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Laminar Separation Bubble Noise on a Propeller Operating at
Low-Reynolds Numbers

Edoardo Grande*, Daniele Ragni"', Francesco Avallone®, Damiano Casalino¥,
Delft University of Technology, Delft, 2629HS, The Netherlands

This paper explains the presence and relevance of noise caused by a laminar separation
bubble (LSB) on a propeller operating at low-Reynolds number. Microphone measurements of
a propeller with both clean and forced boundary layer transition blades are carried out in an
anechoic wind tunnel by varying the propeller advance ratio J from 0 to 0.6, corresponding to a
tip Reynolds number ranging from 4.3 - 104 to 10°. The flow behaviour on the blade surface and
around the propeller is investigated with oil-flow visualizations and particle image velocimetry.
At J = 0.4 and 0.6, vortex shedding from the LSB causes high-frequency noise which appears
as a hump in the far-field noise spectra. Forcing the location of the boundary layer transition
suppresses the LSB and, consequently, the hump, reducing the noise emission of about 5 and 10
dB at J = 0.4 and 0.6, respectively. The fact that the hump is caused by LSB vortex shedding
noise is further assessed by using a semi-empirical noise model; it shows that the hump is
constituted by tones of different amplitudes and frequencies, emitted at different spanwise
sections along the blade.

Nomenclature
c = blade chord, m
D = propeller diameter, m
f = frequency, Hz
J = advance ratio
R = propeller radius, m
Re. = chord-based Reynolds number
Vo = free-stream velocity, m/s
o' = angle of attack, deg
w, = spanwise vorticity component, s~!
Subscripts
00 = freestream condition
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I. Introduction

LOW-REYNOLDS numbers flows over rotating blades is of great interest for the design of several devices, such as

unmanned aerial vehicles, micro aerial vehicles and urban wind turbines. These devices employ small-scale rotors,
which operate at a chord-based Reynolds number Re. ranging from 10 to 103. At such low-Reynolds numbers, the
boundary layer on the propeller blades is usually subjected to a laminar separation, even at low angles of attack. The
separated shear layer gains momentum from the free-stream and reattaches as turbulent boundary layer, forming a
laminar separation bubble (LSB) [1]. The LSB influences the aerodynamic performances and can be responsible of
noise radiation.

The works from Grande et al. [2] and Leslie et al. [3] focuses on the different noise sources which are simultaneously
present in a small-scale propeller. In particular, they showed that, for some operating conditions, the vortex shedding
generated from a LSB constitutes the predominant noise source at high-frequency and it is responsible for a hump
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in the far-field noise spectra. However, the research on these kind of propellers is limited by several numerical and
experimental challenges. On the numerical side, the main challenges are related to the capability of the CFD solver to
correctly predict the transitional flow behaviour [4]. On the experimental side, flow velocimetry suffers from the small
chordwise dimensions of the blades and to fact that the system is rotating. Furthermore, acoustic measurements are
contaminated by electrical motor noise [5, 6] and vibrations of the test-rig. The studies focusing on steady airfoils reveal
that, as the angle of attack (or Reynolds number) increases, the LSB moves upstream and decreases in length [7]. The
decrease in length of the LSB as the angle of attack increases continues until the the separation and reattachment point
occur at the same point (in the vicinity of the leading edge) and the bubble bursts. In this case a laminar separationn is
still present but the separated shear layer is not able to reattach anymore. This causes a pronounced decrease in lift and
increase in drag. At very low Reynolds numbers, a LSB can burst at low angles of attack and the lift polar shows a
substantial decrease of the curve slope due to a lower suction peak (with respect to the corresponding inviscid case), as
shown by Yarusevich at al. [8] and by Abathi and Marchman [9]. The sketch in Fig. 1 (left) illustrates the general trends
of the reattachment point versus the angle of attack, at different Reynolds numbers (Re; < Re, < Res). The angle of
attack at which the LSB starts forming (indicated by the horizontal dashed lines) depends on the Reynolds number. In
particular, when Re increases, the LSB starts forming at a lower angle of attack [10]. The corresponding lift coefficient
c; curves is shown in Fig. 1 (right). The visible lower ¢; slope for the red curve, corresponding to the lowest Reynolds
number Rey, is related to the bubble bursting at low «, or, in other words, to a flow separation with no reattachment.

a [T ¢ [-1A
Rel
R82
Re, Re

18

:: 4

%/ ] = arl

Fig. 1 Sketch of the chordwise locations of the reattachment point (left) and lift coefficient curves at different
Reynolds numbers (right).

A LSB located sufficiently close to the airfoil trailing edge is responsible of tonal noise emission [11]. Indeed,
coherent vortices, result of amplified instability (Tollmien-Schlichting) waves into the laminar boundary layer, roll-up
over the separated shear layer and produces tonal noise during their passage over the trailing edge. The coherence of the
vortical structures at the trailing edge is a necessary condition for tonal noise emission. The acoustic pressure waves
scattered at the trailing edge propagate upstream and trigger the generation of new instability waves in turn leading to
vortex shedding. Hence, a so-called "feedback loop" is created between the trailing edge and the upstream point where
the hydrodynamic instabilities are formed. It is not clear yet whether the presence of a feedback loop is a necessary
condition for the tonal noise generation and there is no agreement on the physics and exact chordwise extent of the
feedback loop [12].

