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Abstract: The implementation of serrated stator blades in axial compressor and fan stages offers
significant advantages, such as enhanced performance and reduced noise levels, making it a practical
and cost-effective solution. This study explores the impact of serrated blade design on noise reduction
under specific engine operating conditions. A small-scale experimental test setup with a turbulence-
inducing grid was designed for testing multiple grid sizes in order to identify the most promising
configuration which replicates rotor–stator interaction. Numerical simulations and early experimental
tests in an anechoic chamber using a four-blade cascade configuration at an airflow speed of 50 m/s
revealed a small but notable noise reduction in the 1–6 kHz range for a partially matched grid–blade
geometry. Serrated blades demonstrated an overall sound pressure level reduction of 1.5 dB and
up to 12 dB in tonal noise, highlighting the potential of cascade configurations to improve acoustic
performance in gas turbine applications.

Keywords: jet flow; converging nozzle; serrations; stator blade; interaction noise; turbulence

1. Introduction

The interaction between the turbulent airflow and serrated blades manifests in various
aspects, influencing aerodynamic properties, noise generation, structural loading, and over-
all efficiency. Turbulence alters the flow field around serrated blades, leading to changes
in lift, drag, and stall characteristics. Recent studies have demonstrated that turbulent
fluctuations can enhance aerodynamic performance by promoting flow attachment and
delaying stall onset [1].

Turbulence interacting with serrated blade edges can result in increased noise levels
due to flow separation, vortex shedding, and pressure fluctuations. Understanding and
controlling turbulence-inducing structures are crucial for mitigating noise emissions from
serrated blade systems [2,3]. Turbulence-induced fluctuations in pressure and velocity
impose dynamic loads on the serrated blades, affecting their fatigue life and structural
integrity. Proper design considerations accounting for turbulence effects are essential to
ensure the durability and reliability of the blade attachment system [4]. The influence of
turbulence on serrated blade aerodynamic performance ultimately impacts the overall
system efficiency and energy consumption. Serrated vane geometries can be optimized
so that the effects of turbulent jet interaction with solid surfaces can lead to lower sound
pressure levels, lower stage pressure loss and/or increased incidence to stall. Recent re-
search has focused on elucidating the complex interaction between turbulence and serrated
blades to drive advancements in blade design and aerodynamic performance optimization.
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Computational Fluid Dynamics (CFD) simulations have emerged as powerful tools for
studying turbulence–blade interactions with high fidelity. Advanced numerical techniques,
such as Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS), enable
detailed investigations into turbulent flow phenomena around serrated blades [1]. RANS
(Reynolds-Averaged Navier–Stokes equation)-based solvers [5] featuring unsteady flow
analysis, shear–stress transport and Ffowcs–Williams and Hawking’s model; ref. [6] featur-
ing RANS using OpenFOAM opensource code and the Spalart-Allmaras turbulence model;
ref. [7] featuring k-l Smith and k-ω Menter SST-based RANS solvers which fed a Ffowcs–
Williams and Hawkings (FWH) solver using Goldstein’s formulation; ref. [8] featuring
incompressible steady-state Reynolds Averaged Navier–Stokes from CFX and transient
RANS using FW-H; ref. [9] featuring in house SST-based RANS solver with Amiet-like far
field sound model) in which the inflow turbulent motion is characterized with an average
velocity and a fluctuation component [10] can also be used at least as a preliminary alter-
native for commercially available [10–12] or in-house developed LBM (Lattice Boltzmann
Method) or Navier–Stokes-based LES (Large Eddy Simulation) code/software (e.g., CAA
and Wiener–Hopf methods [13], high-order methods for direct computation of 3D aerofoil–
gust interaction noise [14], an in-house parallelized Navier–Stokes flow solver [15] or
analytical in-house fan tonal and broadband noise prediction tool for rotating blades [16]).
To a certain extent, RANS can also be used in describing the aerodynamic characteristics of
coupled cylinder/grid flows for a variety of NACA airfoils [17,18] or just for an isolated
airfoil with a modified trailing edge [19]. Experimental studies utilizing state-of-the-art
measurement techniques, such as Particle Image Velocimetry (PIV) and Hot-Wire Anemom-
etry (HWA), provide valuable insights into the flow physics and turbulence characteristics
near serrated blade surfaces [2,3]. Multi-disciplinary approaches integrating fluid dynam-
ics, structural mechanics, and acoustic analysis have been employed to comprehensively
assess the performance of serrated blades in real-world operating conditions [20].

