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Resumen

El disefio de materiales acusticos alternativos para problemas de control de ruido ambiental requiere
una caracterizacion experimental que debe realizarse considerando las condiciones in situ para una
estimacion precisa de sus propiedades absorbentes. En este trabajo estamos interesados en el estudio
de materiales fibrosos anisotropicos como una alternativa a los materiales clasicos que no pueden
lograr las reducciones de ruido especificas recomendadas por las organizaciones mundiales de la
salud. Sus propiedades, direccionalmente dependientes, proporcionan mas grados de libertad para la
optimizacion y adecuacion a diferentes problemas. Se predicen utilizando una formulacion analitica
gue tiene en cuenta tanto la anisotropia como la dependencia de la frecuencia del médulo complejo de
densidad y compresibilidad y requiere la solucién de una ecuacion trascendental. La verificacion de
los resultados se ha realizado de forma experimental con una sonda de presién-velocidad in situ que
proporciona los coeficientes de absorcion y reflexion en funcion del didmetro de las fibras. También se
han obtenido resultados cubriendo el material fibroso con un panel microperforado.

Palabras clave: medida de absorcion in situ, materiales fibrosos anisotropicos, paneles micro-
perforados.

Abstract

The design of alternative acoustic materials for environmental noise control problems requires an
experimental characterization that has to be done considering in-situ conditions for accurate estimation
of their absorbing properties. In this work we are interested in the study of anisotropic fibrous
materials as an alternative to classical materials that cannot achieve the targeted noise reductions
recommended by world health organizations. Their properties, directionally dependent, provide more
degrees of freedom for optimization and adequacy to different problems. They are predicted using an
analytical formulation that accounts for both anisotropy and frequency dependence of the complex
density and compressibility module. It requires the solution of a transcendental equation. Verification
of the results has been carried out experimentally with an in-situ pressure-velocity probe that provides
the absorption and reflection coefficients as a function of the fibers diameter. Results have also been
obtained when shielding the fibrous material by a micro-perforated panel.

Keywords: in-situ measurement absorption, anisotropic fibrous materials, micro-perforated panels.
PACS n°. 43.20.Rz, 43.50.-x
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1 Introduction

One of the major contributors to noise pollution in urban environments is the transportation system
[1]. Low-frequency broadband noise control constitutes a predominant contribution in the aeronautic
and automotive transports [2]. Many acoustic devices for the reduction of fan and jet noise are
constituted of liners made up of a honeycomb core bonded to a perforated sheet in contact with the
flow that acts as a resistive skin. They provide significant noise attenuation at high frequencies, due to
the thickness of the embarked porous material that spans several wavelengths of the incident sound
wave, but they also add additional weight and may obstruct fast routine maintenance inspection.
Several active flow control technologies have also been studied showing promising results, but still at
an early stage [3, 4]. Taking aviation safety and energy consumption into consideration, active flow
control methods are mainly applied to downscaled model of airframe components and still have a
moderate technology readiness level.

As an alternative to classical materials, layouts of panels with micro-slits or micro-perforations have
been considered. These treatments are resonance absorbers composed of Micro-Perforated Panels
(MPPs) with sub-millimetric holes backed by an air cavity [5, 6]. They are tuneable control devices
with adjustable performance achieved by a proper selection of their physical constitutive parameters.
Despite these advantages, MPP-based solutions for real problems are still moderate. The work done
until now is mainly intended for room acoustic applications. Knowledge about their acoustic
behaviour is still ongoing research for most of the noise problems addressed by the transportation
industry. In particular, studies about the finite-size effects of the MPP partitions, their vibrating
response [7] as well as their absorption and transmission properties [8, 9] under an acoustic excitation.
Recently, the acoustic response of MPPs partition in presence of grazing and/or bias flow [10] has
been studied, with relevance to flow noise problems in the automotive industry.

