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ABSTRACT

The far-field acoustic emissions of a six-bladed propeller
were investigated in aeroacoustic experiments in an open-
jet wind tunnel. The propeller was operating in different
isotropic inflow turbulence conditions generated by turbu-
lence grids placed upstream of the exit plane of the wind
tunnel nozzle. In addition, the collective pitch angle of
the propeller blades was also varied throughout the mea-
surements. A preliminary directivity analysis of differ-
ent acoustic and psychoacoustic metrics was performed
to investigate the influence of the inflow turbulence in-
tensity and collective pitch angle on the noise emissions
and sound perception. In general, increasing the inflow
turbulence levels did not modify the conventional metrics
recorded, e.g. equivalent sound pressure level. Neverthe-
less, it considerably increased the broadband noise emis-
sions of the propeller, the loudness, and the overall psy-
choacoustic annoyance metrics. However, notable reduc-
tions in tonality (due to partial tone masking because of
the higher levels of broadband noise) and sharpness were
reported for increasing turbulence intensities. Overall, this
analysis is valuable for the perception-influenced design
of devices equipped with propellers, such as drones or ur-
ban air mobility vehicles, to account for installation ef-
fects.
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1. INTRODUCTION

An increasing number of devices employ propellers, such
as drones [1] and urban air mobility vehicles [2,3], as well
as aerospace technologies (e.g. distributed electric propul-
sion [4] and boundary layer ingestion systems [5]). There-
fore, during the last years, considerable research has been
devoted to investigating propeller noise emissions [6, 7]
and, from a psychoacoustic point of view, the correspond-
ing human perception [8, 9]. This has led to the use of
perception-influence design of propellers to cause mini-
mal noise annoyance during operation [10].

Most aeroacoustic experiments, for simplicity rea-
sons, feature isolated propellers (typically conducted in
anechoic chambers [10, 11] or wind tunnels [7]) and con-
sider clean, low-turbulence inflow conditions. However,
in practice, the usual installation of propellers close to the
airframe (e.g. on aircraft or drones) typically causes tur-
bulent inflow conditions [12]. Despite some studies on
this topic [6, 13, 14], there is currently a lack of knowledge
on how inflow turbulence influences propeller noise emis-
sions, especially in terms of broadband noise and sound
perception.

Therefore, the present paper provides a psychoacous-
tic characterization (using psychoacoustic sound quality
metrics) based on a fundamental study conducted on an
isolated propeller under different isotropic inflow turbu-
lence conditions. In addition, the investigation is extended
to different collective pitch angles of the propeller blades.

Section 2 describes the experimental setup employed
for the aeroacoustic measurements and the acoustic equip-
ment used. The conventional and psychoacoustic sound
metrics used for the characterization are explained in sec-
tion 3. Lastly, the main results are discussed in section 4,
and the conclusions are drawn in section 5.
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2. EXPERIMENTAL SETUP

The aeroacoustic measurements of the propeller were con-
ducted at the anechoic, open-jet wind tunnel (A-Tunnel)
at Delft University of Technology [15]. The wind tunnel
circular outlet (exit diameter of 600 mm) placed on the
floor of the facility has a contraction ratio of 15. An ad-
ditional axisymmetric nozzle with an exit diameter D,
of 420 mm was attached on top of the outlet, see Fig. 1,
increasing the overall contraction ratio to approximately
30.

The experiments featured a six-bladed propeller made
of steel with a diameter D), equal to 203.2 mm (8”) and a
manually adjustable collective pitch angle 3. In this study,
B values of 25°, 27.5°, 30°, and 32.5° were investigated.
This propeller (normally known as X-PROP-S) has been
the subject of several publications; for its geometry, in-
cluding spinner and nacelle dimensions, the reader is re-
ferred to [16]. The propeller was placed at a distance of
252 mm (0.6 D) from the exit plane of the nozzle. For
additional information on the experimental setup the in-
terested reader is referred to [6].

* Microphone array

Axisymmetric
contraction

Turbulence grid

Figure 1: Experimental setup in the A-tunnel.

