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Abstract

This study explores the aeroacoustic influence of leading-edge serrations applied to stator
blades subjected to turbulent inflow, which is representative of rotor–stator interaction in
turbomachinery. A set of serrated geometries—75 mm span, with up to 9 teeth correspond-
ing to 10% chord amplitude—was fabricated via 3D printing and tested experimentally in
a dedicated aeroacoustic facility at COMOTI. The turbulent inflow was generated using a
passive grid, and far-field acoustic data were acquired using a semicircular microphone
array placed in multiple inclined planes covering 15◦–90◦ elevation and 0–180◦ azimuthal
angles. The analysis combined power spectral density and autocorrelation techniques to
extract turbulence-related quantities, such as integral length scale and velocity fluctuations.
Beamforming methods were applied to reconstruct spatial distributions of sound pressure
level (SPL), complemented by polar directivity curves to assess angular effects. Compared
to the reference case, configurations with serrations demonstrated broadband noise reduc-
tions between 2 and 6 dB in the mid- and high-frequency range (1–4 kHz), with spatial
consistency observed across measurement planes. The results extend the existing literature
by linking turbulence properties to spatially resolved acoustic maps, offering new insights
into the directional effects of serrated stator blades.

Keywords: turbulent jet noise; leading-edge serrations; passive noise control; aeroacoustics;
spectral analysis; directivity pattern; beamforming

1. Introduction
Recent advances in aircraft design and engineering have placed increasing empha-

sis on the coupling between aerodynamic performance, structural integrity, and noise
control [1–3]. The integration of noise-reduction features must be achieved without com-
promising thrust efficiency or increasing fuel consumption, leading to a growing need for
multidisciplinary optimization frameworks. In modern turbofan configurations, ultra-high
bypass ratios and shorter nacelles have altered the propagation paths of noise sources,
especially those associated with rotor–stator interaction and jet mixing regions [4,5]. As
a result, the design of stator blades and outlet geometries has become a key focus area in
aeroacoustic research, particularly when considering next-generation propulsion systems
that prioritize both environmental compliance and operational efficiency.

From a propulsion standpoint, distributed propulsion architectures and embedded
engines—key features in emerging blended wing body and hybrid-electric aircraft—introduce
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new challenges for aeroacoustic control [6–8]. These configurations alter traditional noise
source distributions and create new interaction zones, emphasizing the need for improved
turbulence characterization, duct acoustics, and jet–structure coupling [9]. In this broader
framework, the investigation of turbulence–blade interaction, as pursued in the present
study, becomes relevant not only for classical stator arrays but also for more complex
multi-stream or embedded environments. Simultaneously, advances in material science
have expanded the range of feasible aeroacoustic treatments. Additive manufacturing and
advanced composites allow for the integration of customized serrated or microstructured
blade profiles, improving control over both aerodynamic flow and acoustic scattering. These
technologies support the fabrication of edge geometries or embedded dampers otherwise
unachievable through conventional methods, while also enabling lightweight components
with graded stiffness or porosity that can provide concurrent benefits in structural damping
and noise attenuation [10,11]. Another increasingly studied approach in recent years is the
manipulation of the turbulent structures upstream of the stator blades in order to mitigate
the amplitude and coherence of the pressure fluctuations at the leading edge. This can
be achieved by introducing flow tripping devices or by altering the vorticity distribution
through geometrical modifications of the upstream nozzle. Specifically, serrated geometries
placed at the leading edge of stator blades—inspired by trailing-edge serration concepts
and biological archetypes such as owl wings—have shown promising results in diffusing
incident turbulence and reducing coherent interactions. The effectiveness of such devices
depends on the relative scale between the serration wavelength and the integral length
scale of the turbulence, as well as the local flow Mach number and blade solidity [12–16].

In aeronautical applications, blade cascades are typically found in components such as
turbofan engine fans and compressors, where a high airflow passes through a succession
of blades (rotor–stator). These cascades generate both tonal and broadband noise compo-
nents [17–24] through the interaction between incoming turbulence and the leading edge,
as well as from vortex shedding at the trailing edge. The associated sound pressure levels
can reach up to 140 dB near the source and may significantly contribute to the exterior
noise perceived from the aircraft, especially during take-off phases. Currently, international
regulations impose strict limits on the acoustic emissions of commercial aircraft—according
to ICAO standards [25–27], cumulative noise reductions of at least 10–15 dB relative to
early-2000s reference levels are required for the certification of new configurations [28].

Noise reduction in blade cascades can be achieved through various approaches. Ac-
tive solutions, such as controlled jet injection or forced excitation of instabilities, offer
high attenuation potential but involve considerable structural and energy-related com-
plexity. In contrast, passive solutions—including integrated acoustic treatments (porous
liners [21,29,30], metamaterials, or resonant cavities such as Helmholtz resonators [31]),
carefully shaped leading and/or trailing edge profiles [17,32,33] (e.g., serrations) or bio-
inspired geometries [34,35]—offer a scalable pathway to reduce noise without significant
mass or performance penalties.

