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ABSTRACT

Noise mitigation is critical in the conceptual designs of
aircraft. The evolving requirements for noise reduction
and the urbanization of aircraft are some reasons why re-

ducing noise is crucial when designing new concepts. Those

novel configurations can include complex propulsion-air
frame interactions, such as boundary layer ingestion. While
research focuses on shrouded solutions, airframe noise mit-
igation optimization presents a solution for designs that
cannot apply shrouding. This paper shows an experimen-
tal analysis of surface noise mitigation underneath a pro-
peller under boundary layer ingestion. The propeller is
set on the bottom wall of the wind tunnel to generate the
boundary layer ingestion. Tripping devices are used to
change the boundary layer thicknesses of the flow im-
pinging on the propeller. The noise reduction surfaces are
positioned underneath the propeller through a slot on the
flat plate. The surface analyzed is a known frequency ab-
sorber (quarter-wave resonator) separated from the flow
by a Kevlar panel. Two microphone arrays capture the
noise coming from the propeller. The results show that the
mitigation strategy reduces noise close to the frequencies
of interest, but increases the tonal levels of the propeller
due to the resonance with the quarter-wave resonators.
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1. INTRODUCTION

The urbanization of aircraft and the necessity of comply-
ing with increasingly strict regulations make noise one
of the most important themes in modern aviation design
[1,2]. For complex propulsive-airframe interactions, when
the flow around the airframe and entering the propulsive
system are coupled, the effects of this coupling on gener-
ated noise are not obvious [3]. Also, on the design level,
propellers reached a peak in optimization. [4]. Nowadays
shrouding is one of the most common solutions for noise
mitigation [5]. However, an alternative solution is needed
when shrouding is not an option, such as surfaces close to
the propulsive system with noise absorption techniques.
This results in the absorption of the propeller noise irradi-
ated to the far field. This research is a baseline study of
the effects of passive noise control surfaces on the surface
underneath a propeller with boundary layer ingestion. The
experimental analysis aims to show the possibility of re-
ducing noise by using a quarter-wave resonator structure
and analyzing its directivity.

2. METHODOLOGY
2.1 Low reduced frequency model

The noise absorbtion elements are designed using the Low
reduced frequency model [6] for coupled prisms. Starting
from Navier-Stokes equations, the energy equation and
ideal gas equations of state, Helmholtz equation is ob-
tained considering viscosity and thermal effects (Equa-
tions 1 and 2).

p(xe) = paet ™ + ppe” (1
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Where p(z;) is a sound field consisting of plane waves
moving inside the prismatic tube along the longitudinal di-
rection x4 of the tube. The wave propagation coefficient I'
is a complex number of which the imaginary part is related
with the phase velocity, and the real part is related with
the attenuation. This value is related to the geometry of
the tube. The coefficient G is related to the cross-section
type.

Viscous and thermal considerations are added using
specific dimensional parameters. The formulation below
uses the following nomenclature: w is the angular fre-
quency, ¢y is the reference sound speed, p is the dynamic
viscosity, Cp and C'y are the specific heats for ideal gas.
The following formulation analyses a single tube of radius
r and length L.

The shear wave number s = r+/pow/p is the ratio
between inertial and viscous forces. This non dimensional
value determines the velocity profile inside the tube. Low
values of s indicates viscosity dominating whereas high
values indicate that inertial forces are dominating the ve-
locity profile. The reduced frequency k, = rw/cg is the
ratio between the length of the tube and the acoustic wave-
length. The low reduced frequency model is valid for a
specific range of k, and s. The square root of the Prandtl
number 0 = /uCp/A and the ratio of specific heats
~v = Cp/CYy are constant for ideal gases. The expression
for acoustic impedance is:

_ —G pla)
C(mt> - P0Co U($t)

Using Equations 1 and 2, the acoustic impedance can
be written in the following form:

3

sinh (TkL)

L) = 4
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where p(1)/p(0) = 1/cosh (I'kL). In that way, the
impedance is related with the tube length L.