Bio-inspired low-frequency materials have been developed for a long time. In particular, it has been
identified that the silent flight of certain species of night bird predators, such as the large owls, can
offer insights for the design of multi-layer structures in order to reduce the airframe noise in aeronautic
systems [11]. Owls are able to eliminate the self-noise produced during flight by the turbulent
pressures in the wing boundary layers and from the legs between 2 and 10 kHz. Such noise reduction
relies on the specific plumage of their wings with three main characteristics prone to a silent flight.
Apart from the leading edge serrations that prevent boundary layer separation [12] and the trailing
edge porous fringes that provide smooth mixing of the upper and lower boundary layers [13], the
feathers are coated by a fine, soft downy material evenly distributed on the top of the wings.

From the observed morphology and constitutive parameters of the owl feathers, a number of
modelling studies aimed at developing a mimetic surface to demonstrate the reduction of noise caused
by flow over the surface. Experimental studies have been presented by Clark et al. [14] on surfaces
which mimic the morphology and assumed noise reduction properties of owl feathers, with particular
attention to the velvety coating on its top surface. They tested several bio-inspired treatments in an
anechoic wall-jet facility and analysed the effects on the surface pressure spectra as well as on the far-
field sound levels of various rough surfaces, eventually shrouded by a canopy. All canopies had a
strong beneficial influence on the surface pressure spectra in the mid-frequency range with up to 30

dB attenuation of the roughness noise at 1500 Hz and for external flow speed of 20 m.s™ with the

thinnest filament canopy. Through physical scaling, the authors pointed out that the canopy acted as a
spatial filter, responsible of the exponential attenuation of the surface pressures linked to the turbulent
eddy scales smaller than the canopy height.
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These studies also analysed external effects by studying how the canopy suspended above a rough
surface interacts with the flow and reduces the pressure fluctuations in a manner similar to the effect
of wind over and through vegetation canopy. The work presented here studies the internal attenuation
effects underneath and within the canopy. We deal with the attenuation effects inside a given
absorbing partition beneath a uniform flow in order to reproduce the aero-acoustic properties of the
velvety down wing surface. In this work we assume that a description appropriate to bio-inspired
surface may be the use of fibrous anisotropic materials as they seem well-suited to describe the
intricate structure of the owl wing feathers. These materials with a specified solid frame constitute a
particular category of a more general class of fluid-solid mixtures, ranging from porous rocks, fibrous
and granular solids, foam materials to emulsions and suspensions. The capillary pore approach was
first used by Rayleigh [15]. Many later fiber theories were, essentially, generalizations of this
approach and introduced phenomenological parameters to allow for deviations from the simple
capillary pore structure. The multiple scattering approach [16] is a fruitful model of fibers suspension
in the air that incorporates wave motion between and within the fibers which can be randomly
distributed and of different radii. It is built upon a cylindrical harmonic decomposition of the incident,
scattered dilatational, thermal and viscous waves in the fluid phase, and induced dilatational, thermal
and shear waves in the solid phase of the fibers. Although this model is a faithful description of the
real problem, it does not account for propagation through anisotropic materials made up of inclined
fibers in contact with an external flow.

The starting point of the work presented here is the model of Nayfeh and Sun [17], that
describes the axial attenuation of waves propagating in a two-dimensional duct carrying a
uniform mean flow and treated by a bulk-reacting liner consisting of an anisotropic porous
material backed by a cellular honeycomb core. This model is generalized in the present study by
accounting for a fully anisotropic complex compressibility and air flow resistivity. It is used to
evaluate numerically and experimentally the absorption properties of rigidly-backed fibrous
anisotropic partitions, eventually shielded by a MPP. A theoretical approach that predicts the
normal incidence absorption through these treatments will be assessed in Section 2, that
generalizes Nayfeh and Sun model to account for anisotropic bulk modulus as well as viscous
and thermal diffusion effects. The model will be validated in Section 3 against a set of
published results and in laboratory conditions (Section 4) with an in-situ impedance probe for
different configurations of materials combined with MPPs. The main conclusions and directions
for future work will be summarized in the last section.