Several experimental and numerical studies have demonstrated that properly tuned
serration geometries can yield noise reductions of up to 5–8 dB in the mid-frequency
band, primarily through the redistribution of acoustic energy away from the main radia-
tion lobe and the weakening of vortex-induced pressure spikes. However, the design of
these geometries remains largely empirical; there is limited understanding of the underly-
ing flow–acoustic mechanisms in realistic jet–blade interaction scenarios [36,37]. Hence,
parametric investigations—combining flow diagnostics, acoustic beamforming, and semi-
empirical modeling—are essential to isolate the dominant contributors and provide scalable
design rules.
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Acoustic array testing plays a key role in validating and optimizing passive noise-
reduction strategies by enabling spatial and spectral analysis of sound fields generated
by blade cascades or associated jets under both steady and unsteady flow conditions.
Through tailored microphone arrangements—such as semicircular or inclined planes—and
beamforming techniques, directional acoustic maps can be reconstructed to reveal the
effects of geometric modifications, including serrations, chevrons, or tabs, on radiation
lobes and SPL distribution. Experimental results often show broadband noise reductions of
2–6 dB in mid- and high-frequency ranges compared to reference configurations [33,38],
with even larger effects for tonal components [39,40]. These datasets also contribute to the
validation of numerical models and the refinement of aeroacoustic design strategies for
next-generation low-noise aircraft components.

2. Materials and Methods
The experimental setup consists of an air supply system (a fan) delivering flow to

a convergent section placed inside an anechoic chamber. Along the flow path, in the
final section for the present tests, a turbulence-generating grid was installed (providing
controlled turbulence, previously analyzed in more detail in [36], where the classical von
Karman and Liepmann spectra were explicitly presented, and papers addressing this
interaction noise were identified. At the same time, [36] mentions/explains the parameters
involved in defining the global parameter (turbulence scale) that can be used in finding an
optimal geometry (under certain flow conditions—Re, St, AoA). The purpose of this grid is
to disturb the flow, thereby inducing specific global turbulence characteristics—primarily a
defined integral length scale and a velocity fluctuation intensity relative to a mean velocity
of approximately U ~ 50 m/s.

Unlike the blades tested in previous configurations [41], the current experiments
employed newly designed and manufactured blades using a Prusa XL 3D printer (Prague,
Czech Republic) with a 0.25 mm nozzle. These blades have a mean chord length of c = 50
mm and a span of s = 75 mm, and their airfoils (in axial section) vary in chord length
within ±10% of the mean value (i.e., a total amplitude of 20% relative to the mean chord).
All airfoils are aligned at the trailing edge, such that the leading edge exhibits a complex
sinusoidal shape in the plane view. This shape will henceforth be referred to as “teeth”.
The wavelength, λ, is thus determined by the number of full teeth and the total blade
span (Figure 1). This study goes a little beyond explaining the relationships because
in [41] the theoretical spectra were compared with the experimental ones, and there was
good agreement between the expected parameters (theoretical, desired from the installation
design) and those deduced experimentally. However, the autocorrelation function approach
is an additional verification/testing method, especially through the use of microphones
positioned near the grid (surface or profiled).

  
(a) (b) 

Figure 1. Serration parameters: (a) baseline; (b) LE serrations.
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As in [36], the experimental setup was coupled to a 9800 Pa, 7.5 kW centrifugal fan
(SODECA CA-172-2T-10 IE3, Spain) via a corrugated tube (315 mm in diameter) and placed in
the anechoic chamber (1200 m3, 15× 10× 8 m) designed and executed according to ISO3745 [42]
requirements, with a wall absorption coefficient of 99%, in 150–20,000 Hz frequency range.
To enable accurate acoustic field measurements, a microphone array was used (Figure 2),
similar to those currently employed in advanced research facilities [14,43,44]. The array was
implemented using a circular sector (Figure 3), onto which 13 GRAS 40 AE microphones
were mounted—arranged across 180 degrees, with a spacing of 15 degrees connected to
two SIRIUS Modular Data Acquisition (DAQ) Systems (8 channels) mounted in series. The
entire measurement plane can be rotated around its lateral axis using a housed bearing
(AVI-3610) and a locking disc with a pin at the desired angular position, enabling consistent
data acquisition across multiple configurations. Windscreens were used on the central
microphones (located at 0–15 degrees from the longitudinal axis), which proved useful up
to a tilt of 15 degrees from the horizontal plane. The acoustic camera shown in Figure 2
was tested in the vicinity of the blade cascade (above placement), but below 2500 Hz, the
noise produced by aerodynamic detachment seemed to dominate.

 

Figure 2. Schematic of the experimental setup for cascade sector testing.

  

Figure 3. Microphone positioning along the circular arc.

