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EXPERIMENTAL INVESTIGATION INTO THE SUPPRESSION OF
PROPELLER NOISE USING OVER-TIP-ROTOR LINERS

Sergi Palleja-Cabre'*
Phillip Joseph'

ABSTRACT

This paper presents an experimental study on suppressing
propeller noise in a short duct configuration by installing
Over-Tip-Rotor (OTR) liners on the wall casing. Far-field
noise measurements are reported alongside in-duct pres-
sure measurements at the wall obtained using an axial and
azimuthal microphone array installed upstream of the pro-
peller plane. In-duct measurements reveal that the OTR
liner is effective in reducing broadband noise, achieving
up to 4 dB of noise reduction over 1-5 BPFs. The axial
decay of tonal components was compared with an ana-
Iytical solution based on the Green’s function of an axial
dipole source, requiring a large number of cut-off modes
to match the experimental observations. The findings em-
phasise the importance of evanescent modes in compact
duct acoustics, with direct implications for source modifi-
cation, scattering effects, and far-field radiation.

Keywords: OTR liners, propeller noise, noise suppres-
sion, ducted rotors

1. INTRODUCTION

Compact ducted propellers, also known as shrouded pro-
pellers, have regained attention in the development of
Unmanned Aerial Vehicles (UAVs) and Urban Air Mo-
bility (UAM) solutions due to their potential advantages
in thrust augmentation, noise reduction, and operational
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safety. Several studies have shown that incorporating a
duct can lead to a significant increase in thrust compared
to an open propeller configuration [1,2]. The integration
of a duct enhances safety by providing a protective barrier
or blade containment. This feature is particularly advanta-
geous in densely populated areas where UAVs and UAM
vehicles are expected to operate.

Recent studies have investigated the effect of a short
duct on propeller noise. Overall noise reductions can be
achieved in some conditions, but the effect of the duct on
noise radiation can vary significantly between hover and
in-flight conditions. Malgoezar et al. [3] conducted exper-
iments on both isolated and shrouded propellers in hover
and in-flight conditions. In hover, the use of the duct re-
duced the Blade Passing Frequency (BPF) tone while in-
creased broadband noise by up to 20 dB. In contrast, the
increase in broadband noise was significantly lower in-
flight conditions. Cuppoletti and Riley [4] also found an
increase in tonal noise at all BPFs and in broadband noise
when including a shroud in their experimental investiga-
tion of ducted and unducted propellers at hover and at con-
stant RPM. More recently, Go et al. [5] studied a 12-inch
propeller experimentally and numerically with and with-
out a shroud, finding that the shroud reduced propeller
loading by generating additional thrust. This led to lower
tonal noise from the blades in comparison to an isolated
propeller. However, while the shroud decreased tonal
noise downstream, it increased it upstream compared to
an isolated propeller.

Ducted propellers can accommodate the installation
of acoustic treatments to further mitigate propeller noise.
Acoustic liners are widely used in aero engines, and max-
imising the treatment area is desirable for noise reduc-
tion. The treatment of the area directly above the fan
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casing, i.e., Over-Tip-Rotor/Over-The-Rotor (OTR) lin-
ers, has been investigated experimentally by NASA over
the last two decades [6] and has shown the potential of
this technology to increase the treated area and enhance
the suppression of fan noise.

The mechanisms of noise reduction of OTR liners
have been investigated analytically [7-9], numerically
[10, 11] and experimentally [6, 12] in recent years. The
noise reductions are mainly attributed to a combination of:
(1) conventional noise attenuation by the liner, which can
be enhanced by a larger fluid particle oscillation through
the acoustically treated wall due to the close proximity
to the fan [8], and (2) source modification effects, which
include both acoustic back-reaction effects changing the
power output of the source [7, 11], and hydrodynamic
changes affecting the unsteady blade loading [8, 10, 12].

