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ABSTRACT

Aerodynamic noise generated by airfoils poses a serious industrial challenge because of its detrimental
impact on human hearing and on the performance of vehicles and wind turbines. This noise rooted in
geometric parameters, vortex shedding and flow separation can be mitigated by mounting triangular serrations
on the trailing edge. In the present study, the aeroacoustic behaviour of an oscillating NACA 0012 airfoil with a
+10° pitching amplitude and oscillation frequencies between 5 and 25 Hz about its aerodynamic centre was
evaluated numerically. The flow field was solved with the Unsteady Reynolds-averaged Navier—Stokes
equations with the k-@ SST turbulence model, while the surrounding acoustic field was predicted through the
Ffowcs Williams—Hawkings (FW-H) acoustic analogy. Acoustic metrics, including sound pressure level and
power spectral density, were recorded at several downstream positions from the trailing edge. results
demonstrate that the serrations fragmented large scale vortices into smaller structures and, on average,
lowered vortex-induced noise by 4.58 dB from 51.18 dB equivalent to a 8.95% reduction. This attenuation is
attributed to weakened dominant vortices, reduced velocity fluctuations and creating phase shifts in acoustic
wave propagation, which collectively suppress wake turbulence and limit acoustic energy propagation, thereby
enhancing aeroacoustic performance. The effectiveness of serrations was frequency dependent, exhibiting
greater efficacy at lower oscillation frequencies and reduced effectiveness at higher frequencies due to
intensified flow instabilities.
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1. Introduction

Aerodynamic and structural noise are the two
primary sources of sound disturbances associated with
airfoils. Among the passive noise reduction strategies,
biomimetic designs such as structures inspired by the
morphology of owl wings, including serrated
leading/trailing edges and velvet like surfaces have
demonstrated significant noise attenuation at low and
moderate Reynolds numbers [1, 2]. Aerodynamic noise,
which arises from turbulent flow interactions and vortex
shedding, typically manifests near the leading and
trailing edges of an airfoil and can be categorized into
tonal and broadband types depending on flow
conditions and airfoil geometry [3]. Passive flow
control methods, such as adding serrations to the trailing
edge or incorporating small guiding fins, are favored
over active techniques due to lower complexity and
cost. These biomimetic serrations, help reduce pressure
fluctuations and modify flow patterns, making them
particularly effective in reducing trailing-edge noise [4,
5]. However, optimizing geometric parameters such as
wavelength, height, and tip angle remains a key
engineering challenge. Recent studies have focused on
characterizing and optimizing triangular serrations
applied to airfoils under various flow and acoustic
conditions. Researches have shown that while these
serrations can reduce aerodynamic noise by up to
16.4dB in critical Reynolds number ranges, their
performance varies with frequency, serration depth, and
flow alignment [6-8]. Experimental and numerical
investigations reveal that parameters like oscillation
frequency, angle of attack, and flow separation behavior
critically influence noise generation and suppression.

This study specifically examines the impact of
triangular trailing edge serrations on the aeroacoustic
performance of a NACA 0012 oscillating pitching
airfoil under varying oscillation frequencies (5-25 Hz)
and amplitude of +10°. Using computational fluid
dynamics, the study compares the base and serrated
models to assess the effectiveness of serrations in
reducing flow induced noise and improving airfoil
aeroacoustic performance.

2. Methodology

Numerical Method

In this study, incompressible Unsteady Reynolds-
Averaged Navier-Stokes (URANS). A pressure-based
solver employing a coupled pressure—velocity algorithm
is used, with a constant velocity inlet boundary
condition. The problem is solved in an unsteady manner
to capture acoustic disturbances caused by the shedding
of turbulent vortices behind the airfoil over time.

Reynolds stresses are modeled using the Boussinesq
approximation and the two-equation k-« SST turbulence
model, which provides accurate predictions in the
viscous sublayer as well as in separation and
reattachment regions. Acoustic analysis is performed
using the Ffowcs Williams—Hawkings (FW-H) model.