The tested blades were installed at the nozzle exit, clamped between two plates that
set the installation angle within the cascade (Figure 4). Four pairs of plates were used,
corresponding to incidence angles of 0◦, 5◦, 10◦, and 15◦, respectively. Prior to the main
experimental campaign, preliminary recordings were conducted to capture the acoustic
spectrum generated by the turbulence-inducing grid, using both a flush-mounted surface
microphone and an aerodynamically profiled probe (Figure 5).
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(a) (b) (c) 

  

 

(d) (e)  

Figure 4. Blade installation within the cascade: (a) baseline; (b) 3 teeth; (c) 5 teeth; (d) 7 teeth; (e) 9 teeth.

  

Figure 5. Microphone placement for turbulence parameter identification (left—aerodynamically
profiled microphone, right—surface microphone).

Turbulence parameters—namely the velocity fluctuation intensity and the characteris-
tic length scale of coherent structures—were estimated using an indirect approach based
on acoustic measurements acquired downstream of a passive turbulence-generating grid.
The recorded pressure signals contain spectral information associated with the turbulent
interaction between the flow and the channel walls, allowing for the extraction of relevant
turbulence descriptors. The experiments were carried out in a test channel with a cross-
sectional area of approximately 125 mm × 75 mm (in the final portion of the setup, where
the area remains relatively constant up to the exit), in which a fixed turbulence grid was
mounted (the most effective variant identified in the previous report). This grid was used
to generate turbulent structures in the flow. The mean flow velocity in the exit section was
50 m/s. Downstream of the grid, two microphones were positioned:

• A surface microphone, mounted 50 mm from the grid and integrated into the channel
wall, intended for measuring the pressure signal at the fluid–solid interface;

• An aerodynamically profiled microphone, placed 30 mm further downstream, inserted
directly into the flow to capture the noise generated by vortices.

The recorded data were acquired at a sampling frequency of 50 kHz, and the resulting
signals were later processed using the Fourier transform to determine the acoustic pressure
spectra and the power spectral density (PSD) for each channel. To estimate the turbulence
parameters, a semi-empirical model was used, inspired by flow acoustics literature (see [45]:
acoustic source theory—dipole, quadrupole; acoustic spectrum derived from the turbulent
autocorrelation function, with spectral forms such as fn·eˆ(−f/fs); and [46]: pressure spectra
radiated by convective turbulent structures, typically of Gaussian or low-exponent form
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depending on source length and frequency). In this model, the pressure spectral density
induced by turbulent structures is approximated using the following relation:

Sp(f) ∼
(

u′

U

)2

·L·f2·e
−Bf
f0 (1)

where u′ is the root-mean-square (RMS) velocity fluctuation intensity, U is the mean flow
velocity, L is the characteristic length scale of the turbulent structures, f0 = U/L is the refer-
ence frequency associated with the integral turbulence scale, and B is an empirical constant.
The model is constructed based on the experimental observation that the radiated pressure
spectrum increases proportionally to f2 at low frequencies and decays exponentially at high
frequencies (with a cut-off frequency defined by f0 ≈ U/L).

The model was fitted by matching the theoretical curve to the experimentally obtained
spectrum (from the surface microphone signal—similar to [47]), and the parameters u′/U
and L were determined by minimizing the mean square error between the estimated and
measured spectra.

To characterize the spectral content of the recorded acoustic pressure, a direct method
was used to estimate the power spectral density (PSD), based on the discrete Fourier
transform applied to successive segments of the signal. This approach is equivalent to
Welch’s method [48], but was implemented explicitly for compatibility with processing
in GNU Octave. The signal was divided into Hann windows [49] of 2048 samples each,
with 50% overlap between windows, ensuring full coverage of the signal and a stable
spectral estimate. For each segment, the Fourier transform was applied, and the squared
magnitudes of the spectral coefficients were accumulated and averaged. Finally, the
result was normalized by the energy of the applied window, in accordance with standard
relationships from spectral estimation theory [50,51].

The power spectral density was then converted to an arbitrary logarithmic level,
expressed in decibels (relative SPL), using the following relation:

SPL(f) = 10·log10(P(f)) (2)

where P(f) represents the estimated mean power at frequency f. The analyzed frequency
range was limited to 100 Hz–20 kHz, thus covering the primary acoustically relevant range
for flow-induced noise. This analysis was applied to both recorded signals: the wall-
pressure signal (surface microphone) and the in-flow pressure signal (profiled microphone),
in order to highlight the spectral content differences caused by the microphones’ relative
positions with respect to the turbulent structures.

