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Acoustic properties of air-saturated porous materials containing dead-end porosity

T. Dupont!, P. Leclaire?, O. Sicot,
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R. Panneton®
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This study examines the acoustic properties of nadgewith complex micro-geometry
containing partially open or dead-end porosity. Quiethese kinds of materials can be
obtained from dissolving salt grains embedded solal metal matrix with the help of water.
The solid matrix is obtained after the metal iruidjform has invaded the granular material
formed by the salt particles at negative pressacehagh temperature, and after cooling and
solidification of the metal. Comparisons betweeeotietical and experimental results show
that the classical Johnson-Champoux-Allard modedsdoot quite accurately predict the
acoustic behavior. These results suggest thatsgagtions of the Biot theory may not be all
fulfilled and that Helmholtz-type resonators an@diends can be present in the material. The
first part of the study proposes a simple modehd¢oount for this geometry. Based on this
model, two acoustic transfer matrices are develope@ for non symmetric and one for
symmetric dead-end porous elements. This modebearsed to study the acoustic absorption
and sound transmission properties of the type dénah described above. In the second part,
a series of simplified samples are proposed artédesith a three-microphone impedance
tube to validate the exposed model. Finally, thelthart compares predictions of the exposed

model to impedance tube results on a real alumifoam sample containing dead-end pores.
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I. INTRODUCTION
Air-saturated porous metals such as porous aluminrmay be used in numerous

applications such as thermal exchangers or shos@rladrs in the automobile and aircraft
industries. These materials also exhibit intergstinoustic properties. In many applications,
they can withstand fairly high temperatures, thagy be used in hostile environments (fluid
projection, flames) and they are durable and staltiene.

The metal foam obtained following the fabricaticoges$ depicted in Figure 1 is behind
the motivation of the exposed work. In this pro¢esslted aluminum is poured in a container
filled with salt grains. The melting temperature atiminum is 660°C while that of the
sodium chloride (NacCl) is 801°C. Melted aluminunm dherefore fill the interstitial spaces
between the solid grains. A negative pressure @ucsi applied in order to facilitate the flow.
The grain size distribution can be controlled bgcassive sieving of the salt grains. After the
metal has cooled down, the sample is cut and ptlngewater to dissolve the sodium
chloride. Then the sample is dried, air replaces gpace formerly occupied by the solid
grains and the sample porous metal is createdrd-igishows an aluminum foam resulting

from this fabrication process.
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Figure 1: Principle of the making of aluminum fodms

At first sight, the observation of the microstruettand characteristic size of the pores
suggest that an equivalent fluid model is well aeldgo study the acoustic properties of the

resulting foam. In the past, equivalent fluid medeave been derived to describe the acoustic



wave propagation in rigid-frame open-cell porousiimesaturated by afrThe model used in
the exposed work is that of Johnson-Champoux-Alldidis phenomenological model is
accurate and has been applied successfully to smswbing materials such as polyurethane
foams or fibrous materiis.

In this article, it is experimentally shown thatlassical equivalent fluid model is not as
accurate as expected for the studied metallic foérappears that not all the assumptions of
the classical model are fulfilled. In particularclaser look at the microstructure (Figure 2)
seems to show that some pores are connected txteeor by one end only. Observation
using three-dimensional pictures obtained by a eaiomography approach confirms the

presence of dead-end porosity in these metallim$oa

Cells

Pore
opening

Figure 2: Microstructure of the porous metallicrfda

As summarized irFigure 3, the hydrogeology scientist distinguiskiégerent kinds of
porosities™®

- Total porosity is defined as the ratio betweemn diir volume (volume without material)
and the total volume of the sample in a homogenewoaa (representative sample). This
porosity includes closed and open porosities.

- Closed porosity (also called residual porosigpresents the cells that are completely
closed (not interconnected with others cells).Ha tigid frame approach these cells do not

influence the acoustical behavior of material.



- Open porosity (also called effective porosityconnected porosity) is defined as the ratio
of interconnected pores to the bulk volume of tbeops material. This is the ratio between
the “mobile volume” of saturation water releasedemthe effect of a complete drainage and
the total volume of the sample. This porosity ies kinematic and dead end porosities.

- Kinematic porosity, is related to the displacetmeh water moving in a permeable
medium. It is equivalent to the ratio of the voluofdhe interstices truly traversed by moving
water and the total volume of the medium. The kiagenporosity is the one used in the Biot
model and is therefore referred to as the "Biobpibty" in the remaining of this paper.

- Dead-end porosity (that can also be referredsttink bottle porosity”) is defined as the
ratio of the volume of non moving water in closedls to the bulk volume of the porous
material; it represents the cells that, althoughnected to another cell and to the exterior at
one end, remain closed at the other end. Bedro in 1979 worked on interconnected pore
space, stated that the porous medium contains eledgores, corresponds to material which
partially contains pores or channels with only arrma& single connection to the

interconnected pore space, so that almost no flmurs through them.

Total porosity

P
— —

open porosity closed porosity

-
- -

kinematic dead-end
porosity porosity

Figure 3: lllustration showing different porosigvkls.

