil (6*) and the flow speed. Apart from
a minor modification of the amplitude of the maximum noise re-
duction, the collapse of the curves demonstrates how the choice
of Strouhal number is a valid one to describe the spectrum of noise
reduction of a certain serration design. This property has already
been shown in Refs. [20,24]. Discrepancies are observed at high
frequencies and are believed to be related to the different propor-
tionality of the high-frequency cut-off due to the wake accelera-
tion effects. Following Eq. 5, the scaling of the wake acceleration
with the Strouhal number based on the flow viscosity and friction
velocity (fv/u?) creates modifications on the non-dimensional
spectral shape between different speeds.

The non-dimensional spectrum shape is expected to vary for
different serration geometries. Nevertheless, results and literature
[20] have consistently shown that maximum noise reduction is ob-
served around a Strouhal number 0.09, following Eq. 7. This Strou-
hal number coincides with the one of maximum trailing-edge
noise according to Ref. [37]. According to the figure, the noise re-
duction starts at a Strouhal number of about 0.03 and decays
monotonically after the Strouhal number of maximum noise
reduction.

=15m/s
=20 m/s

SHhOG

9 x
10°
frequency [Hz]
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The choice of the boundary-layer displacement thickness for the
Strouhal number normalization is more complicated under asym-
metric flow conditions, i.e. angles of attack different than 0° or for
the flow over asymmetric airfoils. As discussed in Ref. [37], the thick
boundary layer on the suction side is responsible for the noise gen-
erated at lower frequencies whereas the thin boundary layer on the
pressure side is responsible for the noise at higher frequencies. Th-
ese differences are explored in Fig. 7(a) which shows how the noise
reduction is modified for different angles of attack. Results show
that the noise reduction is primarily shifted towards a lower fre-
quency range, indicating that the noise reduction from the suction
side is predominant. Nevertheless, as a simplified rule of thumb,
this noise reduction can be normalized by the averaged bound-
ary-layer thickness, i.e. 53, =1 (855 + &ps), wWhere S is the bound-
ary-layer displacement thickness at the suction side and Jps at
the pressure side. Results from the Strouhal scaling are shown in
Fig. 7(b), which produces a fairly good agreement, especially at
low Strouhal numbers and small angles of attack.

The non-dimensionalized spectra also show the effects associat-
ed with the aerodynamic loading of the serrations at high angles of
attack. The aerodynamic loading causes an increase in the noise
from the serrations, hampering the noise reduction achieved at
high frequencies. This increase of noise is noticeable for angles
higher than 8° at a Strouhal number of about 0.40. The value is
similar to the one obtained with Eq. 6 of 0.41 for the Strouhal of
maximum increase of the wall-pressure fluctuations due to aero-
dynamic loading. The value is shown in Fig. 7(b) by the black
dashed line in the figure.

fmax =0.09

4.2. Sawtooth serration scaling

4.2.1. Dependence on the serration height (constant 4 = 15 mm)

In this section, the effect of increasing the serration height
while keeping its wavelength fixed (4 = 15 mm) is studied. Four
different serration heights are tested and the resulting noise reduc-
tion spectrum is shown in Fig. 8(a) for « = 0° , where §* = 2.1 mm,
and 8(b) for o = 10°, where 6 = 4.2 mm (average). These angles
are selected because o = 0° represents a condition without aerody-
namic loading while oo = 10° is a representative high aerodynamic

_9 L
102 107
f0*JUs

(o)

Fig. 6. Measured noise reduction (ASPL) obtained at different flow speeds at o = 0°. Figure (a) shows the noise reduction measured against the dimensional frequency, and (b)
shows the noise reduction versus the non-dimensional frequency obtained using the boundary-layer displacement thickness. The results are obtained for the serration of

2h =30 mm, 2= 15 mm, and 2h/% = 2.
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Theory

Fig. 7. Measured noise reduction (ASPL) obtained at U.. = 30 m/s at various angles of attacks. Figure (a) shows the noise reduction measured against the dimensional
frequency, and (b) shows the noise reduction versus the non-dimensional frequency obtained using the average boundary-layer displacement thickness. The black-dashed
line represents the Strouhal number where the increase of wall-pressure fluctuations due to aerodynamic loading is maximum, according to Eq. 6.
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Fig. 8. Measured noise reduction (ASPL) obtained at U,, = 30 m/s by varying 2h while keeping / constant. (a) & = 0° (1/§" = 7.1), and (b) o = 10° (1/§* = 3.5).

loading case, where no separation is observed at the trailing edge
from the pitot-rake measurements.

