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ABSTRACT

An electro-active acoustic liner is used to lower the noise
emissions of a turbofan engine. The liner is composed
of an array of electro-acoustic absorbers, covered by a
wiremesh in order to protect the electrodynamic devices
from the flow. The electro-active liner is operated using
a pressure-based and current-driven control architecture,
for the synthesis of specific acoustic impedances. Exper-
iments are performed in the PHARE-2 test-rig at Ecole
Centrale de Lyon, representative of a real turbofan en-
gine at the laboratory scale. The obtained results under-
line the efficiency of the proposed concept on both tonal
and broadband noise for a large range of operating points
of the turbofan engine, including transsonic conditions.

Keywords: active liner, UHBR engine, modal decompo-
sition

1. INTRODUCTION

With the new generation of aircraft engines exhibiting ul-
tra high by-pass ratios (UHBR), reducing fuel consump-
tion and noise emissions are two of the main design ob-
jectives. UHBR engines exhibit shorter nacelles and a
lower frequency content, because of the reduced rotational
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speed of the fan. The performances of conventional acous-
tic inlet liners are then expected to drop, as less surface
is available. In that context, active liners should achieve
higher noise reduction with limited surface, and in partic-
ular break the quarter wavelength limitations of conven-
tional honeycomb liners.

2. EXPERIMENTAL SET-UP
2.1 The ECL-B3 (PHARE-2) test-rig

The ECL-B3 test-rig is located at Ecole Centrale de Lyon,
LMEFA, inside an anechoic chamber. The rotational speed,
up to 16 000 rotations per minute, is provided by a 3 MW
electrical engine. The air flow, up to about 40 kg.s~1, gen-
erated by the turbofan, passes through acoustic baffles on
the roof of the building. Using this test-rig, interest was
focused on the characterization of UHBR industrial tur-
bofans, regarding acoustic aspects [9], modal decompo-
sition [6], and aerodynamic instabilities [3]. Current and
future test campaigns are dedicated to the realization of an
academic open test-case [2,5, 8].

The experimental configuration is sketched in Figure
1. The electro-active liner is located in the inlet of the
test-rig at the location marked in red in Figure 1. The data
analyzed in the present paper is obtained from two micro-
phone rings, upstream and downstream of the liner, with
9 and 7 microphones respectively, as depicted in Figure 1.
Acoustic radiation of the test-rig is also measured using
an external microphone array.
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Figure 1. Microphone arrays for the extraction of
the liner efficiency: external microphone array with
27 microphones, upstream microphone ring with 9
microphones, and downstream microphone ring with
7 microphones.

2.2 Experimental data processing

All microphone signals are synchronously sampled during
1 min at 102.4 kHz, using blocks of 1 s with a 50% over-
lap. The cross-power spectral density between two pres-
sure signals p;(x;,t), p,;(X;,t), noted S;; in this paper, is
computed as

Sij (X, l'7UJ) =27k I:ﬁz(xhw)ﬁ; (XJ’w)}

The liner efficiency is expressed as an Insertion Loss (IL),
compared to a reference configuration, as

IL(xi, f) = S5 (xi, ) — Sia(xi, f)
where f denotes the frequency axis, normalized to the fre-
quency rotation of the shaft, also called the engine order.

2.3 Active liner implementation

The objective of the implementation is to synthesize a tar-
get impedance. As sketched in Figure 2, each cell uses
a loudspeaker, four microphones at the corners, and an
electronic card (not represented in Figure 2). The liner is
assembled using a total of 56 cells, arranged in a two rows
configuration.

Each loudspeaker membrane is driven as a function of
the wall-pressure measurement [7]. The equation driving
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Figure 2. Sketch of the active liner as an array of
individual square active cells. Each cell uses a loud-
speaker and four microphones, located at the corners.

the loudspeaker in a single degree of freedom piston mode
can be written as

Zm(8)vn(s) = Sap(s) — Bli(s)

where s stands for the Laplace variable, v,, (s) is the mem-
brane normal velocity of the loudspeaker, p(s) the wall-
pressure fluctuations, Sy the equivalent piston area, B¢
the force factor of the moving coil and i(s) is the coil
electrical current. In this paper, the wall-pressure fluc-
tuations p(s) are averaged over the four microphones for
each cell. Alternatively, the control strategy can be based
on the pressure gradient estimation over microphone pairs.
This approach will be presented later in another commu-
nication. To achieve the targeted impedance Z,; at the
surface, the transfer function between p(s) and i(s) is de-

fined as
_ils) _ 1 (g Zu()
Hloc(s) - p(S) T BY <Sd Zat(5)> 7

The target impedance Z,;, as a function of the acoustic
resistance R,; at the loudspeaker resonance, is

Zat (S) =

p(s) sM 1

= —_— R _—
Un(S) H1 Sd + at+,u‘2805d7
The parameters pq and ps represent the mass and stiff-
ness of the controlled loudspeaker, respectively. By tun-
ing those two parameters, the active liner can be adapted
to different frequency bands.