Gibb® presented a study which documents the laboragmhynique for measuring effective
porosity of fine-grained soils. This approach isdmhon the travel time measurement though
the media. Migration or flow through a porous mecha be evaluated by means of tracers.
These techniques are difficult to use and are redt adapted to all porous media. Zwikker

and Kostef noticed the effect of dead-end porosity on theuatio properties of material, but



they did not offer a theoretical description ofstfphenomenon. Previous studi€snoticed
that the presence of dead-end pores seems to miheifpermeability, tortuosity and flow
resistivity. More recently, Chevillotet al*? studied the sound-absorption predictions of
perforated closed-cell metallic foams. They chosmierostructure-based model approach,
and they compared the model with the experimerisllts. The porous media used in their
study included dead-end pores created by perfgrawolids incorporating gas inclusions
(closed porosity). They observed that the deadpemes could have significant effects on the
media acoustic behavior.

To model the acoustic behavior of this kind of peronaterial, it is therefore important to
take into account the effect of dead-end poress Thimplex geometry is not taken into
account in the classical equivalent fluid modeBased on a simple approach, a new model is
proposed to account for the presence of dead-enakipp in the material as well as the
complexity of pore shapes. It includes two new peeirs in addition to the five parameters
(Biot porosity, tortuosity, static flow resistivityiscous and thermal characteristic lengths) of
the classical Johnson-Champoux-Allard model. The mmrameters are: the dead-end
porosity gpe and an average length of the dead-end pbyesComparison of the results
provided by the modified model with experimentadults seems to give a better match. In
order to validate the present model, a comparisetwden theoretical and experimental
results was carried out on a "simplified sampl&hfple with well-controlled microstructural
parameters) and on a porous metallic foam thatkedyl to incorporate dead end pores.

Sections of the present article were presentecanferencé?

II. MODEL FOR DEAD-END POROSITY
A. Simple model at the microscopic scale

As mentioned above, dead-end porosity is knowneimpgysics and its effects has been
observed on some porous materials in acoustics**However, to our knowledge no refined
model of acoustic wave propagation in media witls tmicro-structural feature has been

published.



Figure 2 also reveals the presence of narrow charbeween the cavities. These very
narrow constrictions are thought to be the causeottional flow with nonzero vorticity;
however, this phenomenon is not studied here.

The presence of dead-end porosity in the studietemabs is initially modeled at the
microscopic level in terms of acoustic admittancasd then a homogenized version of a
microscopic relationship between admittances ip@sed. First of all, a circular duct of
constant cross sectio8 is considered as shown in Figure 4. This duct dsuatically
characterized by its characteristic impedadc&he right end of the duct is connected to two
auxiliary ducts 1 and 2 of respective characteristipedanceg; andZ,, in the configuration
of a Y-shape junction. The two branches after thssroad are also of constant secpand

S, respectively.

Figure 4: Y-shape junction between three branamasgorous medium.

This problem is a classical academic probBfeand, assuming a left-to-right propagation
from the principal branch to the secondary branctiesfollowing relationship exists between

admittances:
Y=Y+Y, (1)

whereY, Y; and Y, are respectively the acoustic admittances of tlaenrbranch and of

branches 1 and 2, related to the characteristiedapce of each branch through the following

relations:
v=5 v=8 y-S
Z Z Z,



The characteristic impedanc@&s Z; and Z, normalized by the sections are referred to as
"acoustic impedanced™

It is now considered that one of the branches -adbrdl for example — is closed (see
Figure 5). The previous relation (1) remains valith the difference that now represents a
local admittance at the end of the main branchewilcorresponds to the local admittance at

the entrance of branch 1.

Figure 5: Y-shape junction in a porous medium \eitie branch closed.

If branch 1 has a constant cross section and i€ltse@ng wall is rigid and perpendicular to

the branch axis, the admittan¢gis given by:

VA M ©
-] Z. cotan( k)

whereZc is the characteristic impedance of &ithe wavenumbel, the length of branch 1
andj the unit imaginary complex number (a time dependenexp(jat) has been chosen)

being the angular frequency).

B. Model at the macroscopic scale and average length of the dead
ends

It is assumed that, at the considered frequenttiesyavelengths are much greater than the
characteristic sizes of the microstructure. Theabedr described at the microscopic scale can

then be homogenized:

Y=Y+Y, (4)

whereY , Y, et Y, represent the averaged quantities associatedYyithet Y, respectively,

in a homogenization volume in the porous mediumaddlition, it is assumed that in the



studied materials, the cross sections of all brasdre statistically uniform so that they do
not play a role in equation (4).