From the o = 0° condition (Fig. 8a), it is clear that the higher 2h
translates to a higher noise reduction as predicted. Nevertheless,
the expected improvement of the noise reduction is limited for ser-
ration heights above 2h>126" (2h226). In the figure, the highest
serrations (2h = 30, and 2h = 40) yield similar levels of noise re-
duction, indicating that increasing the height above this limit does
not yield any further improvement. This result is also observed in
Ref. [20], where the gain in noise reduction between the two
serration heights tested is small for conditions where 2h/5* > 8.
The results are opposite to the predictions from theory [5,18],
where the increasing serration height always yields an improve-
ment of the noise reduction. Following Ref. [17], the increase of
the serration height is supposed to accentuate the wake accelera-
tion effects, thus intensifying the increase of noise from the serra-
tions at high frequencies. It is believed that this effect is the
underlying cause of the observed upper limit for the serration
height.

Fig. 8(a) also shows that the noise reduction starts approxi-
mately in the same frequency range. The results agree with the

scattering prediction models [5], as the increasing height does
not impact the cut-on frequency (Eq. 4).

The effect of modifying the serration height under different an-
gles of attack is seen in Fig. 8(b), where the small 2h serrations pre-
sent lower noise reduction at low frequencies and higher noise
reduction at high frequencies compared to large serrations. The
serration of 2h = 40 mm even demonstrates a noise increase in
the order of 3 dB against a straight trailing edge at high
frequencies.

According to the theory, the increasing height modifies the sen-
sitivity to the angles of attack. Following Ref. [17], the increasing
height decreases the frequency where aerodynamic loading affects
the noise from serrations and increases its associated wall-pres-
sure fluctuations. The results indicate that a higher serration expe-
riences a stronger loss of noise reduction when at an angle than a
short one. This means that increasing the serration height beyond
the necessary (2h/5" > 12) does not bring a meaningful increase in
the maximum noise reduction and creates a design that is more
sensitive to changes in flow conditions, e.g. variations of the angle
of attack during the operation.
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Fig. 9. Contour plot of the variation of noise reduction for o = 0° (a), and « = 10° (b) at U,, = 30 m/s with the variation of serration height while the wavelength is kept
constant (4 =15 mm, 4/6" = 7.1, and /5" = 3.5 for a, and b respectively). Black lines show the theoretical predictions for the cut-on, max, cut-off, and loading noise

frequencies.

Nevertheless, following the criteria for serration height
(2h = 126"), the thicker boundary layer on the suction side indicates
that bigger serration heights are preferable at high angles of attack.
The results show that the highest serration (2h = 40 mm) is signif-
icantly more effective to reduce noise at low frequencies than the
smaller ones at o = 10°. For this particular condition, the highest
serration tested is the only design closer to the criteria of
2h ~ 126", i.e. 2h ~ 105".

The trends described before can also be observed in the contour
plots of Fig. 9. In the figures, the x-axis represents the frequency,
and the y-axis the change of serration height. Fig. 9(a) shows the
obtained results at o = 0°. The black vertical lines represent the
cut-on, max, and cut-off frequencies, as described in Egs. 4, 7,
and 5. The horizontal line shows the described limit of 2h = 125",
These lines indicate the measured trend from the serrations tested.
Noise reduction is 3 dB lower than the maximum around the cut-
on frequency (fcy_on)> reaches its maximum around f,,, and de-
cays for frequencies above f, .- At 10° angle of attack (Fig. 9b),
the same trends are observed. Besides, the presence of aerodynam-
ic loading can be observed by the f|,,4 curve (Eq. 6) that describes
the frequency where aerodynamic loading causes an increase of
the noise from the serrated trailing edges. For this case, the
2h = 126" line is not visible as the thicker boundary layer on the
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suction side causes the line to be above the highest serration test-
ed. The increasing boundary-layer thickness causes the frequency
of maximum noise reduction to decrease, getting closer to the cut-
on frequency.