Arbey and Bataille [13] found that, in presence of vortex shedding from LSB, the spectrum of the radiated noise, for
a class of NACA airfoils, consists of a broadband hump, centered at a frequency fs, and a dominant (or central) tone, at
a frequency fy,,.x» surrounded by a series of regularly spaced tones at frequencies f,. Paterson et al. [14] observed
that the main tone frequency exhibits a so-called "ladder-structure", i.e., for a small range of free-stream velocities U,
it increases as U%® and, at certain velocities, it jumps to higher frequencies following a new U%® power relationship
with the velocity. The average trend of the main tone frequency (obtained by fitting a straight line through all the data
points) follows a 3/2 power of the free-stream velocity, hence f;,,, ., o UL?>. On the contrary, the tone frequency pattern
from the investigation of Nash et al. [15] does not exhibit any ladder-like structure. Probsting et al. [16] found that
the acoustic spectrum is characterized by a primary tone over a large range of Reynolds numbers and angles of attack
and it is subject to at least one ladder type transition for a specific Re.. Moreover, they proved that the tonal noise
emission is dominated by suction side vortex shedding at low Reynolds numbers and pressure side vortex shedding at
higher Reynolds numbers. While Paterson’s model estimates only the vortex shedding tone frequency, the only available
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model that predicts the amplitude of the tones is the airfoil self noise model from Brooks et al. [17] (in the following
referred as BPM model). The latter is a semi-empirical model based on a wind tunnel data set on NACA 0012 airfoils of
different chord length. It is unknown if the current knowledge about noise generation due to laminar vortex shedding
from steady airfoils applies also to rotating blades. In this case, the spanwise variation of velocity and angle of attack
can influence the formation of the LSB and the coherence of the shed vortices.

The aim of the paper is to study the characteristics of the LSB for a propeller operating at low-Reynolds numbers
and to show how the LSB contributes to a significant noise emission. To this purpose, a small-scale propeller is tested at
a tip Reynolds number between 4.3 - 10* and 10°. Far-field noise measurements, phase-locked stereoscopic PIV and
oil-flow visualization are used to quantify the noise radiation and to visualize the flow around the propeller and on the
blade surface, respectively. A comparison is presented for the case of the propeller with smooth surface and with a
turbulator applied on the blade surface to force the location of the transition of the boundary layer from laminar to
turbulent. A physical interpretation of the acoustic spectra is given by extending the BPM model to rotating blades.

The paper is structured as follows. In Sec. II the propeller geometry is presented together with the experimental
setup. Section III illustrates the extension of the BPM model to rotating blades. Section IV shows the oil-flow and PIV
results, while the experimental and numerical noise spectra are illustrated in Sec. V. Finally, the main conclusions of
the work are summarized in Sec. VL.

I1. Propeller geometry and experimental setup

The propeller used for this research is inspired by an APC 9x6. It is a two-bladed propeller, constituted of NACA
4412 airfoil sections, with a diameter D = 30 cm. Measurements are conducted both with a smooth blades surface
(denoted as clean) and with a turbulator applied on the suction side of the propeller blade (denoted as forced-BL s.s),
on the pressure side (denoted as forced-BL p.s) and on both pressure and suction side (denoted as forced-BL). The
turbulator fixes the boundary layer transition location and it is realized as a flat strip with a thickness of 0.08 mm and a
chordwise length of 1 mm and it is applied at 25% of the chord. The propeller is tested in the anechoic tunnel (A-tunnel)
of TU Delft. The A-tunnel is a vertical, open-jet wind tunnel and the exit nozzle employed is circular, with an exit
diameter of 0.60 m and a contraction ratio of 15:1. A more detailed description of the propeller geometry and test-rig
can be found in Grande et al. [2], while the A-tunnel details of the flow and acoustics characterization, can be found in
Merino-Martinez et al. [18].

For the acoustic measurements, the propeller is operated at three rotational velocities, 4000, 5000 and 6000 rpm,
over a range of advance ratios J = V,/nD between 0 and 0.6 (where V,, is the axial flow speed in m/s, n is the propeller
rotational frequency in Hz and D is the propeller diameter in m). The tip Reynolds number is varied from 4.3 - 10*
to 103. The operating conditions are summarized in Table 1. The flow measurements are conducted over a reduced
test-matrix, i.e. 4000 rpm and all the J reported in Table 1.

Table 1 Propeller operating conditions.