Furthermore, advancements in materials science and manufacturing technologies have
facilitated the development of innovative blade designs with enhanced durability, efficiency,
and noise reduction capabilities. Understanding the intricate interplay between turbulence
characteristics and blade geometry is essential for optimizing aerodynamic performance,
reducing noise emissions, enhancing structural integrity, and maximizing overall efficiency.
Recent research efforts leveraging advanced computational and experimental techniques
have provided valuable insights into turbulence–blade interactions, paving the way for
continued innovation and improvement in blade design and performance.

The paper aims at investigating the design and fabrication of a miniaturized stand for
testing serrated blades placed in a turbulent jet and then instrumenting it. The mechanism
by which noise arising in the rotor–stator stages can be generated and attenuated is ana-
lyzed by numerical simulations (using a parameter that depends on TKE). It is possible to
“simulate” the existence of a rotor by placing an element that introduces velocity fluctua-
tions in the flow similar to those coming from a rotor. Preliminary RANS simulations are
performed to identify possible geometries associated with the flow characteristics. Prelimi-
nary tests are carried out in an anechoic chamber on the four-bladed cascade configuration
at 50 m/s.

2. Materials and Methods
2.1. Experimental Setup

Turbulence can be generated either with rods (where the tonal component predominates
and the behavior of the serration can be identified on certain frequencies of interest—usually
multiples of BPF) or with grids, which lead to a more uniform spectrum in the broadband.
Future research will be directed toward both methods in order to better characterize each
solution analyzed.

As regards the setup producing such controlled turbulence, several installations have
been identified in the literature consisting of a converging section along which a grid is
placed (at certain axial positions), in some cases even with a rod at the outlet to generate the
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tonal component. Among the installations/configurations identified are the 10 to 120 m/s
open-jet wind tunnel from ISVR [21,22], which provides an available testing section of
0.15 m × 0.45 m. Similarly, the tests conducted at Beihang University [23] for a test section
of 0.25 m × 0.15 m highlighted the rod–airfoil interaction at low Mach numbers (~0.1). The
Ecole Centrale de Lyon’s high-speed subsonic anechoic wind tunnel [24,25] can also be men-
tioned, where experiments up to Mach 0.34 can be performed. In line with the open-jet type
installations which facilitate both aerodynamic testing and sound field data acquisition, Ja-
cob [26] also mentions the installations at ISAE-SUPAERO (Toulouse), DLR-Braunschweig,
ONERA-Cepra 19, and several others or grid–airfoil interaction noise. The low-speed
open-type wind tunnel at the department of Power System Engineering, University of West
Bohemia [2] is capable of reaching 90 m/s for a test section of 0.2 m × 0.3 m (and 0.75 m
length where the pressure or hot wire probes can be fitted). On a slightly larger scale,
one can mention the industrial wind tunnel (XNJD-1) at Southwest Jiaotong University,
Chengdu, where airspeed from 0.5 to 45 m/s can be achieved with tests on turbulence grids
being completed in [12] at ~10 m/s. The anechoic open jet wind tunnel at Ecole Centrale
de Lyon [27] is an example of a cascade-type test rig with interchangeable turbulence grids
(air provided on a 0.56 × 0.56 m2 by a 800 kW centrifugal fan). Moreover, the installations
mentioned in [14] for the calibration of their mathematical model are notable, as they work
with low (2–20 m/s and Re~104..105 [28] for small, serrated airfoils) or medium airspeeds
(Re~105. . .106 for wind turbines [29]). Ito [28] has included load cell equipment capable of
measuring aerodynamic components up to 1.2 kg using a three-component load cell. In [30],
a comprehensive study integrating aerodynamics, acoustics, and bionics was conducted
(Re = 105) to explore new mechanisms for reducing noise associated with aircraft flight. The
study focused extensively on the Strigiformes order of birds, which were chosen for their
silent flight characteristics. As a result of this research, three mechanisms with potential
for acoustic reduction were identified: vortex sheet generators, compliant surfaces, and
distributed wing porosity. In [31], there were reports on an experimental investigation into
the noise reduction capabilities of sawtooth trailing edge serrations on a flat plate at low
to moderate Reynolds numbers (1.6 × 105 < Rec < 4.2 × 105). Acoustic and aerodynamic
measurements were carried out using a flat plate with both sharp and serrated trailing
edges in the anechoic wind tunnel at the University of Adelaide. The serrations on the
trailing edge were found to reduce noise levels by up to 13 dB in the narrowband range
without altering the directionality of the emitted noise. Ref. [32] investigates the effective-
ness of flow-permeable comb-type trailing edges in reducing turbulent boundary-layer
trailing-edge noise to Reynolds numbers [1.1–7.9] × 106, demonstrating that they can
significantly lower noise compared to solid edges, with design requirements including a
minimum device length and a narrow slit width. Ref. [2] investigates the impact of shape
errors on turbulence evolution behind a 3D-printed NACA 64-618 airfoil with predefined
shape inaccuracies. Using a high-precision optical 3D scanner and hot-wire anemometry,
the study assessed the shape and surface quality of the airfoil and measured its aerody-
namic performance with a custom force balance device. Experiments were conducted at
attack angles of +10◦, 0◦, and −10◦, and across Reynolds numbers ranging from 5.3 × 104