4.2.2. Dependence on the serration wavelength (constant 2h = 30
mm)

This analysis focuses on the influence of changing the serration
wavelength (1) while keeping a constant serration height (2h = 30
mm). In this case, for each angle of attack the non-dimensional
quantity 2h/5" is kept constant while the serration wavelength is
modified, therefore affecting the serration aspect ratio. The noise
reduction at « = 0° is shown in Fig. 10(a) while the one obtained
at o = 10° is shown in Fig. 10(b). The overall trends at zero degrees
angle of attack show that the higher wavelength yields a lower
noise emission and a lower frequency where maximum noise re-
duction is observed. At 10° angle of attack, the noise reduction
spectra from all the different serrations have a similar spectral
shape.

At symmetric conditions (o = 0°), the results disagree with the
predictions [5,7], where the increasing wavelength yields less
noise reduction (the lower the serration aspect ratio, the lower
the noise reduction achieved). The results indicate that a wider ser-
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Fig. 10. Measured noise reduction (ASPL) obtained at U, = 30 m/s by varying 4 while keeping 2h constant (30 mm). (a) o = 0° (2h/6* = 14.3), and (b) & = 10° (2h/s" = 7.1).
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ration (lower serration aspect ratio) reduces more noise than a nar-
row one. This behaviour is only observed in the experimental work
of [20] for the lowest wavelengths tested. Nevertheless, the pre-
dicted modification of the frequency range is observed as the in-
creasing wavelength (1) yields a shift in the noise reduction
towards the lower frequencies, as implied in Eq. 4.

It is here speculated that the lower noise reduction from the
narrow serrations is observed due to the small frequency range be-
tween the cut-on frequency (f.. o), the frequency of maximum
noise reduction (f,,,,), and the cut-off frequency (f.,_.) for these
designs. Following Eqgs. 7, and 5, the maximum noise and cut-off
frequencies at o = 0° are around 1600, and 2500 Hz respectively.
This is observed in Fig. 10(a), as the noise reduction decreases for
all the serrations at frequencies above 2000 Hz. However, the
cut-on frequency prediction from Eq. 4, tells that the serrations
of wavelength 5,10,15, and 20 mm are meant to start reducing
noise for frequencies above 2300,1200,800, and 600 Hz respective-
ly. This indicates that the small wavelength designs have a theoret-
ical cut-on frequencies similar to or higher than the predicted
frequency where noise reduction is maximum or the one where
noise reduction stops. This can be better visualized in Fig. 11(a),
where the contour of the variation of the noise reduction spectrum
with serration wavelength is shown. The figure also shows the pre-
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dicted cut-on, maximum noise, and cut-off frequencies for the dif-
ferent serration wavelengths. These lines follow well the observed
trends, i.e. noise reduction is only higher than 3 dB for frequencies
above the cut-on frequency, the noise reduction reaches a maxi-
mum around f .., and it reduces for frequencies above f__ -

Figs. 10(a), and 11(a) indicate that designs where the cut-on,
maximum noise, and cut-off frequencies are too close, such as
the 2 =5, and 41 = 10 mm ones, have limited noise reduction. This
means that the noise reduction for those designs starts at a fre-
quency close to the ones of maximum noise and of the cut-off fre-
quency, where aerodynamic alterations of the inner scales increase
the scattering levels. As a result, the overall achieved noise reduc-
tion is significantly reduced. The other two designs show similar
noise reduction, although 4 =20 mm still presents lower noise
levels at low frequencies while 2 = 15 mm reduces more noise at
high frequencies. By considering that trailing-edge serrations are
meant to reduce noise at the regions of maximum noise on a tur-
bulent boundary layer (f.y_on < fmax iN EGs. 4 and 7). By rearrang-
ing the equations and considering [,’—x ~ 0.7, it can be inferred that
£ > 5. This equation represents the first minimum value for the
serration wavelength.

