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ARTICLE INFO ABSTRACT

Dr Qu Qiulin This work investigates the effect of grid-generated turbulence ingestion on noise generation in a propeller oper-
ating at a low Reynolds number using high-fidelity, scale-resolved simulations. The numerical setup reproduces
experiments carried out at Delft University of Technology, where inflow turbulence is generated by a grid placed
within a duct. It is found that, upstream of the propeller, the longitudinal correlation length of the stream-
wise velocity component increases with respect to the case without the propeller. The opposite happens for the
transversal one. The turbulent inflow impinging on the propeller blades does not alter the mean flow character-
istics over the propeller blades, e.g., the mean static pressure coefficient. However, it increases the root mean
square of the pressure fluctuations up to the turbulent reattachment point of the laminar separation bubble, while
leaving the downstream region mostly unaffected. This causes a broadband increase in the radiated noise in the
low-to-mid frequency range, as confirmed by applying Amiet’s noise-prediction model with input data sampled
near the propeller blades’ leading edge. The far-field noise spectra are characterized not only by an increase
in the broadband noise with respect to the clean inflow case, but also by tonal components at multiples of the
blade-passing frequency. It is found that these tones are caused by the footprint of the turbulence grid that in-
troduces flow inhomogeneities at the propeller location for this specific configuration. It is recommended, when
performing experiments and simulations, to verify if any footprint of the turbulence grid is present, not only by
performing single-point measurements but also by measuring the time-averaged flow field before installing the
propeller.
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1. Introduction conditions, influenced by atmospheric boundary layer effects and up-
stream obstacles [11].
Small UAV propellers typically operate at low Reynolds numbers,

placing them in a transitional flow regime that is highly sensitive to in-

The interaction between a turbulent flow and rotating blades is a
phenomenon encountered in numerous engineering applications, such

as wind turbines [1], aircraft engines [2], helicopter rotors [3], and sub-
marine propellers [4]. In all these cases, inflow velocity fluctuations give
rise to unsteady surface pressure and, consequently, unsteady loading
[5].

The rapid growth in the use of small Unmanned Aerial Vehicles
(UAVSs) [6], driven by diverse applications such as goods delivery and
urban air mobility [7], has introduced specific challenges to their inte-
gration into urban environments [8,9]. Among these, the acoustic foot-
print of small propellers plays a critical role in public acceptance [10],
underscoring the need for a comprehensive understanding of their aero-
dynamic and aeroacoustic behavior under complex urban turbulence
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flow turbulence and marked by complex aerodynamic phenomena such
as Laminar Separation Bubbles (LSB), flow reattachment, and transi-
tion to turbulence [12]. The rotation of these blades generates both
tonal and broadband noise components [13]. For thin blades operat-
ing at low Mach numbers, the dominant acoustic sources are steady
and unsteady aerodynamic loads [14,15]. Tonal noise associated with
steady loading arises due to the periodic variation in the orientation of
the loading vector as the blade rotates, which appears unsteady in the
inertial frame [15]. In contrast, unsteady loading results directly from
fluctuations in surface pressure, typically induced by leading-edge in-
teractions with incoming turbulence, laminar separation on the suction
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or pressure sides, reattachment, transition, or trailing-edge scattering
[12].

The LSB influences high-frequency noise by affecting boundary-
layer transition [12,16] or by generating coherent Tollmien—-Schlichting
waves [17]. Numerous studies have examined the dynamics of the LSB
in steady two-dimensional airfoils. For instance, the dependence of the
LSB on the angle of attack, the Reynolds number, and the airfoil geome-
try has been demonstrated [18,19]. As the angle of attack increases, the
LSB shifts toward the leading edge due to the stronger adverse pres-
sure gradient, eventually bursting near the leading edge. The effect
of the Reynolds number on the LSB of a NACA 0012 airfoil, over the
range 0.5 x 105 to 4 x 10°, has been investigated numerically [20]. At
low Reynolds numbers, large coherent structures are shed from the LSB
on the suction side and convected over the trailing edge. As the Reynolds
number increases, the flow transitions to a fully turbulent regime, re-
ducing the size of the coherent structures and causing the LSB to nearly
vanish. In this regime, only small turbulent eddies are convected over
the trailing edge. The influence of Free-Stream Turbulence (FST) inten-
sity and the streamwise integral length scale on the formation and de-
velopment of an LSB has also been explored [21]. Elevated FST levels
were found to advance the transition and reduce bubble size, with com-
plete elimination at the highest turbulence intensities. Moreover, for a
fixed turbulence intensity, the integral length scale was shown to play
a negligible role.

The LSB has also been observed experimentally on a small propeller
operating at a tip Reynolds number of Re,;, ~ 3.5 x 10%, across advance
ratios J ranging from O to 0.6 under clean inflow conditions [22]. Oil-
flow visualizations revealed that the LSB shifted toward the leading edge
and decreased in size as the advance ratio decreased, owing to the higher
angle of attack. Variations in the position of the turbulent reattachment
point influence the development of the downstream turbulent boundary
layer, thus affecting high-frequency components in the acoustic spec-
tra. A numerical study on the same propeller, performed at 4000 and
5000 rpm for an advance ratio of J = 0.6, confirmed that both the size
and position of the LSB are primarily governed by the advance ratio,
with negligible influence from the rotational speed [12].

Concerning the impact of turbulence on the LSB in rotors, only a lim-
ited number of studies are available. The effects of flow confinement on
propeller acoustics were investigated for J = 0 and 0.6 [16]. Under as-
cending flight conditions (J = 0.6), the inflow was clean, whereas under
hovering conditions (J = 0), the recirculating flow within the anechoic
chamber was ingested into the propeller plane. Few differences were
observed in the higher-order tones of the acoustic spectrum between
the confined and unconfined cases. Free-stream turbulence has also
been shown to enhance the aerodynamic performance of low-Reynolds-
number propellers, primarily through suppression of laminar separation
and earlier transition [23]. Such a suppression should, in turn, reduce
trailing-edge noise, as demonstrated for tripped transition on airfoils
[24]. Furthermore, the aeroacoustic characteristics of a propeller sub-
jected to grid-generated turbulence have been documented [25]. Com-
pared with the clean inflow case, ingested turbulence was found to in-
troduce tones in the mid-frequency range, elevate the broadband noise
floor, and increase Sound Pressure Levels (SPL) for the first few tones
and across the high-frequency range.

