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ABSTRACT

Ingested turbulence affects propeller noise at frequencies
higher than the 2nd blade passing frequency. The exten-
sion of Amiet’s model to rotating blades represents a use-
ful tool for predicting this phenomenon. However, it re-
lies on assumptions that are not fully valid in reality, e.g.,
it neglects the distortion of turbulence. This paper inves-
tigates how the propeller-induced flow field alters incom-
ing turbulence paving the way, in future studies, to extend
Amiet’s model with these features. Lattice Boltzmann
Very Large Eddy Simulations of a reference propeller, for
which experimental data exist, operating at low-Reynolds
number and subject to turbulent inflow are performed. The
spatial and temporal evolution of isotropic grid-generated
turbulence approaching the propeller plane is character-
ized. It is found that the propeller leading edge interacts
with anisotropic turbulence. This is due to the rotational
flow induced by the propeller, stream tube contraction,
and leading-edge distortion. In addition, the impact of the
inflow turbulence on the laminar separation bubble on the
propeller suction side, whose dynamic affects the acous-
tics at high frequencies, is analyzed. Finally, the aero-
dynamics flow features are linked to the far-field acoustic
spectra, obtained through the Ffowcs-Williams and Hawk-
ings analogy applied to the propeller surface.
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1. INTRODUCTION

The growing interest in small Unmanned Aerial Vehicles
(UAV5), driven by a wide range of potential applications,
poses the need to integrate this technology into an urban
environment. Given their impact on public acceptance [1],
it is crucial to account for the aerodynamic noise gener-
ated by these devices when operating in an urban environ-
ment, which is characterized by different scales of turbu-
lence.

From an aerodynamic point of view, small UAVs’
propellers typically operate at low Reynolds numbers, re-
sulting in a transitional regime extremely susceptible to
inflow disturbances and characterized by complex phe-
nomena such as the presence of laminar separation bub-
ble (LSB) [2]. Furthermore, incoming turbulence inter-
acting with the propeller produces an unsteady pressure
field over the surface, that is radiated as broadband and/or
quasi-tonal noise in the far field [3,4]. LSB, whose pres-
ence on a small propeller was assessed for the first time
by Grande et al. [5] under clean inflow, plays an impor-
tant role in the far-field noise in the high-frequency [6].
It causes laminar boundary layer vortex shedding noise
with frequency varying along the propeller radius, thus
resulting in a high-frequency hump. Casalino et al. [2, 3]
showed that, under clean inflow conditions, the mean be-
havior of the LSB is mostly determined by the propeller
advance ratio; furthermore, in hovering, the mean LSB is
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unaffected by the recirculating flow in the testing environ-
ment.

Most of the work on rotors in turbulent inflow fo-
cuses on helicopter and engine rotors, typically operat-
ing at higher Reynolds numbers, and they do not con-
sider the effect of turbulence on LSB. Sevik [7] proposed a
prediction method of turbulence ingestion noise based on
the two-dimensional aerodynamic response function and
dipolar radiation pattern of the unsteady loading. This
retrieved the broadband component of the acoustic spec-
trum but missed the quasi-tonal content. Blake [8] recov-
ered the latter by introducing blade-to-blade correlation.
Hanson [9] attributed the quasi-tonal noise to the stream-
wise elongation of the eddies that, chopped several times
by the rotor, produce blade-to-blade coherence in the un-
steady loading. This is reflected in the narrow-band con-
tent around the BPF harmonics in the acoustic spectrum.

Amiet extended the prediction model for airfoils in
turbulent inflow [10] to the case of rotating blades [11]
approximating the circular motion to a rectilinear motion
in the limit of acoustic frequencies much higher than the
rotational one. The model obtains the acoustic spectrum
from the characteristics of incoming turbulence through
an acoustic transfer function, neglecting the effects of tur-
bulence distortion. Capobianchi et al. [12] employed two
analytical models based on Amiet’s theory for noise pre-
diction: the first one considers turbulence characteristics
at a specific representative radial location while the sec-
ond accounts for blade geometry and turbulence param-
eters along the blade and exploits the inverse strip the-
ory [13], providing better results. Raposo et al. [14] pro-
posed a prediction model that includes the effects of ro-
tation and spanwise coherence. They proved that Amiet’s
model recovers the haystacking tones when revised with
a correct calculation of the time between two consecutive
chops of the same eddy. They highlighted that haystack-
ing is underpredicted when the integral length scale of the
flow is large compared to the blade, likely because of the
lack of spanwise correlation in the direct strip approach
adopted. In these studies, the effect of including turbu-
lence distortion in Amiet ’s model is not considered.