At high angles of attack, the improvement of the noise reduc-
tion of narrow serrations and the deterioration of the noise reduc-
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Fig. 11. Contour plot of the variation of noise reduction for & = 0° (a), and o = 10° (b) at U,. = 30 m/s with the variation of serration wavelength while the height is kept
constant (2h = 30 mm, 2h/5" = 14.3, and 2h/s" = 7.1 for a, and b respectively). Black lines show the theoretical predictions for the cut-on, max, cut-off, and loading noise

frequencies.
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Fig. 12. Measured noise reduction (ASPL) obtained at U,, = 30 m/s by varying 2h while keeping 4 constant. (a) « = 0°, and (b) o = 10°.
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tion of the wider ones cause all the measured serrations to present
a similar noise reduction spectrum. The results indicate that the
wider serrations are more affected by the angle of attack change,
due to their higher surface area and consequent aerodynamic load-
ing generated. The similar noise reduction performance also sug-
gests that the frequency where the aerodynamic loading affects
the serration noise is not modified with the serration wavelength,
as predicted by the theory. The latter can be also observed in the
contour plot in Fig. 11(b) where the frequency of maximum aero-
dynamic-loading influence is shown. At this condition, the cut-on
frequency does not describe the frequency where noise reduction
starts. This behaviour is associated with the small difference be-
tween the maximum and cut-on frequencies at such conditions.

4.2.3. Dependence on the serration scale (constant 2h/J. = 2)

The last geometric property of the sawtooth design to be
assessed is the scaling of the serration with respect to the incoming
turbulent scales, i.e. the consequences of keeping the serration
aspect ratio constant (2h// = 2) while modifying both the height
and wavelength of the serrations. The resulting noise reduction
spectrum is observed in Fig. 12, where Fig. 12(a) shows the results
obtained at o = 0°, and Fig. 12(b) at o« = 10°.

From the results at zero angle of attack, the serration scale
changes both the maximum noise reduction and the frequency of
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maximum noise reduction. According to the analytical scattering
models [5], the scaling of the serrations alters only the frequencies
where noise reduction starts. However, the experiments show that
the cut-on frequency also affects the maximum noise reduction
obtained. From the graphs, serrations with height of 2h = 30 or
2h =40 (2 =15, and /=20 mm respectively) show maximum
noise reduction in the order of 5 dB. Among them, the changes in
height and wavelength only modify the frequency where the max-
imum noise reduction is reached. The results from this figure sug-
gest again that, for maximum noise reduction performance, the
ratio 2h/6* must be higher than 12. The two highest serration de-
signs (2h =30, and 2h = 40 mm) have demonstrated the same
level of noise reduction, as predicted by the analytical models.
However, the smaller serrations (2h = 20, and 2h = 10 mm) pre-
sent a lower level of noise reduction.

These results are better illustrated in Fig. 13, where a contour of
the variation of the noise reduction with the serration scale is
shown for o =0°, and o = 10°. Fig. 13(a) depicts the predicted
cut-on, cut-off and max frequency, based on Egs. 4, 5, and 7 re-
spectively. As observed, the Strouhal number of maximum trail-
ing-edge noise (fo"/U,, =~ 0.09) describes well the region where
maximum noise reduction is observed. The cut-on frequency,
based on the serration wavelength, can also describe the region
where noise reduction is higher than 2 dB (3 dB below maximum
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Fig. 13. Contour plot of the variation of noise reduction for « = 0° (a), and o = 10° (b) at U,, = 30 m/s with the variation of serration wavelength and height while keeping the
aspect ratio constant (2h/Z = 2). Black lines show the theoretical predictions for the cut-on, max, cut-off, and loading noise frequencies.
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Fig. 14. Measured noise reduction (ASPL) obtained at U,, = 30 m/s by varying the serration geometry parameterized with the solidity factor SF. (a) « = 0°, and (b) o = 10°.
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noise reduction) for the different wavelengths tested. The cut-off
frequency describes the region where noise reduction is decaying
below 3 dB. Again, it can be inferred that serrations with small
wavelength, such as 4/ =5, and /. = 10 mm, have a very small fre-
quency range for noise reduction, yielding poorer performance
than expected. As discussed in the previous section, in order to sat-
isfy feur—on < fmaxr the serration wavelength should follow % > 5.
The serration height yields a higher sensitivity to the angle of at-
tack, as observed in Figs. 12(b), and 13(b) where noise increasing due
to aerodynamic loading is observed for the highest serrations tested.
Still, the thicker boundary layer shows the benefits of a larger serra-
tion design, achieving higher noise reductions at low frequencies.