to 2.1 × 105. The findings indicate that blunt trailing edges and rough surfaces degrade
aerodynamic performance and reveal a strong sensitivity of the Taylor microscale Reynolds
number to shape inaccuracies, particularly at Re ≈ 1.7 × 105. In [33], the authors experi-
mentally examine the aerodynamic characteristics and flow fields of a smooth, owl-inspired
airfoil without serrations or velvet structures, showing that it achieves high lift performance
due to a separation bubble on the suction side and demonstrates notable Reynolds number
[2.3–6] × 104 insensitivity in lift curves, although the drag differences are pronounced at
high angles of attack, indicating its potential for enhancing aerodynamic performance in
low-Reynolds-number applications.

In reference [34], a rigorous characterization of the aeroacoustics and aerodynamic
performance of wind tunnel facilities is presented, comparing the flow quality and acoustic
performance of the new wind tunnel with other aeroacoustics facilities worldwide. Several
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wind tunnels used for experiments are described, including details on the nozzle exit area,
the maximum flow velocity, the emission angle with respect to the normal direction of the
nozzle’s exit plane, and the exponent of the power law k.

Analyzing the specialized literature, it was found that only in works [35,36] are there
studies on turbomachine blades arranged in a grid with their geometry modified, but these
blades are turbine blades.

Based on these examples, the aim of this work is to finally design and 3D print a
convergent section so that it can provide a speed of more than 50 m/s in the outlet (test)
section. In this way, new relevant data can be generated and the results can be compared
with those already existing in the literature. The starting point was the existing air source
in the anechoic chamber of the COMOTI acoustics department (Măgurele, Romania) that
can reach a flow velocity up to 100 m/s attached to a similar section (for an outlet section
of 0.14 m × 0.047 m). By a simple scaling, taking into account also that one or more
vanes should be placed in the exit section (on different orientations), 0.15 m width and
0.075 m height was chosen for the test section. Having established the outlet section and
knowing the air parameters (in the 305 mm diameter inlet section to minimize the losses
proportional to the velocity squared), it only remains to determine what the convergent
passage between the two sections looks like. Figure 1 shows a vertical plane section along
the converging section.
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Several criteria were imposed for the validation of this form:

• The transition should not be so abrupt that significant detachments occur.
• It must be modular so turbulence-generating elements can be introduced between

these sections (axial sectioning is also relatively uniform).
• To be able to incorporate measuring instruments (it is possible to provide at certain

instrumentation points/areas for mounting pressure/temperature probes).
• Can be easy to manufacture (3D-printable).
• Have good mechanical strength (both the section and the turbulence-generating ele-

ments to be inserted in the flow path).

