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Abstract

Methods and technologies to control the noise coming from turbulent flows impinging on outlet guide vanes in
turbofan engines are tremendously needed nowadays to comply with new legislation on acoustic environment
pollution. The following manuscript relies on preliminary research proposing a new experimental design of
active noise control system to be integrated into a jet engine outer guide vane prototype, consisting of
multiple flush-mounted piezoelectric cells. Hence, three active cells are placed into a wind tunnel with
upstream acoustic excitation generating grazing incident waves and different airflow velocities. Using a
downstream microphone as an error sensor, the active system succeeds in improving the transmission loss
of the sample by 2.5dB at the target frequency (670Hz) corresponding to the main piezoacoustic mode with
airflow velocities up to 20m.s−1. Even small, these early experimental results confirm the ability of the
concept to interact with the ambient acoustics without disturbing the airflow as in passive solutions using
porous materials for instance, leading the path to future experiments with realistic turbulence generating
acoustic sources on the leading edge of the vane profile.

Keywords: Active noise control, Outlet guide vane, Grazing incidence, Turbofan engine

1. Introduction

In the past years, international regulations have
become more and more severe regarding environ-
mental noise pollution. With the increase of air
traffic around airports, aircraft noise pollution has5

logically become a major concern, and methods and
technologies to address this problem are concen-
trating a lot of effort from manufacturers and re-
searchers. Thus, the main objective of these new
noise control systems is to reduce the noise emitted10
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by turbofan engines [1] due to airflow-airfoil inter-
actions inside the jet engine nacelle.

One of the main noise sources comes from the
fluid/structure interaction between vortices created
by the rotor blades passing and the leading edge15

of the stator vanes or outlet guide vanes (OGV)
located downstream. To achieve significant noise
attenuation at the stator level, 3 methods are avail-
able [2, 3, 4, 5]: geometry optimization, passive con-
trol materials, and active control.20

Applied to vanes profiles, geometry optimization
solutions include swept and/or leaned stator [6] and
serrations on the leading or trailing edge [7, 8]. In
passive structural acoustic control, softer vanes or
acoustic liners at the inlet of turbofan engines [9]25

can be used to add noise dissipation to the struc-
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ture. A very common solution is the use of porous
materials [10] with cavities of different size acting
as Helmholtz resonators that can provide excellent
noise attenuation for both tonal and broadband dis-30

turbance. Although widely used, these materials
often represent a non-negligible additional weight
and volume inside the structure. Moreover, such
modifications of airfoil geometry or boundary layer
can also result in noise amplification at particular35

conditions and degradation of aerodynamic perfor-
mance which is the most severe consequence.
Thus, active stator vanes can be considered rel-

evant technological solutions for their lightweight
and closeness to the noise source, providing the the-40

oretical opportunity to reduce by 80% the down-
stream radiated noise [11]. However, two ma-
jor difficulties arise from the location of the ac-
tuators: many of the acoustic control problems,
especially when optimizing the transmission loss45

are addressed with normal wave incidence, giving
maximum control authority to actuators oriented
directly toward the acoustic wave velocity vector
[12, 13].
In addition, for experiments within ducts includ-50

ing or not airflow, the control actuators are in gen-
eral loudspeakers [14], which facilitate the control
of the acoustic field for obvious physical reasons.
Nevertheless, these actuators are heavy and require
a certain available volume to be implemented. This55

last constraint is not consistent with the considered
thin OGV profiles inside the turbofan engine.
Early attempts have been made to implement

piezoelectric transducers at the surface of OGVs
with the objective of acoustic control. For instance,60

Curtis, A. R. in 1999 [15] used flush mounted
PZT5A transducers on stator vanes. A 3 to 6dB
attenuation for tonal excitation was achieved with
transducers supplied by 150V. Besides, the authors
pointed out the difficulty to obtain sufficient acous-65

tic controllability with this type of thin actuator.
Galland et al. [16] and Sellen et al. [17] devel-

oped hybrid actuators with a piezoelectric trans-
ducer driving a membrane inside a small cavity.
Combining the high-frequency performance of the70

passive part and the low-frequency performance of
the active one, up to 20dB gain on the transmission
loss (TL) was achieved within a duct with different
airflow velocities. Still, the volume necessary for the
actuator, its membrane flexibility, and its wire mesh75

surface structure are not compatible with our spe-
cific need for a flush-mounted control system for a
thin OGV profile to not disturb the flow and main-

tain static pressure.
Hence, the following manuscript proposes prelim-80

inary experimental results on a new proposition of
an active noise control system dedicated to reduc-
ing the acoustic emission from the interaction tur-
bulence/airfoil on the leading edge of stator vanes.
The concept consists of flush-mounted piezoelectric85

cells optimized in their design to take advantage of
their main electromechanical resonance and control
the noise within the desired bandwidth on a down-
stream target microphone.