4.3. Serration geometry

In this section, the effect of the serration geometry is assessed.
Convex and concave-shaped serrations are compared against a
baseline sawtooth design. In Fig. 14, the noise reduction spectrum
is shown for the different geometries tested. Fig. 14(a) shows the
noise reduction at o = 0°. The results demonstrate the beneficial ef-
fect of the higher serration root angle, as discussed in Ref. [11].
From the experiments, the concave-shaped serrations have shown
a reduction of the noise of about 6 dB, compared to 5 dB from the
baseline sawtooth. Ref. [11] attributes the better performance of
the concave-shaped serrations to the reduced scattering at the root
at low frequencies. Ref. [17] also demonstrates that the low-fre-
quency wall-pressure fluctuations are more intense along the ser-
ration root. By creating a higher angle at the root, the concave
serrations promote a lower scattering at the region where the wal-
I-pressure fluctuations are more intense, yielding a higher noise re-
duction. On the other hand, the convex design, which features a
lower angle at the root in comparison to the other designs, presents
a much poorer noise reduction performance. The concave serrations
create a more intense scattering at the tip, where high-frequency
fluctuations are more intense. As a result, the noise increases faster
at high frequencies for SF = 0.8 than for SF = 0.2 for frequencies
above 3000 Hz. Ref. [11] has also observed that the benefits of
concave-shaped serrations are limited to the low-frequency region.

Nevertheless, the advantages of the concave serrations at low
angles of attack are balanced at high angles of attack. The larger sur-
face area promotes higher aerodynamic loading when concave ser-
rations are placed at 10° angle of attack. This yields a more intense
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vortical formation around the edges of the serrations, resulting in a
more significant loss of performance at high angles of attack. As a
result, the noise reduction obtained at « = 10° (Fig. 14b) shows sim-
ilar levels for both the sawtooth and concave-shaped serrations. At
this condition, the maximum noise reduction is obtained by the ser-
ration with SF = 0.7, contrary to the o = 0° condition, where the
SF = 0.8 presented the highest noise reduction. Besides, at high fre-
quencies, the convex-shaped serration shows the best noise reduc-
tion in comparison to the other designs. These results suggest that
the optimal serration geometry is different depending on the load-
ing condition and while concave shapes are advantageous for low
loading conditions, sawtooth-like and even convex-like shapes
are preferable for conditions of high angles of attack.

4.4. Combed sawtooth design

This section is dedicated to the observed noise reduction ob-
tained when combs are added to the sawtooth serration design.
At first, the focus is given to the number of comb teeth and the
thickness of these teeth. Fig. 15 shows the noise reduction spec-
trum obtained with the different number of teeth (Nieew). From
the conditions at a low angle of attack (o = 0°), an interesting fea-
ture can be observed. None of the combed options (red shades)
seems to reduce more noise than the baseline sawtooth (black
curve). The results indicate that the introduction of the combs is
not beneficial to the serration design. This happens as the tip of
the combs are equivalent to a straight trailing edge, and their addi-
tion is detrimental to the serration performance, as shown in the
analytical work of Ref. [22] for slit-sawtooth serrations. The comb
thickness and the number of teeth determine the frequency at
which the combed-sawtooth noise reduction departs from the
sawtooth one. Thicker combs present a noise reduction curve that
deviates from the sawtooth one at lower frequencies. This depar-
ture is clear in the figure as Nieetn = 1 is less effective than the saw-
tooth design for f > 500 Hz, Nieer, = 3 for f > 1000 Hz, Nieer, = 5 for
f > 1500 Hz, and N, = 7 for f > 2000 Hz. This corresponds to a
Strouhal number based on the comb thickness (St = ftietn/Us)
around 0.05.