3. RESULTS AND DISCUSSION

Interest is focused on two operating conditions of the test-
rig: operating point 1 (OP1) at 30% of the test-rig nominal
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rotational speed, around N = 3500 rotations per minute,
and operating point 2 (OP2), at the nominal rotational
speed, around N = 12000 rotations per minute. At 30%
of the test-rig nominal rotational speed, the active liner is
set to target the blade passing frequency of the rotor at
f = 16. At 100% of the test-rig nominal rotational speed,
the parameters are set to target low-frequency tonal com-
ponents f = 3 and 4. The list of operating points and the
associated control parameters are indicated in Table 1.

Op. point N (%) pvm px Ra/Zo
OP1l-a 30 0.3 0.7 1

30 0.3 1 2.5
OPl-c 30 05 1.26 0.75
OP2-a 100 0.5 0479 0.15
OP2-b 100 05 1.33 1

Table 1. Operating points analyzed in the present
paper, with the associated control parameter pips, ftx
and R

At 30% of the nominal rotational speed, the radiated
noise exhibit two components : a broadband contribution
and a tonal component located at the blade passing fre-
quency f = 16. An attenuation of around 6 dB is obtained
at the blade passing frequency. The passive contribution
of the liner is around 2 dB at the tone. The broadband at-
tenuation of the electro-active liner is visible on the third-
octave bands spectra in Figure 3 for operating point OP1-
c. A passive broadband contribution (in black) of 3 to 4 dB
is obtained for f > 10, approximately. Below f =10, the
acoustic wavelength is approximately ten times larger than
the depth of the cavity, therefore the passive efficiency is
considerably reduced in the low-frequencies. An active
contribution of around 2 dB of the liner is obtained (in
grey in Figure 3).

The insertion loss (IL) is indicated in Figure 4 at 30%
of the nominal rotational speed (see Table 1). The max-
imum attenuation of 6 dB at f = 16 is obtained with
the lowest acoustic resistance R,; (operating point OP1-
¢ with R,:/Zy = 0.75). However, a larger bandwidth
is obtained when reducing the p1x parameter at operating
point OP1-a, at which a higher attenuation up to 5 dB is
obtained below f = 16.

At 100% of the nominal rotational speed, additional
tonal components below the blade passing frequency are
obtained. At transsonic conditions, shockwaves are emit-
ted at the tips of the blades, leading to a reinforcement
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Figure 3. Power density spectra Sy, in third-octave
bands, measured at § = 69° (microphone 6, see Fig-
ure 1), as a function of engine order f : I no liner
(rigid turbofan inlet), active liner switched off,
W active liner at operating point OP/-c.

Figure 4. Insertion Loss (IL), as a function of engine
order f: ____ operating point OPI-a, operating
point OP1-b, ____ operating point OPI-c.

of harmonics of the shaft frequency at each integer values
of the engine order f . The insertion loss obtained is indi-
cated in figure 5. The third harmonic of the shaft (f=3, op-
erating point OP2-a) could be attenuated of about 10 dB,
whereas different parameters of the liner enabled an at-
tenuation of 11 dB of the fourth harmonic, which demon-
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strates the ability of the liner to reach different frequency
contents.
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FigureNS. Insertion Loss (IL), as a function of engine
order f: operating point OP2-a, ____ operating
point OP2-b

4. CONCLUSION

An electro-active liner is installed in the inlet of a turbofan
engine, at a 1:4 laboratory-scale. An attenuation of 6 dB
could be obtained at the blade passing frequency of a sub-
sonic fan, combined with a broadband attenuation over a
large frequency band. The ability to operate the liner on
a transsonic fan was also demonstrated, with an attenu-
ation of more than 10 dB of the harmonics of the shaft
rotation. The ability to tune the liner to target different
components opens the possibility to adapt to different ro-
tational speeds, and therefore different cruise conditions.
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