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Abstract

In the attempt to reduce fuel consumption, a new generation of
Ultra-High-By-Pass-Ratio (UHBR) turbofans have been introduced in
the aeronautic industry which are structurally noisier especially at
lower frequencies, because of their larger diameter, lower number of
blades and rotational speed. Moreover, they present a shorter nacelle,
leaving less available space for acoustic treatments. For this reason,
innovation in the liner technology is highly demanded. In this contri-
bution, we analyse the performances of an electroacoustic liner, made
up of microphones (sensors) and small loudspeakers (actuators). Such
array of electroacoustic resonators can feature an interesting boundary
operator, called Advection Boundary Law. Such boundary law has
been analysed in grazing-incident acoustic fields without air-flow and
in case of plane waves. Here, we adapt such boundary condition to
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Figure 1: Illustration of the scattering problem in acoustic waveguide, with
guided modes amplitudes definition on the left side, and on the right side of
the acoustically treated segment.

attenuate spinning modes. Numerical simulations in case of spinning-
modes, shows the potentiality and the passivity issues of such innova-
tive boundary law. Finally, a reproduction of a turbofan engine (scale
1:3) accomplishing real-life rotational speeds, allows to assess the per-
formances of the Advection Boundary Law in presence of mean-flow
and spinning-modes.

1 INTRODUCTION

The industrial contest is the noise transmission control in turbofan aircraft
engines, where higher performances are demanded to the acoustic liners by
the UHBR turbofan technologies. In order to overcome the limitations of
classical liners, the Salute project designed an electroacoustic liner made
up of Electroacoustic Resonators (ER) [1, 2, 3, 4, 5, 6]. Four collocated
microphones and a speaker allow to implement generalized impedances, also
involving the first spatial derivatives of sound pressure on the boundary.
In this contribution, we study a non-local control law, called Advection
Boundary Law (ABL). In Section 1.1, we present the scattering simulations
on a cylindrical waveguide excited by spinning modes. Then, in Section 2,
we present the attenuation of the azimuthal modes achieved on the Phare2
test-bench [7, 8], confirming the potentiality of such innovative liner.

1.1 Multi-modal scattering

In this section, we aim at solving the multi-modal scattering problem in case
of absence of mean-flow. It is defined as in Eq. (1), where the terms C+

µ , A−
γ ,

A+
ν and C−

σ are illustrated in Figure 1. The transmission coefficient matrix
for example, [T+

µ,ν ], links the amplitudes of the incident guided modes {A+
ν }

(with varying mode index “ν”) to the amplitudes of the transmitted guided
modes {C+

µ } (of varying index “µ”).
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Figure 2: Mesh of the cylinder FE model, with the treated (lined) segment
specified, as well as the right and left terminations.

[
{C+

µ }
{A−

γ }

]
=

[
[T+

µ,ν ] [R−
µ,σ]

[R+
γ,ν ] [T−

γ,σ]

] [
{A+

ν }
{C−

σ }

]
(1)

In COMSOL Multiphysics, a Finite-Element (FE) model of a cylinder of
radius 0.25 m, with a treated segment of 0.1 m, has been created, see Figure
2. The segments on the left and on the right side of the treated segment
has been defined sufficiently far from the respective terminations in order to
avoid border effects.
In order to define indicators for the transmission, reflection and absorption
performances of the liner, the acoustic intensity has to be defined:

I(ω, x) =
1

2

∫ R

0

∫ 2π

0
Re{p(x, r, θ, ω) v∗(x, r, θ, ω)}rdrdθ, (2)

where th superscript ∗ indicates the complex conjugate. The acoustic
intensities can be computed at the left and right terminations, by exploiting
the orthogonality condition between guided modes in rigid waveguides. Sup-
posing to excite the system by incident modes A+

ν (ω) ̸= 0 and C−
σ (ω) = 0,

the pressure pL(ω) at the left section, can be written in terms of the reflec-
tion coefficients R+

γ,ν(ω) as in Eq. (3a). The acoustic velocity vL(ω) along
the longitudinal direction, is easily retrieved in Eq. (3b) from the Euler
equation along the longitudinal direction x: −ρ0∂tvx = ∂xp.