The ratio between the reflected and incident wave R(x;)

is a suitable way to show sound absorption and reflection.
The reflection coefficient R is written as

((zy) —1
(o) +1

Finally, the coefficient of absorption expresses the dis-
sipation of incident energy by the surface:

R(z) = (&)
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This methodology can be applied to a collection of
tubes, considering them as coupled prisms. This is done
using the concept of surface porosity defined as follows:

Q= NAtube/Awall (7)

Where N is the number of tubes of a given cross-
sectional area, on a wall surface with area A,,,;; and A;ype
is the cross-section of the tubes. The scaled impedance of
the wall can be related to the individual porosity contribu-
tion of each tube with Equation 8. It uses the collection of
tubes ¢ that represents a specific impedance (2;.

1
C’wall - & (8)
Gi
where (; is the impedance of each tube of length L;,
obtained with Equation 4. The absorption coefficient of
the whole piece is obtained using Equation 6, with the re-

flection coefficient R,,4;; calculated with the wall impedance
of Equation 8.

3. EXPERIMENTAL SETUP

The experiments are executed in the University of Twente
acoustic wind tunnel [7]. The facility consists of a 6 X
6 x 4 m? anechoic chamber in which the test section of
the wind tunnel is installed. The chamber is ISO 3745
norm commissioned for a cut-off frequency of 160 Hz.
The wind tunnel has a 0.9 x 0.7 m? rectangular test sec-
tion, with maximum flow speed of 60 m/s and a turbu-
lence intensity below 0.1 %.

This experimental setup uses a 2-bladed Meijzlik 12” x
18” propeller. Its geometry is provided by the project
SilentProp [8]. The propeller is immersed in the boundary
layer of the wind tunnel bottom wall. The boundary layer
impinging on the propeller is controlled by 60° zigzag
tripping devices positioned 3620 m upstream of the pro-
peller plane to ensure a fully developed boundary layer
[9]. Figure 1 shows a schematic of the configuration.

The tripping device height controls the boundary layer
thickness. Trip O is the flat plate only. Trip 1 and Trip 2
have 8 mm and 12 mm trip heights, respectively. Ta-
ble 1 lists conditions at the propeller plane of the resulting
boundary layer for each trip.

Considering x as the distance between the tripping de-
vice and the propeller plane, v the kinematic viscosity of
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Table 1. Boundary layer characteristics at the pro-
peller plane for each tripping device.

Trip | 0(mm) | H Re, Rey
Trip 0 | 56.5 1.32 | 7.28 x 10% | 18550
Trip1 | 102.5 | 1.27 | 7.29 x 10° | 22370
Trip2 | 139.8 | 1.24 | 6.82 x 10° | 33920
U, =30m/s

I

JU— (C)
@@ g 3 =

3.62m

Figure 1. Propeller position and tripping schemat-
ics. (A) Flat plate; (B) propulsive system; (C) turbu-
lent boundary layer; (D) tripping device; (E) Quarter
wave resonator elements.

air, and U, the flow speed we have: the boundary layer
thickness ¢ is the position where u(y) = 0.99 X U;
H is the form factor. The Reynolds number of the dis-
tance of development z is Re, = x X Uy /v; and fi-
nally the Reynolds number of the momentum thickness
Ois Reg = 0 x Uy /.

Two microphone arrays (Figures 2 and 3) are used
to acquire acoustic data. A polar array with 17 micro-
phones is positioned perpendicular to the propeller plane
above the propeller disk, with the microphones facing the
flat plate underneath the propeller (Figure 2). A linear ar-
ray with ten microphones is positioned by the side of the
wind tunnel, perpendicular to the propeller plane. Previ-
ous studies by Castelucci et al. [10] and Guerin et al. [11]
showed that the arrays behave differently due to the noise
reflections on the flat plate. The polar array has an in-
creased sound level due to the direct reflections from the
flat plate.

The microphones used are GRAS 40PH free-field mi-
crophones for both arcs, connected to a PXIe-4499 Sound
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Figure 2. Polar array (side view). An arc of mi-
crophones is positioned at a radius R = 1.5m from
the propeller center. (A) Flat Plate; (B) Propulsive
system; (D) Polar array of microphones; (E) Quarter
wave resonator elements

015m] T

e, I

1.50 m

C
(C) (8)

Figure 3. Linear array (top view). (A) Flat plate; (B)
Propulsive system; (C) Linear array of microphones;
(E) Quarter wave resonator elements.
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Figure 4. Noise absorption piece. The active face
where the holes are is 0.1 x 0.1m?. The piece was
3D printed by the FDM method. Detail shows the
different tube lengths inside the piece.

and Vibration module (NI PXIe-1073 chassis). The sam-
pling frequency is 51.2 kHz. A 30 seconds acquisition
time for each measurement was used. The Power Spec-
tral Density is calculated by using Welch’s method for a
frequency of 2'¢ Hz and a 50% window overlap, corre-
sponding to an 8 Hz bandwidth size.