To investigate different inflow turbulence conditions,
three different squared-mesh planar grids made of alu-
minum plates (thickness 5 mm) were placed at the junc-
tion between the axisymmetric nozzle and the wind tun-
nel outlet, see Fig. 1. The three grids (named A, B, and
C) had the same open area ratio of 64% but different val-
ues for the bar width d and mesh length M, see Table 1
and Fig. 1. These differences in grid geometries enable
various combinations of turbulence intensity 7' (defined
as the ratio between the root-mean-square velocity fluc-
tuations u/ . and the freestream velocity in the stream-
wise direction U,,) levels and streamwise turbulence in-
tegral length scales A. Table 1 gathers these values for a
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freestream velocity U, of 30 m/s and a streamwise dis-
tance of x = 0.4 D.,; downstream of the nozzle exit. The
values for the reference grid-off case are also presented
in the same table. All these values were obtained using
hot-wire anemometry measurements [6].

Table 1: Bar width d, mesh length M, and turbu-
lence intensity 7'I for each of the turbulence grids at

a distance x = 0.4 D.,; downstream of nozzle exit
for Uy of 30 m/s [6].

Grid | d,[mm] | M, [mm] | T1, [%] | A, [mm]
Off N/A N/A <0.1 N/A
A 7 35 1.97 11.4
B 10 50 2.75 14.1
C 12 60 3.44 16.2

The acoustic measurements were performed using a
phased array containing 63 free-field microphones and a
directivity arc containing 8 microphones, see Fig. 1, span-
ning an emission angle range of 70° from 6 = 70° to
140°, with the # = 90° corresponding to the rotor disk
plane and @ = 0° to the upstream direction. Both arrays
of microphones were positioned at a distance of 1.3 m
(= 6.5D,) from the propeller’s axis, with the directiv-
ity arc centered at the propeller’s rotation center. To ac-
count for the sound convection due to the flow, the acous-
tic data recorded was corrected in terms of amplitude and
polar emission angle 6, following the guidelines explained
in [17]. Therefore, the polar emission angles and ampli-
tudes shown henceforth in directivity plots (Figs. 4-15)
already present this correction. A sampling frequency of
51200 Hz and a recording time of 60 s were employed,
which corresponds to approximately 10,000 propeller ro-
tations acquired per operating condition.

In order to reduce acoustic reflections, acoustic ab-
sorbent materials (melamine and pyramidal polyurethane
foam panels) were placed over all exposed surfaces within
the anechoic plenum, see light and dark gray surfaces
in Fig. 1, respectively. The turbulence grids were also
equipped with 20-mm thick melamine foam panels, which
were water-jet cut to the respective grid geometry and
glued onto the downstream side to suppress both sec-
ondary reflections and the generation of tones by vortex-
shedding mechanisms [18].
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3. CONVENTIONAL AND SOUND QUALITY
METRICS

Conventional sound metrics typically used in noise as-
sessment pose challenges for quantifying noise annoy-
ance [9]. Nevertheless, current noise regulations still
employ these metrics for enforcing environmental noise
laws. Therefore, the current study considers the equivalent
sound pressure level L4, as well as the maximum tone-
corrected perceived noise level (PNLT) to assess the noise
emissions of both propellers. The latter is the base for the
effective perceived noise level (EPNL) metric, which is
typically employed during aircraft noise certification pro-
cesses [19].

Unlike the sound pressure level L, metric, which
quantifies the purely physical magnitude of sound based
on the pressure fluctuations, Sound Quality Metrics
(SQMs) describe the subjective perception of sound by
human hearing. Hence, SQMs are expected to better cap-
ture the auditory behavior of the human ear compared to
conventional sound metrics typically employed in noise
assessments. The five most commonly-used SQMs [20]
are:

Loudness (INV): Perception of sound magnitude cor-
responding to the overall sound intensity.

Tonality (K): Perceived strength of unmasked
tonal energy within a complex sound.

Sharpness (5): High-frequency sound content.

Roughness (R): Hearing sensation caused by mod-
ulation frequencies between 15 Hz and 300 Hz.

Fluctuation strength (F'S): Assessment of slow
fluctuations in loudness with modulation frequen-
cies up to 20 Hz, with maximum sensitivity for
modulation frequencies around 4 Hz.