pL(ω) =
∑
ν

A+
ν (ω)

∑
γ

Jm(γ)(krm(γ)n(γ)
r)ejm(γ)θ

(
δν,γ +R+

γ,ν(ω)

)
, (3a)
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vL(ω) =
1

ρ0jω

∑
ν

(A+
ν (ω))

∗
∑
γ

J∗
m(γ)(krm(γ)n(γ)

r)e−jm(γ)θ

(
jk∗xν

(ω)δν,γ−jk∗xγ
(ω)(R+

γ,ν(ω))
∗
)
,

(3b)
From Eq. (2), and by choosing the opportune normalization of the Bessel

function mode-shapes Jm(γ), the acoustic intensity at the left-section termi-
nation IL(ω) expression of Eq. (4a) is obtained [9]. Analogously, the acoustic
intensity IR(ω) can be evaluated at the right termination in terms of the
transmission coefficient T+

µ,ν(ω) as in Eq. (4b). Observe that in Eq.s (4), we
assume to neglect the so-called tunnelling effect [9], which is an acceptable
assumption as long as the computation is performed sufficiently far from
duct discontinuities, so that to discard contribution of evanescent modes.

IL(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
γ

(
Re{kxν (ω)}δν,γ − Re{kxγ (ω)}|R+

γ,ν(ω)|2
)
(4a)

IR(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
µ

(
Re{kxµ(ω)}|T+

µ,ν(ω)|2
)

(4b)

From the expressions of IL(ω) and IR(ω), we can define the incident
I+inc(ω), reflected I+refl(ω) and transmitted I+transm(ω) acoustic intensities, as
in Eq.s (5):

I+inc(ω) =
πR

ρ0ω

∑
ν

Re{kxν (ω)}|A+
ν (ω)|2 (5a)

I+refl(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
γ

Re{kxγ (ω)}|R+
γ,ν(ω)|2 (5b)

I+transm(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
µ

Re{kxµ(ω)}|T+
µ,ν(ω)|2. (5c)

As we excite the system by one single mode ν at a time, we can define
the intensity reflection r+I,ν , transmission t+I,ν and absorption coefficient α+

I,ν

relative to that single mode:

r+I,ν(ω) =

∑
γ Re{kxγ (ω)}|R+

γ,ν(ω)|2

Re{kxν (ω)}
(6a)

t+I,ν(ω) =

∑
µRe{kxµ(ω)}|T+

µ,ν(ω)|2

Re{kxν (ω)}
(6b)
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α+
I,ν(ω) = 1− |rI,ν(ω)|2 − |tI,ν(ω)|2, (6c)

Analogously, the intensity scattering coefficients r−I,σ(ω), t−I,σ(ω) and

α−
I,σ(ω) for each mode σ exciting the system from the right termination, can

be retrieved after computing the scattering coefficients R−
µ,σ(ω) and T−

γ,σ(ω).

After having defined the multi-modal scattering problem, we present now
some interesting results concerning the attenuation of sound propagation
achieved by both a purely local impedance boundary condition (BC), and the
ABL. The ABL is an extension of the local BC, where the local impedance
operator defines the relationship between the boundary acceleration and
a Lagrangian (not Eulerian as for purely local BCs) derivative of sound
pressure, with an advection speed given in the control. This boundary law
is defined in [10, 5, 3, 4] and reported below:

ZLoc(∂t) ∗ ∂tvn = ∂tp+ Ub∂arcθp on ∂Ω. (7)