This last equation can be easily interpreted. Hovear propagation, the acoustic behavior
of a material containing dead-end pores is giventhiyy sum of two contributionsy,
associated with the fully open pores andassociated with the partially open pores (dead-end
pores). The volume proportion of the dead-end pwiésbe notedge (for ¢bhead end While
the porosity of the fully opened pores will be by (for ¢io). These two porosities are
related to the total open porosity through thetiata
P=G* P ()

A pore can be considered "fully opened” if, whemsidering a slab of material at the
laboratory scale, one can find a path connectiegritnt and the rear surface of the slab, the
pore being connected to the exterior by both eAd$artially opened” or "dead-end" pore

would be one with only one end connected to eitherfront or the rear surface of the slab. It
is important to make a distinction between the hmakporosity"@ and the porosity of the
"connected effective poregs (the former will always be greater than or equoalhe latter).
Among the open pores, some can be closed at one end

The Y, contribution is that of the pore that verifies tagssumptions of the Johnson-
Champoux-Allard model. It can be expressed as:

Y, = (6)

N|| -

[oe]

where Zg is the characteristic impedance of the classicadet) defined only for fully opened
pores of porositys.
From (3), one can define fof, an average value, integrated over a homogenization

volumeVpe of dead end pores:



_ j j j tanl)dV
e Tomea (7)
2 [ffav

VDE

Y, =

If the additional assumptidd << 1 is made, equation (7) becomes, to the fideior

[[[1av

¥~ de b ®)

2 fffav-

VDE

This assumption is valid for dead-end pores tha @auch shorter than any acoustic

wavelength. This allows us to define an averaggtteof the dead-end pores by:

[[J1av

— Voe (9)

<

VDE

The admittance (8) is finally expressed as:

= Moe (10)
ZC

iy

To illustrate this approach, an example of a malevith simple geometries is proposed
(see Figure 6 in this material, it is clear that= d. With definition (9), this result is easily
retrieved:

[[J1av
_ Vor _Vd+Vvd+...+Vvd _ nvd

loe = ” dv  V+V+..+V  nVv

VDE

=d. (11)
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Figure 6: Example of a material with simple geomestrused to illustrate thge formulation.

Remark:
In the framework of the effective fluid approachBiot'®’, the following length could be

defined (instead of that of equation 9):

[[Jrav

&= i (12)

where V is a homogenization volume of bulk matanablving the porous aggregate (solid +

fluid).

C. Accounting for dissipations in dead-end pores

The previous equations fof were established from a simple modeling of a dewatipore

at the microscopic scale as a closed duct. To atdou viscous and thermal dissipations in
the dead-end pores at the macroscopic scale fitesito replac&c andk by those provided

by the Johnson-Champoux-Allard model applied tovitleme fraction of dead-end pores

Z. - Zy, and Kk - k.. (13a)

while when applied to the volume fraction of thadinatic pores (the Biot porosity), one

should use

Z. - Z, and k - k. (13b)

10



Other remarks can be made about the model:

a) Equation (4) indicates that the sole contributdy would correspond to a simple

porosity correction. The additional contributio accounts for the standing wave fields

created in the dead-end pores.

b) The principle of the model of acoustic wave @ggtion in porous materials including
dead-end pores can be summarized with the schestnatien in Figure 7.

c) The assumptions of the proposed model are time g8 those of the classical model.
One additional assumption has been added on ththlefithe dead-end pores.

d) This model does not account for the presencaonbw constrictions in the material that

are thought to be responsible for local flows withticity, even at low average flow velocity.

D. Recall of the Johnson-Champoux-Allard model

This section recalls the main results of the Jomw@bampoux-Allard modét**® This
model is based on five macroscopic parameters:spggr@, static airflow resistivityo,
tortuosity 0., viscous characteristic lengih, and thermal characteristic lengti. In the
rigid-frame approximation, the solid matrix (skele} is considered much heavier and more
rigid than the saturating air. As pointed out bywfReton® several approaches (effective or
equivalent approaches) can be used to describeothplex density and bulk modulus of the
slab. The approach used here consists in consigddrenslab of porous material in the rigid
frame approximation as a slab of equivalent fluithvthe following densityo.(«) and bulk

modulusK ¢q (&):

Pule) == (1— J%F(w)j, (14)

@

Kule)= ) i =3 15)
O DU -/ 2
A E )

with

11



oy
pia.’

. =

(o

(16)

wherer is the dynamic viscosityg? the Prandtl numbey, the constant pressure and volume
specific heat ratio (sometimes referred to as thabatic constant), ané, the atmospheric
static pressure. The parameigris Biot's cut off angular frequency separatingtBibigh and
low frequency ranges.

The functionsF(«) and G(B?«) are the correction functions introduced respebtivsy

Johnson et & and by Champoux and AllafdThey are given by:

_ dnpia;
F(w)—J1+ ey (17)
and
6(B%w)= \/1+ j%. (18)

All the necessary parameters for the acoustic cheniaation of porous layers are easily
deduced with the help gk{«) and ofKe(a). In particular, the characteristic impedance and

wave number of are given by:

Z(@) = oK@ and K@) =249 (1)
Keq(@)

It is worth mentioning that these expressigns, Keq Z , k) can be applied to the open
pores and to the dead-end pores with special attewin the choice of the macroscopic

properties (notably= ge for the dead-end domain, agd ¢ for the Biot domain).