By applying the base-10 logarithm for numerical stability, the model becomes:

log10
(
Sp(f)

)
= log10

((
u′

U

)2

·L
)
+ 2·log10(f)− B· f

f0
(3)

This formulation allows the model to be fitted based on the experimentally obtained
acoustic pressure spectrum. In the equation above, the term B also incorporates the factor
log10(e) resulting from the logarithmic transformation of the original expression. The fitting
procedure involves minimizing the squared difference between the measured spectrum
(in dB) and the logarithmic model, within a well-defined spectral range. Based on the
optimized parameters, the relative turbulence intensity can be deduced using relation (4),
which is also implemented explicitly in the autocorrelation function (within the code)

u′

U
=

prms
ρ0c0U

(4)
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and the characteristic frequency results from the following:

f0 = U/L (5)

The value of B is not selected arbitrarily, nor does it result directly from an explicit
system of equations. Instead, it is obtained by minimizing the difference between the
theoretical model (in its logarithmic form) and the measured spectrum, using the so-called
curve fitting approach, which can be expressed as follows:

⌊
A L B

⌋
=

min
A, log10L, B∑

i

[
log10(PSDmeasured(fi))−

(
A + 2log10(fi)− B

fi

U/L

)]2
(6)

where A = log10

(
I2·L

)
is a scaling term, L is the characteristic length (obtained through

the optimization of the term log10(L)), and B is the constant associated with turbulent energy
dissipation. From a physical perspective, the constant B controls the slope of the curve at
high frequencies—larger values imply a faster dissipation of turbulent energy. However, B
depends on multiple factors (such as viscosity, the spectral limits of the microphone, and
flow irregularities) and cannot universally be assumed to be equal to 1.

In this analysis, instead of using the spectrum in logarithmic units such as SPL (sound
pressure level, expressed in decibels), the representation was performed directly in terms
of the power spectral density (PSD) in physical units, Pa2/Hz. The PSD preserves the
linearity of energy distribution across frequencies, thus allowing direct comparison between
theoretical models and experimental data, without the arbitrary influence of a logarithmic
reference (e.g., 20 µPa). As such, the use of power spectral density offers a more accurate and
physically consistent framework for identifying turbulence characteristics from recorded
acoustic signals, particularly when aiming to correlate with theoretical models based on
energy, rather than on auditory perception.

The spectra recorded by the two microphones are shown in Figure 6. On the raw
data, the following operations were applied: segmentation into Hann windows with 50%
overlap, FFT applied to each window, spectral energy averaging, normalization of the
result using the window energy (as implemented in the code, with a structure similar to
the pwelch function in MATLAB), construction of the frequency vector, and representation
of the sound pressure level (SPL) distribution.

 

Figure 6. FFT on raw data—surface microphone/profiled microphone.

The estimation of turbulence parameters based on the measured acoustic signal can
be carried out by analyzing the autocorrelation function of the acoustic pressure [51–53],
recorded near the turbulent source. This approach is based on the assumption that the
pressure signal is proportional to the velocity fluctuations within the turbulent flow, and
that its autocorrelation reflects the spatial and temporal structure of the vortices.
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The normalized autocorrelation function R(τ) of the pressure signal p(t) is defined
as follows:

R(τ) =
1

R(0)

∫
p(t)p(t + τ)dt (7)

where τ is the time delay, and R(0) is the value at τ = 0, representing the variance of the
signal. Two characteristic turbulence parameters can be estimated from this function. The
characteristic length of the turbulent structure, L, is given by the following:

L = U
∫ ∞

0
R(τ)dτ (8)

where U is the mean flow velocity, and the integral is numerically approximated up to the
first significant zero crossing or up to a fixed threshold (e.g., 5–10 ms; 10 ms used on final
results). The turbulence intensity u′/U is derived from the energetic relationship between
the signal level and the length L [54], according to the simplified model: I =

√
p2

rms
ρ2

0c2
0

p2
rms ∼ u′2·L

(9)

where ρ0 and c0 are the air density and the speed of sound, respectively (assumed constant).
By applying this method to the signals recorded with the surface and profiled microphones,
the turbulent parameters can be compared at two different locations in the flow field,
providing additional insight into the evolution and dissipation of the turbulent structure
downstream of the generating grid. Regarding the estimation of u′ (velocity fluctuations),
several relations can be applied, as summarized in Table 1.

Table 1. Models for pressure fluctuation.

Method Formula Estimation Type

Plane wave u′ =
prms
ρ·c0

Acoustics (simplified form)

Dynamic pressure u′ =
√

prms
2

ρ
Energy-based

Integrated PSD u′ =
√∫

Suu(f)d f Spectral analysis

Autocorrelation (integral) L = U
∫

R(τ)dτ Time–space correlation

By comparing the applied methods, the lower values of the turbulence parame-
ters appear more plausible, as the PSD/autocorrelation approaches integrate the acous-
tic pressure signals within the energy domain and rely on the plane wave relationship
(Suu = Spp/

(
ρ2c2)). For more realistic results, one may employ a model that directly

links the acoustic spectrum to turbulent flow (advanced models such as Lighthill [55] and
Curle [56]), or rely on direct velocity measurements (e.g., LDA [57], PIV [58], or hot-wire
anemometry [59]).