The purpose of this study is two-fold. First, the analy-
sis of turbulence near the leading edge reveals the effect of
the propeller-induced flow field on the turbulent inflow, in-
specting the validity of the assumptions of Amiet ’s model.
The effect of including turbulence distortion in Amiet ’s
model prediction will be presented in future work. Ad-
ditionally, the solid formulation of the FWH analogy, ap-
plied to the propeller surface, allows to characterize the

1738

effects of ingested turbulence on the aerodynamic sources
across different frequency ranges. To address these points,
three different setups (only turbulence, propeller in turbu-
lent inflow, and propeller in clean inflow) have been sim-
ulated in PowerFLOW 6-2022-R1 3DS.

The paper is structured as follows: the numerical
setup is described in sec.2.2 and validated in sec.2.3. In
sec.3 the main results are discussed, and sec.4 summarizes
the conclusions of this work.

2. METHODOLOGY
2.1 Computational method

The study is based on data obtained with Power-
FLOW 6-2022-R1, based on a Lattice-Boltzmann Method
(LBM). Here, the only unknown quantity is the particle-
probability distribution function f(x,t,v), representing
the probability for a particle at location x and instant ¢
to have velocity v. The macroscopic quantities are re-
trieved from the statistical moments of f. The evolution of
f(x,t,v) is described by the Boltzmann equation, which
relies on gas-kinetic theory. The discrete Boltzmann equa-
tion is then solved on a Cartesian mesh, whose base ele-
ments are called voxels, whose size halves from a reso-
lution region to the next finer one. Since reaching a y™
lower than 1 in a Cartesian mesh is computationally pro-
hibitive, a fully turbulent wall function model, extended to
include the effects of pressure gradient, is adopted in this
work.

2.2 Numerical setup

The computational domain is a cube with a side length of
100 Dpyop. The region of interest with the turbulence grid
and the propeller is located at the center of the computa-
tional domain, which is discretized into 17 Variable Res-
olution (VR) regions, numbered from 0 to 16, gradually
increasing the resolution from the outer region to the area
of interest. VR11 resolves the turbulence from the grid to
2D,,op downstream of the propeller plane, to enclose the
nacelle. The voxel size in this region is 0.88 mm. 5 inner
levels, defined as offsets of the blades, are introduced to
achieve a yj\r/f ax ~ 9 at the wall to capture the separation
bubble [2,3]. The total number of voxels in the computa-
tional domain is approximately 1.2 x 107, with the small-
est voxel size equal to 0.03 mm. The numerical setup
(fig.1) reproduces the experimental one [12]. The flow
exits from a cylindrical pipe with a diameter D = 0.6m,
whose wall is treated as frictionless. The turbulence grid
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Figure 1: Numerical setup and turbulence grid - ¢ = 9cm, d = 1lem, M = 10cm

is enclosed into the pipe 0.6m upstream from the exit and
at 1m from the propeller plane. The propeller is the same
as previous works [2,5, 15]; the diameter is 0.3m and the
airfoil profile is the NACA-4412. The rotational speed is
Q = 6000RPM.

The total pressure pg is prescribed as a boundary con-
dition upstream of the grid to match the reference mean
velocity value Voo = 9m/s. It is computed accounting
for the local pressure losses introduced by the grid, Ap°

as [16]:
. A(i - 1)3,

where ¢ is the upstream dynamic pressure, (3 is the grid
porosity, and A and B are functions of Reynolds number,
Mach number, and grid geometry. For a square-mesh grid,

porosity is given by:
2
-5

B=(1-1; @

Free-stream and ambient static pressure are imposed
as boundary conditions at the borders of the computational
domain to prevent flow recirculation.

20 probes are distributed upstream of the propeller
plane to characterize the inflow (fig.1). After 3 initial set-
tling revolutions, data are sampled for 10 revolutions with

A 0
P )

d
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sampling frequency f; = 20kHz. The signal is then di-
vided into 4 Welch blocks with 50% overlap, resulting in
a resolution frequency Af = 20Hz. Surface pressure
is sampled at f; = 367kHz with a spatial averaging of
0.4mm over the propeller and nacelle surfaces to feed the
FWH analogy and obtain acoustic spectra.