E. Correction of the Johnson-Champoux-Allard model to include
dead-end pores

The correction that includes the effect of dead4emres is implemented through the use of
equations (4), (5), (6) and (10) in order to cadteN (¢) . Following Figure 7, the Johnson-
Champoux-Allard model is first applied on a mateoiporosity ¢ to determineY, (¢,) and

12



then a second time in order to detern¥{es,.). In the second application of the model, a
slab of thicknes$>e and of porositype must be considered. The acoustical propertieheof t

material containing dead-end pores are finally deddromY (¢) given by equation (4).

/A -

] |

S, ®
\/ \/
( N
Ipe

Y@ = Ylg) + Yi(¢or)
Figure 7: Principle of the model including dead-@aodes.

s

d

F. Transfer matrix method

In acoustics, the transfer matrix method is a péwenethod to optimize and predict
sound absorption and sound transmission of sirmerland multilayer sound absorbing
materiald. In what follows, transfer matrices will be devata for the studied rigid-frame
porous aggregate containing dead-end porosity fon-symmetric and symmetric

configurations.

F-1 Non-symmetric configuration

A vertically periodic unit cell of a non-symmetgporous medium with dead-end porosity
is shown in Figure 8. Here the porous medium sépsrawvo fluid domains. The cell is
divided into two porous elements in parallel. Thstfelement (element DE) is the one
representing the dead-end porosity (non symmeleiment). The second one is the BIOT
element containing pores that are opened on bath enly (symmetric element), the whole
being non-symmetric. Each element has equivalemrasaopic properties averaged over a
representative homogeneous volume. To link acopséissures and velocities on both faces

of the material, a transfer matrix relation cardbgeloped.

13



Figure 8: Principle of the model including non systrit dead-end element

For the DE element, the transfer matrix relatiogiven by:

s w

with

- zj Sirl(EDEIDE) COSQZDElDE) ' (21)

DE

tde tide} COS&DEIDE) jZDE Sin(EDElDE)
11 Lo ;

|

de de
t21 t22

where the prime symbol is assigned to an output yerable, and the averaged length and
equivalent fluid properties are obtained from H§.and (19), respectively. Here, the minus
sign is added to take into account that velocitgi@fined following the inward normal to the

element. Since the elements are in parallel, iprisferred to work with admittances as

presented in Sec. Il.LA. Consequently, Eq. (20) lbarrewritten in terms of an admittance

matrix as
Ua DE Pa
=Y , 22
{u;} M {P;} &2
with
te 1
de de L de T de
[Y]° :{yn yﬂ}: be Lo (23)
ygle ygg 1 ty

oot
Since at the end of the dead-end pore the veleoaityshes ', = 0), the previous transfer

matrix yields

14



de
Y
P,=- 216 P,. (24)

Y22

For the BIOT element, the transfer matrix relat®given by

s e

with

T coskyl)  jZgsinkgl)
11 2| = J o _ , (26)
b b} z—sm(kBI) coskgl)

t21 22

|

where the equivalent fluid properties are respettiwbtained from Eqgs. (9) and (19) and
correspond to the porous material without dead+eoieks. The corresponding admittance

matrix is given by

o =

with
t, _1
[Y]B — Y1bl yfz — tfz Efz . (28)
Yo Yl |_1 W
U

Invoking continuity of pressurd®(= P, = Pp) and continuity of flow rateSU =5 U, + Uyp))

at the air-element interfaces, Eqs.(22), (24) &) Yield

b d (yde)2 b
_ e _ Y2 '
U=|y,+y; yde P+y,R ' (29)

22

Uy = yoP+yo,P

Here, it is worth mentioning th&t, andU, are the macroscopic fluid velocity in the fluid
domain in front of each element, respectively. Theyrelated to the velocity in the pores by
Ua = @eua andUy, = ggu,. Consequently, this yields, at the macroscopitesthe continuity
of velocity: U = ¢gheU, + gy,

15



Solving Eg. (29) foP andU, the non symmetric matrix system can be written as

R R

with

- ygz -1

NS _ 1 e \2 e \2
=% (y;;)z—ysz(yfl+yff——(yfz,?} —(yf1+yff——(y%2] | D
y y

22 22

Matrix [T]NS is the transfer matrix of the two elements in pakandexNSis chosen foNon

Symmetriadead-end element. This system preserves the oetipprinciple since deET]NS

1; however it is not of symmetric nature (it€. # t,;). The validation of this approach will

be discussed in the experimental part of the ptesady.

F-2 Symmetric configuration
Now, the element is assumed symmetric, it mearnsdbad-end pores are seen on both

faces of the equivalent element. This type of el@nseshown in Figure 9. For this case, the
previous approach is used to establish the tramsédrix of the porous aggregate with dead-

end porosity.

Figure 9: Principle of the model including symmettead-end element

At first, it is important that the BIOT element hkvided in two along the thickness.
Consequently, the sample has a thickness halbtaéthickness (i.d. 2> | /2) and the middle
is located at poinb’. It is assumed that the DE and BIOT elements Hawaogeneous
properties along the thickness. In this case, jteegpe and ¢ are the same for the first and
second halves. Note that since the dead-end ppligssieen equivalently by incident waves

on both faces of the sample, the dead-end porknibss is the same for the first and second
16



halves and is given by the averaged lergth Even if in Figure 9 dead-end porosity seems
virtually doubled, the porosity stayse.