From the results, the turbulence intensity u′/U of 73% obtained from the pressure
data interpreted as dynamic components is erroneous, since the nature of the raw signal is
different (i.e., acoustic pressure). Figure 7 shows that all methods, within the 100 Hz–20 kHz
frequency range, place the characteristic length around 5 mm—a value consistent with
expectations from previous report analyses.
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(a) 

(b) 

Figure 7. Overlay of measured and fitted spectra (curve fitting): (a) measurements inside the flow
channel; (b) measurements outside the nozzle.

Using either the autocorrelation function or the PSD, the integration of the Suu(f)
spectrum can be used to determine the turbulent kinetic energy. The computational process
begins from relation (10):

k =
1
2

u′2 → k/U2 =
1
2

(
u′

U

)2

( dimensionless value) (10)

and the relationship between acoustic pressure and velocity can be expressed as follows:

Suu(f) =
Spp(f)
ρ0

2c02 → u′2 =
∫

Suu(f)d f → k =
1
2

∫ Spp(f)
ρ0

2c02 d f (11)

Therefore, for a known Spp(f), the kinetic energy k can be directly computed. It
should be noted that the obtained values are local, corresponding to the point where the
microphone is positioned, and do not represent the total turbulent energy in the system.
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This quantity refers only to the longitudinal components (assuming the signal is oriented
along a single direction). The spectrum Suu(f) derived from raw pressure assumes plane
wave propagation, which may be a reasonable approximation at large distances, but is
more questionable near the source.

3. Results
The raw signals recorded by the 12 GRAS 40AE microphones via the Dewesoft ac-

quisition system were processed using FFT and subsequently exported in terms of sound
pressure level (SPL). For each spatial position, a single SPL value was obtained and mapped
onto the spherical cap shown in Figure 8. These data were then interpolated to produce a
much smoother distribution (Figure 9—data samples for baseline and 9 teeth for a brief
comparison). The applied methodology is structured as follows: construction of the mea-
surement field (based on known planes and microphone spacing), import of the results for
each point, import of the nozzle geometry (simulated as a point cloud), plotting of markers
for each point using a color scale corresponding to the SPL value, selection of a single value
for the fixed microphones (at 0◦ and 180◦), and surface interpolation on the spherical cap
via triangulation (rough method) or v4-type interpolation (specific to MATLAB/Octave,
superior to cspline in this case). This processing routine was applied to all available data
(various blade–plate combinations for installation angle control), with the results detailed
in the following sections.

  
(a) (b) 

Figure 8. SPL representation: at measurement points (a) and on the spherical cap ((b), “trisurf” interpolation).

Figure 10 presents the results (as differences in sound pressure level, in dB(Z), RMS) for
all combinations of blade geometries and installation angles. Except for the measurement
planes at 15◦ and 30◦, where the jet tends to interfere with the microphones surrounding
the 6th position (75◦ and neighboring angles), a global reduction is observed at all positions.
The magnitude of this reduction increases as the number of serration peaks (teeth) grows
(i.e., as the serration pitch decreases). Notably, configurations with blades having five
teeth yield reductions comparable to those with the smallest pitch (nine teeth), indicating
significant performance even at intermediate geometries.
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 Reference 9 teeth 

α = 0° 

  

α = 5° 

  

α = 10° 

  

α = 15° 

  

Figure 9. SPL representation on the spherical cap (“v4” interpolation).

If all microphones are averaged across all positions within the same measurement
plane, the result is shown in Figure 11. Two types of averaging are presented here: sim-
ple (arithmetic) averaging and logarithmic averaging, the latter being commonly used
when differences between microphones exceed 3 dB [60]. The logarithmic averaging was
performed using the following relation:

Lp = 10log10

N

∑
i = 1

1
N

10
SPLi

10 (12)
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(a) 

 
(b) 

(c) 

 
(d) 

Figure 10. ∆SPL representation for the tested configurations: (a) α = 0◦; (b) α = 5◦; (c) α = 10◦;
(d) α = 15◦.
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Figure 11. Global levels (comparison between arithmetic and logarithmic averaging).

For a rapid estimation of serration efficiency along the 1-m radius (covering a 180-degree
arc), Table 2 summarizes the noise reduction (in terms of sound pressure level) for all blade
and angle combinations, referenced, of course, to their respective baseline configurations.

Table 2. SPL reduction over the 180-degree arc.

3 Teeth 5 Teeth

α = 0◦

α = 5◦

α = 10◦

α = 15◦

7 teeth 9 teeth
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Table 2. Cont.