The setup for the clean case is obtained by remov-
ing the turbulence grid and resetting the total pressure. In
addition, VR 11, previously used to resolve incoming tur-
bulence, is reduced to an offset of the propeller to keep the
same resolution at the propeller while reducing the com-
putational cost.

2.3 Validation

Grid convergence is assessed for all tested cases and the
results are validated against data from the reference ex-
periment [12]. Two meshes (coarse and medium) are ana-
lyzed. The results of the fine resolution will be presented
in the future. The characteristic length M (fig.1) is dis-
cretized with 80 and 120 voxels for the coarse and medium
grid, respectively.

Since the load cell was not used in the experiment, the
numerical thrust and torque coefficients, Cr and Cgq, are
compared in tab.1 with the ones available in the literature
[2], obtained through a BEMT approach. A good match
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is observed for all the meshes, with the C; from the LBM
being slightly lower than BEMT prediction.

Table 1: Convergence of Cr and C

Coarse | Medium | BEMT ( [2])
Cr | 0.087 0.088 0.09
Cg | 0.008 | 0.0081 0.008

Table 2 compares the mean velocity V,,, the turbu-
lence intensity 7'I, and the turbulence integral time scale
T, obtained from the numerical simulations and the ex-
periments at x/Ry;;, = 1, 7/Ry;, = 0.5 without and with
the propeller. The integral time scale T, is used in the
table because the mean velocity gradients introduced by
the propeller invalidate Taylor’s hypothesis for the com-
putation of the integral length scale A, 5.

. . o ro_
Table 2: Flow quantities at z/Ry;p = 1, Ry = 0.5
Vin[m/s] T1[%) Ty 8]
Num. | Exp. | Num. | Exp. | Num. | Exp.
WO prop. 9.55 9 698 | 7.13 | 0.17 | 0.25
with prop. | 10.3 | 9.68 6.3 6.4 0.16 0.2

Mean velocity and velocity fluctuations are computed
considering the velocity measured by the hot wire as de-
scribed by Zamponi et al. [17].

The integral time scale T}, is obtained as the inte-
gral of the autocorrelation function in the interval from
its maximum to the point where it decreases to 1/ e2 [17].
For the case with turbulent inflow, the phase-locked aver-
age is subtracted from the instantaneous signal to remove
the periodicity introduced by the blade passage. Numer-
ical and experimental results show good agreement, with
the numerical V,,, being up to 0.6m/s higher than the ex-
perimental one.

Similarly, the comparison of the turbulence spectra
(fig. 2) shows a good agreement on the frequency range
considered. The drop in the spectra at the 5" and 8"
harmonics of the Blade Passing Frequency (BPF) in the
coarse and medium/fine cases, respectively, is due to the
filtering effect of the mesh. The numerical scheme re-
quires at least 10 voxels per wavelength to resolve the
wave. An increase in the overall resolution will solve the
turbulence up to the 10t* BPF harmonic, but the compu-
tational cost will be prohibitive. However, as proved later,
the far-field noise is well captured making the increase of
computational cost not needed for the scope of this paper.
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Figure 2: Turbulence spectrum at x = 1R, r/R =
0.5 without propeller

(b)

Figure 3: Time-averaged surface streamlines 3(a)
and oil flow visualization 3(b)

To further support the validation of the numerical
database, the time-averaged surface streamlines are com-
pared with oil flow visualization in fig. 3 only for the tur-
bulent case, for conciseness. Separation and reattachment
lines, indicated by yellow and red dotted lines, respec-
tively, are slightly delayed with respect to the experimen-
tal result. This can be due to the still high y*, the adopted
wall model, and the slightly higher mean velocity in the
numerical simulations. Improvement in fine resolution is
expected. The effect of different wall models on the LSB
prediction will be the objective of future studies.