Given the acoustic relevance of turbulence ingestion, several studies
have focused on developing low-order models to predict the resulting
noise. Early work showed that the broadband noise generated by a rotor
in a turbulent inflow depends on the turbulence intensity, the integral
length scale, and the rotor radius [26]. By combining the incoming tur-
bulence spectrum with the two-dimensional aerodynamic response func-
tion of an airfoil, the spectrum of the normal axial force acting on the
rotor was computed and the broadband component of the acoustic spec-
trum was estimated assuming dipole radiation. Although this method
provided good agreement for the broadband contribution, it failed to
capture the quasi-tonal content of the spectrum. This quasi-tonal com-
ponent was later attributed to the streamwise elongation of the eddies

Aerospace Science and Technology 176 (2026) 112114

caused by rotor-induced streamtube contraction [27]. Specifically, the
ratio of longitudinal to transverse integral length scales was found to
increase strongly, indicating that, even if turbulence is isotropic far up-
stream, it becomes anisotropic near the propeller due to the distortion.
These elongated eddies, repeatedly chopped by the rotor, produced par-
tially coherent unsteady loading over the blades (blade-to-blade corre-
lation), which manifested as quasi-tonal noise around the Blade-Passing
Frequency (BPF) harmonics (haystacking). This noise source arises when
the passage time of the largest eddies through the propeller plane ex-
ceeds the time between successive blade passages [15]. This hypoth-
esis was confirmed by introducing the blade-to-blade correlation into
predictive models, which successfully recovered the quasi-tonal content
[28]. Experiments further showed that increasing the turbulence inte-
gral length scale did not increase the overall SPL, whereas higher turbu-
lence intensity elevated the broadband noise floor, with only the lower
BPF harmonics increasing by about 2dB [29].

Amiet extended his prediction model for rectilinear motion [30] to
rotating blades by approximating circular motion as rectilinear in the
limit of acoustic frequencies much higher than the rotational frequency
(w > Q) [31]. The model relates the acoustic spectrum to the charac-
teristics of incoming turbulence via an acoustic transfer function, under
the assumptions of frozen turbulence, a blade profile assimilated to a
flat plate at zero angle of attack, and infinite span. Consequently, turbu-
lence distortion induced by the mean flow field is not taken into account.
Validation against helicopter rotor data showed that the model tends to
underestimate noise at angular positions close to the rotor plane, while
at far-field positions it provides good agreement in the mid-frequency
tonal range but overpredicts low-frequency quasi-tonal noise [3]. More
recent studies have refined the model. A corrected formulation of the
eddy chopping time improved the prediction of the acoustic spectrum
and showed that haystacking is underestimated when the turbulence in-
tegral length scale is large relative to the blade radius, due to the neglect
of the spanwise correlation in the direct strip approach [32]. Extensions
have also been developed to account for spanwise-varying flow con-
ditions in rectilinear motion, including an inverse strip approach that
recovers spanwise correlation [33]. More recently, [34] proposed a re-
formulation of Amiet’s model using only the upwash velocity spectrum
as input to acoustic prediction.

The studies reviewed above do not explicitly examine the impact
of turbulence distortion on noise prediction for a rotating blade. Tur-
bulence distortion alters the spectrum of upwash velocity fluctuations,
thereby modifying the noise generation mechanism. In the case of air-
foils, this phenomenon is well documented. A large body of work char-
acterizes turbulence-airfoil interaction [35-37], with modifications of
both the turbulence spectrum [38] and the aeroacoustic transfer func-
tion [36,39] proposed to account for it. In particular, modifications of
the turbulence spectrum are often based on the Rapid Distortion Theory
(RDT) [40], a linearized framework that assumes small fluctuations and
inviscid mean flow to compute the properties of turbulence along the
stagnation line in front of a bluff body.

The objective of this paper is to investigate how grid-generated tur-
bulence is modified when interacting with a propeller, how it affects
the flow development over the blades, and therefore impacts the noise
sources and the far-field noise. While these aspects have been investi-
gated experimentally [25,34,41], numerical studies have been carried
out only on the interaction of a cylinder wake with a propeller [42],
to mimic large-scale structures, and not with grid-generated turbulence
for smaller-scale turbulent structures as often done in the experiments.
The inherent limitations of experimental studies hinder a detailed source
identification and blade-level analysis. To overcome these constraints,
a numerical tool is employed to enable a comprehensive investigation
of the interaction with impinging turbulence. Furthermore, the present
study can provide high-fidelity data on the effects of inflow turbulence
on broadband and tonal noise at low Reynolds numbers, supporting the
validation and extension of noise prediction models for UAV propellers.
To this end, three numerical setups were implemented in PowerFLOW
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Fig. 1. Numerical domain: left, complete domain with far-field boundary conditions; right, detailed view of the region of interest, featuring the duct, grid, propeller,

and the boundary condition where p° is prescribed.

6-2022-R1: a free turbulent jet, a propeller subjected to grid-generated
turbulent inflow, and a propeller operating under clean inflow condi-
tions. These configurations replicate experimental measurements car-
ried out at TU Delft, also used for validating the simulation. The com-
parison between the free-jet case and the one with the propeller in the
presence of turbulent inflow enables the description of how the incom-
ing turbulence is affected by the propeller’s presence. In contrast, the
comparison between the clean-inflow case and the turbulent-inflow one
in the presence of the propeller is used to describe how turbulence alters
the aerodynamic and acoustic fields.

The paper is organized as follows: the numerical setup is described
in Section 2.2 and validated in Section 2.3. Section 3 presents the study
findings and is organized as follows. It starts with a qualitative de-
scription of the flow field around the propeller in Subsection 3.1. The
turbulent inflow is then characterized in the absolute reference frame
(Subsection 3.2) and in the local rotating frame near the blade leading
edge (Subsection 3.3). The analysis subsequently examines the impact of
the turbulent interaction on the flow development over the blade surface
in Subsection 3.4. The resulting effects on acoustics and noise sources
are discussed in Subsection 3.5. Finally, Subsection 3.6 employs Amiet’s
model to quantify the combined effects of turbulence and flow inhomo-
geneity on the acoustic response. The main conclusions are summarized
in Section 4.

2. Methodology
2.1. Computational method

The software PowerFLOW 6-2022-R1 is used to compute the flow
field and extract the data required by the [14] analogy (FW-H) to re-
trieve the acoustic field. The software is based on the Lattice-Boltzmann
Method (LBM). Here, the only unknown quantity is the particle Proba-
bility Distribution Function (PDF) f(x, ¢, v), which represents the proba-
bility that a particle in location x and instant  has a velocity v [43]. The
evolution of the particle PDF is described by the Boltzmann equation,
which relies on gas-kinetic theory.

The discrete Boltzmann equation

fiX+vdt,t +db) — f,(X,1) = C,(X.1) €}

is solved on a Cartesian mesh called lattice, whose base elements are
called voxels. The size of the voxels halves from a resolution region
to the next finer one. The regions where the size of the voxel is con-
stant are called Variable Resolution (VR). Macroscopic quantities are
retrieved from the statistical moments of f [44]. The source term on
the right-hand side is the so-called collision term. It includes the in-
teraction among particles in the evolution of f toward thermodynamic
equilibrium.

In PowerFLOW, the Bhatnagar-Gross—Krook (BGK) operator is
adopted, which ensures the conservation of mass, momentum, and en-
ergy [45]:

con=-ELrmn - ram . @)

Here, 7 is the relaxation time and f¢¢ is the local Maxwell-Boltzmann
equilibrium distribution. In the traditional formulation, the relaxation
time is given by the sum of a viscous and a turbulent term:

Torf = Tyise T Trurb = Tvise T C, i

eff visc turb visc MTW’
where C, = 0.09, k and e are turbulent kinetic energy and dissipation,
respectively, and # is a function of local strain, vorticity, and helicity.
This study uses a formulation of the relaxation time 7.4 that excludes the
turbulent term. In this formulation, called Implicit Large Eddy Simula-
tion LBM (ILES - LBM), the inviscid energy cascade through the inertial
range is captured by the numerical scheme, and the inherent numeri-
cal dissipation acts as a sub-grid model [46]. This strategy allows for a
reduction in eddy viscosity and enables the capture of the LSB [12]. In
addition, since reaching a y* lower than 1 in a Cartesian mesh would
be computationally prohibitive for the case study, a fully turbulent wall
function model, extended to include the effects of pressure gradient, is
applied on the propeller surface [47].