3 Teeth 5 Teeth

α = 0◦

α = 5◦

α = 10◦

α = 15◦

Acoustic beamforming is a spatial signal processing technique applied to data col-
lected from microphone arrays, enabling the localization and quantification of noise
sources [61,62]. In turbulent jet noise investigations, beamforming facilitates the reconstruc-
tion of spatial sound pressure level (SPL) distributions within a defined observation plane,
revealing both the intensity and directional characteristics of the radiated noise field. This
approach is particularly valuable for assessing the influence of geometric perturbations,
such as blade insertion or modifications to leading-edge profiles, on the acoustic behavior
of the jet. In the present study, data were acquired using an array of 13 microphones
positioned along a semicircular arc with a radius of 1 m, distributed across several inclined
planes ranging from 15◦ to 90◦ relative to the XY plane. The jet was produced by a nozzle
with a rectangular exit section (75 mm × 125 mm) and operated at a flow velocity of 50 m/s,
with a maximum deviation of 15◦ from the Y-axis, a configuration that directly influences
both the orientation of the acoustic radiation and the location of dominant sources. From
the frequency perspective, turbulent jet noise is governed by the hydraulic diameter of the
nozzle exit and the flow velocity. For the tested nozzle, the hydraulic diameter is estimated
as follows:

Dh =
4ab

2(a + b)
= · · · = 0.096 m (13)
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Using the dimensionless Strouhal number relation, the characteristic frequencies of
the noise can be estimated as follows:

f = St· U
Dh

→ f ∈ [0.2, 0.4]· 50
0.096

→ f ∈ [1040, 2080] Hz (14)

This range defines the main acoustic band of interest, where predominant emissions
are expected to occur. The frequencies corresponding to the one-third octave bands cen-
tered at 1260 Hz, 1600 Hz, 2000 Hz, and 2500 Hz provide relevant coverage within this
spectral region.

The beamforming computation involves several successive steps. First, the raw signals
from each microphone (recorded separately for each plane) are extracted and windowed
(e.g., Hann window, N = 4096) to reduce edge effects. FFT is then applied to compute
the spectra:

Pi(f) = F{w[n]·pi[n]} (15)

In the above expression, pi[n] denotes the signal from microphone i, while w[n] is
the applied window. The spatial positions of the microphones,

→
ri , are known in the 3D

coordinate system, and the observation plane is defined in the XY plane (Z = 0), regularly
discretized with a fixed spatial step (0.005 m in the code attached in the annexes). For each
observation point dij, the geometric distances to all microphones are computed.

The classical beamforming algorithm relies on the coherent summation of complex
spectra, with phase alignment based on geometric delays:

B
(→

rj , f
)

=

∣∣∣∣∣ N

∑
i = 1

Pi(f)·e
−

jkdij
dij

∣∣∣∣∣
2

(16)

where k = 2πf/c is the wavenumber. The geometric phasing is implemented in the code
using steering = exp(−1i * k_val * vecnorm (obs_points – reshape (mic_positions, 1, [], 3), 2,
3)). The SPL level at each observation point is expressed relative to the maximum value
within the entire map:

SPL
(→

rj

)
= 10 log10

 B
(→

rj

)
max

j
B
(→

rj

)
 (17)

The difference between the constants 10 and 20 in SPL formulas (analytical vs. code
implementation) arises from the nature of the processed quantity: for pressure, the correct
expression is 20·log10(. . .), while for power it is 10·log10(. . .). A methodological challenge
stems from the fact that the microphone planes were recorded sequentially, not simulta-
neously. This prevents the use of coherent 3D beamforming, since the signals cannot be
time-synchronized. A valid alternative is the spatial averaging of SPL across individual
beamforming maps [63–65]:

Btotal

(→
rj

)
=

1
M

M

∑
m = 1

B(m)
(→

rj

)
(18)

This strategy provides an estimate of the spatial distribution of the noise field and
is applicable even in the absence of temporal coherence between planes. The resulting
representations enable the identification of dominant emission directions and the potential
effects of geometric perturbations on the acoustic distribution.

The beamforming results presented in Figure 12 are expressed in relative SPL, i.e.,
decibels referenced to the local maximum within the observation plane, for each analyzed
frequency. Although the input signals are calibrated in absolute pressure, the beamforming
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process does not preserve this physical scale, since the result is obtained through coher-
ent summation of complex pressures—incorporating both constructive and destructive
interference—which alters the total amplitude in a phase-dependent manner rather than
reflecting energy. Moreover, the propagation model used is one-way, simulating only
the forward path from the source to the microphones, and does not enable the inverse
estimation of actual pressure at a given spatial point.

Figure 12. Beamforming—reference blade (α = 15 degrees).

To obtain absolute SPL at the observation points, an inverse transfer function is re-
quired to compensate for the propagation path from the source to the microphones. This
can be determined through full numerical modeling using methods such as BEM or FEM,
experimental calibration with reference acoustic sources, or through regularized inversion
methods such as CLEAN-SC [66] or DAMAS, which solve the inverse beamforming prob-
lem based on a propagation model. In the absence of such inverse functions, beamforming
maps still provide valuable information regarding the directionality and relative distri-
bution of acoustic energy, making them useful for comparative analysis and dominant
source localization.
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The transformation of a planar SPL distribution (XY) into a single directivity curve is
carried out by aggregating SPL values according to the polar angle associated with each
observation point in that plane. This process can be described in simple steps:

• Each observation point in the XY plane has a position (x, y), which can be converted
to a polar angle θ with respect to the microphone array center, using

θ = atan2(x, y) (19)

• The angle is adjusted such that 0◦ corresponds to the vertical upward direction, and
angles increase clockwise up to 180◦.