In summary, without the presence of aerodynamic loading, the
results indicate that the thinner the combs on the serration are, the
more similar the noise reduction is to the regular sawtooth design.
The sawtooth serration represents the limit where t.mp, = 0 mm
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Fig. 15. Measured noise reduction (ASPL) obtained at U, = 30 m/s by varying the number of combs (N ) in the combed sawtooth design. (a) o = 0°, and (b) o = 10°.
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and it reduces the noise the most in comparison to other combed-
sawtooth designs.

These results differ from literature [12] and applied combed-
sawtooth serrations on an industrial environment [2], which indi-
cate a significantly better performance of the combed sawtooth
concept in comparison with the sawtooth design. A reason for
the discrepancies is seen when observing the noise reduction at
o = 10°. At this condition, the combed-sawtooth designs with
Nieeth = 3 present a higher noise reduction than the sawtooth
one. Based on previous studies [12,16,17], it is expected that the
presence of the combs avoid the formation of the counter-rotating
pair of vortices, in turn avoiding the secondary wall-pressure fluc-
tuations observed when sawtooth serrations are placed under
aerodynamic loading. Besides, by extending the region of scatter-
ing further downstream, the combs also decrease low-frequency
noise, with a mechanism similar to the concave serrations, where
the scattering happens in the region of lowest wall-pressure
fluctuations.

It is important to highlight that the benefits of the combed-
sawtooth design are extended for serrations placed at large angles
with respect to the airfoil trailing-edge angle. For example, Ref.
[12] demonstrates a better noise reduction from the combed-saw-
tooth compared to the standard sawtooth serrations mounted on a
NACA 0018 airfoil at zero angle of attack. This airfoil shape features
a 12° angle between the trailing edge and the airfoil chord line. The
work shows that the combs greatly reduce the spanwise deviation
of the flow along the serration. In that sense, the combs are a solu-
tion to avoid any secondary flow formation along the serration, in
turn, creating a design that is more robust to serration installation
and aerodynamic loading from changing angles of attack. From the
graphs at oo = 10°, it is possible to observe that the designs with
Nieeth = 5, and Nieern = 7 reduce up to 1 dB more noise than the reg-
ular sawtooth design.

A second analysis investigates how the solidity factor of the
combed serration affects the performance at low and high angles
of attack. The serrations tested have 5 teeth per wavelength
(Nteeth = 5) and are differentiated by the thickness of these teeth,
respectively twen = 0.6,1.0, and 2.0 mm. To achieve these teeth
thicknesses, the gap in-between teeth is 2.0,1.0, and 0.6 mm re-
spectively. The baseline sawtooth serration is also shown as a ref-
erence result, which is equivalent to ti e, = 0 mm. Fig. 16 shows
the noise reduction spectrum at two angles of attack. By increasing
the comb thickness, the scattering is moved to the tip of the serra-
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tions, resulting in a higher noise reduction at low frequencies, as
observed in Fig. 16(a) for o = 0°. However, following the previous
discussions, this benefit is missed at high frequencies, where the
thicker combs present a cut-off at lower frequencies.

Still, the main differences are observed for « = 10°, where the
aerodynamic loading is responsible for decreasing the noise reduc-
tion at high frequencies of the serrations. Under these conditions,
the serration with tyee, = 1.0 mm (SF = 0.75) presents the best
compromise between noise reduction at low frequencies and no
increase in noise at high frequencies.