2 Analytical formulation

2.1 Theoretical analysis

The configuration to be studied is outlined in Figure 1.

A

Rigid back wall
), Anisotropic fbrous material
Micro-Perforated Panel

AN plx, )= p,,e’((""""") Air

o B T L L » 0

X

Figure 1 —Physical set-up
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It consists of a uniform liner of infinite extent along the x-axis composed of a thin flexible MPP
located at y = d and separated from a rigid back wall by a layer of anisotropic fibrous material with
thickness b . Acoustic waves (e”'') propagate both in the porous and in the fluid domains. In the

following sub-sections, we outline the main equations that predict the absorption properties of several
models of anisotropic partitions. We start by a classical model of fibrous material with anisotropic
resistivity that accounts for viscous losses along and normal to the fibers. It is subsequently
generalized to the case of a fully anisotropic fibrous material with complex effective densities and
bulk modulii along and normal to the fiber axis, that respectively account for relaxation effects
associated to viscous and thermal diffusion. Finally, we model a rigidly-backed partition composed of
a rigid MPP backed by a layer of anisotropic materials

2.1.1 Weakly anisotropic model for fibrous materials

The purpose of the formulation is to find analytical expression for the axial attenuation (dB/m)
and the normal absorption coefficient « induced by a rigidly-backed anisotropic fibrous

material of thickness b in contact with a fluid flowing uniformly in the half-space y<d, as
shown in Figure 1. The fibers are inclined at an angle & with respect to the material surface.
The pressure and the axial and normal velocities are denoted respectively p, v, and v, in the

fluid domain and p,, V
g(x y;it)=g(y)e
equation, the mass conservation and the thermodynamic law, p=pc?, leads to the convected
Helmholtz-equation satisfied by the pressure in the fluid domain

p"+ [(Mk, —k, ) —k2| p=0 (1)
with p”=d2p/dy2, M =U_/c, the flow Mach number with axial velocity U, and c, the

o and Vv, in the porous domain, with the generic wave form

(-ot) " Eliminating the density fluctuations 5,V,and ¥, between the Euler

sound speed. k, =w/c, and k, are the acoustic and axial wavenumbers in the fluid domain. As

for the anisotropic fibrous material, the conservation of momentum is expressed in matrix form
in terms of the material properties along, 7, and normal , n, to the fiber directions, as follows

Tl [B]

Pog | ot || ox Voo |_[9],

ngav_py + 6p_p +29[\7py} {O} 2
ot oy

. . S S o o
In this expression, ng{ o ’”} and Zg:{ o m} are the structure factor and flow

O-n T O-n n

nr Snn
resistivity matrices, the elements of which have the form s_=s_cos?’6d+s,sin’é,
S,, =S.sin*0+s,c05° 0, S, =s,, =(s, —s,)sin26/2, with the same dependence for the elements
of the X, matrix. Q is the porosity defined as the fraction of air volume with respect to the
total volume of material and s,y are the structure factors along (resp. normal) to the fiber axis.
In the same way, o, are the flow resistivities along (resp. normal to) the fibers directions and

that account for frictional viscous dissipation effects along and across the fluid-fiber interface.

The equation of mass conservation in the fibrous material can be written as
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ok vy —0 3)
ot p p !

assuming an isotropic lossless bulk modulus given by K = p,C5 . Operating from Egs. (1-2) to

eliminate Ve Voy

the fibrous material in the form
pr(y)+ Fop,(y)+Fyp,(y)=0, @)

|k H k2
with F, =-—"(g,, +g,,) and F, = 'I‘;’Q det(g) _ KpxIm 9 On

11 g T (24
p

and pj,, we obtain an equation of propagation for the pressure amplitude in

and det(g) = , Where we have

used the following notation, g, =) —iogQ™s yand g, =g, =0, —iop,Q's,,. We can
\7py(x,d;t)
p,(x,d;t)
terms of either the fluid flow or the material parameters. Applying continuity of the pressure
and normal particle displacement at y=d~ on the fluid side, the input admittance can be

expressed in terms of the fluid parameters as
wk,Cy Kok,

P o-UF oMo ©)

with kj = (Mk, —k, )’ —k? and Im(ky)> 0. We can now obtain an expression for this quantity at