With the previous description, the transfer matixhe first half is computed as done in
the previous section. The only change is toli&sastead of. In this case, the transfer matrix

relation of the first half is written as

gl e

where [T]A :[T (W 2)]Nsis the transfer matrix of the first half of the pos aggregate with

dead-end porosity on the front surface.
For the second half, a similar development is déwoe.the dead-end pore on the right, the

following relations are developed

Pr| [ (P )
vzl e l-uef

and

Ul _fvar ez [P

{U m} _|: ];j]é j;jze Pm * (34)
a Ya Y2 |(Fa

With the boundary conditiobd) = ,@he previous equation yields

de
pr=-Yipr (35)
Y22

For the second half of the BIOT element (i.e., frointo b”), the following relations are

developed

Rl_[ta | B (36)
Ul') t§1 tgz _Ul')' ’

and

Uol _|¥i v |[R 37)
Un b b P" :
b Yoo Yo b

17



Invoking continuity of pressure and continuity tdv rate at the air-element interfaces, and

solving for B, andU, , the transfer matrix relation of the second h&lfritten as

Rl [P
G

where [lg is the transfer matrix of the second half of tleegpis aggregate with dead-end
porosity on the rear surface. It is given by

de 2 ]
—[ysz+ys;—(yy153 ] -1

11

[Tl == (39)

1
2
& (Y1b2)2 - Yf{ ygz + ygze _%LEQ)J - yfl

11

To form the global transfer matrix of the whole syetrical porous aggregate with dead-

end porosity, the chain rule on transfer matrixtiplitation is used. This gives

gl

with
[P =[rL[T:. (41)
Remarks:

a) This transfer matrix has the following propestiaeciprocity (i.e.,del[T]Szl),

symmetry of the material (i.et; =t5,), and compatibility with other classical transfer

matrices’

b) This approach can be adapted to heterogeneaudsesel materials with different dead-

end parameters on each half.

c) If [T]A is computed with thicknedsnstead ofl/2, then the non-symmetric matr[i(]NS

of paragraph F.1 is found. [11']B is computed with thicknedsnstead ofl/2, then a similar

non-symmetric model is found; however this time tead-end pores are localized on the

18



other side. In conclusion, the symmetric transfemtrmm model encompasses the non-

symmetric model and is therefore more general.

G. Acoustical indicators

G-1 Sound transmission loss

From the transfer matrix approach, it is easy tmlytthe sound transmission of a porous

material with dead-end porosity. The global transfatrix of a porous media with dead-end
porosity is[T]™". This matrix must be adapted to the particular acasder study. If a non-
symmetric configuration with dead-end pores on fhent face is considered, then
[T]™ =[T]"® =[T(1)],. If the dead-end pores are on the rear face, fhgh' =[T(1)],. If a
symmetric configuration is considered, thER]™ =[T]®. From the appropriate transfer
matrix, the sound transmission coefficient andtth@smission loss in normal incidence are
given by:

_| 2 |
| ymat mat mat mat !
‘tll +t22 +t12 /Zo+t21 Zo‘

7] (42)

and

TL = -20log,(r]), (43)

whereZy is the characteristic impedance of the air.

G-2 Sound absorption coefficient

To obtain the sound absorption coefficient from tia@sfer matrix method, one needs first

to define the backing condition and use the appatpisystem transfer matr[q]%°. If the

porous material with dead-end porosity is backea bigid wall[T]¥* =[T]™. If the porous
material with dead-end porosity is backed by an aeavity and a rigid wall,

[T]syst - [T] mat[-l-]cav W|th

Coskolcav) JZo Sin(kolcav)
[T] = iSirl(kolcaw) Coskolcav) ’
ZO

(44)

19



where kg is the wave number of air, ang,, is the depth of the cavity. Then, from the
appropriate system transfer matrix, the normaidigrece surface impedance of the studied
configuration is given by:

tsyst
Z, = 151&. (45)
t12

and the normal sound absorption coefficient by:

2

Zs_zo

a, =1-
Z +Z,

(46)

[ll. EXPERIMENTAL RESULTS
A. Simplified sample

To confirm the validity of the exposed model, a diflrgll non-symmetric sample with
well-controlled parameters was tested. The sampiesists of a circular column of Teflon
which is perforated with regular cylindrical perdtions (see Figure 10). Some perforations
are complete (they represent the kinematic porpsithers are incomplete or semi-closed
(they represent the dead-end porosity). The opes ara only visible on one face of the
sample (Face A). The depth of the semi-closed hslgs = 25 mm, the sample thicknesd is
= 30 mm, its diameter is 44.4 mm, the perforatiomditer isd = 2 mm, and the minimum
perforation constriction idmin = 1.8 mm (error due to the perforation process). Jdresities

are ¢ = 14 %, ¢oe = 13.5 %. Table 1 summarizes the dead-end parameftdie tested

sample.

Figure 10: Photo of simplified non-symmetric samplace A (left) includes all pores. Face B
(right) only includes effective pores (without dead pores).

