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Résumé

Modélisation et Simulation Multi-Echelle et Multi-Physique du Comportement

Acoustique de Milieux PoroElastiques - Application aux Mousses de
Faible Densité

Résumé

L’objectif de ce mémoire de recherche est de détegmles propriétés

acoustiques des milieux poroélastiques a partine’'démarche multi-

échelle et multi-physique. Il traite d’échantilloméels de mousses, a
cellules ouvertes ou partiellement fermées, dons lpropriétés

microstructurales sont caractérisées par des tqubeid’imagerie. Cette
information est utilisé afin d’identifier une celéupériodique idéalisée
tridimensionnelle, qui soit représentative du com@ment acoustique
du milieu poreux réel. Les paramétres gouvernarg peopriétés

acoustiques du milieu sont obtenus en appliguant niéthode

d’homogéncéisation des structures périodiques. Da@spremiére étape,
la structure des mousses est supposée indéformableété montré que
pour le cas d’une distribution étroite de taillesractéristiques de la
géométrie locale, le comportement macroscopiquena’umousse a
cellule ouverte peut étre calculé a partir des péi@s géometriques
locales de maniére directe. Dans le cas d’uneidigion étendue, le

comportement acoustique du milieu est gouvernépartailles critiques

qui sont déterminées a partir de la porosité efadgerméabilité statique
pour une mousse a cellules ouvertes ; pour une seows cellules

partiellement fermées il est nécessaire d’identifien plus une

dimension connue de la géométrie locale. Nos rasukont compareés
avec succes a des données expérimentales obteauelep mesures au
tube d'impédance. Dans une seconde étape, les iptéprélastiques
effectives du milieu poreux sont déterminées. Unedélisation par

éléments finis de la cellule représentative a étéenen ceuvre. Les
parametres élastiques calculés sont finalement eoésp avec les
données de la littérature, ainsi qu'a des essatama@ues.

Mots-Clés. microstructure — acoustique — mousse — membragmériedique
— méthode des éléments finis — transport — absorpt perméabilité —
élastique
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Abstract

Multi-Scale and Multi-Physics Modeling and Simulation of Acoustic Behavior

of Poroelastic Media - Application to Low Density Foams

Abstract

This work aims at determining the acoustical preoipsrof poro-elastic
media through a multi-scale method. Some imaginghrneues

(tomography and micrographs) allow to estimate soguantitative

microstructure properties of foams containing omenpartially closed

cells. These properties are used in order to ¢latfie features of a
representative three-dimensional unit cell of aigmic structure, which
mimics the behaviour of the real foam. All paramseteontrolling the

acoustical properties of the porous foam are olbthibby using the
homogenization of periodic structures. In a fifgtps the structure of the
foam is assumed to be rigid. It was shown thathe case of a narrow
distribution of the characteristic size of the |Ibgeometry, a direct
computation of the macroscopic behaviour from tbeal geometrical
properties is consistent with the measured acoalspcoperties. For a
wide distribution of pore size, the acoustical bebar is controlled by

critical sizes that are obtained from porosity atatic permeability for
an open-cell foam, while for partially closed celiise identification of a
complementary characteristic dimension within thergs becomes
necessary (e.g. closure rate of membranes). Owltsesompare well

with data obtained from an impedance tube set-npa Isecond step,
effective elastic properties are computed througmadelling of the

foam structure by finite elements. The computedstetaparameters are
finally compared with data coming from the litereguand with results
of mechanical tests.

Key-words: microstructure — acoustics — foams — membranpsriodic —
finite element method — transport — absorption fability — elasticity
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1. Introduction : Contexte et objectifs de la thése

Introduction : Contexte et objectifs
de la these

1.1.

Contexte

De maniere concomitante avec la modernisation dmtaété, I'exigence de
réduction des nuisances sonores est de plus en ipipsrtante. Elle
concerne plusieurs domaines de [l'industrie tels deebatiment, les
transports (automobile, ferroviaire, aéronautique Dans ce domaine, les
matériaux poreux sont connus pour leurs qualitédbsbrption sonore et
sont donc couramment utilisés dans I'industrie.

En effet, lorsque ces matériaux font obstacle ad® acoustique,
celle-ci induit dans le milieu poreux des mouvetsemlatifs de I'air dans
les pores du matériau, et une partie de son énesliieissipée sous forme
de chaleur par des pertes liées aux effets visqueh&rmiques ou
élastiques.