Tz(nn

now obtain an expression for the input admittance S = p,c, at the interface y =d™ in

y=d" towards the fibrous material. We assume an expression for the pressure of the form

~ ik ik i —
pp(x,d;t)z(ape' pnd +b, €' md)e'(“xX @) \where ky, and k, —are the transverse wavenumbers of

the forward and backward waves travelling in the material. Back substituting 5p into Eq. (4),

we obtain a second order polynomial equation, with well-known solutions given by
2k, =1F tx,, with

K

2\/det@@) [i0Q )
p Ekpyl _kPY2 = gﬂ Kb grr _kx ' (6)
the phase propagation constant and F, the attenuation factor in the transverse y-direction. An
expression for the velocity \7py in the fibrous material can also be obtained when imposing the

rigid back wall condition, Vv, (x,b+d;t) =0. Evaluating the ratio between velocity and pressure

at y=d ", one obtains the following expression for the input admittance of the fibrous material
9.5, Kpb
=—poC tan :
P ="P% % det(g) ( 2 J Q)
Equating Egs. (5) and (7) leads to the following eigenvalue problem,
P0oC09::Kp Kb Koky
=" 3fgn| >d |[=— . 8
d 2det(g) [ 2 j (k, — Mk, )? ®)
Eq. (8) have to be solved for each frequency in the complex k, -space restrained to Im(k,) >0
in order to avoid exponential growth of the solution when x> 0. Once the solution is identified,
denoting z = 8", we proceed to calculate the normal absorption coefficient,
z-1[

i (9)

z+1

a=1-
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2.1.2  Fully anisotropic model for fibrous materials

In Eqg. (3), the assumption of an isotropic effective velocity, equal to the speed of sound in all
directions of the anisotropic material, is rather restrictive and is overcome in this section. A
generalized mass conservation equation should include an anisotropic bulk modulus with values

K., along the fiber axis and K, normal to the plane of the fibers. Eq. (3) of mass conservation
is then updated as

=
Q%+Tr[KVVp] —0, (10)

where K =[ " m} is the bulk modulus matrix whose elements follow the same construction
nr nn
rule as those of the structure factor and flow resistivity matrices (Eq. 2). The complex bulk

moduli K, and K, can be defined as a function of the flow resistivities, o, and o,, along and

normal to the fiber axis, as follows [18]
-1

K, =pociiie =Y | (11)
’ 1_4|a)poNp

Orn

where y=C,/C, is the ratio of the heat capacities at constant pressure and volume, and

Np =Cp77/k; the Prandtl number with x; the thermal conductivity. We also derive a

generalized form of the momentum conservation equation with the following complex effective

mass densities
-1

1
Pocn = Poyl-—F—=——1 - (12)
2iwp,
1-22F0
Ur,n

The corresponding notations used in this section have to be wupdated as
Jee(nn) =0'”(nn)—ia)ppﬂ(nn) o, O, =0, ZO'm—ia)ppym Q1twith  the following  definitions
Py = Po.S, COS* O+ po,s, Sin’ 0, P = Po:S SIN° 0+ pg, S, c0s” 6 and
Py = Po,. =(05.S, — PouS, ) SINOcOs@. The coefficients of the wave propagation equation (4)

now take the form

ik, (K +K -K -K .
F, = - (K oG + Koo Ko ~KneOee) _ o )
Knngrr - an—gm

_ Ia)Qdet(g) - ksx(Krrgnn _ngnr)