3

2.2. Numerical setup

In the following, x, y denote the streamwise and radial directions, re-
spectively, while u represents the streamwise velocity component, nor-
mal to the rotational plane. The origin of the coordinate system is at the
hub.

The computational domain is a cube with a side length of 100D,
where Dy, = 30 cm denotes the propeller diameter. Both the turbulence
grid and the propeller are located at the center of the domain (Fig. 1).
The domain is discretized into 17 VRs (numbered 0-16) with progres-
sively finer resolution toward the propeller. VR11 extends from the grid
to two diameters downstream of the propeller plane, enclosing the na-
celle, with a voxel size of 0.88 mm.

Five additional inner VR levels (VR12-16) are defined around the
propeller using blade-offset refinements (Fig. 2). This allows achieving
amaximum y* = 4, sufficient to resolve the LSB on the suction side of the
blades [12,16,47]. The complete mesh contains approximately 1.2 x 10°
voxels, with a minimum voxel size of 0.03 mm.

The numerical setup, shown in Fig. 3, reproduces the reference ex-
perimental configuration [34,48]. Air enters the domain through a cylin-
drical tube of diameter D = 0.6 m with frictionless walls, at a velocity of
V., =9ms~L. A turbulence grid with mesh size M = 0.1 m is placed into
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Fig. 2. Near-body mesh. VR11 (external) resolves incoming turbulence, while
inner VRs (VR12-16) refine the propeller region.

the tube, at 0.6m from the exit. The propeller plane is located at 1 m
(10 M) downstream of the grid. This distance, which is the same as
that used in the experiments, does not allow for a fully developed and
homogeneous inflow as discussed in Section 3.

The propeller, also used in previous studies [12,22], has a diameter
Dyyop =0.3m and features a NACA-4412 airfoil as blade section along
the entire span. It rotates at n = 6000 rpm, corresponding to an advance
ratio J =V, /(nDp,p) = 0.3.

A total pressure p, = 101399 Pa is prescribed upstream of the grid to
match the reference mean velocity while accounting for local pressure
losses Ap? induced by the grid, computed following [49]:

ApP 1 B

. Al -1) @
where ¢ is the dynamic pressure, g the grid porosity, and A and B are
functions of Reynolds number, Mach number, and grid geometry. For a
square-mesh grid, g is given by:

(-,

Free-stream velocity and ambient static pressure are imposed at the
domain boundaries. Twenty probes upstream of the propeller are used
to characterize the inflow (Fig. 3), sampled over 10 revolutions at f; =
20kHz. The turbulence spectrum is obtained via Welch’s method using
four overlapping blocks (50 %) and a frequency resolution of Af = 20 Hz.

Far-field noise is predicted using the time-domain FW-H analogy in
its solid formulation, based on Farassat 1A [50,51]. Surface pressure is
sampled over the propeller at f; = 367 kHz with a spatial averaging of
0.4 mm. Quadrupole contributions are neglected because of the low wake
Mach number [15]. The acoustic propagation to microphone locations
is performed in the solver PowerACOUSTICS.

The fine-resolution simulation required 2.07 x 10°> CPU-hours. The
simulated physical time covers 13 propeller revolutions, with data ac-
quisition starting after three initial settling revolutions. Clean inflow
simulations were conducted by removing the turbulence grid and re-
setting p°. VR11, previously used to resolve incoming turbulence, was
restricted to a propeller offset, preserving local resolution while reduc-
ing computational cost.

Due to the high computational cost associated with the high spatial
resolution needed to capture the relevant flow physics over the pro-
peller and the resulting small timestep, the present study is limited to
a single turbulent inflow realization and one inflow velocity. However,
it is worth mentioning that [25] experimentally investigated the effects
of two grid-generated turbulence conditions on the aeroacoustics of a
small propeller, with turbulence intensities of 4.9% and 10.1% and cor-
responding integral length scales of 1.3mm and 1.9mm. The resulting
acoustic spectra exhibited similar trends for both turbulent cases. In ad-
dition, they investigated the effects of varying the inflow velocity while
keeping the rotational speed constant, and observed similar trends in the
mid-frequency region of the acoustic spectra. Based on these considera-
tions, the results of the current study can be considered generalizable.
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2.3. Validation

In the following, (-)’ denotes the fluctuating component of a quan-
tity, while () indicates time averaging. Grid convergence was assessed
for all cases and validated against reference experimental data [34,48].
Three mesh resolutions were considered: coarse, medium, and fine. The
characteristic grid length M was discretized with 80 and 120 voxels at
the coarse and medium levels, respectively, with four inner VRs around
the propeller. The fine mesh includes an additional VR to locally refine
the propeller region while maintaining the inflow turbulence resolution
of the medium case.

Since a load cell was not used in the experiment, the numerical thrust
and torque coefficients

T 0

=+ CH= —_ (6)
T~ on2p# 97 DS

were compared with literature values obtained using a BEMT approach
[12]. The results, reported in Table 1, show good agreement for both
Cr and Cy.

Flow quantities at x/R = —1 and y/R = 0.5, without and with the
propeller, are summarized in Table 2. To correctly compare the ex-
perimental hot-wire measurements with the numerical virtual probes,
the mean velocity and turbulence intensity were computed following
[52]:

B V(@ cos )2 + (¢' sina)?
= 7 ,

mean

Viewn = VI +7%, TI

@)

where u and v are the streamwise and normal velocity components, re-
spectively, and « is defined as:

a = arctan (5) ®)

The integral time scale T,, was obtained from the autocorrelation
function as:

T, = / ! @) dr = / THOWatT) g, ©)
0 0 u' (O (1)

with the upper limit z, corresponding to the point where y,, decreases
to 1/¢? from its maximum. In the simulations including the propeller, the
phase-locked average was subtracted to remove the periodicity induced
by blade passage, isolating the broadband turbulent inflow component
[17,53].

The integral time scale is reported instead of the integral length
scale, as axial velocity gradients induced by the propeller invalidate Tay-
lor’s frozen-turbulence assumption. Numerical and experimental results
show satisfactory agreement, with numerical being up to 0.6 ms™!
higher than the measured one.

The turbulence spectra of the streamwise component u at x/R = —1
and y/R = 0.5 are shown in Fig. 4. Good agreement is observed in the
resolved frequency range. The spectrum for the medium-resolution case
is not shown, since the resolution of the turbulent inflow is identical to
that of the fine case. The drop from the 6 and 8" BPF harmonics for the
coarse and fine mesh, respectively, is due to the mesh filter effect: at least
10 voxels per wavelength are needed to prevent numerical dissipation.
While increasing resolution would capture up to the 10" BPF harmonic,
the computational cost would become prohibitive.