Computational domain and boundary condition

A constant velocity of 10 (m/s) as inlet boundary
condition with no-slip wall condition are considered for
both models. The flow over the airfoil is considered
three-dimensional and periodic in the spanwise
direction. the computational domain has fixed in the
spanwise direction. The airfoil oscillates in a cosine
manner about the quarter-chord point, with pitching
frequencies ranging from 5 to 25 Hz. The angle of
attack varies between —10° and +10°, and the motion is
governed by the simple harmonic oscillation equation.
Two separate geometries were designed for the baseline
and serrated airfoil models. Both models have a chord
length of 1 meter, and the span of 0.6 meters to
accommodate 9 full serrations, ensuring accurate
simulation of any spanwise flow effects caused by the
serrations. Due to the oscillatory nature of the airfoil,
the computational mesh is divided into two zones: an
inner rotating zone and an outer stationary zone,
implemented using a sliding mesh approach. The
computational domains for both models are circular. the
radius of the outer domain is set to 40 times the chord
length, which is considered an adequate distance based
on previous numerical studies. Figures 1 and 2
respectively illustrate the geometries of the baseline and
serrated models, along with the computational domains
near and far from the airfoil.
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Fig. 1. Geometry of the NACA 0012 airfoil. Left) baseline
model, right) serration model
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Fig. 2. Grid and computational domain of the NACA0012
airfoil. Left) baseline model, right) serration model

Grid independence and time step



To ensure numerical accuracy, a grid independence
study was carried out at a pitch motion frequency of 5
Hz. The results showed that the peak lift and drag forces
remained nearly constant when moving from the
medium to the fine mesh. Therefore, it can be concluded
that the mesh with 545,000 cells provides sufficient
accuracy for the simulation. Therefore, the simulation
results are considered mesh-independent. To assess the
time-step independence of the aerodynamic coefficients,
a time-step value of 5e-4 seconds was selected. Further
reduction of the time step did not produce significant
changes in the results, indicating that this value is
sufficient for accurately capturing the main physical
flow phenomena.

Validation

To validate the present numerical study, the sound
pressure level as a function of flow frequency at the
microphone location (x = 0.3, y = 1.4, z = —0.255) was
compared with the experimental reference data [9].
Figure 3 presents the validation results. the root mean
square (RMS) error between the numerical solution and
the experimental reference data is 3.68dB.
Discrepancies are observed in the frequency ranges of
0-200 Hz and 600-700 Hz, which may be attributed to
the characteristics of the k- SST turbulence model in
reducing eddy viscosity. The average error between the
numerical and experimental data is 9.44%. This level of
error is common in aeroacoustic numerical simulations,
as acoustic waves carry significantly less energy than
the fluid flow, typically several orders of magnitude
lower. the numerical simulation in this study shows
acceptable agreement with the experimental results.
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Fig. 3. Validation of the present simulation results against
experimental data from Ref. [9]

3. Results and Discussion

In this section, the numerical results for the
pitching NACA 0012 airfoil are presented for both the
baseline and serrated models. These include power
spectral density (PSD) plots and sound pressure level
(SPL) distributions for oscillation frequencies ranging
from 5 to 25 Hz. Figure 4 shows that the installation of
serrations at the trailing edge of the airfoil aligns large
vortices with the serration direction while breaking

them into smaller structures that accumulate within the
gaps between serrations. results indicate that triangular
serrations reduce turbulence intensity across all pitching
frequencies, leading to decreased velocity fluctuations
and weakened vortex strength in the far-field flow.
Additionally, based on SPL results, as shown in Figure
5, addition of serrations effectively reduces
aerodynamic acoustic disturbances at all oscillation
frequencies particularly near the trailing edge and at low
frequencies where sound pressure is high.
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Fig. 4. Contours of dimensionless vorticity. Left) baseline
model, right) serration model
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Fig. 5. Comparison of SPL plots versus flow frequency
between the baseline and serration models

Figure 6 presents PSD plots along with the energy
peaks for both the baseline and serrated airfoil models.
The energy peaks from high-energy vortices generated
by the airfoil's pitching motion, appearing at the
fundamental oscillation frequency and its harmonics. As
the frequency increases, acoustic power rises, peaking at
twice the fundamental frequency and gradually
declining beyond 500 Hz as large vortices dissipate and
the far-field stabilizes. Triangular serrations reduce the
power spectral density across all frequencies and lead to
a more uniform distribution of energy over a broader
frequency range, indicating less concentration of
acoustic energy compared to the baseline mode. As
shown in Figure 7, the implementation of serrations
results in an average noise reduction of 8.95dB due to
vortex shedding. The variation exhibits a nonlinear
trend, with the reduction in SPL fluctuating irregularly
as the pitching frequency increases. This indicates that
the acoustic performance of triangular serrations is
frequency-dependent and may be either advantageous or
less effective depending on the specific pitching
frequency.