These five SQMs were calculated for each recording
and combined into a single global psychoacoustic annoy-
ance (PA) metric following the model proposed by Di et
al. [21]. Henceforth, the top 5% percentiles of these met-
rics (values exceeded 5% of the time) are reported (and
hence the sub-index 5). All the SQMs and the PA met-
ric were computed using the open-source MATLAB tool-
box SQAT (Sound Quality Analysis Toolbox) v1.2 [22].
The R and F'S metrics evaluate the amplitude modula-
tion and, since the result comparisons are made for the
same propeller rotational speed, their variations were not
as significant as for the other metrics and are, therefore,
not presented in this paper for the sake of brevity.
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4. RESULTS

From the different test conditions evaluated, the results
presented in this paper correspond to a freestream velocity
Uoo of 30 m/s and a rotational frequency f, of 166.76 Hz,
resulting in a tip Mach number My, = V, /co of 0.325,

where V. = /(7 f.D,)? + U2, and ¢y = 340 m/s (speed

of sound at 16°C).

4.1 Influence of the inflow turbulence intensity

Figure 2 depicts the comparison of the spectra for all grid
cases for § = 30° and a polar emission angle of § = 140°,
i.e. downstream of the propeller plane. The frequency axis
is normalized with respect to the blade passing frequency
(BPF = Bf, ~ 1 kHz, where B = 6 is the blade count).
In general, it is observed that increasing 7'I causes a sub-
stantial raise in the broadband noise up to roughly the 7%
BPF (= 7 kHz). On the other hand, a considerable reduc-
tion in high-frequency broadband noise is observed for all
the grid cases after the 11" BPF (=~ 11 kHz).

For conciseness, the result comparison of varying tur-
bulence grids in this section is limited here to the cases
with § = 30°, although other collective blade pitch an-
gles presented comparable findings.

60
3
S 50
Il
<40
%ﬂ\
=30 Grid off Grid B] |
W Grid A Grid C
20 ‘ ‘ ‘
1 5 10 15
£/BPF []

Figure 2: Power spectra Sy, of acoustic pressure for
5 = 30° and all grids for 8 = 140° (Af = 5 Hz).

The influence of the inflow T'I in the propeller far-
field noise emissions was evaluated using directivity plots
(Figs. 4-9) at the end of this paper for the different sound
metrics considered (both conventional and psychoacous-
tic).

First of all, Fig. 4 depicts an almost omnidirectional
(except for an outlier at § ~ 150°) emission pattern of
the Lpeq metric that is essentially the same for all the
four cases. This highlights the fact that this simple met-
ric (lacking any frequency weighting) is not suitable for
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making perceptual comparisons [23]. The PNLT,.x met-
ric (Fig. 5, on the other hand, starts showing larger differ-
ences between the four inflow 7' cases, with (in general)
larger emission values with increasing 7. Overall, larger
values and variability are observed for larger polar emis-
sion angles 6. Nevertheless, the directivity patterns are
not very uniform. Regarding loudness Ns, Fig. 6 presents
a more dipole-like radiation pattern typical in propeller
applications [6, 10, 11]. Since loudness is (to a certain ex-
tent) an energy-based metric, increasing the 7'I results in
higher N5 values for all emission angles, showing values
up to 30% higher than the baseline grid-off case. This is
explained by the higher broadband noise levels observed
in the mid-frequency range in the spectra of Fig. 2. In
terms of sharpness S5 (see Fig. 7), the radiation patterns
are again dipole-like, but in this case, the grid-off case
(lowest inflow T'T) presents the highest values. This is
due to the fact that the sharpness metric employed repre-
sents the ratio of high-frequency loudness with respect to
the total loudness. High-frequency noise is, in fact, af-
fected by the presence of a turbulence inflow, but rather
surprisingly, not by its turbulence intensity. Unexpectedly,
its level is greater with a clean inflow and, therefore, the
overall sharpness is roughly 10% lower for the cases with
higher T'I compared to the grid-off baseline. A similar
trend (although with a considerably more irregular radia-
tion pattern) is observed for the tonality K5 (see Fig. 8). In
this case, the additional broadband noise observed in the
cases with higher T'I (see Fig. 2) effectively masks the
characteristic tones of the propeller noise signature (BPF
and harmonics), providing K values about half the base-
line case without inflow turbulence. Finally, the global PA
metric (see Fig. 9) combines the results of all SQMs and
shows a similar radiation pattern as Ns (since loudness
heavily influences PA [20]). For the larger polar emission
angles 6, the estimated psychoacoustic annoyance is up to
about 25% higher than for the grid-off baseline case.