• The SPL distribution computed via beamforming yields a value for each (x, y) point,
allowing a set of SPL values to be associated with each polar angle θ.

• For each discrete angle (e.g., at 1◦ intervals), an energy-based averaging of the associ-
ated SPL values is performed (e.g., by interpolation and averaging within a narrow
angular band, ±0.5◦), to obtain a representative sound level for that direction.

• The result is a curve SPL = f(θ), describing how the sound level varies with direction
within a given plane.

This curve is referred to as the directivity curve and is used in butterfly or polar plots to
synthetically visualize the directional distribution of acoustic energy in a way that enables
comparison across planes or frequencies. In the polar representation, each microphone
plane is displayed as a curve within a semi-polar coordinate system (0–180◦), with SPL
values expressed relative to the local maximum.

The representation is designed to highlight the shape and width of the directional
lobes, as well as their orientation relative to the jet axis (indicated by an arrow at +15◦ from
the vertical). The curves are interpolated with a 1◦ angular resolution and scaled such that
each plot reflects the local SPL variation within its corresponding plane (Figure 13).

Figure 13. Directivity—reference blade, 315 Hz (alpha = 15 degrees).

In Figure 14, the 3D representation adds geometric context by reconstructing the
shapes of the directional lobes in space, with each plane projected along its corresponding
inclination angle (15◦–90◦). Each curve is relatively scaled and positioned within a common
coordinate system, in which the nozzle geometry is also visible. This method enables the
assessment of the global orientation of the acoustic source and any asymmetries between
planes, complementing the polar analysis with an intuitive depiction of spatial directivity.



Technologies 2025, 13, 363 18 of 23

Figure 14. Directivity on each plane—overlay at nozzle exit.

4. Discussion
Although the overall SPL reduction observed in this study ranges between 2 and 6 dB,

these values must be interpreted in the context of the scaled-down experimental setup. The
tested blades have a span of 75 mm and a chord of 50 mm, significantly smaller than typical
stator blades in turbofan engines, which often exceed 200 mm in span and 100 mm in
chord. Furthermore, the jet velocity (50 m/s) is moderate but consistent with experimental
studies on low-speed aeroacoustic mechanisms. In logarithmic terms, a 3 dB reduction
corresponds to approximately a 50% reduction in acoustic power, while 6 dB represents a
75% reduction. Even the lower bound of 2 dB translates to a power reduction of around
37%, which is non-negligible when integrated over the entire emission surface or scaled to
full-size geometries.

Moreover, the spatial distribution of acoustic energy is not uniform. Beamforming and
directivity analyses reveal that serrations induce modifications in the shape and orientation
of the acoustic lobes. In certain angular sectors, the SPL reduction can exceed the global
average, suggesting localized improvements in noise radiation. However, in other regions,
energy may be redistributed or even slightly enhanced, depending on the frequency,
observer position, and serration configuration. This underlines the importance of full-field
spatial analysis in assessing the effectiveness of passive noise control strategies, beyond a
single-point or globally averaged metric.

The observed noise reduction associated with increased serration pitch can be physi-
cally attributed to a combination of mechanisms. First, the modulation of the leading-edge
geometry alters the effective area of interaction with incoming turbulent eddies, redistribut-
ing the acoustic sources along the span. Second, serrations introduce spanwise pressure
phase differences, which promote destructive interference in the radiated field. This spatial
decorrelation effect is more pronounced at higher frequencies and with increased tooth
number and amplitude. These phenomena are consistent with findings from previous
studies on leading-edge serration aerodynamics and blade aeroacoustics (e.g., references
such as [17,19,29,32,33,38,39]). One aspect worth mentioning is that the sources previously
listed barely address the cascade effect, as reflections and destructive interference may also
play a role in this overall mechanism. Although the present study is primarily experimental,
the trends observed suggest the potential to develop semi-empirical or analytical models
linking serration parameters—such as pitch (number of teeth) and amplitude (chordwise
depth)—to the spectral and spatial characteristics of the radiated noise. As shown in this
work, increasing the serration count leads to progressively “smoother” interaction between
the incoming turbulence and the blade surface, and to measurable broadband attenuation.
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Future efforts will focus on quantifying this relationship by extending current analytical
formulations for serrated leading edges and integrating turbulence statistics obtained from
autocorrelation-based methods.