20



Total porosity| ¢ e Ipe
(%) (%) (%) (mm)

27.5 14 135 25

Table 1: Dead-end parameters of the non-symmeinigli§ied sample.

For this kind of simple material, the Johnson-ChauxpAllard’s (JCA) parameters are
easily defined for both the Biot and DE domainse Thscous and thermal lengths, the
tortuosity and the resistivity are given respedsivey JCA’'s parameters for cylindrical
pores’ A’ =d /2,4 =dmin/ 2, @, = 1, ando = 32/¢d %, wherey; is the dynamic viscosity of
air andgis the open porosity (usg for the Biot domain; usepe for the DE domain). Since
the sample thickness is large compared to the @ida diameter, the sound radiation of the
perforation openings in open air is not considdrec.

A three-microphone impedance tube is used to meathe normal sound absorption
coefficient and sound transmission loss of the $ampupled to an air cavity and a rigid
termination. The frequency range was chosen bet@88rHz and 4200 Hz to make sure that
only plane waves exist in the tube (the tube diamist 44.45 mm, the cut-off frequency is
4400 Hz). The two microphones upstream the sampdeused to measure the sound
absorption by the standard impedance tube measnotemehniqué. Since the simplified
sample is non-symmetric, the sound absorption woeft of each face will be measured. A
third microphone, localized on the hard wall bagk{behind the backing cavity), measures
the transfer matrix and deduces the transmississ by way of the “three-microphones and

"2l For the transmission loss measurement, the chofcsurface

two-cavity method
exposition of the non-symmetrical material is moportant since reciprocity principle applies
on transmission. The sound pressure excitatioandam noise in linear regime. The majority
of repeatability errors come from the way the samigl positioned in the tube: special

attention was therefore paid to this positioningpwidver, as this error is low for these

measurements, their associated error bars araesdnged graphs.
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The results which are presented on Figures 11 @ndotrespond to the configuration
where face A (showing the dead-end pores) is onsthece side. Figure 11(a) shows the
comparison between experimental results and mogetslictions (present model and JCA
model) of the absorption coefficient of the simiplif non-symmetric sample coupled to a 20-
mm air cavity gap and a rigid wall. The present gladth the non-symmetric transfer matrix
given by [T(I)]a is used. The first absorption peak (around 750 ridpjesents the air cavity
effect, and the second peak (around 3300 Hz) repteshe semi-closed hole effect (i.e.,
dead-end porosity effect) on the excitation sidem@ared to the JCA model (where only
kinematic porosity is taken into account), the prédsmodel improves the comparison with
experiments. In fact, the present model precisedylipts the frequency position of the two
peaks, although the absorption peak values arbtlsligifferent. The comparison between
experiments and predictions for a different airitegap (cav = 50 mm) is presented in Figure
11(b). Around 3300 Hz, the air cavity effect and ttead-end porosity effect are coupled on

the absorption coefficient: note that the presemti@haccounts for this coupling effect.
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Figure 11: Comparison between experimental resalid models’ predictions of the
absorption coefficient of the simplified non-symnesample coupled to an air cavity and a

rigid wall. Face A (showing dead-end pores) islmngource side. (a) 20-mm thick air cavity.
(b) 50-mm thick air cavity.

Figure 12 presents the comparison between expetanegsults and models’ predictions
of the transmission loss of the simplified non-syetime sample. Here, the presence of the
dead-end pores significantly modifies the transiorsfoss: a large peak of transmission loss
appears around 3300 Hz. The frequency positionhs transmission loss peak is quite
dependent on the value Igt. Good agreement is obtained between the preseselrand the

experimental results.
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Figure 12: Comparison between experimental resalid models’ predictions of the
transmission loss of the simplified non-symmetamsple. Face A (showing dead-end pores)
is on the source side.
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Figures 13 and 14 present the sound absorption tem$mission loss of the same
simplified non-symmetric sample but this time tlengple is inverted in the tube. Contrary to
the previous results, the dead-end pores (facerdhaw facing the backing air cavity and
rigid wall. Hence, the non-symmetric matrix givey [3(l)]s is used. Figure 13 presents the
comparison between experiments and predictionsther absorption coefficient of the
simplified non-symmetric sample coupled to two @iéint air cavity gapdcay= 20 mm and
lcav = 50 mm. The experimental and simulated resuéidagically quite different compare to
the preceding part particularly concerning the ghtsan peak caused by the DE pores. For
cav= 20 mm, this peak almost disappears. Only a vergilspeak emerges around 3300 Hz.
Forlzay= 50 mm, three absorption peaks can be observedwih first correspond to the Biot
pore coupled with air cavity effect, while the thipeak corresponds to the DE pore coupled
with air cavity effect. For the sound absorptiorefficient, the comparison between the

experimental results and the present model’s pliedgis satisfactory.
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Figure 13: Comparison between experimental resalid models’ predictions of the

absorption coefficient of the simplified non-symnmesample coupled to an air cavity and a
rigid wall. Face A (showing dead-end pores) is o backing cavity side. (a) 20-mm thick
air cavity. (b) 50-mm thick air cavity.