J rpm Vo [m/s] | rpm  Ve[m/s] | rpm  Ve[m/s]
0.0 || 4000 0.0 5000 0 6000 0
0.24 || 4000 4.8 5000 6 6000 7.2
0.4 || 4000 8.0 5000 10 6000 12
0.6 || 4000 12 5000 15 6000 18

A. Acoustic measurements

The acoustic measurements are performed by means of an arc of microphones, constituted by 7 G.R.A.S. 46BE
1/4" free-field microphones, having a frequency range between 4 Hz and 80 KHz and a maximum SPL of 160 dB. As
shown in Fig. 2, the microphone arc has a radius of 4D (1.2 m) and the angle between each microphone is 10° ). The
microphones are calibrated using a G.R.A.S. 42AA pistonphone with a calibration level of 114 dB re. 20 uPa. The
uncertainty of the calibration is less than 0.09 dB (99% confidence level). The data acquisition system consists of a
National Instrument PXIe-4499 sound and vibrations data acquisition module. Microphone voltages have been recorded
for a duration of 30 s at a frequency rate of 100 KHz. Fourier transformed data are obtained with 750 Welch blocks,
50% overlap and Hanning windowing, corresponding to a bandwidth of 25 Hz.
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Fig.2 Microphone array configuration.

B. PIV measurements

Stereoscopic PIV measurements are conducted to study the flow around the cross section of the blade at r/R = 0.6
and in the propeller wake. The flow is seeded with particles lower than 1 micrometer median diameter produced by a
SAFEX Twin Fog generator with SAFEX-Inside-Nebelfluid, a mixture of dyethelene glycol and water. Illumination is
provided by a double cavity Quantel Evergreen EVG00200 Nd: YAG laser with 200 mJ/pulse energy. Figure 3 shows the
laser and camera configuration adopted for both the type of measurements. A total of four Imager sCMOS camera
(2560 x 2160 px), two for the suction side and two for the pressure side, equipped with Scheimpflug adapters and four
Nikon lenses with 200 mm focal length at f# 11 are used for the cross section measurements, whereas two imager
sCMOS camera equipped with Scheimpflug adapters and two Nikon lenses with 60 mm focal length at f# 8 for the wake
measurements. The camera calibration, acquisition and post-processing are carried out with the LaVision Davis 8.4
software.

To visualize the entire flow-field around the blade cross-section, a beam splitter is used to create two laser sheets of
about 1 mm of thickness, one illuminating the suction side of the cross-section and one the pressure side (see Fig. 3a).
Hence, the final field of view is the combination of two fields of view. To converge statistics, sets of 500 images are
recorded in phase-locked mode, thus a trigger signal from the encoder mounted on the motor shaft is used to synchronize
laser and camera. For the cross section measurements, the images are acquired when the propeller section is aligned
with the laser plane, as depicted in Fig. 3a (bottom). For the wake measurements instead, three propeller phases are
chosen, i.e. ¥ =0°, ¥ =45°, ¥ =90° (see. Fig 3b).

The images are processed with a cross-correlation algorithm employing the window deformation iterative multi-grid
[19] with final interrogation window size of 24 x 24 pixels and 75% overlap for the sectional measurements and 16 x 16
pixels and 75% overlap for the wake measurements. Spurious vectors are identified through a median filter and replaced
by interpolation. The main parameters of the current PIV setup are reported in Table 2.

A self-calibration through a disparity correction procedure is used [20], in order to refine the target calibration by
correlation of the particle images between the two cameras. The residual average misalignment is equal to 0.03 px for
the cross-section measurements and 0.005 px for the wake measurements. The phase-locked PIV measurements of this
study are mainly affected by random errors, as the cross-correlation uncertainty. The effect of this error scales with
1/VN (where N is the number of images), due to statistical convergence. The cross-correlation uncertainty is in a range
of 0.05-0.1 px [21], for a multi-pass algorithm ending with a windows size between 24 x 24 px and 16 x 16 px. The
corresponding error based on the value of maximum instantaneous velocity, encountered at the airfoil suction side, is of
the order of 0.9%, while for the minimum velocity, encountered at the airfoil leading edge, is equal to 5%. Therefore,
the overall uncertainty on the maximum and minimum mean velocities are assessed at 0.04% and 0.22%. On the other
hand, the overall uncertainty relative to the maximum and minimum velocity fluctuations are of the order of 1.7% and
14%, respectively.
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Fig. 3 Sketch of PIV laser and camera configurations for the cross section (a) and wake (b) measurements.

C. Oil-flow visualizations

To visualize the surface flow pattern on the propeller blade, surface oil-flow visualizations are carried out. A
fluorescent mixture obtained from 50 mL of Shell Ondina Oil 15 liquid-paraffin wax and 15-25 drops of fluorescent oil
additive A-680 is used. The oil-flow tests are conducted as follows. A film of oil is applied on the blade surface. The
propeller is brought to the required operating conditions and is run for about 8-10 min to let the mixture to properly
establish on the blade surface. Finally, the propeller is slowly stopped, then it is illuminated at rest with an ultraviolet
lamp with a wide aperture and pictures of the blade surface are taken.