The manuscript is organized as follows: Section90

2 presents the prototype design with its electro-
mechanical and electro-acoustical behavior. Then
Section 3 details the experimental setup with the
acoustic and airflow duct. The Section 4 develops
the identification process and the active control de-95

sign. Finally, Section 5 addresses the experimental
results obtained in terms of transmission and inser-
tion loss thanks to the active control system.

2. Active flush-mounted cells design

Airflow with turbulence Noise radiation

Impingement
Airfoil frame

Flush mounted piezoelectric cells

Figure 1: Active vibration and noise control system
principle for aerodynamic profile.

The present section introduces the prototype me-100

chanical design initiated in [18] and the electro-
acoustical behavior of the cells within the exper-
imental setup of the wind tunnel. As mentioned
earlier, the proposed active noise control system is
aimed to reduce the noise level emitted by the inter-105

action between a turbulent airflow coming from the
rotor vanes and the airfoil surface of the OGV as
illustrated in Figure 1. Each one of the purple rect-
angles is a piezoelectric actuator whose functioning
principle is depicted in the Figures 2 and 3. Thus,110

each piezoelectric cell is constituted by a thin 1mm
aluminum skin of 44 × 44mm with 6 transducers
fixed with epoxy resin and connected in parallel.
The transducers, in green color, are PZT-5A piezo-
electric stack of 10× 5mm section and 2mm thick-115

ness in the strain direction (d33). The mechanical
mounting wedges have been optimized to improve
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(a) (b) (c)

Figure 2: 3D representations of each piezoelectric cell architecture : (a) aluminum skin alone, (b) 6 oper-
ational transducers (green color) with their main strain direction under electric excitation, (c) additional
mass.

the effective piezoacoustic coupling. The main idea
is to design a high-frequency acoustic actuator by
maximizing the moving surface of the cell for a120

certain bandwidth and also the electromechanical
coupling. Since the aluminum skin remains rigid,
additional steel masses of 168g have been added
to guarantee sufficient electromechanical coupling
within the desired bandwidth.125

Sectional view

44mm

1
m

m

Piezoelectric transducers

Strain direction under electric excitation

Additional mass

Bottom view

Figure 3: Schematic representation of the piezoelec-
tric transducers implementation on each cell.

The manufactured prototype of the outer vane
profile consists of 3 operational flush-mounted
piezoelectric cells to be installed in a wind tunnel
for preliminary experiments as displayed in Figure
4. Unfortunately, cells #4 and #5 presented elec-130

1 2 3

1
0
m
m

Figure 4: Active noise control system overview with
operational cells #1 to #3 and scale

.

tromechanical issues during the experiment due to
the manufacturing process, and were disconnected
to not disturb the dynamic behavior of the remain-
ing operational cells #1 to #3.

3. Experimental setup135

The operational prototype cells are installed in
a wind tunnel with a rectangular section of 68 ×
110mm. Figure 5 provides a schematic represen-
tation of the experimental setup in addition with
pictures in Figure 6. First, a constant airflow, con-140

trollable in velocity enters the tunnel through an
inlet section and goes out through an anechoic out-
let. At the upstream section and isolated from the
airflow, a loudspeaker is used as an external acous-
tic source. The active cells are then positioned at145

the reference position x = 0 and 4 microphones
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Figure 5: Wind tunnel experiment schematic representation.

measure the acoustic pressure at positions upstream
(x1 and x2) and downstream (x3 and x4). The
microphone positions are given in Table 1. Since
the reference duct has almost no acoustic reflection,150

these 4 microphones are dedicated to estimating the
transmission loss (TL) of the active prototype.

Microphone Position [mm]

x1 −135

x2 −100

d 453

x3 550

x4 585

Table 1: microphones positions inside the duct and
active sample length.

Considering the active control part, the error mi-
crophone is selected to be the #3. Thus, it is
connected to both the acquisition system and a155

dSPACE MicroLabBox controller. The controller
then generates a voltage command signal of +/ −
10V for each active cell which is amplified by a 10×
gain through a voltage amplifier, leveling up the
piezoelectric supply voltage to +/− 100V. Finally,160

the following acoustic control experiment is realized
using an airflow velocity inside the duct between 0
and 20m.s−1 (Mach 0.06).