To highlight the turbulence–blade interaction, the rationale behind the design of the
installation in Figure 2 is presented in this paper. The bench is intended to be able to
integrate either an isolated vane or a configuration of four cascade vanes on which flow
and surface measurements (pressures, temperatures, velocity profiles) can be made both
inside and outside the convergent channel as well as force measurements using load cells
mounted on the outlet side areas.
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As the overview shows, the designed flow section provides the transition from a
circular to a rectangular section, the expected velocity in the outlet section being ~50 m/s
(and ~80 m/s if pressurized air supply from an external source—a buffer tank is used).

Identifying the “optimal” convergent path–turbulence grid combination starts with
determining the dimensions of the vanes to be placed in the flow. Since the flow section
is 150 mm × 75 mm, in a cascade configuration, 75–150 mm long vanes could be inserted,
which are limited by the ratio of chord to vane spacing (solidity σ, which is usually between
0.8 and 1.2). Considering existing experiments in the literature, which recommend that
the maximum amplitude should not exceed 20% of the chord length, and taking into
account that the ratio of amplitude to pitch should be within the range of 1..2, while the
pitch-to-ILS ratio should ideally be around 4, we aim for an amplitude Λ of 2.5 mm at this
scale [22,36–39].

2.2. Mathematical Methods and Numerical Simulation

The first step in defining acoustic performance is to identify the correlation parameter
between serration characteristics and turbulence. Either a rod (for a tonal component:
0.1 c diameter for a tonal component starting at St ~0.19 [40], 6 mm diameter for a tonal
component at St ~0.1 [23], 10 mm diameter (0.1 c) for tonal noise at St ~0.2 [11] or 10/16 mm
rod for St ~0.19 [41]) or a grid (for a broadband noise [1,12,21]) can be used to generate
the fluctuating component in the flow in the 1:1 variant (within a stage placed in the axial
compressor), the properties of the fluid incident on the vane being those corresponding
to the rotor downstream. Thus, the reference parameter, as is usual for solutions with
serrations, is a function containing as variables the turbulent kinetic energy (TKE) and the
energy dissipation rate (TED). Figure 3 shows this parameter of interest, the turbulence
length scale, 0.03 c upstream of the stator leading edge. The authors point out that the
distribution of this parameter can also be obtained with simpler models, the three curves
(λp, λc and λj) [42] having different formulations depending on the type of simulation.
For a standard RANS, the ILS parameter can be determined numerically using a function
defined later in post-processing, which is written according to (1).

Λ = C3/4
µ

k3/2

ϵ
(1)
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where Cµ = 0.09. The same parameter can also be written as (2) from the k-l Smith and k-ω
Menter SST turbulence models [13].

Λ =
CRe
Cµ

k1/2

ω
≈ CRe

Cµ
l (2)

Also, one can write the relation Λ = 0.21 Lw [13], where Lw is the size of a vortex
(“Gaussian wake width”). As pointed out by several authors ([4] up to 3 mm, [13] up to 10
mm or even higher, [43] up to 7 mm or even 20 mm [44] depending on application), this
parameter varies mainly between 0 (near the hub/shroud) and ~10 mm in two distinct
regions, which are determined by vortex source formations occurring in the hub and rotor
blade tip area.
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Figure 3. Comparison of different turbulence length scale estimates extracted from LES and RANS
simulation (λp—function of TKE and TDE, λc—function of time integral scale using Taylor’s frozen
turbulence assumption and λj—function of wake width) [42].

As identified in the literature, there must be a correlation between Λ and λ, so sev-
eral recommendations have been considered. Among these (experimentally validated)
recommendations are those in Table 1.

Table 1. Correlation between serration parameters and ILS.

Relation Reference

A/λ < 1.5 Smith, 1974 [36]
λ
h < 4 Howe, 1991 [37](

λ
Λ

)
optimum

≈ 4 Howe, 1991 [37](
λ
h

)
optimum

∼ 1 Qiao, 2014 [38]

λ
Λ ≈ 4 Chaytanya, 2017 [39]

Λ
λ < 0.3 Gruber, 2012 [22]
A
Λ > 3 Lau, 2013 [14]

If we consider most of the sources that also present experimental data, we observe
that the optimal geometry should have a pitch (λ) 4 times larger than Λ. At the same time,
the amplitude of the serration cannot be, however, large either. It has been found that am-
plitudes above 10% of the chord do not bring major acoustic benefits and aerodynamically
tend to disturb the flow. In this regard, a serration respecting the incidence of the reference
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is desired for the blade geometry tested, a pitch correlated with turbulence keeping (ideally)
in section (in radial direction) the chord length of the original profile.