I11. Extension of the BPM model to rotating blades

This section illustrates how the BPM model [17], originally developed to predict self generated noise of a steady
airfoil encountering smooth flow is extended to a rotating blade. To this purpose, a strip approach is applied, i.e. the
propeller blade is divided in N spanwise elements (sources) and, for each of them, the noise contribution is computed by
using the BPM model. The main assumption of the strip theory is that there is no aerodynamic interaction between
the elements, thus the effect of the spanwise velocity component is discarded. The airfoil self-noise mechanisms
implemented in the current work are the laminar boundary layer vortex shedding (LBL-VS) noise and turbulent boundary
layer trailing edge noise (TBL-TE). Following the BPM approach, the LBL-VS noise spectrum in 1/3-octave for the i-th
strip can be written as:

: Li6,M°Dy, St’ Re.
SPL! X,Y,Z)=101 G G
LBL-vs!( ) 0g ( 72 TG St + 062 (Reo)o

peak
where the superscript i refers to the i-th strip, L; is the spanwise length of the strip, 6, is the boundary layer thickness
at the trailing edge of the blade for the pressure side, M is the free-stream Mach number, 7, is the absolute distance
source-observer, Dy, is the directivity function for the high-frequency limit, Sz’ is a Strohual number defined as
St" = f6, /U with f being the frequency vector and U, the free-stream velocity, Re,. is the chord-based Reynolds
numbers, « is the angle of attack. For details about D_h, St;w o (Re()o, G1, Ga, G3, the reader can refer to Brooks at
al. [17]. The TBL-TE noise spectrum in 1/3-octave for the i-th strip is instead modelled as follows:

+G3 () ey
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Table 2  Details of PIV setup for the cross section (a) and wake (b) measurements.

Imaging parameters Wake measurements  Cross section measurements

Camera 2 Imager sCMOS 4 ITmager sCMOS

Number of pixels [px] 2560 x 2160 2560 x 2160

Pixel size [um] 6.5x6.5 6.5x6.5

Focal length [mm] 60 200

Magnification 0.1 0.37

Imaging resolution [px/mm] ~ 15 ~56

FOV [cm?] 16x 16 45x4

Spatial resolution [mm] ~ (.28 ~ 04

f# 8 11
SPLypy 15 (X.Y,Z) = 10log (1057 L0104 10(SPES10) 4 10(SPLaN10)) @)

where the three terms in the equation account for the attached TBL at the pressure side (SPL ), for the attached TBL
at the suction side (SPLy) and for the separated boundary layer at high angles of attack (SPL,). The full expressions
for these three terms can be found in Brooks at al. [17].

The quantities 6,, and « constitute the main input parameters of the LSB-VS noise model, while ), 55 (boundary
layer displacement thickness at the pressure and suction side) and « constitute the main input parameters for the TBL-TE
noise model. These parameters are predicted by using OptydB-BEMT , which is a tool for the prediction of the propeller
loads, based on blade element momentum theory formulation with uniform inflow. Details about the tool can be found
in the work of Casalino et al. [22], where the tool has been validated against experimental and numerical results.

When calculating the SPL contribution of the i-th strip from Eq. 1, a local reference frame (x,y,z) shown in Fig. 4
(right) and located at the midspan of the strip, is used. The axis X,y,z are the the chordwise, spanwise and wall-normal
components, respectively. On the other hand, the position of the observer is given in the rotor fixed reference system
(X,Y,Z), shown in Fig. 4 (left), where the X and Y axes are in the rotor plane and the Z axis is parallel to the free-stream.
Therefore, a coordinate transformation is applied to express the position of the observer, given in (X,Y,Z), with respect
to (x,y,z). In order to account for the Doppler effect, a frequency shift [23] is applied to each strip as:

&:1+Mbsin‘l‘sin® 3)
Wo
In the latter w, is the emitted frequency from the source, w, is the frequency at the observer location, M}, is the source
Mach number, W is the source azimuthal position and ® is the observer angle (see Fig. 4). Finally, the total noise
contribution is computed by assuming fully uncorrelated sources and averaging over all the azimuthal positions of the
blade by means of:

B 2n We .
SPL(x,y,2) = 7 /0 (w_) SPL'(x,y,z) d¥ 4)

o

where B is the number of blades.

The vortex shedding noise frequency for each blade strip is also estimated by means of Paterson’s power law
relationship (mentioned in Sec. I). He postulated that the vortex shedding phenomenon from an airfoil qualitatively
resembles the shedding associated to bluff bodies. Therefore a Strouhal number St of 0.2, defined as St = 2f07g /U
with d7g being the airfoil boundary layer thickness at the trailing edge, has been taken as non-dimensional frequency
scaling law. Using for 67 the Blasius solution for a flat plate [24], it follows:

UL
f= Kﬁ %)

where K = 0.02, c is the airfoil chord and v is the kinematic viscosity of the fluid.
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Fig. 4 Representation of the rotor fixed reference frame (left) and the propeller strip reference frame (right).

IV. Aerodynamic characterization

A. Oil-flow visualizations

Figure 5 shows the oil-flow visualizations of the suction side of the propeller blade for both the clean and forced-BL.
cases at 4000 rpm and J varying from O to 0.6. Since the oil, especially at the tip region, is subjected to the propeller
centrifugal force, the oil-flow results are only used to show the presence of a LSB, and not to retrieve the streamlines
direction. The blade portions where the thickness o0il accumulates (green area marked with S) represents regions with
flow separation. These regions are characterized by a chordwise pressure gradient that is almost zero and the flow is
predominantly radial due to the centrifugal force.