Time-averaged surface streamlines and oil-flow visualizations under
turbulent and clean inflow conditions are compared in Fig. 5. Both sep-
aration and transition points are slightly delayed in comparison with
the experiments, likely due to the higher mean inflow velocity (reduc-
ing the local angle of attack) and to the wall modeling approach used.
The influence of wall models on the LSB prediction will be addressed in
future work.

Acoustic spectra at microphones 1 and 4, with reference pressure
Pref = 2% 1075 Pa, are reported in Fig. 6 for all mesh resolutions. Both
turbulent and clean inflow cases show excellent agreement for the first
two BPF harmonics, dominated by steady loading and thickness noise

Vmean
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Fig. 3. Numerical setup. The characteristic sizes of the grid are: g =9x 102m, d =1 x 10>m and M = 1 x 10~ m. The red points in the zoomed region on the
right identify the probes used to characterize the inflow, while the ones distributed along the arc identify the location of the microphones. For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.

(a)

(b)

Fig. 4. Convergence of the turbulence spectrum at x/R = —1 and y/R = 0.5 (a) without and (b) with propeller. The spectrum for the medium-resolution case is not

shown, as the resolution of the turbulent inflow is identical to that of the fine case.

Table 1
Convergence of C; and Cy,.
Coarse Medium Fine BEMT [12]
Cr 0.087 0.088 0.093 0.09
Co 0.008 0.0081 0.0078 0.008
Table 2
Flow quantities extracted at x/R = —1 and y/R = 0.5.
Vipean [ms™'] TI [%] T, [s]
Exp. Num. Exp. Num. Exp. Num.
WO prop. 9 9.52 6.41 6.84 0.0017 0.0026
W prop. 9.68 10.33 5.6 5.59 0.002 0.0016

[54,55]. Differences at higher frequencies (f /BPF > 50 up to 5dB) are
attributed to variations in flow reattachment and turbulent boundary
layer interaction with the trailing edge. In the experiments, motor noise
dominates the third harmonic. The experimental half-BPF harmonics are
due to the loaded electric motor noise and the non-perfect balance of the
blade loading [12]. The maximum deviation in the first two harmonics
is below 2 dB, consistent with the slightly higher mean velocity in the
simulations. At the microphones located in the propeller plane (Fig. 6
(b,d)), a discrepancy is observed between the numerical results and the
experimental data. A similar mismatch at this location has also been
reported in previous studies [12,16] where it was attributed to electric

motor noise. Overall, the numerical predictions show only minor devia-
tions from the experiments, confirming the validity of the computational
approach.

3. Results and discussion

The description and discussion of the results follow the structure out-
lined below. First, a qualitative overview of the flow around the pro-
peller is presented in Section 3.1. Next, a detailed characterization of
the incoming flow is provided in both the absolute (Section 3.2) and
local (Section 3.3) frames of reference. This is done to assess the im-
pact of both the streamtube contraction and the leading-edge-induced
distortion on the ingested turbulence. The effects of the inflow turbu-
lence on the propeller aerodynamics are then examined in Section 3.4.
Finally, the acoustic results are discussed and connected to the aerody-
namic sources in Section 3.5.

3.1. Description of the flow around the propeller

Fig. 7 shows an instantaneous snapshot of the Turbulent Kinetic En-
ergy (TKE), defined as
TKE = 2 (@) + ()2 + @)?) a0

at the propeller mid-plane for both the turbulent (Fig. 7a) and clean
(Fig. 7b) cases. The visualization highlights ingested turbulence, tip vor-
tices, and downstream wake. In the turbulent inflow case (Fig. 7a), only
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(a)

(c)
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(b)

(d)

Fig. 5. Time-averaged surface streamlines and oil flow under (a-b) turbulent and (c-d) clean inflow. Yellow and red lines indicate separation and transition, respec-
tively. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.

(c)

(®)

(d)

Fig. 6. Acoustic spectra for the propeller under (a-b) turbulent and (c-d) clean inflow conditions for (a,c) Mic.1 and (b,d) Mic.4.

the grid-generated turbulence is convected into the propeller, while the
shear layer between the jet and the quiescent flow remains outside the
propeller disk and does not interact with the blades. Downstream of the
propeller disk, in both cases, the wake and tip vortices are clearly visible
and remain well separated from the propeller plane. These observations
indicate that, under the present operating conditions, no Blade-Wake
Interaction (BWI) noise is generated.

Examining the mean flow, it is found that it exhibits a certain degree
of inhomogeneity because of the propeller’s proximity to the turbulence
grid. It will be shown later that this has an impact on the far-field noise.

To the authors’ knowledge, this is not always checked in experiments,
which mostly rely on single-point measurements for turbulence charac-
terization. Fig. 8 shows the mean inflow distribution on a circular plane
located at x/R = —0.5 upstream of the propeller, with and without the
grid. In the presence of the grid (Fig. 8a), the inflow presents a regular
pattern, which is expected to introduce peaks at the higher BPF harmon-
ics in the unsteady loading spectrum. In particular, an almost square
region of higher velocity is present (Fig. 8a), whose diagonal spans the
rotor diameter, with local velocities ranging between 10.5 and 11 ms~'.
Within this region, four distinct high-velocity spots can be identified,
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Fig. 7. Instantaneous snapshot of the Turbulent Kinetic Energy (TKE) field at the mid plane of the propeller for (a) turbulent and (b) clean case.

(a)

Fig. 8. Mean streamwise velocity u,

mean

regularly distributed along the blade path. Therefore, it is expected that
this inflow non-uniformity can induce a periodic component at the 2"
BPF harmonic in the unsteady blade loading. At the blade tip, the inflow
velocity ranges from 10 to 10.5ms™!. Over one full revolution, the blade
tip crosses eight alternating high- and low-velocity regions, suggesting
that this inhomogeneity may also introduce a periodicity at the 4" BPF
harmonic in the unsteady loading.

What qualitatively described above is confirmed in Fig. 9, where the
phase-averaged unsteady sectional thrust is plotted over one revolution.
The phase angle, ¢, varies from 0° to 360°. The trends are presented for
three radial positions: r/R = 0.5,0.75, and 1. Due to the limited number
of revolutions sampled and the relatively high turbulence intensity, a
clean phase-averaged signal cannot be obtained. However, the figure
clearly shows that the dominant frequency of the loading fluctuations
varies along the radius, shifting from the 2" to the 4 BPF harmonic, as
expected based on Fig. 8. This indicates that, in this configuration, the
observed variations in the mean axial inflow can modulate the angle of
attack, leading to periodic variations in the unsteady loading.

(b)

at x/R = —0.5 upstream of the propeller plane (a) with and (b) without the grid.

An inhomogeneous inflow introduces acoustic tones at higher BPF
harmonics in the acoustic spectrum [56]. This occurs because the peri-
odic blade loading, induced by the inflow inhomogeneity, introduces an
additional periodicity into the acoustic signature, which is subsequently
modulated by the BPF. In other words, the additional periodicity is car-
ried by the fundamental frequency. This modulation implies that the
Fourier representation of the acoustic signal necessarily contains a series
of higher harmonics (both odd and even) of the fundamental frequency
to accurately reconstruct the modulated waveform [57]. Therefore, the
presence of tones at higher BPF harmonics is expected whenever such
an inflow inhomogeneity exists, regardless of the specific periodicity of
the inflow itself.