4. System identification and control

The following section describes the identification165

process of the piezoacoustic system between the cell

voltage command signals and the error microphone
response without airflow. Then, a modal-shaped
LQG controller is derived to target the maximum
acoustic controllability bandwidth of the control170

system.

4.1. Piezoacoustic system response

First, the multi single-input/single-output
(MSISO) control system considered is defined and
a schematic representation is displayed on Figure175

7. Hence, y(t) is the microphone output signal
(error signal). The transfer functions Hij(s) with
s = jω as the Laplace variable, define the effect
of actuator i on sensor j with i ∈ {1, 2, 3} and
j ∈ {1, 2} (1 for microphone and 2 for the laser180

vibrometer). The controller transfer functions are
then defined by Ki(s) and their output control
signal ui(t).
The frequency response functions (FRF) mea-

surement of the error microphone responses to the185

excitation of the control system is realized by send-
ing to each one of the active cells a band-limited
white noise with a sampling frequency of 50kHz
and maximum amplitude 10V. In addition, a Poly-
tec PSV500 laser vibrometer measures from behind190

the cells the mechanical vibration of the active alu-
minum surfaces to observe the electromechanical
coupling of the system and compare it to the piezoa-
coustic coupling characterizing its performance.

The measured FRFs Hi1(f), Hi2(f) and their195

spectral coherence are displayed on the Figures 8, 9
and 10 respectively. One can clearly notice that
each cell has a different acoustic impact on the
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Figure 6: Wind tunnel experiment: (a) view from
downstream (b) view from upstream, (1) acoustic
source, (2) active sample, (3) anechoic outlet, (4)
laser vibrometer.

environment in the frequency domain. Cell #1
presents a main electro-acoustic mode at f1 = 450200

Hz, cell #2 has the lowest coupling and acts at
470Hz and 610Hz. Finally, cell #3 shows the best
piezoacoustic coupling at 670Hz. Besides, the mea-
sured FRFs Hi2(f), when compared to their acous-
tic counterpart Hi1(f) present higher amplitudes205

and better spectral coherence for a larger band-
width. This major observation demonstrates that
although the system is well designed with a good
electro-mechanical coupling with this configuration
of piezoelectric transducers, it still must be opti-210

mized further to generate more acoustic pressure on
the aluminum skin surface to improve the piezoa-

H11(s)

error microphone
+

+

+

K1(s)

K2(s)

K3(s)

H21(s) y

u1 e1

e2

e3

u2

H31(s)
u3

Figure 7: Control problem scheme.
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Figure 8: Measured FRF Hi1(f) from each cell to
error microphone.

coustic coupling. The observed discrepancies be-
tween all piezoelectric cells come from small differ-
ences occurring during wedges manufacturing and215

piezoelectric layer gluing. One can also underline
the main importance of the membrane clamping
that modifies the frequency of the main electrome-
chanical mode. This sensitivity shall be considered
in future optimization and design.220

Nonetheless, a modal model of the functions
Hi1(s) is defined using the same methodology and
formalism as in [19] assuming the target modes are
sufficiently separated in frequency. Hence, the ap-
proximation Ĥi1(s) is of the form:225

Ĥi1(s) =

n∑
k=1

ai1k + bi1k s

s2 + ω2
k + 2ξkωks

(1)

where k ∈ [1;n] is the target mode number, ωk ∈
R+∗ is the mode frequency in rad.s−1, ξk ∈ R+ is
the mode damping and (ai1k , bi1k ) ∈ R2 are correction
coefficients to obtain the right modal amplitude and
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Figure 9: Measured FRF Hi2(f) from each cell to
laser vibrometer.
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Figure 10: Measured spectral coherences Ci1(f)
and Ci2(f).

phase at ωk such that:230

ai1k = Re{Hi1(jωk)× 2ξkjω
2
k} (2)

bi1k =
1

ωk
× Im{Hi1(jωk)× 2ξkjω

2
k} (3)

The results of this identification process are sum-
marized in Table 2 and the corresponding estimated
functions Ĥi1(f) are displayed in Figures 11, 12,
and 13. This modal model approximation is espe-
cially valid in this context since the controllability235

of each cell on the error sensor is very narrow in the
frequency domain.
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Figure 11: Modal estimation Ĥ11(f) o measured
transfer function H11(f).
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Figure 12: Modal estimation Ĥ21(f) o measured
transfer function H21(f).