The clean case (Fig. 5 up) reveals a presence of a LSB at J between 0 and 0.4. The LSB is represented by the
green region enclosed between the separation and reattachment lines, highlighted with dashed magenta and red lines,
respectively. The LSB length increases with J because of a decrease of the local angle of attack along the blade. Unlike
the other cases, at J = 0 the LSB does not extend up to the tip and this is ascribed to the tip vortex, that washes out the
LSB at the tip region [25, 26]. For the case J = 0.6, the flow separates but it is not very clear if it reattaches in proximity
of the trailing edge. Thus, a bubble bursting might occur.

When the turbulator is used, Fig. 5 (down), the LSB is suppressed and all the cases exhibit a similar behaviour.
After the turbulator line the flow is attached and eventually separates close to the trailing edge. The separated region
extends up to the tip only at J = 0 and reduces in size as the advance ratio increases. This is probably due to the global
decrease of the angle of attack over the entire blade as J increases.

B. Vorticity field around the cross-section at r/R = 0.6

Figure 6 shows the instantaneous spanwise vorticity distribution (obtained with finite difference of order two from
the PIV velocity fields) around the cross-section of the clean blade at »/R = 0.6 at 4000 rpm and J varying from 0 to 0.6.
The x and y axis are normalized with respect to the local airfoil chord and centered at the airfoil leading edge. Each
vorticity field is adjacent to the corresponding oil-flow visualization of the blade suction side. The cross-section at r/R
= 0.6 is marked with the horizontal magenta line.

The cases at J = 0.4 and 0.6 exhibit clear coherent vortex shedding in the near wake region (1 < x/R < 1.2), forming
a vortex shedding. For the other two cases, i.e. J = 0 and 0.24, coherent structures in the near wake cannot be identified.
Indeed, at low advance ratios the LSB has a smaller length and it is closer to the leading edge, as shown from the the
oil-flow patterns in the left side of the figure. As a consequence, the vortex shedding is characterized by structures
with a lower coherence and length scale, which might be not captured from the current PIV setup. The surface point
on the suction side where the vorticity is non-zero (marked with O) moves toward the trailing edge as J increases, in
agreement with the downstream displacement of the LSB. It is relevant to note that the length scale of the structures at J
= 0.6 is larger compared with the case at J = 0.4. This is related to the laminar separation without reattachment, as
mentioned in the previous section. In fact, as shown by Yarusevich [27], when the flow fails to reattach the scale of the
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Fig. 5 Qil flow visualizations of the suction side of the clean blade (up) and of the forced-BL blade (down) at
4000 rpm and J = 0, 0.24, 0.4 and 0.6.

wake structures is noticeably larger.

1. Estimation of the shedding frequency

The instantaneous vorticity fields at J = 0.4 and 0.6 are used to estimate the wake shedding frequency, adopting
a statistical approach. To this purpose, the vorticity is extracted in the wake region and the two-dimensional spatial
autocorrelation of the vorticity field is computed. Hence, for each frame, the characteristic wavelength A of the vortices
is calculated from the position of the autocorrelation peak and stored in an array. Lastly, the shedding frequency f; is
retrieved as fy = Veony /A, where Vi ,p,, is the convection velocity, computed from the PIV velocity field. Figures 7a and
7b show the 2D autocorrelation coefficient R, (A1) of a single vorticity field for the cases J = 0.6 and 0.4, respectively.
As expected, they exhibit a unitary peak at A, = A, = 0 and a second peak with an amplitude of about 0.45 that is
associated to the wavelength of the vortices. Spurious peaks with an amplitude lower than 0.2 are discarded. The arrays
with the calculated wavelengths A for each frame are fitted with Gaussian distributions (see Figs. 7c and 7d). The final
wavelengths are chosen as the mean value of each distribution and they are equal to A =2 mm at J = 0.4 and 4 = 2.3 mm
at J = 0.6. The corresponding vortex shedding frequencies are 9635 Hz and 8600 Hz for J = 0.4 and 0.6, respectively.
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Fig. 6 Instantaneous spanwise vorticity distribution (right) around the clean blade cross-section at r/R = 0.6

and oil-flow visualizations of the blade suction side at 4000 rpm. From top to bottom: J =0, J = 0.24, J = 0.4 and
J=0.6.

C. Vorticity field in the propeller slipstream

In order to extend the above discussion to the entire blade, the y-component of the vorticity has been calculated in a
plane in the propeller slipstream region for two cases: J = 0 (Fig. 8a) and J = 0.4 (Fig. 8b). The three columns in the
figure represent three different propeller azimuthal angles: ¥ = 0° (left), ¥ = 45° (center), ¥ = 90° (right). The flow
direction is from bottom to top and the x and y axis are normalized with respect to the propeller radius. At J = 0.4 (Fig.
8b), the propeller presents a well-defined tip vortex together with a positive/negative vorticity region distributed along
the entire blade, where different vortex cores are identified. This can be related to the footprint of the structures shed
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Fig. 7 First row: two dimentional spatial autocorrelation coefficient of the instantaneous vorticity field in the
cross-section wake at J = 0.4 (a) and J = 0.6 (b). Second row: probability density function distribution of the
wavelength of the vortices shed from the LSB at J = 0.4 (c) and J = 0.6 (d).

from the LSB, identified in Fig. 6, which are convected into the wake. These structures appear to be coherent after half
rotor radius downstream of the propeller. The case J = 0 (Fig. 8a) exhibits a clear difference with respect to J = 0.4 and
a less coherent wake. A spanwise positive/negative vorticity region is barely noticeable, without a visible distribution of
vortical structures. Furthermore, this region, together with the tip vortex, appears to dissipate faster and mix with the
surrounding flow from about 0.2 rotor radius.