As identified in the literature, the transition from a straight leading edge vane to a
twisted one with variable pitch and sinusoidal serration is quite complicated. The vane
could have several approaches, but the most correct one must also take into account, to a
large extent, the streamlines so that serrations do not represent an obstacle for the fluid.
A (parametric) study in this direction can be identified in [13] where a few parametric
combinations were used, such as constant pitch and amplitude serration, variable pitch
while keeping the amplitude constant, and amplitude placement on the leading edge
depending on the Λ value. The no-action areas (leading edge locations where either
very high amplitude serrations can lead to significant aerodynamic penalties or structural
strength problems) resulted from the quantitative analysis of acoustic benefits versus
aerodynamic penalties (Figure 4).
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Figure 4. Serrations placement patterns after correlation with incident turbulence (flow from left to
right) [13].

In order to determine the parameters of the model, it was necessary to run a series of
numerical simulations. For the setup without a turbulence grid, a structured mesh was used
near the wall (convergent path) and an unstructured one was used in the larger domain,
as can be seen in Figure 5. The turbulence model used is the SST (Shear Stress Transport)
implemented in Ansys CFX. Figure 5 shows the meshes for the simulation without the
turbulent grid. An inlet was prescribed with a bulk velocity of Ub = 13.46 m/s; constant
turbulent kinetic energy was obtained using a medium turbulent intensity TI = 5% and a
total inlet temperature of 293 K with zero pressure gradient. The same settings were used
for the turbulence grid cases. As mentioned by Alkhalifa et al. [8], the governing equations
that the solver addresses are the following:
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The conservation of mass
∂ρ

∂t
+∇ρ

→
vr = 0 (3)
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And the conservation of momentum

∂
(
ρ
→
v
)

∂t
+∇

(
ρ
→
vr

→
v
)
+ ρ

[
(ωâ)×

(→
v − →

vt

)]
= −∇p +∇·τ (4)

where
→
vt,

→
v , ω, τ and â define the transitional velocity, absolute velocity, angular velocity,

viscous stress, and axis of rotation.
For a non-stationary problem such as that of the noise radiated by the dipole source,

one can use the FW-H equation, an extension of Lighthill’s acoustic analogy, which for a
point in the far-field, the acoustic pressure can be written (according to Barakat et al. [5]):

p(xi, t) =
xi − yj

4πr2c0(1 − Mr)
2

[
∂Fi
∂t

+
Fi

1 − Mr

∂Fi
∂t

]
τ

(5)

where Mr =
xi−yj

r
vi
c0

, in which x is the observer location, y is the source location, r is the
distance between the noise and the observer, and Fi is the force acting on fluid (from the
flow analysis). Also, Polacsek et al. [13] mention a correction to be made for the FWH
model in the case of propagation in a tube. For a serrated blade in a turbulent flow, Fischer
et al. [9] propose a formula for the far-field sound pressure (at the observer position) as a
function of the convective wavenumber, spanwise wavenumber, radiation function and
convection velocity. A similar formulation for the (FW-H) equation is proposed by Lau [14].

The process of determining grid sizes is iterative, starting from values identified in the
literature (at least for the size order). Two grid placement areas were also chosen—one at
75 mm from the coupling area with the convergent path and another at 200 mm from the
inlet—to highlight whether or not turbulent phenomena dissipate over the total length of
~600 mm between the inlet and outlet. In the following, the grids used will be referred to
by an order number, and all dimensions used will be tabulated. Grids were modeled using
tetrahedrons, since it is tricky to apply a structured mesh blocking on the whole geometry.
Small size elements when coupled with low velocity in that area can capture developing
large vortices. The analysis started with an unstructured mesh numerical simulation
(RANS) using the k-ε model, the number of elements being higher in the wall proximity as
well as the grid to capture any detachment. Figure 6 shows the mesh. Its value depends
on the turbulence model, and for the following simulations, the Menter [45] SST (“Shear
Stress Transport”) model implemented in Ansys CFX was chosen (with total energy heat
transfer). The computational grid is structured on the inner walls of the convergent channel
and unstructured in the rest of the domain. As convergence criteria, the stabilization of the
mass flow rates (in and out) as well as of the solver residuals was monitored.
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Figure 6. Mesh and boundary conditions (convergent section with grid): (left)—computational
domain, (right)—mesh section.