? Knngrr _Knrgm
With these coefficients, Eq. (4) is generalized to the case of a fully anisotropic fibrous material
with complex bulk modulii and effective densities associated to thermal and viscous diffusion
effects along and across the fibers. The specific input impedance of the fibrous material is then
expressed as

(14)

[k, (9. + K2)+ 9.1, cotlicy 2] dete)

1=p4"=
Zzo(kfgnr’(a - Fzgrzr)

, (15)
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with x, =0,,—0,,F and F/ calculated from Eq. (13). « is then deduced from Eq. (9)
evaluated at the zeros of the transcendental equation, g = koky(k0 - ka)‘2 , that replaces Eq. (8).

2.1.3 Model for anisotropic materials shielded by a rigid MPP

The overall transfer impedance, Zypp/o , for a rigid MPP with circular holes of diameter d,
and thickness t; is given by the expression [5, 6]

2 2 12
Luee 2T L P N1 I LA I X (16)
o odp 32 32 't o 2 3 t,

with o the perforation radio, 7 the dynamic viscosity of the air, and k,, =(d, /2)/r,. (@), the
perforate constant, e.g. the ratio of the hole radius to the viscous boundary layer thickness,
lise (@)= /1] po@ , wWith p, the air density. Eq. (16) is valid provided that b, <A/4, with b, the
holes pitch, A the acoustic wavelength and b, >>d, to neglect holes interaction effects.

In this section, we develop a model to study how the absorption of rigidly-backed thin MPPs is
modified when lined with anisotropic fibrous materials. We still need to solve an eigenvalue

equation in the k, -complex plane that equates the specific input admittance g of the fibrous
material at y=d" and the specific admittance on the MPP inner side, 1/z;. z; is related to the
specific input impedance at the MPP outer side, y=d ", as follows

+ - (p_ pp) ~ Zypp

=24 —————>=175 ——"",

d ¢ ZOVy d Z,o (17)
where the assumption of a rigid MPP has been made for the last term in Eq. (17). This specific

impedance on the flow side can be expressed according to Eq. (5) as 1/25 =koky/(k0 - ka)2 :
Considering that g =1/z;, we obtain from Eq. (17) the eigen-equation
. Kok,
2 _ kOky Z e (18)
Z, o©
with S related to either Eq. (7) or (15). The absorption coefficient is then calculated from Eg.
(9) as

(kO - ka)

~_Zwer | 1
7=7, =—MF L —
d Z, B (19)

3 Comparison with previous results

To assess the analytical models presented in the previous section, it is necessary to solve the
eigenvalue problems associated to the transcendental Equations (8, 15, 18). This can be viewed
as an optimization problem that has to be solved for the unknown complex variable k, for each
frequency of analysis. Due to the computational cost of this combinatorial problem, an
exhaustive search method would be too lengthy to be carried out. In this work we have selected
the simulated annealing method [19] to find the global optimal solution. This method is well-
suited for large-scale non-convex optimization problems in which a global solution of minimum
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"energy" coexist with many local minima. Also, it has a relatively simple implementation. The
algorithm is based on an analogy with the Boltzmann law of thermodynamics that governs the
way liquids freeze and crystallize, or the metals cool and anneal, slow cooling reducing the
probability for the solution to be trapped in a local minimum. The optimization procedure
involves the definition of a space of configurations to be searched that includes the range of

variation of all the physical parameters that are selected, here Re(k,) and Im(k,), and the

definition of an objective function that evaluates the performance of the algorithm for all the
possible physical configurations. Here the objective function is the absolute value of the
difference between the left-hand side and the right-hand side of Equations (8, 16, 19). The
optimal results have been selected for the least attenuated mode in the complex Kk, -space, e.g.

corresponding to the smallest positive values of Im(k, ). Once the solution is identified, we can

proceed with Equations (8, 15, 19) to calculate the specific input admittance of the absorbent
and with Equation (9) for its normal absorption coefficient. These analytical models are
compared against a set of experimental measurements obtained from either previously published
results or from in-situ measurements.