V. Aeroacoustic characterization

A. Experimental far-field noise spectra

Figure 9 shows the experimental far-field noise spectra (above 2 - 10° Hz) for the clean blade, computed by using
the pressure signals from microphone 2. Spectra from the other microphones show similar trends and do not provide
additional information. Figure 9 (left) represents a comparison at a fixed rpm of 4000, by varying the J, Fig. 9 (right)
represents instead a comparison at a fixed J of 0.6, by varying the rpm. In order to highlight the noise trends, a
smoothing function that discard the tonal peaks due to the electric motor (as shown by Casalino et al. [22]), is applied
to each spectrum and plotted on top of the real spectrum. The hump above 5 - 103 Hz, visible at J/ = 0.6, and to a
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Fig. 8 Instantaneous vorticity distribution in the wake at 4000 rpm and J = 0 (a) and J = 0.4 (b). The three
columns represent three different propeller phases: ¢ = 0°, ¢ = 45°, ¢ = 90° (from left to right)

lesser extent, at J = 0.4, is due to the vortex shedding from the laminar separation bubble. A further indication is
given by the Paterson’ model (Eq. 5), which predicts vortex shedding frequencies in the same frequency range. Indeed,
since the chord and velocity vary along the blade, there is a range of frequencies (instead of a single tone) at which
the vortex shedding noise is expected to be present. For each operating condition, the minimum and maximum vortex
shedding frequencies from the last 60% of the blade, predicted by Paterson’s law, are reported in Table 3 and contained
between 5 - 10° Hz and 4.7 - 10* Hz. The minimum frequencies are also represented in Fig. 9 as vertical lines. For the
cross-section at the 60% of the span, the Paterson’s frequencies f;,, predictions are compared with the experimental
shedding frequencies f;,,, calculated in Sec. IV.B.1. AtJ = 0.4, f;,, is equal to 7200 Hz and f;,,, to 9635 Hz with a
difference of about 2400 Hz. At J = 0.6, f;,,,, is 7635 Hz and f;,,, = 8600 Hz. These discrepancies are attributed to
the simplicity of Paterson’s model which does not take into account the effect of the airfoil profile and to the intrinsic
degree of uncertainty of the statistical approach used for the estimation of the shedding frequency.

It is evident that the amplitude of the hump increases when J passes from 0.4 to 0.6. This is associated to the
increase in length of the shed vortices (see Sec. IV.B) and, as a consequence, to a more efficient noise source. For
the cases J = 0 and 0.24, the lower coherence of the vortices at the trailing edge is the reason for the hump reduction.
When the rpm is increased and J is kept equal to 0.6 (Fig. 9 right), the hump shifts toward higher frequencies and
increases in amplitude. The frequency shifting is in agreement with the Paterson’s model as it is dependent on the

Table 3  Propeller vortex shedding frequencies predicted by means of Paterson’s model.

4000 rpm 5000 rpm 6000 rpm
fSMIN fSMAX fSMIN fSMAX fSMIN fSMAX
0.00 5048 25693 | 7055 35908 | 9274 47202
0.24 || 5135 25806 | 7133 36008 | 9345 47293
0.40 || 5288 26005 | 7270 36187 | 9471 47456
0.60 || 5584 26393 | 7537 36534 | 9716 47774
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velocity (f oc U'~). The increase in amplitude is due to the fact that, when the rpm increases (at a fixed J), the angle of
attack over the blade decreases and, as explained above, this shifts the separated area over the trailing edge and make the
vortex shedding noise more efficient.
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Fig. 9 Comparison of noise spectra at mic 2 for the clean blade at a fixed rpm of 4000, by varying J (left) and a
fixed J of 0.6, by varying the rpm (right).

Figures 10 shows the noise spectra for the forced-BL blade. As for the clean case, the left side of each figure reports
a comparison at a fixed rpm of 4000, by varying the J, instead the right side represents a comparison at a fixed J of 0.6,
by varying the rpm. The turbulator suppresses the formation of the laminar separation bubble responsible for the hump.
The main noise source for this case is expected to be turbulent boundary layer trailing edge noise. It is interesting to
note that, when the rpm is kept constant and J increases, the hump at J = 0.4 and 0.6 disappears and the spectra shows
the same trend of the cases J = 0 and 0.24. This constitutes a further prove that the high frequency noise trend for the
clean blade is strongly related to the LSB characteristics. On the other side, the increase of rpm at a fixed J of 0.6
causes an increase in the noise level. This could be related to the scaling of trailing edge noise with the Mach number.