2.3. Manufacturing

Since the numerical results are satisfactory, the design and manufacture of the setup
proceeded. Three-dimensional (3D) printing with a more rugged PLA (rPLA [46]) was used,
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for which the ultimate tensile strength is 110 MPa, as shown in Figure 7. The printer used is
a Creality NEO V3 with maximum printing dimensions of 220 mm × 220 mm × 250 mm.
The flow sections were divided into long sections that were a maximum of 220 mm (as in
Figures 1 and 2), each section in turn consisting of 1, 2 or 4 components that are assembled
using screws.
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Figure 7. Three-dimensional (3D) printed components: (a) quarter of the air hose coupling component;
(b) final test section; (c) 1/4 of the first section; (d) adaptor part for load cells.

In addition to the convergent path components (Figure 8), three grid variants were
printed for bench testing. These three variants will be positioned in several areas both
between the coupling ring with the hose and between the first sections of the flow section.
Since at the first position, the grid size is close to a ϕ 305 mm, it had to be “broken” into
4 pieces (Figure 8), which will later be glued and secured with wire.
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In Figure 9, assembly of the parts forming the flow section is presented.
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Figure 9. Three-dimensional (3D)-printed assembly of the parts forming the flow section.

2.4. Experimental Test Bench

The starting point was the existing air source in the anechoic chamber (designed
according to ISO 3745 [47] requirements, with a volume of 1200 m3, 15 × 10 × 8 m and
with a wall absorption coefficient of 99%, in a frequency range of 150 Hz up to 20,000 Hz)
of the COMOTI Acoustics Department (Măgurele, Romania) [48]. The air source (a 7.5 kW
SODECA CA-172-2T-10 IE3 centrifugal fan) can reach 9800 Pa and a flow velocity of up to
100 m/s, which is attached to a similar section (with an outlet section of 0.14 m × 0.047 m).
By simple scaling, taking into account that one or more vanes should be placed in the exit
section (in different orientations), the test section was chosen to have a width of 0.15 m and
a height of 0.075 m. With the outlet section established and knowing the air parameters (in
the 305 mm diameter inlet section to minimize losses proportional to the velocity squared),
the only remaining task is to determine the design of the convergent passage between the
two sections.

A minimum of 2 instrumentation ports were placed on each section to accommodate
pressure/temperature probes. In the outlet area of the nozzle, surfaces have been provided
on which force transducers can be mounted so that the force resulting from the lift and
drag (flow and perpendicular to it) can be measured. Figure 10 shows the design and
instrumentation of the experimental test bench.
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3. Results

Following the numerical simulations, Figure 11 shows the variation in the main
parameters along the simulated domain (initially without turbulence grid, as in Figure 5, to
have a baseline for the convergent nozzle).
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In order to validate the accuracy of the numerical simulations, the variation in y+ has
to be checked over the whole simulated domain (especially on grid configuration, Figure 6),
and its distribution over the convergent area is shown in Figure 12.
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Figure 12. Variation in y+ parameter (config. 9).

It can be observed that the y+ value falls below 30 as is desirable for the SST model [8,49].
A grid sensitivity analysis (Figure 13) was carried out under these conditions (the first
layer height was kept). It was observed that Grid 1 placed at position 1 (75 mm) and
subsequently at position 2 (200 mm) has a very small influence on the parameter Λ on the
outlet section. It should be noted that similar to the case with 13.7 m/s on the inlet and
85 m/s on the nozzle outlet, for an inlet velocity of 7.8 m/s, 50 m/s is obtained in the exit
section (placing the grid at position 1), and the value of Λ is ~2.3 mm.
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Figure 13. Mesh sensitivity analysis (SST turbulence model).