In Figure 14, the simulated transmission loss i ithverted configuration is logically
equivalent to the one previously obtained in FigliPedue to the reciprocity of the transfer
matrix. Similarly, the experimental results are wety different from those presented in
Figure 12. The slight differences may be attributedexperimental errors and to the

positioning in the tube when the sample was inderte
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Figure 14: Comparison between experimental resaltid models’ predictions of the
transmission loss of the simplified non-symmetamsgle. Face A (showing dead-end pores)
is on the source side.
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In this section a simplified sample was presentedhtidate the present model and to show
the importance of accounting for dead-end poro3itye comparisons between the predictions
of the present model and the experimental resuv#tsragood agreement for both the sound
absorption coefficient and the sound transmississ.| Similar results were also obtained for
a series of other simplified non-symetrical samp¥éh different parameters. For the sake of
simplicity, these results were not reported hettee Tollowing section will test the present
model with a more complex and more realistic matehan the simplified non-symmetrical

sample.
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B. Aluminum foam sample

In this study, a number of different aluminum foawere tested and one has been selected
for presentation in this article (see Figure 19)e base material used was AS7G Aluminum.
The Johnson-Champoux-Allard’s (JCA) parametershef dluminum foam have been first
measured. The static airflow resistivity and global porosityp have been respectively
measured by a resistivity-meter and a weight difiéial approach®* To characterize the
tortuosity a., and characteristic lengtbsand.1’, the ultrasound method have been &&&d
This method allows measuring the equivalent length

-1
1 y-1
L=l =+L=] 47

wherey is the adiabatic constant of gas &%ds the Prandtl number.

TheLeqvalues were found to be very weak, suggestingahiastrictions between two cells
are very narrow. This can be seen on the microstreigtictures (Figure 2), which also allows
observing the pore size. The ratio betwdémnd/ was difficult to find; the typical ratio for
classical material is generally between 2 and 4.réibee, image analysis was used to
estimate A’/ A: microscope pictures of transversal and longitaldioross-sections of a
material sample were taken with different lightidences. Following this procedure, the
mean pore size of the foard.{) and the size of intersticedn§e) were obtained. In a first

approximation, the ratig’/ 4 was identified by the ratiO.e; / Ghole

Figure 15: Photo of the surface of the tested atlumifoam.
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These experimental methods to define the JCA pasméntroduce significant errors
when applied to metallic foams; therefore, it igortant to define for each JCA parameter a
These errors were

mean valuex and a standard deviatiom such thatx=Xz+o

stdev. ! stdev. *

then included in the models (JCA and present mydélm the figures, the models’
predictions are represented with their error balhe JCA acoustic parameters (mean value
and standard deviation) are summarized in Tabkes2t will be shown, the errors on the JCA
parameters introduce notable errors on the predistof the transmission loss and sound
absorption coefficient, which are more significiman those obtained with impedance tube
measurements. To facilitate readability of the ftsswnly the error bars on the predictions

are presented in the figures.

JCA A A o o P
parameters| (um) | (um) (Pas/| (%)
m2)
Mean value 101 352 2.25 19713 64,5
Standard 4 14 0.05 300 3
deviation

Table 2: Johnson-Champoux-Allard (JCA) parametétiealuminum foam sample.

To take into account the dead-end porosity efféet,dead-end parametefsg(and ¢@e)
had to be determined. Ftyg, a multiple of the statistical pore size was chog: = N dgel.
To determinen and g, a fitting approach on the experimental results wsed. As it is very
difficult to define preciselpe and g for these kinds of complex foams, works are in
progress to estimate them notably from micro-toraphy and ultrasound methods. The used

dead-end parameters (mean value and standardideyiate summarized in Table 3.

Total porosity| ¢ e Ipe
(%) (%) (%) (mm)

645+3 | =55 ~75 = 70

Table 3: Dead-end parameters of the aluminum foampte (fitting and experimental
approaches).
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For this kind of material, it is preferable to use symmetric transfer matrix@]° for
predicting its acoustical indicators. In fact, dieethe random nature of the fabrication
process, the dead-end pores are dispersed throudpeomaterial in a homogeneous manner.

Remark :

At this stage of the research, we have chosenddhessame JCA parameters, measured
on the global aluminium foams (see preceding péot)both the DE elementApg, A'pe,
O.pE, ope) and Biot kinematic element\g, Ag, 0., o). The choice of these parameters will
have to be studied more precisely in the future.

As in the previous section, the impedance tube with-microphone technique is used to
measure the sound absorption and the three-micngplterhnique is used to measure the
sound transmission loss.

Figure 16 presents the comparison between expetamegsults and models’ predictions
([T]° symmetric approach and JCA model) of the absamptioefficient of the studied
aluminum foam sample coupled to: (a) a rigid willy& 1 mm), and (b) a 50-mm air cavity
backed by a rigid wall. One can note that the presgpproach and JCA model yield
comparable results in terms of sound absorption comdpare well with experimentations.
However, a slight shift towards low frequenciesolsserved with the present symmetric
approach. This yields a better prediction of theoaption peaks. This seems to show that the
present approach adds the necessary degree-obifnetedcapture the physics of the dead-end

pores in the material, which are not captured wWithJCA model.
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Figure 16: Comparison between experimental resaltid models’ predictions of the
absorption coefficient of the aluminum foam samfd¢.Hard wall backingl{,, < 1 mm). (b)

Air cavity backing [cay = 50 mm ) on hard wall.