Finally, in Figs. 11 and 12 are plotted the results for the forced-BL s.s. and forced-BL p.s. cases, respectively. They
confirm that the high-frequency hump is due to a LSB on the suction side of the blade. Indeed, when the turbulator
is applied only on the suction side (Fig. 11), the spectra are very similar to the forced-BL case (Fig. 10). When the
turbulator is applied only on the pressure side instead (Fig. 12), the hump is still visible and the spectra are similar to
the clean case (Fig. 9.)

By comparing the noise spectra between the clean, forced-BL, forced-BL s.s. and forced-BL p.s. cases in Fig. 13,
the final conclusions about the LSB effect can be more easily inferred. At the lowest advance ratios, i.e. J =0 (Fig. 13a)
and 0.24 (Fig. 13b), the LSB, located close to the blade leading edge, has almost no effect and all the spectra have
similar levels. AtJ = 0.4 (Fig. 13c) and 0.6 (Fig. 13d) the vortex shedding from the LSB, which moves toward the
blade trailing edge and increases in chordwise length, is the cause of an increment in noise level for the clean case with
respect to the forced-BL and forced-BL s.s. cases of about 5 and 10 dB, respectively. When the turbulator is applied
only at the pressure side, as expected, the noise spectra compare well to the clean case. In particular, the level of the
forced-BL p.s. spectrum is about 1 dB (above 1.5 - 10* Hz) and 1.5 dB lower with respect to the clean case at J = 0.4
and 0.6, respectively. The slightly lower noise level compared to the clean configuration could be related to a coupling
between the events on the two sides of the blade [16]. In other words, the turbulator on the pressure side could influence
the position and length of the LSB on the suction side.
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Fig. 11 Comparison of noise spectra at mic 2 for the forced-BL s.s. blade at a fixed rpm of 4000, by varying J
(left) and a fixed J of 0.6, by varying the rpm (right).

B. Noise prediction from the semi-empirical model

This section presents a discussion about the low-order prediction by means of Egs. 1 and 2. Figure 14 compares
the predictions for the cases J = 0.4 and 0.6, which are the ones where the noise due to the shedding from the LSB
constitutes the main source, against the experimental noise spectra. The first row illustrates the results at J = 0.6 and the
second row at J = 0.4, while the three columns represents the three different rpm, i.e. 4000, 5000 and 6000 (from left to
right). At J = 0.6, the LSB-VS model predicts sufficiently well the shape and frequency range of the high frequency
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Fig. 12 Comparison of noise spectra at mic 2 for the forced-BL p.s. blade at a fixed rpm of 4000, by varying J
(left) and a fixed J of 0.6, by varying the rpm (right).

hump. The overall mismatch in the amplitude of about 10 dB for all the cases is ascribed to the extreme sensitivity of
the BPM model to the angle of attack and not to the present extension for the rotating blade case (see Appendix). If o
along the entire blade is varied of about 1 deg for the three cases, the predictions (labeled as "LSB-VS corr.") match the
levels of the experimental spectra. It must be noted that the experimental distribution of angles of attack along the the
blade is not available. Thus, the input angle of attack from OptydB-BEMT tool is affected by an uncertainty that is not
quantifiable. Only for the case at 5000 rpm, the distribution of & from a high-fidelity simulation, performed by means
of Simulia PowerFLOW software based on a Lattice-Boltzmann/Very Large Eddy method is also available (see the work
from Romani et al. [4] for the details). The result using this « distribution is included in Fig 14b (denoted as LBL-VS
PF) and it compares well with the "corrected" result using o from OptydB-BEMT . At J = 0.4, the amplitude of the
numerical predictions from the LSB-VS model compare well to the experiments after the angle of attack "correction".
On the other hand, the predicted frequency range is narrower with respect to the experimental values, which exhibit a
broaden hump. At both the advance ratios, the TBL-TE model provides significantly lower levels, hence excluding
trailing edge noise as one of the major noise sources. Furthermore, in this case a "correction" of the input & would not
improve the match with the experimental values since the TBL-TE model is much less sensitive to a variation of «, as
shown in the Appendix.

Figure 15a represents the noise spectrum in 1/3-octave (thick black line) at microphone 1 for the case at J = 0.6
and 4000 rpm, together with the contribution from each individual blade strip, where the blue lines represents the
contribution of the sections up to /R = 0.7 and the red lines from r/R = 0.7 onward. It is conjectured that the broad
hump is due to the superimposition of tones of different amplitudes and frequencies, emitted from the single blade
sections. Furthermore, the last 30% of the blade (red lines) has the largest contribution in terms of noise generation and
it is responsible for most of the hump. Due to the lower relative velocity and higher angle of attack, the more inboard
sections (blue lines) generate tones of much lower amplitude. This can be better visualized by plotting the azimuthal
OASPL contribution in the propeller plane, as in Fig. 15b. The right outboard part of the disc shows an higher noise
level (between 2 and 4 dB) with respect to the corresponding parts on the other sides and makes the plot asymmetric.
This is due to the Doppler effect. The other cases present similar results, hence they are not reported.