Acoustic spectrum at mic.1 (fig. 1) is shown for both
the turbulent (fig.4(a)) and clean (fig.4(b)) inflows. The
slight underprediction (less than 2d B) at the 1! harmonic,
mostly influenced by steady loading and thickness noise,
is likely due to the higher numerical mean velocity, which
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reduces the steady loading, consequently under-predicting 3. RESULTS AND DISCUSSION
C'r. The experimental result at the third harmonic is dom-
inated by motor noise, while the tones at half of the BPF
harmonic originate from the motor shaft frequency. For 3.1.1 Absolute frame of reference
the clean inflow case, the difference between numerical
and experimental results from the 3*” to the 8 BPF har-

3.1 Characterization of turbulence

monic is likely due to the loaded motor noise, not present N Auug, only inflow - average along r lor
. . . .. . 0.3+ |——Ayuz, inflow with propeller - average along r
in the simulations. The over-prediction at frequencies | |[____ Urms, only inflow - average along r
higher than the 20" harmonic is ascribed to inaccuracies Urms, inflow with propeller - average along rf 1065
in reattachment point prediction. The mesh refinement 0.25
. . 0.6 =
from coarse to medium does not affect the acoustics. = <
5 02} 055
Mic.1 N
80 . ; 05
coarse
0r medium 0.15 ;
60 F A experimental 0.45
/ unloaded motor ’
50 ———Dbkg - clean inflow | 0.1 . . . 0.4
£ a0} 15 -1 o 0.5 0
xr
2 20
?3 20 Figure 5: Ay, . (x) and w,ms(2z), radially averaged,
0t with and without the propeller
0F
10k Figure 5 shows the evolution of the integral length
90 Lo , , scale Ayy () and root mean square w,y,s(x), with and
10° 10! 10 without the propeller. The quantities have been radially
J/BPF ] averaged to highlight the general trend, although inhomo-
(a) geneity remains present along the span. It can be observed
. that, without the propeller, A, . is almost constant, with
Mic.1 ’ .
80 : . Ayu,x = 2.4cm. In the presence of the propeller, the in-
70| e ] tegral length scale grows faster approaching the propeller
60 L experimental i plane, as a result of the stream tube contraction. ;s ()
50 unloaded motor presents lower values and a faster decay in the presence of
—bkg - clean inflow | .
s-com v the propeller because of the stream tube contraction that,

while elongating the eddies in the streamwise direction,
reduces the fluctuation of the axial component.

PSD [dB/Hz)
8

jz I 3.1.2 Relative frame of reference
ol The analysis presented in this section refers to a plane at
1ol r/Ryp = 60% in the rotating frame of reference, nor-
ol | . mal to the spanwise direction (fig. 6(a)). The in-plane
10 10! 10 components, u, and v are projected along the mean local
f/BPE [ direction to obtain wu; and v;, the tangential and normal
(b) components, respectively, relative to the mean streamline

(fig. 6(b)), while wy is the out-of-plane component.
Figure 7 presents the root mean square of the three
velocity components along the mean stagnation line. Ap-
proaching the propeller plane, u; decelerates and ¢ rms
decreases, while v ;. increases, and w; shows a weaker

Figure 4: (a) Acoustic spectra for turbulent (b) and
clean inflow
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Figure 6: (a) Visualization of the rotating frame of
reference and (b) mean stagnation line s at /R =
60%

increase. This observation suggests a momentum trans-
fer from u; to vy, aligning with the physical description of
the Rapid Distortion Theory (RDT) [18] showed with the
dashed line in the figures.

3 T T T T T T
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3 :
$ Numerical
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3 RDT
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S O 1 1 1 1 1 1
0 -2 -4 -6 -8 -10 -12 -14

s/rLE

3 . / / /
Figure 7: uy ., Uy s @and wy ., o along the mean
stagnation line

More specifically, s ,ms Obtained from the numer-
ical simulations follows the RDT prediction well up to
—4rp g, then approaching the stagnation point it decreases
a bit faster than predicted; v ,.ms diverges from the RDT
prediction already at s = —10rp, g, reaching values up to
3 times the undisturbed level. The early increase in vy s,

— 26" June 2025 «

occurring before the decrease in wy s, suggests the exis-
tence of an additional mechanism - beyond the momentum
transfer from the streamwise component - that enhances
V¢,rms- In this case, a possible explanation can lie in the
curvature of the mean streamline, which is not accounted
for in RDT: streamwise velocity fluctuations induce os-
cillations in the centrifugal force acting on fluid parti-
cles, leading to fluctuations in the radial pressure gradient.
These fluctuations influence the normal velocity compo-
nent. To validate this hypothesis, a comparison with a 2D
simulation of a wing section will be conducted in future
studies.