The differences between the results obtained with Mesh 2 and Mesh 3 are minimal,
and considering that Mesh 3 has almost twice the number of elements compared to Mesh 2,
it was decided to run the simulations with the medium size (Mesh 2) to shorten the
calculation time. Preliminary simulations have shown that when placing the same grid on
the first and the second position (125 mm downstream), no major differences in TLS are
observed. Table 2 shows all the iterations required finding an optimal configuration. The
grid thickness was varied, and finally its position was fixed at 75 mm, the uniformity of
the flow parameters being good enough (and less abrupt) this way. Other parameters such
as the l/Λ, L/Λ, AR and A/Λ ratios that have been identified in the literature were also
taken into account (Figure 14).

Table 2. Simulated grid sizes.

Grid No. 1 2 (Grid 1 2nd Pos) 3.1 3.2 4 5 6 7 8 9

L [mm] 34 34 13.5 13 10 10 15 20 20 20
l [mm] 12 12 5 5 5 4 4 4 5 4.5
a [mm] 12 12 8.5 5 5 4 4 4 5 4.5
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As far as the variation in Λ along the channel is concerned, several combinations
that can be used are shown in Figure 15, the closest to the required value being given by
configuration 9.
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Figure 15. Variation in parameter Λ (all configurations).

An important aspect, in addition to the Λ values averaged in the outlet section, is
the velocity/pressure variation along the channel. The passage used (from inlet to outlet)
being one with a relatively small slope, it did not imply the occurrence of large jumps in
the flow area, so the thermodynamic parameters varied relatively uniformly. The vortices
introduced by the grids pulse locally, and the detachments are slightly dissipated in the
fluid mass, the convergent zone also contributing to the uniformity. Figure 16 shows the
parameters associated with the turbulence-producing mechanism, TKE and TED.
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Regarding the roughness of the 3D-printed parts, which can significantly affect the flow
under certain conditions, the average roughness values obtained are as follows: 11.1 µm for
the front area of the grids, 14.3 µm for the side faces (grid openings), and 14.6 µm for the
inner surfaces of the flow channel. These measurements were taken using a MarSurf PS10
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roughness meter. To minimize aerodynamic impacts, the surfaces can be further refined;
otherwise, a suitable friction coefficient should be applied in numerical analyses [50–52].

Before conducting any tests, a preliminary strength check of the assembly is recom-
mended. While the pressure does not pose an issue for the walls (which have a total
thickness of 6 mm, with 1.2 mm for interior–exterior walls and 30% infill), the same check is
needed for the 4.5 mm thick grid with the same internal structure. Numerical simulations
were used to estimate the force that would act on the grid when placed in the airflow at the
first position (see Figure 17). It was concluded that the configuration is safe for testing at
speeds up to 85 m/s.
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As preliminary verification tests, we aimed first of all to capture the noise resulting
from the placement of the grid in flow. The spectra plotted in Figure 18 capture exactly
this, at most in the frequency range 1.5–20 kHz. Two positions of the same previously
chosen grid 9 were tried, the best being placed close to the outlet. A best fit for the von
Kármán energy spectrum (Equation (6)) was also considered, obtaining a −5/3 slope in the
frequency range of interest for general gas turbine engine applications (1–3 kHz, which
corresponds to the 1st BPF).
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where k is the magnitude of the vector wavenumber, Γ is the Gamma function and
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where z is the reduced frequency as a function of the Strouhal number.
The high-frequency range needs to be investigated; the parasitic noise (spikes resulting

from centrifugal impeller operation in the 150–2000 Hz frequency range) will be reduced
in future tests by introducing a noise attenuator on the air path. For the same velocity
of 50 m/s, three vane geometries with overall dimensions of 5 cm chord × 7.5 cm span
(straight LE and LE/TE with 0.1 c amplitude and five triangular serrations per span as in
Figure 10c) were also tested. The compressor was placed outside the anechoic chamber; it
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was connected to the flexible 20 m long tubing. The test section was placed diagonally so
that the air tubing was as little curved as possible. Two class 1 sound level meters (Acoem
Fusion) were placed within a radius of 1 m, the first roughly in the direction of flow (at
~10 degrees to the longitudinal axis of the nozzle) and the second at 90 degrees to the axis
(Figure 2). The noise in Figure 19 is recorded by a class 1 sound level meter (Acoem Fusion)
placed at 10 degrees to the flow axis, 1 m from the TE in the horizontal plane of the nozzle
to avoid being influenced by the jet. Raw noise signals, the acoustic pressure recorded
by the microphone, were recorded at an acquisition rate of 50 ks/s and processed using
commercial software, including the Fast Fourier Transform (FFT) function in the frequency
domain and averaging over the entire time duration. As the serration parameters were not
very well coupled with the turbulence, it is observed that significant attenuations for the
LE solution occur at frequencies above 2500 Hz. Overall, at this test scale, reductions of
up to 1.5 dB were obtained with the LE solution and just below 1 dB for TE. The desired
goal has been achieved, having a starting point for future tests that will require lowering
noise and unwanted peaks in jet noise. If the serrations are not tuned to the boundary-layer
thickness or a similar quantity, it is not surprising that they have a negligible reduction
effect, as confirmed by Figure 19.
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4. Discussion