Despite OTR liners were originally developed for
aero-engine applications, recent work has been carried out
to investigate their application for smaller, more compact,
ducted propellers for UAV and UAM vehicles. The tech-
nology is particularly suitable for such applications due
to the much lower area available for acoustic treatments.
Some of these works include an experimental investiga-
tion by Zhong et al. [13] with OTR side-branch tubes
to reduce tonal noise and the numerical work of Zhao et
al. [10] showing the influence of the liner on the tip leak-
age flow.

The current paper is an extension of a previous study
by the authors investigating the reduction of shrouded pro-
peller noise with OTR liners [14]. Far-field noise results
were presented in [14] for two types of liners - a Single
Degree of Freedom (SDOF) liner and a grooved metal
foam liner - placed in an OTR position, upstream and
downstream of the propeller. The modular shroud used
in the experiment featured either a bellmouth intake or an
unflanged intake. The geometry of the intake was found
to have a major influence on the flow characteristics up-
stream of the propeller plane and the sources of propeller
noise. The study found that OTR liners can reduce over-
all sound pressure levels by up to 5 dB near the propeller
axis, with peak noise reductions in the PWL spectra reach-
ing 6 dB in both tonal and broadband noise. The current
study extends this previous investigation by instrument-
ing the propeller duct with an axial and azimuthal array to
gain understanding of the source near-field and how it is
impacted by the OTR liner.
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2. EXPERIMENTAL SET-UP
2.1 Shrouded propeller rig

The experiments were carried out on a modular ducted
rotor rig with a single propeller, described in [14]. The
propeller, motor, and loadcell are held on the shroud axis
by a pair of vertical rods. The duct consists of a series of
modular sections that allow for varying the length of the
shroud, instrumenting the duct with in-duct microphones,
installing acoustic treatments in the casing, and modifying
the intake geometry. The current investigation was per-
formed with a simple rounded intake and for two config-
urations: (a) hard wall baseline, and (b) an acoustic liner
installed over the propeller tip. The picture of the rig for
each configuration is shown in Fig. 1. In both cases, the
length of the duct is L = 260 mm and the diameter is
D = 410 mm, resulting in a compact ducted propeller
configuration with L/D = 0.6. The propeller is at an
axial distance z,op = 105 mm from the duct exhaust.

The rotor was powered by a U7-V2.0 KV420 Brush-
less T-motor mounted on a MINI45 ATI 6-axis loadcell.
The electronic speed controller used in conjunction with
the motor was a Master Mezon 135 opto unit. An ICP
Laser Tachometer sensor was used to measure the pro-
peller rotational speed (Rotations Per Minute, RPM). A 2-
bladed MEJZLIK propeller with a diameter of 16 inches
was used in this investigation. All the results in this arti-
cle were acquired with a constant thrust of the propeller
of T' = 10 N with a corresponding RPM of approximately
N =4600. The thrust provided by the shroud has not been
considered in this investigation.

2.2 Microphone instrumentation

The experiments were carried out at the Institute of Sound
and Vibration Research’s anechoic chamber of dimen-
sions 6.7 m x 6.7 m x 49 m. The walls are acousti-
cally treated with open-cell polyurethane wedges whose
cut-off frequency is 70 Hz. Far-field noise measurements
were obtained by using 3 1/4” GRAS 40PL-10 CCP mi-
crophones located in the forward arc (upstream of the pro-
peller). The microphones were located at a distance of
2.5 m centred on the propeller rig and at polar angles of
¢ = 0°, 45°, and 90°, where 0° is on the propeller axis.
In-duct pressure measurements were performed by using
an axial and azimuthal array in a cross-configuration, as
shown in Fig. 1b. A total of 25 quarter-inch GRAS 40PL-
10 CCP microphones were flush mounted on the intake
casing, 3 (+1) on the axial array (244401 = 32 — 85 mm
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upstream of the propeller plane), and 22 in the azimuthal
array (2zq.m,m = 85 mm upstream of the propeller plane),
equally spaced between 6 = 0° and 180°. The data were
acquired for a duration of 10 s at a sampling frequency of
40 kHz.