3.2. Characterization of incoming turbulence in the absolute frame of
reference

The objective of this section is to obtain representative values of inte-
gral length scales and turbulence intensity to characterize the turbulent
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Fig. 9. Phase-averaged unsteady sectional thrust across one revolution at dif-
ferent radial positions.

Fig. 10. Turbulence spectrum at x/R = —0.2 and y/R = 0.5 split into broadband
and tonal components.

inflow. These parameters are typically used as input to Amiet’s model.
The analysis was performed in a plane perpendicular to the propeller
plane.

Turbulence characterization in the presence of the propeller requires
separating the tonal (u(onal) and broadband (u{)roa dband) contributions. In
particular, to properly compare the turbulent length scales and turbu-
lence intensity of the incoming flow with and without the propeller, it
is required to remove the peaks introduced by the blade passage. This
is achieved by subtracting the phase-locked average from the instanta-
neous signal, thereby removing the periodic blade-passage component
and isolating the broadband fluctuations [17,53]. The signal is first di-
vided into N cycles of the fundamental frequency. The ensemble av-
erage of these cycles yields the tonal component /., which is then
subtracted from the original signal «’(x, 7) to obtain the broadband com-
ponent (Fig. 10). In this work, data are sampled over 10 revolutions,
corresponding to 20 blade passages and thus 20 cycles of the funda-
mental frequency.

Fig. 11 compares the Power Spectral Densities (PSDs) of the broad-
band part of the streamwise velocity component with and without the
propeller. The most noticeable differences occur at low frequencies, as-
sociated with the fluctuation of large coherent structures. These struc-
tures are strongly affected by the velocity gradients induced by the pro-
peller, as their size makes them more sensitive to the spatial variations
in the mean flow. At higher frequencies, related to smaller vortical struc-
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Fig. 11. Comparison between the spectra with and without the propeller at
x/R=-02and y/R=0.5.

tures, the spectra show smaller differences, indicating that small-scale
turbulence is only weakly influenced by the propeller-induced gradients.
The following analysis focuses on the integral length scales and the
root-mean-square (rms) of the streamwise fluctuations, since these are
the dominant drivers of loading fluctuations. Once the broadband com-
ponent is obtained, u,, (x) and A, ,(x) are computed as follows:

uu,x

2
Zi]il (u(x’ li) - umean(x))
~ :
oo © u(x, Du (X + ey, t
Aijm(X) = / Pijm(x)dl = / R LR (12)
0 0

ui,rms(x)uj,rms(x + lem)

1D

urms(x) =

Here, p;; ,(x,1) denotes the normalized two-point correlation func-
tion, while e, indicates the direction along which the correlation is
evaluated. The spatial autocorrelation is calculated on a segment of size
Ax = 0.5R, and the data are time-averaged over the last 5 revolutions,
since convergence is reached. Following the procedure of [58] and [53],
the integral in Eq. (12) is evaluated up to the first zero crossing, and
the resulting integral length scale is then assigned to the midpoint of the
segment. The length of the segment is chosen as a compromise between
two competing requirements: ensuring that the results are independent
of the segment length, and positioning the segment as close as possible to
the propeller plane. This trade-off is necessary because the plane used to
evaluate A, , is constrained by the local reference frame encompassing
the propeller. With this configuration, the closest point to the propeller
plane, where A, , can be reliably evaluated, is at x/R = —0.4. The quan-
tities are then averaged in the radial direction to obtain representative
values of the characteristics turbulent inflow [53].

Figs. 12a and 12c present the streamwise evolution of the radially
averaged root-mean-square of the streamwise fluctuations, u, . (x), to-
gether with the integral length scales, A, (x) and A, ,(x), for both cases
with and without the propeller. As a reference, the results are compared
with empirical scaling laws for naturally decaying turbulence [49,59].
The turbulence intensity reads

5

TI,(x) = c(g) 7, (13)

while the integral length scales are

Auux pe Almy 1J X
SR OV E- N LA 14
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Here, x represents the distance from the grid, d = 0.0l m is a charac-
teristic length of the grid (Fig. 3), and C, I and J are constants whose
values are C = 1.13, I = 0.2 and J = 1 [49]. The disagreement between
the results without the propeller and the empirical laws might be due
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(a)
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(c)

Fig. 12. Effects of propeller on the (a) rms and (b) longitudinal and (c) transverse integral length scales of the incoming turbulence. Data are radially averaged.

to the inhomogeneity of the turbulent flow. In fact, a minimum dis-
tance of 10 mesh sizes M is required to completely homogenize the
turbulence [49]. As a matter of fact, the relations in [49] are obtained
over distances from the turbulence grid higher than 10 M, while, in
the present study, the propeller is placed at 10 M downstream of the
grid.

Regarding u,, its amplitude decreases when the propeller is in-
stalled (Fig. 12a). This small reduction is due to the weak streamtube
contraction induced by the propeller: an elongation of the eddies in the
x direction reduces the amplitude of the fluctuation of the axial veloc-
ity component and increases the fluctuations of the other two velocity
components [60,61].

The impact of the presence of the propeller on the integral length
scales is shown in Figs. 12b and 12c. It can be observed that A, , ~
A, in the presence of the propeller, whereas A, , ~ 2A,,, , without the
propeller. This means that turbulence is not yet isotropic, since A, , =
Ay /2 for isotropic turbulence. Besides, Fig. 12b shows that A, (x)
is generally higher in the case with the propeller. The increase in A, ,
is slightly steeper close to the propeller plane, in particular, where it
grows to 0.1 R. Without the propeller, A, , is almost constant, with a
value around 0.075 R. It is worth observing that, given the convective
velocity U,,,,, # 10ms~!, the radially averaged value is not large enough
to satisfy the condition:

~

Auu,x 1

U BPF’

conv

(15)

which ensures the blade-to-blade correlation and therefore the haystack-
ing [15]. Indeed, a minimum value of A, , ®# 50 mm would be necessary

to satisfy this condition. Therefore, no strong quasi-tonal noise due to
this phenomenon is expected in the acoustic spectrum.

3.3. Characterization of incoming turbulence in the reference frame of the
propeller

Turbulence interaction with the propeller is now investigated in
the rotating reference frame, hence on a plane moving with the blade.
Therefore, a comparison can be made with what happens when turbu-
lence interacts with the leading edge of a wing in rectilinear motion.
This analysis was performed on multiple planes at different radial posi-
tions r, but, for the sake of conciseness, only the results at r/R = 0.6 are
presented here. No significant differences were observed at the other
radial positions. In the next, x and y denote the streamwise and normal
directions in the plane.