In Eq. (7), ZLoc(∂t) is the differential operator in time domain corre-
sponding to a local complex impedance, ∗ is the convolution operation, vn is
the velocity normal to the boundary ∂Ω, p is the acoustic pressure, Ub is the
advection speed and arcθ = Rθ is the arc relative to the angle θ and radius
R. We define Mb = Ub/c0. By defining the boundary advection along the
azimuthal direction, we can contrast the propagation of the spinning modes,
which are the most interested by rotating sources as turbofans.
We present here the simulation results obtained by such control law which
has been also tested experimentally on the test-bench Phare2 [7, 8]. It is
hence helpful for the interpretation and appreciation of the experimental
results as well.
In Figure 3 we compare the scattering coefficients in case of purely local tar-
get impedance (ABL with Mb = 0), and advected law (ABL with Mb = −2),
by exciting the first azimuthal modes with m > 0. Observe the enhance-
ment of the transmission attenuation in case of Mb = −2, corresponding to
an increase in the reflection coefficient. Note also that the mode with m = 3
cuts on around 950 Hz, and its transmission is significantly attenuated when
Mb = −2. In Figure 4, we report the scattering coefficient by exciting the
first azimuthal modes with m < 0, i.e. with the same sign as Mb = −2. Ob-
serve that the ABL with Mb = −2 shows a non-passive behaviour (αI < 0)
when azimuthal modes rotating in the same sense as Mb.

These computations have very much helped to gain confidence about
the expectable results in the experimental campaign. In addition, they can
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Figure 3: Intensity scattering coefficients in case of Mb = 0 and Mb = −2,
for the first three modes with m ̸= 0.
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Figure 4: Intensity scattering coefficients in case of Mb = 0 and Mb = −2,
for the first three modes with m ̸= 0.
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provide an useful tool for optimization of boundary control laws in multi-
modal acoustic fields.
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2 Experimental results

We wondered if such advection boundary control could be interesting for
reducing noise radiation from a turbofan reproduction (scale 1 to 3), where
the intake boundaries of the nacelle were treated by a circular electroacoustic
liner, see Figure 5. In Figure 5, we also report the photo of the ER, the
unit cell where the ABL is applied. Two rings of microphones are placed
upstream and downstream the liner, in order to retrieve the azimuthal modal
content of the sound field before and after the electroacoustic liner.

Figure 5: Photo of the single ER cell, and sketch of the modified inlet
accommodating the electro-active liner.

In this case, the sound field is much more complex. But, due to the
rotational speed of the turbofan, the predominant modes propagating in
the nacelle are typically of spinning type. From that, the idea to adapt
the advection boundary control, by imposing an advection speed along the
azimuthal direction on the boundary, in opposite sense with respect to the
rotational sense of the turbomachinery. Figure 7 shows what appeared in
measurements: you see the average level of azimuthal modes around the
Blade Passing Frequency (BPF), upstream and downstream the liner with
respect to the airflow direction. Observe that here we are interested in
reducing the radiation upstream the liner. Both measurements demonstrate
that anMb = 2 leads to an enhancement of the attenuation of modem = −3,
with respect to the case Mb = 0. Mode m = −3 is the most significant
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Figure 6: Sketch of the Phare2 duct stage.
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Figure 7: Normalized modal amplitude upstream (a) and downstream (b)
the lined segment, around the Blade-Passing-Frequency (BPF) at 30% of
the nominal engine speed, with varying Ub.

mode at this frequency, which is close to the cut-on frequency of mode m =
±3 as reported in the simulations of Section 1.1. Notice that introducing
the advection speed Mb allows to improve attenuation of azimuthal modes
having sign(m)= −sign(Mb), while modes with sign(m)=sign(Mb) are less
attenuated, respect to the case Mb = 0. Notice also that the passivity issues
found in the numerical simulations, are not featured in this experimental
test bench. Remind that the simulations of Section 1.1 do not take into
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account the airflow, and the presence of the wiremesh placed in front of the
ERs.

3 Conclusions

We have presented an adaptation of the Advection Boundary Law to at-
tenuate the spinning modes. Numerical simulations have allowed to gain
confidence about the potentiality of such boundary control strategy. The
multi-modal scattering simulation showed that the Advection Boundary Law
can indeed attenuate the transmission of spinning modes rotating in the op-
posite sense as the boundary advection speed, though passivity issues can
appear for the modes rotating in the same sense. The Phare2 experimen-
tal test-bench validated the numerical predictions in terms of attenuation
of spinning modes, whereas no passivity issues have been featured. Never-
theless, the turbofan test-rig presents an aeroacoustic environment which is
much more complex than the simulated one. Moreover, the electroacoustic
liner synthesizing the Advection Boundary Law was covered by a wiremesh,
which also contributes to increase the passivity margins.
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