{OTR
Grooved
liner

(b)

Figure 1: Ducted propeller rig; photograph of the rig
with for the (a) hard wall baseline (front view), and
(b) OTR liner configuration (detailed view of instru-
mentation).
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2.3 Acoustic liner properties

The acoustic liner considered in this investigation is a
grooved liner in which the annular grooves are filled with
a nickel chromium alloy metal foam flush with the inner
wall of the duct. This is a semi-locally reacting liner that
is locally reacting in the axial direction and non-locally re-
acting in the azimuthal direction, as described in [15, 16].
The liner has a Percentage Open Area POA= 44% L a
cavity depth d = 17.5 mm and a porosity of the metal
foam 0 = 90%. The total length of the liner module on
the tip of the propeller is [ = 50 mm long, as for the hard-
wall baseline configuration.

3. FAR-FIELD NOISE REDUCTION

The aim of this section is to present the far-field noise
spectra for the hard wall baseline and the acoustically
treated configuration. Results are only presented for the
microphone on-axis (f = 0°) for brevity. The far-field
PWL noise spectra integrated in the forward arc and the
directivity of these two configurations were presented in
the preceding investigation [14].

The Sound Pressure Level (SPL) spectra for the
hard wall baseline and lined configurations are shown in
Fig. 2a. Measurements of the flow characteristics up-
stream of the propeller for the ‘lip’ intake, used in the
current investigation, identified a region of flow separa-
tion at the lip centred around 90% of the radius [14].
This was related to significantly higher levels of tonal and
broadband noise than with a streamlined bellmouth intake
that prevents such separation from occurring. The cur-
rent configuration with the ‘lip’ intake, therefore, presents
stronger tones than the bellmouth, likely caused by the
periodic chopping of eddies in the incoming separated
flow (tonal) and turbulence leading edge interaction noise
(broadband). This discussion is recalled here to explain
the strong broadband component of the SPL spectra in
Fig. 2a, which becomes dominant over tonal noise from
about 10 x BPF.

The noise sources outlined above are arguably inde-
pendent of whether a hard or lined configuration is con-
sidered, other than possible hydrodynamic modifications
on the source caused by the OTR liner, which shall be dis-
cussed in further detail later in the paper. The results in
Fig. 2a show that the OTR liner yields modest reductions

! This POA only accounts for the grooved area relative to the
total liner area and not the open area of the metal foam within
the grooves.
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in broadband noise of 1-3 dB at frequencies between BPF
and 10 x BPF. The first BPF tone is reduced by 6 dB,
but the reductions are smaller at other harmonics, and the
higher harmonics in the liner configuration can even be
larger than for the hard wall baseline. The same results
are shown in Fig. 2b in the form of SPL Insertion Loss
(IL), that is,

IL=SPLy —SPL;, , dB, 1)
where SPLy and SPL; are the SPLs for the hard and lined
configurations, respectively. The SPL IL in Fig. 2b is sep-
arated into the tonal and broadband contributions. Tonal
SPL IL is only plotted up to 10 x BPF since broadband
noise becomes dominant at higher frequencies. The obser-
vations from Fig. 2a are now clearer, and it also becomes
evident that a strong noise increase is caused by the liner
at the 2 x BPF tone, with some increase of tonal noise
also at 6-10 x BPF. The broadband noise at frequencies
above 10 x BPF is not significantly affected by the liner
at this measurement location on the propeller axis.