A first validation of the models outlined in section 2 considers the results published by
Attenborough [20] using free-surface anisotropic materials with parallel horizontal fibers of
small diameters. He measured the normal incidence absorption coefficient of different types of
fiberglass materials for comparison with the multiple scattering theory (MST) developed in
[20]. For each frequency the microphone was located at the pressure nodes and antinodes and
the absorption coefficient was deduced from the standing wave ratio. Figure 2 presents the
results obtained for a RockSil fiberglass material of thickness 2.54cm, bulk density

P, =28.8kg.m* and calculated porosity Q=98.7%, defined as Q=1-V,, V, =py/p, being the

volume density of fibers and p, =2300 kg.m*® the glass density. The measurements are

reproduced as circles on the blue curve for comparison with the different prediction models. In
particular, we have included the MST (blue) and the two aforementioned models, weakly
(dashed red) and fully anisotropic (red). We also plotted the revised version by Miki [21] of the
Delany and Bazley model [22], denoted MDB model. It is valid for locally-reacting porous
materials with a porosity close to one and extends the validity of the DB model,
0.01< p, f /o, <1, at low frequencies.

1

0.9r

0.8-

0.7-

0.6

Absor ption Coefficient

0— — ==

Frequency (Hz)
Figure 2 — Normal incidence absorption coefficient for a fiberglass material with bulk density 28.8 kg.m’3, and
thickness 2.54 cm : comparison between impedance tube measurements (blue with circles, from Fig.5¢ in [20])

and predictions from the Miki-Delany-Bazley model (solid green), MST (solid blue), weakly (dashed red) and
fully (solid red) anisotropic models.
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As it can be appreciated, the agreement between the fully anisotropic model and the
measurements is remarkable over a broad frequency range between 300 Hz and 5 kHz, and up to
8 kHz when compared to the MDB model. It can also be shown that the weakly anisotropic
model significantly underestimates the normal absorption coefficient over the whole frequency
range. In either model, a locally reacting material (o,, >>0o,,) has been assumed with parallel

identical cylindrical fibers of radius a; =7 um placed randomly in a horizontal plane (6 =0°).

This configuration leads to a normal resistivity o,, =o, =8974N.s.m™ if one uses Tarnow's
derivation of resistivity to flow perpendicular to a random lattice of parallel fibers [18], e.g.
an=47me/[—0.64In(Vf)—0.737+Vf] with Ny =Vf/(7za§) the concentration of fibers per

square meters in a plane perpendicular to the fibers axis. Although not shown, simulations
assuming a non-locally reacting material (o,, =0,,/2) underestimate the maximum absorption

values, especially at the first quarter wavelength resonance (3376 Hz). Indeed, the models
provide an axial wavenumber solution on the least attenuated mode. The agreement is fair when
comparing the MST with the measurements above 2 kHz. But below 1 kHz, the correlation with
the MST is gradually lost as frequency decreases. The MST based on non contact freely
suspended fibers clearly overestimates the absorption as it does not account for the air and
fibers that tend to move together in this frequency range, and so reduce the amount of
dissipation. Note that a good agreement is maintained between the MDB and the fully
anisotropic models at very low frequencies.

4 Experimental verification

A series of measurements has been carried out for in-situ free-field characterization of the
surface impedance and normal absorption coefficient for a number of anisotropic fibrous
materials. The measurements have been performed in the LMA semi-anechoic room above the
room cut-off frequency of 70 Hz. We have used an absorption measurement device based on a
collocated p-v probe hand held at 2 cm above a contained 0.5 mx 0.6 m sample material. The p-

v [23] probe is able to acquire both pressure and normal particle velocity without the restrictions
of the classical methods such as the Kundt tube (small sample size, limited frequency range)
and the reverberant chamber method (large sample size, background noise). A photograph of the
device used for the measurements is presented in Fig. 3.