3.1 Noise absorber elements

The design of the noise absorber piece uses the low re-
duced frequency model as described in Section 2. The
piece consists of a set of tubes connected to a surface. The
specific lengths and radii of the tubes are designed so that
the incoming sound waves in a frequency range are ab-
sorbed. By setting up a frequency range, the Low reduced
frequency model can be used to determine which length
each tube needs for a given radius. The porosity is related
to the number of tubes attached to each piece.

With a number of tubes N = 49, radius of 5.5mm
and an area of 0.1 x 0.1m? the porosity is Asupe /Atotal =
0.0095. Figure 5 shows the absorption coefficient o as a
function of frequency for each piece. Nine noise absorp-
tion pieces are positioned under the propeller in a 0.3 x
0.3m? slot and covered with a Kevlar cloth.The whole ab-
sorber setup (pieces + Kevlar) is flush with the flat plate.
The Kevlar ensures that only the noise is absorbed and
that the pieces do not influence the incoming flow. The
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Figure 5. Coefficient of absorption of a single piece
(N =49, R =0.0055 m, 2 = 0.465). The frequency
range between 800 Hz and 1400 Hz is the most ab-
sorbed by each piece. The frequencies after 2000 Hz
show the harmonics of the absorbed frequencies.

measurements are conducted for the baseline configura-
tion (propeller and flat plate) and noise mitigation config-
uration (propeller and noise absorbers).

4. RESULTS AND DISCUSSION

The effects of the noise absorption elements, for the case
of the propeller condition of 6000 rpm rotation speed and
30 m/s flow speed, are investigated. This condition rep-
resents an advance ratio of 0.98 and an efficiency of 0.72,
close to the maximum efficiency of the propeller, as shown
in [10].

By changing the boundary layer thickness, the pro-
peller will operate in a different loading condition due to
the immersion ratio of the blades. Immersion ratio is de-
fined as the ratio between the diameter of the propeller and
the boundary layer thickness impinging on the propeller.
This causes an unsteady load variation on the blade pro-
files, expected to lead to higher noise. The noise absorber
underneath the propeller influences the noise reflection.

Figure 6 shows the measured noise of the propeller
with two different boundary layer thicknesses. For the
thicker boundary layer - Figure 6(b) there is an broadband
noise reduction close to the frequencies of interest. That
is a minor noise reduction - less than 2 dB, predominant at
the frequencies the noise absorber is efficient. Therefore,
one can infer that this reduction is real and not caused by
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a measurement uncertainty.

The use of a broader bandwidth can help improve the
noise analysis. The one-third-octave frequency band is
a better way of visualising what happens around the fre-
quencies of interest. Figure 7 shows the One-third-octave
bandwidth distribution for each boundary layer thickness,
where ASPL = SPLyitigation — SPLjfiatpiate For the
lower frequencies (25Hz < f < 200H z), there is a re-
duction in most of the bins for the Trip 0 and Trip 2. Trip
1 shows an increase in noise on most of the centre fre-
quencies. Low frequencies can be affected by mechanical
and wind tunnel oscillations. That fact, and those vary-
ing results, show that for lower frequencies it is difficult
to assess the effects of the noise absorber. In the range
200Hz < f < 1500, there is an increase in noise. This
region is where the high Blade Passing Frequency tones
are . The quarter-wave tubes act as a resonant body and
couple with the frequency-specific tones of the propeller.
This noise increase is seen in all cases, and can even be ob-
served in the SPL analysis. Finally, for the higher frequen-
cies (1500Hz < f < 5000H z), a small noise reduction
is seen for the linear array. The noise reduction happens
in all cases, being more evident for lower boundary layer
thicknesses and less effective as the thickness increase.