VI. Conclusions
An investigation of the noise emitted by a laminar separation bubble on a small-scale propeller operating at
low-Reynolds number was accomplished through experimental measurements in an anechoic wind tunnel. The propeller
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Fig. 13 Comparison at mic 2 between clean, forced-BL, forced-BL s.s, forced-BL p.s noise spectra at 4000 rpm
and J =0 (a),J =024 (b),J =0.4(c),J =0.6 (d).

was tested both with a smooth surface (clean) and with a turbulator applied on on the suction side of the propeller blades
(forced-BL s.s.), on the pressure side (forced-BL p.s.) and on both suction and pressure side (forced-BL) to force the
transition of the boundary layer from laminar to turbulent. Microphone measurements were complemented with oil-flow
visualization of the blade surface and phase-locked PIV measurements of a blade cross-section and of the propeller
slipstream. Physical insights of noise generation due to the LSB were retrieved by extending the semi-empirical BPM
model [17] to rotating blades.

A laminar separation bubble was visualized on the suction side of the clean blade surface at J =0, 0.24 and 0.4. At
J = 0.6 the LSB probably bursts since there was not a visual evidence of flow reattachment. When the boundary layer
transition location is forced, the LSB was suppressed and the flow appeared to be attached after the transition strip. The
analysis of the instantaneous vorticity field around the cross-section at the 60% of the span revealed that the LSB is
responsible for vortex shedding, characterized by coherent structures in the wake for the cases J = 0.4 and 0.6. The
bigger length scale of the shed vortices at J = 0.6 was associated with the hypothesis of separation without reattachment.
The shedding frequency, calculated by means of a statistical approach, was found to be 9635 Hz and 8600 Hz at / = 0.4
and 0.6, respectively. Vortical coherent structures were not clearly visible for the cases J = 0 and 0.24 and this was
attributed to the loss of coherence due to the smaller chordwise length of the LSB and the closer vicinity of the latter to
the blade leading edge.

The vortex shedding from the LSB at the suction side of the propeller blades is responsible for a high frequency
hump in the far-field noise spectra at J = 0.4 and 0.6. In accordance with the Paterson’s model, the hump shifts toward
higher frequencies when the rpm is increased. The comparison between clean and forced-BL noise spectra showed that,
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Fig. 14 Comparison at mic 2 between the experimental noise spectra and the numerical predictions at J = 0.6
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5000 rpm (e), J = 0.4 and 6000 rpm (f).

when the turbulator is used on both pressure and suction side or only at the suction side, the hump was removed and the
noise was reduced of about 5 dB at J = 0.4 and 10 dB at J = 0.6. This constitutes a further prove of the link between the
LSB and high frequency noise radiation.

The application of the semi-empirical model revealed that the different spanwise blade sections emits tones at
different amplitudes and frequencies, because of the variation of the relative velocity and angle of attack along the blade.
Hence, the hump in the noise spectra is due to the superposition of the same tones. The comparison of the numerical
predictions against the experimental results showed that the model satisfactory predicts the frequency range of the hump.
The mismatch found for the amplitude was proven to be associated to an extreme sensitivity of the BPM model itself to
the angle of attack. A variation of angle of attack over the entire blade of about 1 deg let the numerical predictions to
match well with the experiments.

Appendix

In this section the sensitivity of the LBL-VS and TBL-TE noise models to the angle of attack « is evaluated. To this
purpose, a fixed wing with a NACA 4412 airfoil (the same adopted for the propeller blades of the present study) is
considered and « is varied from 0 to 6 deg. The wing has a chord length of 0.03 m/s, a span of 0.15 m and it is operated
at a free-stream velocity of 50 m/s, corresponding to a chord Reynolds number of 10°. The noise is evaluated at a
distance of 3 m from the mid-span of the wing. The results for the two noise models are plotted in Figs. 16 and 17,
where the left side shows the output noise spectra for each @, whereas the right side represents the ASPL, which is
the difference in the noise level when a variation of 1 deg of angle of attack is applied. For each «, the difference is
calculated with respect to the previous one.
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Fig. 15 Sectional contribution to the numerical noise spectrum (a) and azimuthal OASPL contribution (b) at
mic 2 for J = 0.6 and 4000 rpm.

For the LSB-VS noise model, when « is increased, the level of the predicted tone reduces substantially. Furthermore,
a change of @ has only an effect on the amplitude of the tone and not on the frequency. It appears that only when « is
varied from O to 1 deg the ASPL is below 10 dB, while for all the other cases a variation higher than 10 dB is found.
The maximum variation found is 19 dB and corresponds to a change of « from 2 to 3 deg. This high sensitivity of the
model to a change of angle of attack might be not very realistic and should be verified against experimental data.

On the other side, the TBL-TE noise model show an increase in the noise level and a shift towards lower frequencies
when « is increased. In this case, the model is much less sensitivity to the angle of attack. Indeed, the ASPL found
varies from 1 dB up to a maximum of 2 dB.
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Fig. 16 LBL-VS noise model results for a straight wing at different o (left). Variation of the noise level ASPL
with respect to a change of « of 1 deg (right).
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17 TBL-TE noise model results for a straight wing at different « (left). Variation of the noise level ASPL
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