4.2 Influence of the collective blade pitch angle

In a similar way as Fig. 2, Fig. 3 compares the far-field
noise emissions for all 3 cases considered when using
Grid C and a polar emission angle of § = 140°. In con-
trast to the 7'] variation, increasing /3 seems to mostly af-
fect the broadband noise emissions for frequencies higher
than the 10™ BPF, with lower values reported for increas-
ing 3. The spectra below that threshold, on the other hand,
roughly remained constant for varying (.

The effect of 5 on the directionality of the different
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Figure 3: Power spectra S, of acoustic pressure for
Grid C and all g for § = 140° (Af = 5 Hz).

sound and psychoacoustic metrics for the propeller was
evaluated in Figs. 10-15 at the end of this paper. Only
the results corresponding to Grid C (i.e. T1 = 3.44%)
are presented for conciseness, but the conclusions can be
extended to other cases.

The results for the Ly metric for this comparison
are depicted in Fig. 10, which are essentially the same
for all the cases evaluated, like in the 7'/ comparison pre-
sented in Fig. 4. In contrast, the PNLT,,x metric (Fig. 11
presents its largest variations (up to 4 PNTdB) closer to
the propeller plane (6 ~ 90°) with higher values for in-
creasing 3. This reflects the greater importance of loading
noise mechanisms in the propeller’s plane, as increasing
B results in increased blade loading for a constant inflow
velocity and rotational velocity. The loudness radiation
patterns presented in Fig. 12 also show this feature, al-
though with a more uniform dipole-like directivity pat-
tern. Near the propeller plane emission angles, differ-
ences in Ns up to 20% are reported, whereas for higher
0 values, the results for all cases seem to collapse bet-
ter. A more consistent variation with /3 is observed for the
sharpness in Fig. 13, where the first two cases (5 = 25°
and 27.5°) follow a very similar trend, but the two higher
blade pitch angles present roughly 10% lower S5 values.
This is explained by the aforementioned reduction in high-
frequency noise, as seen in Fig. 3. The tonality values
for this comparison (with the highly-turbulent Grid C, see
Fig 8) are all relatively low, but in the polar plot of Fig. 14,
it is observed that the lower (3 cases present even lower K’s
values (below 0.05 t.u.). Once again, this is likely to be
due to the lower masking because of the decrease in broad-
band noise that these cases present (see Fig. 3). Lastly, the
global PA metric presents once again a dipole-like radia-
tion pattern, but with a considerably smaller spread within
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the different cases compared to the 7'I study. In fact, only
significant reductions (about 10%) in PA are observed for
the smaller 3 cases close to the propeller disk (6 ~ 90°).

5. CONCLUSIONS

The current manuscript discussed the influence of the in-
flow turbulence intensity (7'7) and the collective pitch an-
gle on the noise emissions of an isolated propeller, eval-
uated with conventional and psychoacoustic metrics. The
experimental data considered was measured using a direc-
tivity arc in an aeroacoustic wind tunnel campaign.

In general, it was found that increasing the inflow
T considerably raised the measured values of PNLT .«
and loudness, whereas, on the other hand, sharpness and
tonality decreased. The overall psychoacoustic annoyance
metric (PA) roughly followed the same trend as loudness.
Overall, larger PA values and variability were observed
for higher polar emission angles (i.e. downstream of the
propeller plane).

Increasing the collective propeller blade pitch angle
[ also caused a rise in PNLT ., and loudness, but also a
moderate increase in tonality. This time, higher variations
of these metrics were observed in the propeller plane di-
rection (6 ~ 90°). Conversely, sharpness seemed to de-
crease for increasing /3 angles. The combined effect of
these changes caused a slight increase of PA with beta,
but was considerably milder than for the 7] comparison.

Future work will involve psychoacoustic listening ex-
periments to confirm the findings in this paper and as-
sess the somewhat contradicting trends between loudness
and tonality and sharpness. In addition, applying acoustic
imaging to the data recorded by the planar microphone ar-
ray would also be of interest to localize, if possible, the
noise sources responsible for these psychoacoustic fea-
tures [24].
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Figure 11: PNLT .« directivity for Grid C.

280170 445

150
45 140
s 130
Q" 40
ol 120
P, 35 —6-3=25deg
i 110 |#B=27.5deg
z 30 —»—(3=30deg
25 100|—+— 3 = 32.5 deg
20¢ 90
80
70

Figure 12: Nj directivity for Grid C.
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Figure 13: S5 directivity for Grid C.
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Figure 14: K5 directivity for Grid C.
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Figure 15: PA directivity for Grid C.
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