4.2. Control design

For control purpose, a state-space realization is
then defined for Ĥi1 as:240

Ĥi1

{
ẋi = Aixi +Biui

ei = Cixi
(4)

with Ai ∈ R2n×2n, Bi ∈ R2n×1, Ci ∈ R1×2n and
xi ∈ R2n (Di = 0 since Ĥi1 is strictly proper). The
matrices of the aforementioned state-space system
are defined by:

Ai =

[
0n In

−diag(ω2
k) −2diag(ξkωk)

]
2n,2n

(5)

Bi = [01,n 11,n]
T

(6)

Ci =
[
ai11 · · · ai1n bi11 · · · bi1n

]
(7)
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Figure 13: Modal estimation Ĥ31(f) o measured
transfer function H31(f).

Cell # ω/(2π) ξ ai1 bi1

1 450Hz 0.01 71.45 0.16

2
472Hz 0.015 -186.23 0.04
612Hz 0.015 440.18 0.01

3 670Hz 0.01 724.14 0.26

Table 2: Identification parameters.

Now that the system is modeled with a state-245

space representation, the state vector is augmented
with a narrow band-pass filter Fi allowing the con-
trol from cell #i to focus on the target modes with
a tunable bandwidth. Hence, the filter Fi is defined
as:250

F (s) = 1
1+s2/ω2

LP+s/(QfωLP )
×

s2/ω2
HP

1+s2/ω2
HP+s/(QfωHP )

(8)

whereQf is the quality factor and the frequency pa-
rameters (ωHP , ωLP ) define the control bandwidth.
The system Fi directly filters the measure y and
has the following state space representation:

Fi

{
ẋF = AFxF +BF y
yF = CFxF

(9)

with AF ∈ Rm×m, BF ∈ Rm×1, CF = Im for the255

sake of simplicity and xF ∈ Rm, m depending on
the order of Fi. Hence, the augmented system Gi1

formed by Fi and Ĥi1 is written as:[
ẋi

ẋF

]
=

[
Ai 0

BFCi AF

] [
xi

xF

]
+

[
Bi

0

]
ui (10)

yF = [0 CF ]

[
xi

xF

]
(11)

equivalent to:

Gi1

{
ẋG = AGxG +BGui

yF = CGxG
(12)

with260

xG =

[
xi

xF

]
, AG =

[
Ai 02n×m

BFCi AF

]
,

BG =

[
Bi

0m×1

]
, CG = [0m×2n CF ] (13)

The control gain matrix Mi ∈ R1×(2n+m) such
that ui = −MixG is finally computed for each cell
as solution to the LQR problem (AG, BG) minimiz-
ing the following functional:

J =
1

2

∫ +∞

−∞
xT
GQxG + uT

i Rui (14)

with Q = diag ([01,2n 1m]) × 102 to control es-265

sentially within the bandwidth driven by Fi and
R = 10−4. Since only partial feedback is available
from the filter output yF , a Kalman filter is de-
signed to estimate the full state xG and the total
controller is written as:270

˙̂xG = AGx̂G +BGui + L (yG − CGx̂G) (15)

ui = −Mix̂G (16)

where x̂G is the state estimation. The observer
gain matrix L ∈ R(2n+m)×m is computed consid-
ering a high level covariance in the state perturba-
tion, allowing faster convergence to the real state.
A scheme of the final controller Ki architecture is275

displayed on Figure 14.

Ki

Fi
uiObserver -Mi

y yF=xF xĜ

Figure 14: Controller Ki architecture.
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5. Experimental results

This final section presents the results obtained
in terms of active acoustic control in the experi-
mental setup considered for airflow velocities up to280

20m.s−1 in the wind tunnel. As primary acoustic
perturbation, a band-limited white noise is applied
to a loudspeaker amplifier at a sampling frequency
of 50kHz (see Figure 5) with the actuator positioned
upstream with respect to the active device. For285

each airflow velocity, the active noise control sys-
tem is then switched on to observe its performance.
The Figures 15 and 16 display first the power

spectral density (PSD) of the voltage signals com-
ing from the downstream microphone #3 and up-290

stream microphone #2 respectively, for all the ex-
perimental cases of control and airflow. One can
immediately notice the low-frequency impact (see
zoom section under 100Hz) of the airflow within
the duct. This observation is very positive since the295

control must operate at higher frequencies. Hence,
the airflow should not interfere with the three con-
trol closed loops. The zoom section around the
narrow bandwidth impacted by the control (620-
712Hz) confirms the previous conclusion since the300

control effect on the PSD of both downstream and
upstream microphones is indeed not affected by the
flow velocity. In terms of performance, a maxi-
mum attenuation of 4 dB is achieved on microphone
#3, and only around 670Hz demonstrating that the305