Although detailed theoretical validation is beyond the scope of this study, it is worth
noting that existing predictive models for leading-edge serrations are typically restricted
to simplified two-dimensional assumptions or rely on specialized numerical codes, such
as Lattice-Boltzmann Methods, which are not readily accessible. Moreover, full 3D com-
parisons require complex turbulence-resolving simulations, which present challenges in
terms of grid sensitivity and frequency bandwidth coverage. As such, the experimen-
tal beamforming results presented here—while qualitative in nature—offer a valuable
benchmark for future high-fidelity modeling efforts. The observed directional trends and
frequency-dependent attenuation patterns can serve as reference targets for validating
numerical models under similar inflow and geometrical conditions.

The combined analysis of spatial distribution (Figure 12), directivity (Figure 13),
and integrated ∆OASPL values (bar chart—Figure 11) reveals the significant influence of
serrations on trailing-edge noise emission. Quantitatively, a consistent SPL reduction is
observed across all serrated configurations, with the 5-tooth geometry at 0◦ installation
yielding the most notable attenuation—up to −1.9 dB in both logarithmic and linear
integration methods. However, at higher angles of attack (α = 15◦) and for configurations
with an increased number of teeth (e.g., nine teeth), the noise reduction effect becomes less
consistent and even counterproductive in certain cases (e.g., +0.34 dB at 10◦, log-integrated),
indicating a possible loss of aerodynamic efficiency due to increased flow separation or
serration saturation.

From a qualitative perspective, the directivity patterns at 315 Hz (Figure 13) show
a clear reshaping of the acoustic lobes in inclined planes, with a redistribution of energy
toward wider angles—suggesting enhanced acoustic scattering. This trend is further
supported by the beamforming maps (Figure 12), where for intermediate frequencies (e.g.,
794–1260 Hz), the dominant source regions appear more diffuse and shifted downstream.
This behavior implies reduced coherence of the noise-generating structures and stronger
interaction between convective vortices and the serrated trailing edge.

From a dimensional standpoint, these results support the hypothesis that the noise-
mitigation performance of serrations is governed by the ratio between the serration geome-
try and the local turbulence correlation length. Configurations with 5 and 7 teeth appear to
strike an optimal balance between diffraction and decoherence, while excessive serration
count (9 teeth) or high angles of attack tend to degrade the acoustic performance.

The current calculations are preliminary, with the implemented code validated on
several cases (reference and select serrated geometries), using either raw signals or sig-
nals processed via FFT to extract global SPL values. A future analysis will address the
full dataset to capture clearer trends between noise reduction and the introduced design
solution, potentially enabling parametric relationships using standard methods such as
regression analysis.

5. Conclusions
This study investigated the potential of leading-edge serrations to reduce noise generated

by the interaction between a turbulent jet—representative of upstream rotor wakes—and
downstream stator blades. Several geometries were proposed, physically manufactured via
3D printing, and tested on a dedicated experimental rig developed within the facilities of the
COMOTI Acoustics Department in Măgurele. The leading-edge serration pitch was varied
from 0 (reference blades) to 9 so that specific behaviors related to significant frequencies,
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directional reductions, or overall efficiency could be correlated with the turbulence-to-
serration pitch ratio.

To identify turbulence parameters, signal processing techniques were also applied
(based on measurements acquired in this study using either a flush-mounted or profiled
microphone). The autocorrelation-based parameters enabled estimation of the characteristic
eddy length. A dedicated computational code was developed for this purpose and used to
plot the relevant parameters.

The test matrix included five serration configurations and four installation angles, with
acoustic data recorded at 13 microphone positions across six inclined planes. Post-processed
results revealed consistent reductions in sound pressure levels across the measured hemi-
sphere, reaching up to 2 dB globally. These were further extrapolated to reconstruct the full
spatial distribution of acoustic energy. Beamforming and polar directivity analyses enabled
the identification of dominant radiation lobes and provided insight into the directional
influence of serration geometry.

As an outcome of this analysis, new design insights may emerge, including the use
of trailing-edge serrations on the upstream blade and leading-edge serrations on the
downstream blade or configurations combining serrations on both edges.
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Nomenclature
The following abbreviations are used in this manuscript:

c airfoil chord [mm]
cmed mean chord [mm]
c0 speed of sound [m/s]
f frequency [mm]
f0 cut-off frequency [Hz]
I acoustic intensity [W/m2]
k turbulent kinetic energy [m2/s2]
prms acoustic pressure (RMS values)
s blade length [mm]
u′ velocity fluctuation [mm/s]
A signal amplitude/scaling factor
Dh hydraulic diameter [mm]
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E(r) cumulative acoustic energy [W]
∆OASPL global sound pressure level reduction [dB(Z)]
L characteristic length of turbulent structures [mm]
Lp, SPL sound pressure level [dB(Z)]
N number of computational points [-]
P acoustic power [W/m3]
R(τ) autocorrelation function
Sp(f), PSD pressure spectral density [Pa2/Hz]
U0, U (mean) jet velocity [m/s]
α blade installation angle in array [◦]
dΩeff solid angle [sr]
λ serration pitch [mm]
ρ, ρ0 density [kg/m3]
θ observer angle [ad]
→
rj calculation point position [m]
τ time delay [ms]
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