Results suggest that the combs are effective in avoiding the sec-
ondary flow features induced by the pressure difference over the
serration surface, creating a design that can reduce noise at differ-
ent conditions of angles of attack, airfoil cambers, and wedge angle
between the airfoil and the serration surfaces. However, introduc-
ing the combs cause the noise reduction curve to have a lower cut-
off frequency, in turn reducing the overall noise reduction from the
serration to the sawtooth design. It is expected that the comb size
must follow teern < 0.05U /f o t0 avoid this cut-off to affect
the noise reduction. The comb pitch and solidity are another im-
portant way of controlling the noise reduction obtained. From
the results, the thicker combs (tieth = 1.0 mm, and tieern = 2.0
mm) are the most effective ones at high angles. Nevertheless, the
thicker the comb the worse the noise reduction performance is
at high frequencies.

5. Summary of parameter dependence

This work provides guidelines for the design of trailing-edge
serrations. The following paragraphs summarize the results ob-
tained and the impacts expected for each parameter varied in this
study:

2h/&": the serration height governs the maximum noise reduc-
tion obtained. This is hypothesized in Ref. [5]. However, following
Ref. [20], a limit is observed for serrations of a certain height. In
this work, a maximum noise reduction is reached for serrations
of 2h/5* 212. Results indicate that this value is an optimum for
noise reduction, above which no significant improvement is ob-
served. Also, the height of the serration influences its performance
at high angles of attack. Results and theory indicate that the serra-
tion height influences the frequency and levels where the aerody-
namic loading modifies the noise from the serrations. For high

9 ‘

200 1000
frequency [Hz|
(b) a=10°

Fig. 16. Measured noise reduction (ASPL) obtained at U, = 30 m/s by varying the solidity factor (SF) of the combs in the combed sawtooth design. (a) « = 0°, and (b) o = 10°.
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ASPLy, [dB]

Fig. 17. Summary scatter plot of maximum noise noise reduction ASPL;, for all
sawtooth geometries tested under all angle of attack and flow speed conditions
available. The graph also depicts the two criteria for serration design mentioned in
this work, i.e. 2h/6" 212, and 2h/§" 5.

2h/¢" serrations, the increase of the noise levels due to aerodynam-
ic loading is stronger, and results from this work have demonstrat-
ed up to 3 dB noise increase at 10° angle of attack.

1/6": the serration wavelength affects mostly the frequency
where noise reduction is observed. This is first noted in this work
and, according to the theoretical models, the cut-on frequency is
inversely proportional to the serration wavelength. Nevertheless,
the frequency of cut-off, and of maximum noise reduction are in-
dependent of the wavelength. As a consequence, small wavelength
serrations reduce noise in a narrower range of frequencies and, at
some conditions, cannot reach the maximum noise reduction ex-
pected. This is observed in the results where excessively narrow
serrations do not reduce noise as wider ones. Considering that
the cut-on frequency is desirably below the frequency of maxi-
mum generation of broadband noise, the serration wavelength
should follow £ 2 5. The wavelength does not modify the aerody-
namic loading, and results at angle of attack seem to collapse into
a similar noise reduction spectrum, indicating that the height of
the serration is a more important parameter as long as perfor-
mance under aerodynamic loading is concerned.

2h/J: the serration aspect ratio combines the effect of modify-
ing the wavelength and the height of the serration. Unlike de-
scribed in Ref. [5], increasing the aspect ratio does not
necessarily translate into lower noise as alterations of the turbu-
lent flow affect the scattered noise. First, the high-frequency cut-
off imposed by the acceleration of the small scales of turbulence
limits the noise reduction at certain frequencies. By combining
the criteria proposed in the previous two paragraphs, results sug-
gest that an aspect ratio around 2.4 is a valid design as long as both
conditions are met concerning the boundary-layer displacement
thickness. Besides, the aspect ratio is associated with the sensitiv-
ity to the aerodynamic loading. A high aspect ratio serration design
is more prone to increasing noise at high frequencies in conditions
where the angle between the serrations and the flow direction is
high. In this work, meaningful degradation of the high-frequency
performance is observed for angles above 10° when considering
the sum of the angle of attack («), the airfoil camber (6r¢), the trail-
ing-edge angle (51¢), and the serration flap angle with respect to
the chord line (dserr), i.€. o + Org + 1 + Iserr > 10.