60
<
=
Z50¢
—
o
S 40}
=
30+
=
o
D 20m ‘ ]

10° 10! 10%
f/BPF
(a) Sound Pressure Level (SPL)
9
o Tones

6poo Broadband| |
23
g 3l
H 0L
=
A -3t
wn

61

9l Q ‘ ‘

10° 10! 102
f/BPF

(b) Insertion Loss (IL)

Figure 2: Far-field SPL and IL spectra at § = 0°.
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4. IN-DUCT PRESSURE MEASUREMENTS

This section aims to present the pressure characteristics on
the duct wall to understand the effect of the OTR liner on
the near-field of the source and the propagation in the duct.
To highlight the compactness of the problem, key length
scales of the problem are compared to the wavelength at
BFP (A =~ 2.2 m) and harmonics in Table 1, namely duct
diameter D, duct length L, and liner length [.

Table 1: Compactness of the problem at BPF and
harmonics.

Frequency | D/X | L/X | I/A

BPF 0.18 | 0.12 | 0.02
2 x BPF | 0.37 | 0.23 | 0.05
3 xBPF | 0.55 | 0.35 | 0.07
5xBPF | 092 | 0.59 | 0.11
10 x BPF | 1.85 | 1.17 | 0.23

The compactness of the problem highlighted in Ta-
ble 1 suggests that the role of evanescent or cut-off duct
modes excited by the propeller and the struts can have a
significant impact on the problem:

¢ Contributions to the far-field noise from evanescent
modes scattered at the intake/exhaust [17].

e ‘Trapped’ modes in the short duct caused by
evanescent modes reflected at the intake/exhaust.

In the liner case, the effects of the acoustic back-
reaction on the source can be significant at these
low frequencies (low D/)\), which have been re-
ported to be stronger for e/\ < 0.5 [7], were e is
the distance between the source and the duct wall.

Also in the case with the liner, scattering of evanes-
cent modes acoustically close to the impedance dis-
continuity (low [ /) can have a significant effect on
the noise reduction performance [11].

The SPL spectra, measured along the axial array, are
shown in Fig. 3a and Fig. 3b for the hard wall and lined
configurations. Also shown are the tonal amplitudes of
the first 10 BPFs. The distances Az shown in the legend
are relative to the propeller plane. The general trends in
both configurations show a rapid decay of the tonal com-
ponents when increasing the axial separation distance to
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the source plane Az. Furthermore, significant decay in
broadband noise of up to 10 dB can also be observed in
both cases for frequencies below 10 x BPE.
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Figure 3: Axial variation of the wall SPL spectra for
the hard wall and lined configurations.

The decay in tonal SPL at the harmonics of the BPF
is found to be close to exponential. The SPL decay for
the first 3 BPFs is shown in Fig. 4a for both the hard wall
and lined configurations. Also shown is a linear fit of the
tonal levels along the array. The decay rates in dB/m are
summarised in Table 2. It can be observed that the decay
is similar in both configurations, which is expected since
these measurements are obtained at the hard wall section
upstream of the propeller.

The measured decay of the BPF tone is compared
with analytical predictions [7] in Fig. 4b. The predictions
are obtained by evaluating the wall pressures at the wall of
an infinite hard wall duct containing a point axial dipole
located at 95% of the radius. The Green’s function for-
mulation used in this instance [7] is obtained from the
monopole Green’s function in Rienstra and Tester [18].
The number of modes included in the solution is con-

Table 2: Tonal decay rates in dB/m for the lined and
hard wall configurations.

BPF | Hard wall | Lined
1 -84.5 -105.4
2 -167.2 -177.1
3 -250.8 -223.3

trolled by the Cut-Off Ratio (COR). The definition used
here for the COR for a mode with radial wavenumber «,
at frequency w and mean flow Mach number M is
1— M?
COR=2V-—"2" )
w

For a given COR, all the modes with o smaller than
wCOR/v/1 — M? are therefore included in the solution.
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m
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+ Lined
-15

0.12 0.14 0.16 0.18 0.2
Az/D

(a) Measured decay of the BPF, 2xBPF and 3xBPF tones.
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(b) Measured and predicted decay of the BPF tone.

Figure 4: Decay of tonal SPL along the axial array.