The distortion of turbulence resulting from interaction with the lead-
ing edge of an airfoil is governed by two distinct mechanisms. Their rel-
ative importance depends on the ratio between the eddy size, /, and a
characteristic geometrical length of the airfoil, a [36,40]. When the size
of the incoming turbulent structure / is much larger than the characteris-
tic length of the airfoil a (//a > 1), the prevailing distortion mechanism
is caused by the blockage exerted by the presence of the body. This
causes the streamwise velocity fluctuations to reduce and the upwash
one to increase because of the momentum transfer [36,52]. In contrast,
when the size of the incoming turbulent structure / is much smaller than
the characteristic length of the airfoil (//a < 1), the eddies are mainly
deformed due to the distortion of the vorticity field. This mechanism
induces a stretch of the eddy in the upwash direction, which reduces
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(b)

Fig. 13. Local reference frame: 6 identifies the planar local direction (Fig. 13a), while u, and v, (not represented in the sketch) are the tangent and normal planar
components, w, is the out-of-plane component and f is the angle between the velocity vector V' and u, (Fig. 13b).

(a)

(b)

Fig. 14. u, ., and W, y,, close to the leading edge at /R = 0.6. The red line in Fig. 14a individuates the local stagnation line. The spectrum of the upwash velocity
v, shown in Fig. 16 is computed at the red and black points. For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.

the fluctuations of the upwash velocity component [35,36]. It is worth
noticing that, for the present case, due to the small thickness of the
blade, in the present study, the fine mesh does not resolve structures
smaller than the characteristic size of the blade.

Fig. 13 illustrates the local reference frame. u and v are the stream-
wise and normal components in the plane, whereas w is the out-of-plane
component. In Fig. 13a, 9 identifies the direction of the local streamline
with respect to the rotor plane. In Fig. 13b, the in-plane components
u and v are projected onto the mean local streamline, resulting in the
tangential and normal components, u, and v,, respectively, relative to
that streamline:

(16)
17

In the following, the mean value and the rms of the velocity compo-
nents are normalized by the local upstream velocity V, .,

where V_, is the absolute free-stream velocity, w is the rotational speed,
and r is the local radius. Fig. 14a shows the contour of u, ., and the
local stagnation line in a region near the leading edge. Following the
local streamline, u, ,.,, decelerates approaching the stagnation point as
a consequence of the blockage due to the leading edge, while the mean
normal component v, ,..,, is zero everywhere and is not reported here.
The out-of-plane component w ., (Fig. 14b) slightly increases in front
of the leading edge because of the three-dimensionality of the flow.
Fig. 15 shows the rms fields of the three velocity components near
the leading edge. The amplitude of the fluctuations of the normal com-

u, =ucosd+vsind;

v, =usind —vcosd.

v

r,0o

18

10

ponent v, ... (Fig. 15b) reaches a maximum approaching the stagnation
point, whereas the streamwise component «, ., is damped (Fig. 15a). In
contrast, the amplitude of the fluctuations of the normal component is
enhanced as the streamwise velocity component decelerates close to the
stagnation region. The out-of-plane component w, is weakly involved in
this mechanism. These observations suggest a momentum transfer from
the streamwise velocity component u, to the normal velocity compo-
nent v,, following the physical mechanism observed for the rectilinear
motion [40,62].

Fig. 16a shows the PSD of the upwash velocity v, at r/R=0.6 at
the red and black points shown in Fig. 14. The spectrum of v, at corre-
sponding points at /R = 0.7 and /R = 0.9 is also reported in Fig. 16b
and Fig. 16c¢. Different from the rms contour plots above, where no ma-
jor difference is visible between two radial stations, here another radial
location is shown because some differences are more evident.

Across the whole range of frequencies solved with the current mesh,
there is an overall increase in the energy level as the leading edge of the
blade is approached. This is indeed an effect of the momentum trans-
fer characterizing the distortion mechanism prevailing in the case of
very large structures [36]. Since the points where the spectrum is com-
puted are static with respect to the blade, the spectrum is predominantly
broadband, and the strong potential effects due to the blade passage
are not observed at the BPF harmonics. However, it is worth notic-
ing the presence of small peaks around the 2" and 4" harmonics in
Fig. 16a and a higher peak at the 4" harmonic in Figs. 16b and 16c.
The origin of these peaks can be attributed to the non-homogeneity of
the inflow described before. Indeed, a tonal component in a PSD per-
formed in a rotating frame of reference indicates the presence of a spatial
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(a) (b)

(c)

Fig. 15. Rms fields of the three velocity components close to the leading edge at r/R = 0.6.

(a) (b)

(c)

Fig. 16. PSD of the upwash velocity v, computed (a) at the red and black points shown in Fig. 14 at /R = 0.6 and at corresponding points along the stagnation line
at (b) r/R = 0.7 and (c) r/R = 0.9. Line colors refer to the sampling points in Fig. 14. For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.
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(a)
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(b)

Fig. 17. Mean velocity field at /R = 0.6 under (a) turbulent and (b) clean inflow conditions.

Table 3
Effect of ingested turbulence
on time-averaged C; and Cy,.

Turbulent Clean
e 0.0938 0.0947
Co 0.0084 0.0084

periodicity, which corresponds to what is observed in Fig. 8. Moving to-
ward the tip radius, the bump around the 2"¢ harmonic disappears, while
the peak at the 4" harmonic becomes more pronounced, consistent with
the observations on the inhomogeneity of the inflow in Section 3.1.
It is interesting to observe that the intensity of these tones increases
toward the leading edge along the stagnation line. This suggests that
leading-edge distortion amplifies the effects of inhomogeneity in the
inflow.

The analysis in this section suggests that the leading-edge-induced
distortion qualitatively follows the physics of the 2D cases present in the
literature. In particular, an increase in the intensity of the normal ve-
locity fluctuations is observed. In addition, the spectrum of the upwash
velocity exhibits tonal features around the higher harmonics of the BPF,
due to the inflow inhomogeneity discussed in Section 3. Interestingly,
the distortion induced by the leading edge further enhances these spec-
tral peaks, thereby amplifying the effects of inflow non-homogeneity.

3.4. Impact of inflow turbulence on the flow over the blade

This section describes the impact of upstream turbulence on the flow
over the blade and on the unsteady loading of the propeller. Fig. 17
shows the time-averaged velocity magnitude field normalized by the lo-
cal free-stream velocity for the turbulent and clean inflow conditions.
For the sake of conciseness, only the results at r/R = 0.6 are reported.
No substantial difference is observed between the two cases. This is con-
firmed in Table 3, where the time-averaged thrust and torque coeffi-
cients are presented. Incoming turbulence causes a slight decrease (less
than 1%) in the thrust coefficient C;, while the torque coefficient Co
remains essentially unchanged.

To investigate the effect of upstream turbulence on the LSB, Fig. 18
presents the time-averaged streamlines on the suction side of the blade,
superimposed on the mean pressure coefficient c,, both for turbulent and
clean cases. Here, c, is obtained by normalizing the surface pressure by
the dynamic pressure at the tip. No significant differences are observed
in the size and position of the LSB, if not that the flow reattaches slightly
downstream in the clean case. This justifies the small reduction in the
time-averaged C; in the turbulent case shown in Table 3. Since at the
same Reynolds number the local angle of attack governs the mean prop-
erties of the LSB [16], the similar mean flow shown in Fig. 17 implies
that the LSB behaves similarly in both cases.