Figure 17 presents the comparison between expetanegsults and models’ predictions

of the transmission loss of the aluminum foam samphe comparison between the present

model and the experiment results is encouraginge Hteis clear that the JCA model does not

capture the effects of dead-end pores, even cansiderror bars on the prediction; by

contrast, the present model with its error barsagbmMncludes the experimental curve for the

entire frequency band.
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Figure 17: Comparison between experimental resatd models’ predictions of the

transmission loss of the aluminum foam sample.

Generally, the present model improves the compangth experimental results for a part
of all the tested aluminum foams. However, for @iarfoam samples, the proportion of dead-
end porosity is weak and the dead-end effect osdl@d absorption and sound transmission
loss is low (i.e., modifications are of the orddrtbe estimation errors of the dead-end
parameters). Moreover, more research and expesnment greater number of samples are
necessary in order to improve the experimental otsttand to define more precisely the two

dead-end parameters.

IV. CONCLUSIONS
In this study, the acoustic properties of matenaith dead-end porosity were examined,

and in particular a certain class of metallic foafer these materials, the classical fluid
model predictions such as Johnson-Champoux-Allazdahare not as satisfying as for other
materials.

From a microscopic analysis of dead end poresmalsi model that offers a correction
taking into account this complex micro-geometry waeposed. After a homogenization
process, two acoustic transfer matrix approachae wwestigated: one for non symmetric

dead-end element, and the second for symmetric-eleddelement. It appears that the
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symmetric matrices modeling encompasses the nommsynic modeling and is therefore
more general.

To validate this model, materials with well conkeol parameter and including dead-end
pores ("simplified samples") were tested. With dise of an impedance tube and the two- and
three-microphone technique, the coefficients ofoghtson and transmission loss were
measured. It was found that the comparison betwlezipresent model and the experimental
results is much more flattering and the importaote@ccounting for dead-end porosity is
noticed. Measurements on metallic foams show thatimaprovement on theoretical
predictions can be obtained with this correctiomwdver for certain metallic foams, the
influence of dead-end porosity introduces modifaad of the order of estimation errors on
these parameters and thus do not allow for defoatelusions.

It is utmost importance to develop new theoretaradl experimental research on the two
new parameter$oe and ¢ge (for example: micro-tomography, ultrasonic charaztion,
comparison of differenty measurements, theoretical study of these matanal®ttom-up
approaches). It is also necessary to refine thehadst of evaluation of JCA parameters

(notablya.,, A, A’) and to reduce the uncertainty of the measuresaent
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Table 1: Dead-end parameters of the non-symmeiniglfied sample.
Table 2: Johnson-Champoux-Allard (JCA) parametéthe@aluminum foam sample.
Table 3: Dead-end parameters of the aluminum foampte (fitting and experimental

approaches).

Figure 1: Principle of the making of aluminum fodms

Figure 2: Microstructure of the porous metallicrfda

Figure 3: lllustration showing different porosigvkls.

Figure 4: Y-shape junction between three branamesgorous medium.

Figure 5: Y-shape junction in a porous medium weitie branch closed.

Figure 6: Example of a material with simple geomestrused to illustrate thge formulation.
Figure 7: Principle of the model including dead-@odes.

Figure 8: Principle of the model including non systrit dead-end element

Figure 9: Principle of the model including symmetitead-end element

Figure 10: Photo of simplified non-symmetric samplace A (left) includes all pores. Face B
(right) only includes effective pores (without desd pores).

Figure 11: Comparison between experimental resalid models’ predictions of the
absorption coefficient of the simplified non-symnmesample coupled to an air cavity and a
rigid wall. Face A (showing dead-end pores) islmngource side. (a) 20-mm thick air cavity.
(b) 50-mm thick air cavity.

Figure 12: Comparison between experimental resalid models’ predictions of the
transmission loss of the simplified non-symmetamsgle. Face A (showing dead-end pores)
is on the source side.

Figure 13: Comparison between experimental resalid models’ predictions of the
absorption coefficient of the simplified non-symnesample coupled to an air cavity and a
rigid wall. Face A (showing dead-end pores) is loa backing cavity side. (a) 20-mm thick

air cavity. (b) 50-mm thick air cavity.
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Figure 14: Comparison between experimental resalid models’ predictions of the
transmission loss of the simplified non-symmetamsple. Face A (showing dead-end pores)
is on the source side.

Figure 15: Photo of the surface of the tested atlumifoam.

Figure 16: Comparison between experimental resaltid models’ predictions of the
absorption coefficient of the aluminum foam samfdg¢.Hard wall backingl{,, < 1 mm). (b)
Air cavity backing [cay =50 mm ) on hard wall.

Figure 17: Comparison between experimental resaltd models’ predictions of the

transmission loss of the aluminum foam sample.
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