The analytical solutions shown in Fig. 4b are ob-
tained with a COR of 1, 30 and 100. For the case with
COR=1, only cut-on modes are included in the solution.
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At the BPF frequency, only the plane wave is cut-on. The
other two cases, COR=30 and COR=100, include a cer-
tain number of evanescent modes. At the BPF frequency,
COR=30 corresponds to a total of 20 evanescent modes
included in the solution and COR=100 corresponds to a
total of 425. The comparison in Fig. 4b shows that a large
number of evanescent modes are required in the analytical
solution to obtain the rapid decay observed in the exper-
iment. This result highlights the importance of the cut-
off modes in the current problem and the need for further
investigation to clarify its impact on the noise reduction
characteristics of OTR liners and the noise radiation to the
far-field.

The Insertion Loss spectra are presented in Fig. 5 to
appreciate more clearly the effect of the OTR liner in the
in-duct pressure field. It is observed that the liner only
has a modest effect of +2 dB in the tonal noise, and that
the variation across different axial locations is within 2
dB. In contrast, 4 dB of broadband noise reduction can
be observed at most microphone locations for frequencies
below 10 x BPF, with some variation across the array. In
particular, weaker reductions are observed in the micro-
phone closest to the propeller plane (Az = 0.08).

Az/D
o o A o
—0.08 = = =0.12 —-—-— 0.16 oo 0.20

SPL IL, dB

100 10" 102

Figure 5: Axial variation of the Insertion Loss mea-
sured at the duct wall.

Very little variation in SPL IL would be expected be-
tween microphones in the axial array since they are all
located in the hard wall section upstream of the liner.
The differences observed in Fig. 5 may therefore be at-
tributed to a different distribution of the modal amplitudes
between the hard wall and lined case between the two con-
figurations caused by (1) changes on the source caused

by the OTR liner (source modification effects), and/or (2)
modal scattering at the impedance discontinuity between
the OTR liner and the hard wall section.

The azimuthal microphone array is now used to show
the SPL spectra variation along the circumference over
the 180° aperture of the array. This is presented in the
form of contour plots in Fig. 6a and Fig. 6b for the hard
wall and lined configurations, respectively. The wall pres-
sure fluctuations around the duct present significant non-
uniformity, especially at low frequencies below the first
BPF, with up to 10 dB variations along the circumference.
These results suggest significant non-uniformities in the
flow field, potentially caused by the separation at the in-
let lip, the development of the boundary layers, or non-
uniformities in the impinging flow itself. Further investi-
gation is needed to characterise the flow in the duct and
provide insights into this discrepancy. However, the fre-
quencies at which the liner has been found to be most ef-
fective in reducing noise in the far-field and in the in-duct
axial array results are not affected by this contamination

(the axial array is located at § = 0°).
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Figure 6: Azimuthal variation of the wall SPL spec-

tra for the hard wall and lined configurations.
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5. CONCLUSIONS

This paper has presented an experimental investigation on
the reduction of propeller noise with Over-Tip-Rotor lin-
ers on a modular compact ducted propeller rig. In-duct
wall pressure measurements indicate that OTR liners are
effective in reducing broadband noise, yielding some 4
dB of noise reduction at frequencies between BPF and
5xBPF. This is in contrast to a modest effect of the liner
of only +2 dB in tonal noise. Conversely, the far-field re-
sults (on axis) show up to 6 dB of noise reduction at the
BPF tone and almost 9 dB of noise increase at the 2xBPF
tone. The axial decay in the amplitude of the tones was
compared to an analytical solution based on the Green’s
function of an axial dipole source. A large number of
cut-off modes were required in the analytical solution to
match the decay observed in the experiments. The main
observation of this investigation is the importance of the
evanescent modes in such compact ducts. This has di-
rect implications for the source modification and scatter-
ing effects associated with OTR liners and in the radiation
of these evanescent modes to the far-field. Future work
is planned to understand the flow non-uniformities in the
duct and the sources, as well as to investigate further the
role of evanescent modes in hard and lined compact ducts.
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