Figure 8 shows the spatial distribution of the integral
length scales Ay, v, s(s) and Ay, 4, span () along the mean
stagnation line. These quantities are normalized with re-
spect to their value at s/rp,p = —6. Approaching the
leading edge, Ay, s(s) decreases, while Ay,v, span(s)
increases. This indicates that vortices are compressed
against the leading edge and elongated in the spanwise di-
rection, enhancing the spanwise coherence of normal ve-
locity fluctuations.

1.1 T T T T

Uplig, S
1.05 F VU, SPan |

S/’!‘L];

Figure 8: Spatial distribution of the integral length
scales Ay,u,,s(s) and Ay,y, span(s) along the mean
stagnation line

3.2 Laminar separation bubble

The time-averaged surface streamlines, superimposed to
the standard deviation of the surface pressure fluctuations
coefficient ¢, , are shown in fig. 9 for both turbulent
and clean inflows. No significant difference is observed
in the mean flow features of the LSB, visualized through
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Figure 9: Time-averaged surface streamlines, superimposed to the standard deviation of the surface pressure
fluctuations coefficient ¢, over the blade surface for turbulent (a) and clean (b) inflow

the surface streamlines. The impact of turbulence on noise
sources becomes evident by looking at ¢, . Incoming tur-
bulence increases the amplitude of the surface pressure
fluctuations at the leading edge, along the separation line,
and inside the bubble itself. This suggests that incoming
turbulence enhances the unsteadiness of the LSB.

3.3 Far-field noise

Figure 10 shows the far-field noise spectrum at mic.1 for
the turbulent and clean inflows, while the noise sources
are described in fig. 11.

Ingested turbulence increases broadband noise up to
the 30*" harmonic and introduces tones at the harmon-
ics higher than the 2", The first harmonic is dominated
by the steady loading and therefore is not affected by the
presence of free-stream turbulence. At f > 30BPF,
where trailing-edge noise is the dominant source, all the
spectra collapse meaning that the surface pressure fluctua-
tions at the trailing edge are weakly affected by the inflow
turbulence .

Figure 11 shows the constructive (CP) and destruc-
tive (DP) contribution maps, expressed in dB, to the far-
field noise at mic.1 in the frequency 1.3kHz < f <
1.5k H z, where the difference between the turbulent and
clean acoustic spectra is 5dB. CP and DP are computed
from the coherence between the acoustic pressure radiated
from the surface element and the total acoustic pressure at
the same location ( [3]). The CP map shows noise sources,
that constructively interfere, due to inflow turbulence at
the leading edge and on the suction side up to the laminar
separation bubble. The DP map shows that the leading
edge, in clean inflow, generates destructive contribution
in this frequency range, which is canceled in the turbulent
case. After reattachment, the sources are influenced by
the mean LSB characteristics and therefore they are not
affected by the ingested turbulence.

Mic.1

[e:2]
(=]

turbulent

-
(=]
T

clean

e ot (=2}
(=] (=] (=]
T T

PSD [dB/Hy]
= [ %] w
[==l j==l =} (==}

Jun
o
T

o
S

10° 10t 102
f/BPF []

Figure 10: Acoustic spectrum for turbulent and clean
inflow at mic.1

100.00[dB]

Figure 11: constructive (CP) and destructive (DP)
contribution maps for turbulent and clean inflow

4. CONCLUSIONS

This paper investigated the interaction of a low Reynolds
propeller with incoming turbulence, both in terms of tur-
bulence distortion and the impact of turbulence on the
generated far-field noise. Streamtube contraction induces
elongation of the largest eddies in the streamwise direc-
tion, reducing the intensity of w,,,s, while the leading
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edge distortion increases the intensity and spanwise co-
herence of normal fluctuations. These results will be ex-
ploited in a future work to evaluate the performances of
Amiet’s model when turbulence distortion is taken into
account. In addition, incoming turbulence was shown to
have an impact on the unsteady behavior of the laminar
separation bubble, increasing the unsteady loading on the
blade. In this configuration, trailing edge noise is not af-
fected by ingested turbulence.
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