When looking at the OASPL directivity in Figure 8,
it is clear that the mitigation surface addition does not af-
fect the directivity pattern. For advance ratios close to
unity, the mitigation unit showed better efficiency in re-
ducing overall noise for the thicker boundary layer case.
That may be because, as analyzed previously, the noise
absorber absorbs broadband noise. For the case of Trip 2
a large boundary layer is generated for the unsteady load-
ing to be somewhat more uniform than for smaller bound-
ary layer heights. The linear array also show the same
behaviour (Figure 9). The directivity of the linear array
for the baseline configuration is slightly different from the
polar array. This results is expected as previously shown
in [10].

Lastly, Figure 10 shows the propeller in a different
condition: 5000 rpm, J = 1.13. In this condition, the ef-
ficiency is 0.65, below the one at J near unity. Here the
better results are for Trip 1. At lower efficiency, bound-
ary layer of the blades has more separation regions, which
implies higher turbulence structures and a higher broad-
band noise. But because increasing the rotation speed also
results in higher noise, this result means that the over-
all noise reduction increase doesn’t follow a clear logic.
A more thorough analysis of the effects of introducing
noise mitigation shall be done to further understand the
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efficiency of the absorbing element used.

5. CONCLUSIONS

This research shows an experimental analysis of a noise
mitigation technique for the surface under boundary layer
ingesting propellers. A set of quarter-wave resonators is
designed using the low reduced frequency model for cou-
pled tubes. The mitigation surfaces are positioned on a flat
plate under the propeller so there is broadband absorption
at frequencies in the range of 800Hz < f < 2000H z.
The results show the efficiency of the mitigation method
at frequencies close to the region of interest. However, the
tonal characteristics of the propeller noise are intensified
by the presence of the absorber. Also, the overall noise di-
rectivity results show that the benefit of the absorber does
not follow a clear logic with the constraints changed in the
experiments. Those effects might have been caused by
the presence of the Kevlar on top of the mitigation unit.
The Kevlar is not rigid and probably was under a vibra-
tion phenomenon when under the flow, resonating with
the blade passing frequencies of the propeller. Also, its
porosity might have changed the effective frequency ab-
sorbed by the pieces.

Following this preliminary analysis of passive surface
noise mitigation for BLI propellers. In future work, the
analysis of different methods of passive mitigation (lin-
ers, acoustic black holes, other complex resonators) shall
be investigated. The effects of the Kevlar on top of the
mitigation unit has to be investigated to confirm any cou-
pling with the rotation of the propeller blades. Also, more
cases should be analyzed, as for the propeller at low ad-
vance ratios (take-off). An absorber with a narrow fre-
quency band can also be tested to check its ability to mit-
igate tonal noise.

6. ACKNOWLEDGMENTS

This research is supported by the European Union’s Hori-
zon 2020 project ENODISE (860103). The authors would
like to thank the University of Twente technical staff, Ing.
W. Lette, S. Wanrooij, and E. Leusink, for the extensive
help on the experimental setup.

AN

Associozione
Italiana
di Acusfica



100

90 ¢

70

60

100g10(S,,/(2.0 x 10-9), dB/H =

80

forumacusticum 2023

100

90 |

80

70

1010g10(S,,/ (2.0 x 10-9), dB/H =

900 1000 1100 1200

........ Tripy, flatplate

—T'rip1, mitigationsur face

50 50 |
40 a0
30 Tri}n, flatpiate ‘ 307
—T'rip1, mitigationsur face
20 : e 20
102 103 104 102

Frequency, Hz
(a) Trip 0 (6/D = 0.18)

10° 10
Frequency, Hz

(b) Trip 2 (§/D = 0.45)

Figure 6. Noise characteristics of propeller for two different boundary layer heights (90°microphone, polar
array). In detail, a zoom of the graph, highlighting the frequencies of interest. The vertical dashed lines show
the blade passing frequencies.
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Figure 8. Polar directivity, arc array (J = 0.98, 6000 rpm).
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Figure 9. Polar directivity, linear array (J = 0.98, 6000 rpm).
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Figure 10. Polar directivity, arc array (J = 1.13, 5000 rpm)
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Figure 11. Polar directivity, linear array (J = 1.13, 5000 rpm).
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