The recent literature indicates that the study of noise remains a significant area of
interest, particularly in the last decade, with a focus on reducing critical components such as
turbulent fluid–stator blade interactions. Various research institutions have developed test
benches to replicate this interaction using scaled-down setups, correlating turbine operation
with parameters like flow velocity, profile chord length, and the dimensions of turbulence-
generating devices (grids or rods). The proposed and tested geometry emerged from
industry concerns aimed at integrating a modular design, easily manufactured through 3D
printing, that is suitable for both acoustic and aerodynamic measurements. Notably, the
test sections utilize a cascade-type configuration, which is underrepresented in the existing
literature. Future experiments will further investigate the local effects of serrated vanes
compared to traditional designs as well as the influence of positioning within a vane array
in contrast to isolated blades.

Our approach combined initial numerical simulations with experimental investiga-
tions of promising geometries, as noted in other studies. The measurements conducted
were preliminary, reflecting the capabilities of the setup to capture phenomena at this
small scale (most existing installations operate with chords exceeding 100 mm). While
the use of two microphones positioned at approximately 90 degrees does not provide a
comprehensive assessment, it suffices for qualitative and quantitative preliminary analysis.
However, the current configuration does not capture directivity characteristics. Future
investigations will employ a polar array of microphones for improved data acquisition.
Additionally, more geometries need to be conceptualized and tested in combination with
various grid configurations to demonstrate the efficacy of this solution at the current scale.
While the aerodynamic aspects are relatively straightforward to address, future studies will
need to consider the impact of surface roughness introduced by manufacturing processes,
which may pose challenges related to airfoil thickness.

5. Conclusions

This work successfully achieved its aim of designing and manufacturing a miniatur-
ized test stand for evaluating serrated blades placed in a turbulent jet, which will be further
instrumented. The mechanisms by which noise is generated and attenuated in rotor-stator
stages were examined, demonstrating the possibility of simulating rotor effects by intro-
ducing elements that induce flow velocity fluctuations. Preliminary RANS simulations
provided insights into potential geometries associated with specific flow characteristics.
Tests conducted in an anechoic chamber using a configuration of four cascaded blades at an
airflow speed of 50 m/s revealed a reduction in the overall sound pressure level of 1.5 dB
and up to 12 dB in tonal noise for serrated leading-edge blades compared to straight-edged
ones. Notably, grid noise generation was observed primarily in the 1–6 kHz frequency
range with the largest sound pressure level reductions occurring at and above 2500 Hz for
tested vanes. To explore tonal noise capabilities further, specific rod configurations will be
utilized in future studies. Future work will also focus on identifying acoustic sources at
isolated vanes using an acoustic camera and enhancing flow visualization through PIV or
Schlieren techniques, aiming to provide a comprehensive understanding of the acoustic
and aerodynamic performance of the tested geometries.
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Nomenclature

a grid bars thickness
h serration amplitude
k turbulent kinetic energy
l grid bars width

h/δ dimensionless serration amplitude parameter
h/λ dimensionless parameter associated with the serration angle
A grid frontal area

CRe coefficient (0.45)
Cµ coefficient (0.09)
L grid square side

Lw Gaussian wake width
U0,W0 jet velocity (averaged)

ε energy dissipation rate
λ serration pitch
σ blade solidity
ω specific dissipation rate
Λ turbulence length scale

BPF blade passing frequency
ILS integral length scale
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