More evident effects of the upstream turbulence on the LSB can be
observed in Fig. 19, where the contours of the ¢ are reported for both

p,rms
turbulent and clean inflows. The incoming turbulent inflow causes an
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increase in the rms of the pressure fluctuations at the leading edge, along
the separation line, and increases the amplitude of pressure fluctuations
at the location of the LSB.

Fig. 20 shows the behavior of the mean ¢, (continuous line) and
¢,rms (shaded area) at 60% and 70% of R. Two radial sections are shown
to strengthen the conclusions. The non-dimensional quantities are ob-
tained by normalizing them with the local free-stream velocity defined
in Eq. (18). The mean c, curves for the two inflow conditions are very
similar, in agreement with the fact that, in this configuration, the steady
loading is not significantly affected by upstream turbulence. The turbu-
lent inflow introduces pressure fluctuations on the suction side upstream
and across the LSB, which are obviously not present for the clean in-
flow up to the reattachment point. Under a turbulent inflow, after ¢, .,
peak, the amplitude of the pressure fluctuations experiences an initial
attenuation, followed by an increase in their amplitude at the location
of the LSB. The differences in ¢, between the clean and turbulent
inflow cases vanish after the reattachment point, from where a turbu-
lent boundary layer develops toward the trailing edge. Conversely, on
the pressure side, the amplitude of the fluctuations tends to decrease
toward the trailing edge. The behavior is similar for the two radial
positions.

To highlight the differences in unsteady surface pressure across fre-
quencies, Fig. 21 presents the deviation between the PSDs of surface
pressure under turbulent and clean inflow conditions, evaluated along
the chord at 60% and 70% of the tip radius R. On the suction side
(Figs. 21a and 21b), at frequencies lower than the 10™ BPF harmonic,
the largest deviation is observed at the leading edge, where the turbu-
lent inflow impinges. Moving towards the trailing edge, the difference
over this range of frequencies is reduced. In the region upstream of the
reattachment point, the maximum difference is found around the fourth
BPF harmonic, because of the interaction with the inhomogeneous in-
flow shown in Fig. 8a. Other smaller bumps in the difference between
the turbulent and clean cases are observed at harmonics and interhar-
monics of the BPF.

At frequencies between the 10™ and 30" BPF harmonics, the increase
in PSD observed in the turbulent inflow case decays more rapidly from
the leading edge to the separation line compared to fluctuations at fre-
quencies below the 10! BPF harmonic. A certain level of fluctuation
intensity is present at the location of the LSB, particularly near the reat-
tachment line. At frequencies higher than the 30" BPF harmonic, the
greatest differences occur at the LSB location, where the amplitude of
the fluctuations increases. After the reattachment point and across the
entire frequency spectrum, the differences between the two inflow con-
ditions reduce and tend to vanish as the turbulent boundary layer de-
velops toward the trailing edge. These results confirm that the incoming
turbulence increases the fluctuations where the LSB is. This behavior is
highlighted in Figs. 21c and 21d, which show the delta in the surface
pressure PSDs on the pressure side between the turbulent inflow and
clean inflow cases. Since no LSB forms on the pressure side, the region
of influence of upstream turbulence persists along the chord and extends
downstream nearly to the trailing edge.
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Fig. 18. Time-averaged c, and surface streamlines under (a) turbulent and (b) clean inflow conditions.

Fig. 19. ¢

»oms and time-averaged surface streamlines under (a) turbulent and (b) clean inflow conditions.

(a) (b)

Fig. 20. c, at r/R = 0.6 (a) and 0.7 (b) under turbulent (=) and clean (=) inflow conditions. The width of the shaded region identifies the ¢

p.rms*

3.5. Acoustic sources An increase in the broadband floor up to the 20" BPF harmonic is ob-
served when turbulence is ingested. Furthermore, additional tones, not

Fig. 22 presents the directivity patterns for both turbulent and clean present for the clean-inflow case, can be noticed at harmonics higher
inflow conditions in terms of overall acoustic sound pressure level than the 2" one. Upstream turbulence does not appear to affect the first
(OASPL) and three selected frequency bands. Under turbulent inflow, harmonic, as this is dominated steady loading and thickness noise. The
an increase in OASPL is observed, mainly along the propeller axis effect on the 2" BPF depends on the observer location. In the upstream
(Fig. 22a). The 1% BPF harmonic (Fig. 22b) is the same for both turbu- direction (Mic. 1), a difference greater than 5dB is observed between
lent and clean inflow, except along the propeller axis, where the noise the turbulent and clean configurations, whereas no significant discrep-
at the BPF vanishes for the clean case. In contrast, large differences are ancy is detected in the propeller plane (Mic. 4). For frequencies higher
observed in the frequency range from the 3¢ to the 20" BPF harmon- than the 20" BPF harmonic, where trailing-edge noise is dominant, the
ics (Fig. 22c). Within this range, directivity exhibits a dipolar pattern spectra collapse. Peaks at integer multiples of the BPF, associated with
for both inflow conditions but differences in sound pressure level up the previously described inflow non-homogeneity, are clearly visible.
to 10dB are visible almost in all directions. The high-frequency range As stated in Section 3.1, the appearance of higher BPF harmonics in the
instead (Fig. 22d) does not appear to be significantly affected by the acoustic spectrum, which are not observed in the loading spectrum, is
turbulent inflow. associated with a modulation mechanism.

Going into more detail on the effects of turbulent inflow on the The contributions of the various aerodynamic noise sources to the
acoustic response, Figs 23a and 23b present the far-field noise spectra at far-field sound at a specific location are now identified using construc-
Mics. 1 and 4, corresponding to the upstream direction and the propeller tive and destructive power maps [16]. This analysis is performed using
plane, respectively, for both turbulent and clean inflows. The turbulent- the FW-H solver Optydb-pfnoisescan. This methodology consists of ap-
inflow case is expected to affect the far-field noise, particularly along plying the FW-H analogy to the surface-pressure fluctuations on both
the propeller axis, when compared with the clean inflow condition. the entire surface and on each surface element k. These yield the total
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(c)
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(®)

(d)

Fig. 21. APSD of the surface pressure between turbulent and clean inflow conditions on the (a-b) suction and (c-d) pressure sides, at (a,c) r/R = 0.6 and (b,d) 0.7.
The yellow and red vertical lines identify the separation and reattachment points, respectively. The white vertical lines indicate the separation (S) and reattachment
(R) points, while the shaded horizontal dotted lines mark the harmonics from the 1% to the 10™". For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.

acoustic pressure p|  (t) and the acoustic pressure p;((t) generated by ele-
ment k, respectively. The cross-spectral coherence is then calculated by
performing a Fourier Transform, indicated with (), as follows:
Dl (D)D)

Af|p7, BN

The notation (-)* is used to denote the complex conjugate. This cross-
spectral density is then averaged over the frequency range with band-
width Af. The constructive (CP) and destructive (DP) powers are then
obtained by taking the real part of P, (f)s, with s = 1 for CP and s = -1
for DP. Therefore, these two quantities are complementary. In other
words, CP and DP are calculated from the coherence between the acous-
tic pressure radiated from the surface element and the total acoustic
pressure at the same location [16], and indicate whether the element k
contributes constructively or destructively to p/ (1).