Fig. 6. PSD plots versus flow frequency, Left) baseline
model, middle) serration model, right) energy peaks
between the baseline and serration models
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Fig. 7. Reduction in the mean SPL at different pitching
frequencies

4. Conclusions

This study examined the aeroacoustic behavior of an
oscillating NACAO0012 airfoil with and without trailing-
edge serrations across frequencies of 5-25Hz. Results
showed peak acoustic energy at twice the oscillation
frequency and SPL values ranging from 10 to 75dB.
Triangular serrations reduced tonal noise by up to
6.36dB by breaking large vortices into smaller ones and
shifting energy toward broadband noise. Their
effectiveness was greater at lower frequencies but
decreased at higher ones due to stronger vortex
formation. Despite the limitations of the URANS model
in capturing detailed vortex dynamics, the serrated
configuration successfully lowered average SPL and
improved acoustic uniformity.
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3 Lighthill's Acoustic Analogy

4 Detached Eddy Simulation (DES)
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Fig. 1. Geometry of the NACA 0012 airfoil. Left) baseline model, right) serration model
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Table 1. Geometric parameterization for the serration model of NACA 0012 airfoil
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Fig. 2. Definition and notation of geometric variables in the serration model of the NACA 0012 airfoil
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Fig. 3. lllustrations of the main grid, computational domain, and boundary conditions for the baseline model of the
NACA 0012 airfoil
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Table 2. Number of cells and mesh quality indicators for the baseline and serration models of NACA 0012 airfoil
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Table 3. Main grid specifications for the baseline and serration models of NACA 0012 airfoil
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Table 4. Air properties for the baseline and serration models of NACA 0012 airfoil [33, 37]
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Table 5. Numerical solution details, operational and boundary conditions for the baseline and serration models of NACA

0012 airfoil
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Table 6. Oscillatory pitching conditions of the NACA 0012 airfoil about its quarter-chord point for the baseline and serration
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Fig. 5. Grid independence study of the baseline NACA 0012 airfoil model at pitching frequency of 5 Hz
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Fig. 6. Validation of the present simulation results against experimental data from Ref. [26] for sound pressure level (SPL)
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Fig. 7. Contours of turbulence intensity for the baseline model of NACA 0012 airfoil at pitching frequencies of 5, 10, 15, 20,
and 25 Hz (from left to right)
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Fig. 8. Contours of turbulence intensity for the serration model of NACA 0012 airfoil at pitching frequencies of 5, 10, 15, 20
and 25 Hz (from left to right)
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Fig. 9. Contours of dimensionless vorticity for the baseline model of NACA 0012 airfoil at pitching frequencies of 5, 10, 15, 20
and 25 Hz (from left to right)
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Fig. 10. Contours of dimensionless vorticity for the serration model of NACA 0012 airfoil at pitching frequencies of 5, 10, 15,
20 and 25 Hz (from left to right)
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Fig. 12. Comparison of the mean distribution of power spectral density (PSD) versus flow frequency across all pitching
frequencies of the NACA 0012 airfoil. Left) baseline model, right) serration model
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Fig. 13. Comparison of sound pressure level (SPL) plots versus flow frequency across all pitching frequencies of the NACA
0012 airfoil. Left) baseline model, right) serration model
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Fig. 14. Comparison of the mean distribution of sound pressure level (SPL) at different pitching frequencies for a
microphone located 10 chord lengths away (10C) from the NACA 0012 airfoil. Left) baseline model, right) serration model

oealS Loole Ko sla S 8 L aslie jo Iy jlade cp iy 35,0 YO Lul5 3 0 Sgo jlid mhaw N F S 4 sl b