cells #1 and #2 are almost inefficient compared to
cell #3. As mentioned earlier, there is still a lot
of dispersion in the manufacturing process of the
proposed prototypes, creating discrepancies in the
electro-mechanical behavior. Besides, the acoustic310

level within the controlled bandwidth is increased
upstream by the same attenuation factor at the
downstream positions. Nevertheless, this level of
attenuation is still interesting as it mainly demon-
strates the physical and technological ability of the315

system to interact with grazing incidence acoustic
waves and impact the global downstream acoustic
field.
Figure 17 summarizes these results by comput-

ing a ratio between the PSD of the downstream320

microphone signal with and without control with
the mentioned reduction of 4dB at 670Hz.
Figures 18 and 19 show approximations of the

transmission loss (TL) and insertion loss (IL). The
TL represents the ratio between the incident sound325

power on the sample and the sound power trans-
mitted by the sample :

TL = 10log10

(∣∣∣∣AC
∣∣∣∣2
)

(17)

where A and C are the complex coefficients of the
transmission matrix [20] corresponding to the inci-
dent waves. Then, the IL represents the difference
between the TL of the reference rigid liner and the
TL from the considered control system.

IL = TL− TLref (18)

Hence, a 2.5dB gain is achieved by the proposed
piezoelectric active control system around the main
controlled frequency of 670Hz on the IL, provid-330

ing good confidence in this technological solution
to control future acoustic sources coming from the
interaction between turbulence and airfoil. Finally,
the RMS values of the voltage control signal of each
cell, for every airflow velocity are displayed in Fig-335

ure 20. As observed previously, the actual airflow
had no impact on the control bandwidth and the
necessary control energy is not affected. A time
domain extract of the control signal u1(t) with the
extreme cases of airflow velocity is also plotted to340

illustrate this phenomenon.

5.1. Comparison with a passive solution

A passive solution to reduce the noise emission
due to the interaction between a turbulent flow and
airfoil is being developed within the same project.345

Its design relies on the previous work from Bampa-
nis et al. [21]. Hence, samples had been tested in a
similar wind tunnel, using the same sample holder
dimensions as the one presented in Figure 4. These
experiments also took interest in the absorption of350

acoustic waves with a grazing incidence in presence
of airflow.

The measured IL for one of the samples is now
compared to the active solution without airflow
in Figure 21. These results show that the pas-355

sive solution achieves a moderate broadband perfor-
mance on the IL while the active solution presents a
higher level of IL, but over a very narrow frequency
band corresponding to the identified controlled elec-
tromechanical mode. This observation confirms360

that a future better-designed actuator with higher
piezoacoustic coupling and larger bandwidth could
offer better performance than passive solutions and
use less space than hybrid systems with resonators.
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Figure 15: Downstream microphone #3 signal PSD for all values of airflow velocity, AC: Active Control.

6. Conclusion and perspectives365

This manuscript presented experimental results
on the early development of a newly designed active
acoustic control system dedicated to stator vanes
for jet engines consisting of flush-mounted piezo-
electric cells. The idea behind this technological370

implementation was to control the noise created by
turbulence interacting with the airfoil profile and
also not disturb the airflow to maintain aerody-
namic performance. Three active cells have been
placed into a wind tunnel with a primary acous-375

tic source and an anechoic termination. Based on
a modal identification of the piezoacoustic behav-
ior of each cell, a linear MSISO controller has been
designed to provide narrow-band rejection perfor-
mance to the system due to its resonant character-380

istics. Thus, attenuation of 4dB around the main
controlled mode at 670Hz has been achieved on
the target downstream microphone PSD, increas-
ing also the acoustic level on the upstream micro-
phone as a side effect. A corresponding insertion385

loss of 2.5dB has been reached for the considered
bandwidth. The most interesting result is certainly
that such performance level has been achieved with
all values of experimented airflow velocities up to
20m.s−1. Since the proposed active control system390

is currently in an early prototyping phase, the ac-
tual results are modest. Nevertheless, they provide
good confidence for a future better-designed actu-
ator with higher piezoacoustic coupling to be able

to control acoustic disturbances coming from real395

turbulence interacting with the vane leading edge.

500 550 600 650 700 750 800 850 900 950 1000

-0.5

0

0.5

1

1.5

2

2.5

Figure 21: Comparison of the insertion loss IL in
[dB] between the active and the passive materials
without flow. P: passive material made of melamine
foam covered with wire mesh.
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Figure 16: Upstream microphone #2 signal PSD for all values of airflow velocity, AC: Active Control.
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