Fig. 24 shows the CP and DP maps, expressed in dB, to the far-field
noise at Mic. 1 over three frequency ranges, with a bandwidth Af =
200 Hz and centered around the 1%, 3'9, and 50" harmonics of the BPF.
For the band centered at the 1% BPF (100Hz < f < 300Hz, in Figs. 24a
and 24d), the spectra collapse and the CP maps do not show any relevant
difference. The constructive contribution comes mainly from the region
close to the leading edge, while the LSB contributes destructively to
the first tone. For the band centered at the 3" harmonic (500Hz < f <
700Hz, in Figs. 24b and 24e), the difference in PSD between the clean
and turbulent inflow is 20dB Hz~'. Under turbulent inflow conditions,
the entire region that extends from the leading edge to the reattachment
line contributes constructively to the noise over this frequency range.
This confirms that the interaction between the turbulent inflow and the

P(f) = 19)
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LSB contributes to tonal noise in the mid-frequency range. However,
the tonal noise in this range originates at the leading edge and is due
to the presence of tones in the inflow velocity spectrum, linked to the
inhomogeneity of the inflow. For the band centered at the 50" harmonic
(9.9kHz < f < 10.1kHz, in Figs. 24c and 24f), the CP and DP maps show
a series of alternating constructive and destructive bands in the region
from the leading edge to the LSB. These alternating bands reciprocally
cancel out their contributions. The main contribution to acoustics in this
frequency range is due to the turbulent boundary layer, characterized
by a reduced correlation length, scattered at the trailing edge.

3.6. Identification and separation of turbulence and flow inhomogeneity
effects using Amiet’s model

In this section, data obtained in Section 3.2 are used as input to
Amiet’s model to confirm that the tonal peaks are due to the flow in-
homogeneity rather than to the impingement of the turbulent inflow.
The model requires a turbulence spectrum and predicts the component
of the acoustic spectrum arising from the interaction of the propeller
with the turbulent field. The reader may refer to the works of [30] and
[32] for a comprehensive overview of the model, which is beyond the
scope of the present work. The formulation of Amiet’s model employed
in this section is the one proposed by [34], which modifies the original
formulation to allow a one-dimensional velocity spectrum (sampled or
analytically modeled) to be used as input in the model. This is obtained
by implementing a strip theory approach for the discretization of the
blade in the radial direction [33] in its inverse formulation [63].
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(a) (b)

(c) (d)

Fig. 22. Directivity plots for the (a) OASPL, (b) 1** BPF harmonic and the frequency ranges corresponding to (c) 3'¢ — 20" and (d) 30" — 100" BPF harmonics.

(a) (b)

Fig. 23. Comparison between acoustic spectra under turbulent and clean inflows, at (a) Mics. 1 and (b) 4.
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(2)

(b)

Aerospace Science and Technology 176 (2026) 112114

(c)

Fig. 24. CP maps at Mic. 1 under (a-c) turbulent and (d-f) clean inflow conditions over 100 Hz < f < 300 Hz (a,d), 500Hz < f < 700Hz (b,e), and 9.9kHz < f < 10.1kHz

(c,D.

(a)

(b)

Fig. 25. Effect of turbulence distortion on the prediction of turbulence impingement noise with Amiet’s model at (a) Mics. 1 and (b) 8.

Fig. 25 compares the acoustic spectra obtained using the FW-H anal-
ogy with those predicted by Amiet’s model when varying the turbulence
characteristics provided as input. In particular, the values of A, , and
U, ms»> used to scale the analytical von K&rmén velocity spectrum as input
to the model, are taken at three upstream positions relative to the pro-
peller plane. In the same plot, the acoustic spectrum for the clean case is
included as a reference for the steady-loading noise. As shown in Table 3,
the steady loading is not affected by the incoming turbulence, which is
evident from the unchanged amplitude of the first harmonic between
the two inflow cases. The effect of upstream turbulence at the first har-
monic remains masked by the dominant steady loading and thickness
noise.

It can be observed that the Amiet model’s prediction, at this oper-
ating condition, varies slightly depending on the sampling location as
expected from the characterization of the turbulent inflow. It is relevant
to notice that Amiet’s model provides a broadband increase in noise in
the low-to-mid frequency range (1BPF < f < 15"BPF) similar to the
one obtained from the FWH results. On the other hand, at higher fre-
quencies (f > 20™ — 30""BPF), trailing-edge noise prevails.

It can be further observed that mid-frequency tones are present only
in the turbulent case. As mentioned earlier, the values of A, , are too
small to satisfy the condition in Eq. (15), which can cause quasi-tonal
noise due to strong blade-to-blade correlation. Therefore, the compari-
son with Amiet’s model confirms that tones, in the low-to-mid frequency
range, are due to the unsteady loading caused by the mean flow inho-
mogeneity. This result highlights the importance of ensuring a highly
uniform mean flow in simulations and experiments designed to charac-
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terize the effect of FST on propeller aeroacoustics, since inflow inhomo-
geneity affects the acoustic spectrum within the same frequency range
as the ingested turbulence.

4. Conclusions

This paper investigates the interaction between a propeller operating
at low Reynolds number and a grid-induced turbulent inflow. The goals
are to characterize how the turbulent inflow changes when impinging
on the propeller leading edge, how it affects the propeller aerodynamics,
including the laminar separation bubble, and the aeroacoustics sources.

Three test cases are investigated: a turbulent jet, a case with the
propeller in a uniform clean inflow, and a case with the propeller in
the presence of turbulent inflow. The simulation setups replicate exper-
iments carried out at TU Delft, which are also used as a reference for
validating the numerical results.

It is found that the streamtube contraction, due to the presence of the
rotor, elongates the largest eddies in the streamwise direction, reducing
the intensity of the streamwise velocity fluctuations and the transversal
integral length scale A, , with respect to the case of a free turbulent
jet. Turbulence impinging on the rotor blades does not significantly af-
fect the time-averaged flow field, the size and location of the laminar
separation bubble, and the time-averaged thrust and torque coefficients.
However, it is found, by looking at the rms of the surface pressure co-
efficient, c, s, that, for this case study, the presence of inflow turbu-
lence increases the amplitude of the surface pressure fluctuations up to
the laminar separation bubble reattachment point. Downstream of the
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reattachment point, almost no difference is found between the turbulent
and clean inflow cases. Therefore, the turbulent boundary layer down-
stream of the reattachment point develops similarly in the two cases.

The primary effect of the ingested turbulence on the far-field noise
is to increase the broadband floor up to the 10 BPF and to generate
low-to-mid frequency tones. By performing noise source analysis on the
blades’ surface and using Amiet’s model with data sampled upstream of
the blade, it is demonstrated that these tones are caused by an inhomo-
geneity in the inflow, visible in the mean flow field, due to the presence
of the grid. The flow inhomogeneity induces a periodic modulation in
the inflow pattern to which the propeller is subject during a rotation.
This is responsible for a periodic unsteady loading that causes the tonal
peaks. These results underscore the necessity of maintaining uniform
mean flow in simulations and experiments investigating the influence
of free-stream turbulence on propeller aeroacoustics, as inflow inhomo-
geneities alter the acoustic spectrum over the same frequency range as
the ingested turbulence.
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