30 Gorim bl aaile Jo &gy b jlogas plod .ol a8l jralS Jlow ainls il jus 10 Sgo jLid v Sk ¢ylwgs (uilS )8
G GRS B g (g sladinday 5 Sllugi 09) 00 (e 3 Sl 550 Jolsd )0 5 ouds Sltns a2aT (635l ¢Sl by
A g chendl g Casl o b s wsSly slaals S (iny 4ol 350 50 65658 s a4 Sl (Ko 5550 0 aile o5
O pl5 8 0 el gl Jow alin jloaslas Jow Jdow il bsdpl ety assls jo bals 3 5, 31 j0 Sge zleel S5l

b i sl uilS 30 (6 Led lael p ailis 15l ams o lis 45 00 U0 s b Jde 4 Sgo jLid Sl s e

Sl JYL la uilS 3 5l S

esal Sl ) s )+ Alols 5 552 SlomlS B plas sl ez lS S e 2 Dy LS e (Ll iy 50

Wiloads duslas VO S o

44
BascLine - RF=5 Hz, Mic 3
Serration - RF=5 Hz, Mic 3 i 48
40 46
38
44
£36 z
= =4
Ead Z
40
2
30 o8
28 BascLine - RF=10 Hz, Mic 3 36 BaseLine - RF=15 Hz, Mic 3
Serration - RF=10 Hz, Mic 3 Serration - RF=15 Hz, Mic 3
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
flHz] f(Hz] f(Hz]
54 ssf
52 56
S0F 54
g g
s )
= =
Z Z
46F 50
4 48
2 BaseLine - RF=20 Hz, Mic 3 46f BascLine - RF=25 Hz, Mic 3
Serration - RF=20 Hz, Mic 3 Serration - RF=25 Hz, Mic 3
” ORI e s W i £ SO 44 MR T o e S i s SR
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

f[Hz]

f[Hz]

abold g b puils 8 plas 53 +IYBL Jogd pl ailio b g asly Juo 99 sl by il 8 s 2 Dgo )LAS gl (5L )10 gs du Lo 10 S0

\.C

Fig. 15. Comparison of sound pressure level (SPL) plots versus flow frequency for the baseline and serration models of the
NACA 0012 airfoil at all pitching frequencies and at a distance of 10 chord lengths (10C)
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Fig. 16. Reduction in the mean sound pressure level (SPL) at different pitching frequencies of the NACA 0012 airfoil
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ABSTRACT
Aerodynamic noise generated by airfoils poses a serious industrial challenge because of its detrimental

impact on human hearing and on the performance of vehicles and wind turbines. This noise rooted in geometric
parameters, vortex shedding and flow separation can be mitigated by mounting triangular serrations on the
trailing edge. In the present study, the aeroacoustic behaviour of an oscillating NACA 0012 airfoil with a £10°
pitching amplitude and oscillation frequencies between 5 and 25 Hz about its aerodynamic centre was evaluated
numerically. The flow field was solved with the Unsteady Reynolds-averaged Navier—Stokes equations with the
k- SST turbulence model, while the surrounding acoustic field was predicted through the Ffowes Williams—
Hawkings (FW-H) acoustic analogy. Acoustic metrics, including sound pressure level and power spectral
density, were recorded at several downstream positions from the trailing edge. results demonstrate that the

serrations fragmented large scale vortices into smaller structures and, on average, lowered vortex-induced
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noise by 4.58 dB from 51.18 dB equivalent to a 8.95% reduction. This attenuation is attributed to weakened
dominant vortices, reduced velocity fluctuations and creating phase shifts in acoustic wave propagation, which
collectively suppress wake turbulence and limit acoustic energy propagation, thereby enhancing aeroacoustic
performance. The effectiveness of serrations was frequency dependent, exhibiting greater efficacy at lower

oscillation frequencies and reduced effectiveness at higher frequencies due to intensified flow instabilities.

KEYWORDS
Oscillating Pitching Airfoil, Aeroacoustic Noise, Triangular Serrations, Frequency Analysis
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