Fig. 17 summarizes all the modifications of the sawtooth geom-
etry and the impact on the maximum noise reduction (ASPLy,)
achieved. The graph combines the results from every sawtooth ser-
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ration design, angle of attack, and flow speed assessed. The region
of 2h/6" > 12,and £ > 5 is also shown, demonstrating that it con-
tains the designs that achieve maximum noise reduction for this
experiment.

Concave-shaped serrations: the concave-shaped serrations have
demonstrated higher noise reduction in comparison to the saw-
tooth design, as also observed in Ref. [11]. The higher serration an-
gles at the root are responsible for a lower scattering at this region.
Refs. [17,11,12] have shown that the low-frequency wall-pressure
fluctuations are more intense at the serration root. It is expected
that the less intense scattering at the region of the strongest wal-
I-pressure fluctuations is the underlying phenomenon responsible
for the better performance of concave-shaped serrations. On the
other hand, the concave-shaped serrations feature a lower angle
at the tip. The same Refs. [17,11,12] have also demonstrated that
high-frequency wall-pressure fluctuations increase at the tip of
the serration. This restricts the advantages of concave-shaped ser-
rations at this frequency range. Besides, the higher associated so-
lidity factor in comparison to the sawtooth serrations is related
to a poorer behaviour of the high-frequency noise reduction at an-
gles of attack.

Serration combs: combs are an important feature to reduce sec-
ondary flow formations that affect the serration noise. This reduc-
tion yield a design that is more robust concerning airfoil camber,
angle of attack, and serration wedge angle. It is shown here that,
at angles of attack of 10°, the combed serrations reduce as much
as 2 dB more noise than the sawtooth design. Nevertheless, the
thickness of the comb modifies the high-frequency noise at low
angles of attack. It is shown that this thickness is associated with
an early cut-off of the noise reduction at non-dimensional fre-
quencies beyond ft .., /Us = 0.05. At higher frequencies, the pres-
ence of the combs causes an increase in the noise. This is related to
the more intense scattering along the straight edges of the combs.
Regarding the thickness of the combs with respect to the gap be-
tween them, the results point to an optimal region where the
thickness of the combs equals the width of these gaps. Thicker
combs yield an increase of noise at high frequencies while smaller
ones yield similar behaviour to the sawtooth serrations.

The analysis presented in this work has focused on the acoustic
properties of trailing-edge serrations. The implementation of these
devices, however, also impacts the aerodynamic properties of the
serrated airfoil, e.g. modifications of the lift and drag of the airfoil.
Concerning this increase, serration add-ons increase the area of the
airfoil section by AAgeration = SF.b.2h, where b is the model span.
Therefore, by increasing the solidity factor (SF) or the height of
the serrations (2h), it is expected that the serration contribution
to drag and lift should also increase. This criterion can possibly lim-
it the application of excessively large serrations, concave-shaped
serrations, or thick combs.

6. Conclusions

This work describes a parametric study of trailing-edge serra-
tions for turbulent boundary layer trailing-edge noise. Several ge-
ometries are experimentally tested and results are used to assess
the design choices of serration scaling and geometry on the noise
reduction obtained. The study is carried out with a one-factor-a
t-a-time procedure proposed to individually assess the influence
of each design parameter on the noise reduction achieved. A series
of design modifications are given to a reference sawtooth serration
geometry to describe the sensitivity of this design with respect to
modifications of the serration height, wavelength, aspect ratio, and
of the serration geometry, represented by concave and combed-
sawtooth designs. A summary of the main obtained trends is
presented, culminating in a guideline on serration design for
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broadband noise reduction. Two independent physical phenomena
are used to carry the discussion about the effects of serration de-
sign on noise, namely the acoustic scattering, and the influence
on the turbulent flow surrounding the serration. The latter is sep-
arated between effects that are observed when serrations are
placed at an angle with respect to the flow direction and effects
that are present at every condition. The conclusions obtained in
this work can be used as a practical guideline for the preliminary
design and sizing of serrations for different applications.
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