Figure 3 — Photograph of the p-v probe used in laboratory conditions for the determination of the
absorption coefficient in-situ
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The p-v probe is maintained at a constant distance (0.26 m) and decoupled from a piston-on-a-
sphere sound source for both free-field impedance calibration prior to the measurements and
during measurements of the field impedance over the sample. A mirror source model allowed to
deduce the material input impedance, and so the absorption coefficient, from the measured field

impedance.

Several tests at the same position above the material showed a good reproducibility of the
absorption curves, provided that a moving average technique was applied in the frequency
domain to remove the effect of the reflections from the rigid floor surrounding the container,
although a short probe-sample stand-off distance already limits the amplitude of the reflections
at the probe position. Figure 4 compares the normal absorption curves measured by the p-v
probe over a thin MPP shielding a layer of fiberglass material against predictions from the
MDB, weakly anisotropic and fully anisotropic models. As in Fig. 2, the anisotropic models
assumed a locally-reacting fibrous material.

Frequency (Hz)

Figure 4 — Normal incidence absorption coefficient for a partition composed of a 1 mm thick aluminium MPP
with 0.5 mm holes diameter and 0.87% perforation ratio shielding a layer of fiberglass material with bulk density
28.8kg.m™ and thickness 2 cm : comparison between p-v probe measurements (black) and predictions from the

MDB (solid green), weakly (dashed red) and fully (solid red) anisotropic models.

It can be seen that the frequency of maximum absorption observed at the Helmholtz-type
resonance (680 Hz) is well-predicted by the MDB and the fully anisotropic model, but
somewhat overestimated by the weakly anisotropic model. Also, the latter model tends to
minimize the absorption bandwidth as it does not fully account for all the dissipation processes
within the material. The MDB model clearly overestimates the absorption peak value, but
provides a predictive half-bandwidth similar to the fully anisotropic model. The latter model
clearly shows the best agreement with the experiment as for the absorption curve, even though
the MPP is assumed to be rigid. This may explain why it overestimates the absorption peak
value. Considering an elastic MPP with a reduced air-frame relative velocity should improve the
correlation at and around the Helmholtz resonance.

We note that all the models assume infinite partitions and so, underpredict the measured
absorption values by at least 10% above 1 kHz. Plots of the measured surface impedance
showed that these absorption peaks are due to MPP structural resonances that appear as circles
folded around the simulated impedance curve associated to an infinite MPP. Therefore, these
models cannot capture the beneficial influence of these modes.

10
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5 Conclusions

Inspired by the coupling absorption mechanisms of a typical silent flying bird above 1.6 kHz, we
suggest that this passive mechanism may be exploited to underlie the design of aircraft fuselage
surface able to attenuate the turbulent sound at the source using a combination of micro-slitted and/or
micro-perforated flexible membranes shielding layers of porous and fibrous materials in order to
achieve such broadband absorption performance. A generalized model has been developed that
accounts for full anisotropy of the complex bulk modulii and of the effective density along and across
the fibers while including coupling with a uniform external flow. It has been assessed against a set of
published impedance tube measurements that evaluate the normal incidence absorption coefficient of
fiberglass samples, and also against a set of in-situ free-field measurements performed with a p-v
probe, in particular above a MPP enclosing a layer of rigidly-backed fiberglass material.

The validity of the fully anisotropic model has been ascertained on locally-reacting small-diameter
fibers, but also when the fibrous material was shielded by a thin MPP. It can thus be used with
confidence to determine which key parameters amongst the parallel and normal flow resistivity, the
parallel and normal structure factor, the fibers inclination angle influences the most the normal
absorption coefficient, and when shielded by a MPP, the air-frame relative velocity in the MPP
holes. The fully anisotropic model should also be further developed to account for an elastic MPP or
membrane since we are interested in a model in which the fibrous material should be covered by a
compliant thin elastic surface.
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