La performance acoustique des matériaux isolaffast #objet de
nombreuses études depuis plusieurs années etsteegxiincipalement deux
méthodes pour approcher le probléme. La premierghadé plutot
empirique est d’ordre purement expérimental et sepsur les mesures
acoustiques permettant de mesurer des parametogstagues sur le plan
macroscopique. Cette méthode a permis pendant debmeaises années
d’améliorer les performances acoustiques d'un neaér mais il est
relativement difficile de I'utiliser pour optimiseces matériaux car la
physique de la dissipation interne n’'est prise empgte que de facon
qualitative. La deuxiéme meéthode utilise justemane étude fine de la
physique de la dissipation locale dans le matéeaucherchant a lier
microstructure et comportement acoustique du migieteux. Il s’agit donc
d’'une approche multi-échelle, qui a pu étre miseomivre progressivement
grace a l'existence de codes de calcul numérigtieaeks. L'objectif de
cette thése est de proposer une contribution viaagtablir des liens entre
la microstructure et les propriétés acoustiqgues nhesisses isolantes a
cellules ouvertes ou partiellement fermées parappmroche multi-échelle.

1.2.

Objectifs généraux de la thése

Cette thése porte sur la propagation d’ondes aipuest dans le domaine
des grandes longueurs d’ondes dans un milieu podant la structure
apparait comme homogéne a I'échelle macroscopitas. propriétés du
milieu « effectif » représentant a I'échelle macmgsique la propagation de
I'onde dans le milieu poreux dépendent alors depsgametres physiques
ainsi que de la géométrie du réseau poreux. L'difjgmincipal de ce
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1. Introduction : Contexte et objectifs de la thése

travail est d'établir des relations entre la mitnosture et le macro-
comportement acoustique de milieux poreux réelgcaapplications aux
mousses de faible densité. Il faut noter au pasgagele terme densité est
utilisé abusivement, et qu’il désigne en réaliténasse volumique effective
du matériau réel. Précisons aussi que par mousgedaithle masse
volumique effective, on entend essentiellement daesusses dont la
porosité est tres élevée (ce qui permet de dispades modeéles
géomeétriques de la littérature issus de la physidqae mousses). Pour
autant, la démarche développée dans cette these peu étendue sans
limitation & des matériaux de faible porosité.

L'étude des milieux poreux a conduit depuis de nweubes
années a la construction de plusieurs modeles pagmoménologiques qui
comportent un nombre de parametres limité qui sfmctions de la
microstructure. L’utilisation de ces modéles néitesdonc a nouveau la
mise en ceuvre d'essais sur des matériaux réels eounddélisations
permettant d’accéder a ces parametre, dits paramatoustiques.

L'étude de la structure complexe de ces milieux epar par
modélisation fine a I'échelle des pores reste domontournable. Cette
structure est caractérisée par une porosité impwmta l'intérieur d’un
squelette fin généré par un assemblage désordomnéilaments et
membranes interconnectés. La modélisation compldten volume
élémentaire représentatif d’un tel matériau n’eas gnvisageable sur le
plan numérique. De plus, une telle modélisation Kaveugle » ne
permettrait pas de pointer les paramétres impastdatla structure vis a vis
du comportement acoustique du milieu poreux. PHewas, la méthode
d’homogénéisation des milieux périodiques permat y@e analyse bien
fondée au plan mathématique de déterminer les idsr effectives d'une
structure périodique a partir de I'étude d’'un peobe aux limites portant
sur une cellule de base.

La premiére idée fondamentale a la base de cetsetlest de
construire une cellule périodique qui comporte laximum de données
géométriques et physiques obtenues a partir d’ebsens et de mesures
sur la structure réelle, puis de déterminer lesamatres acoustiques
nécessaires a la mise en ceuvre des modeles semiypBéologiques.

Sur la base de cette idée, il est possible de enettr ceuvre une
modélisation reposant sur la résolution des éqnatide la dynamique de
I'’écoulement de fluide a I'échelle des pores. Thoisg ce type de
modélisation nécessite la résolution d’un problésmoe limites fréquence
par fréguence sur une large gamme de fréquencespartant de plus des
difficultés numériques compte tenu de I'existencend couche limite a
hautes fréquences. Mais par ailleurs, il a été néogue la détermination
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des paramétres acoustiques peut s’effectuer égatesme résolvant des
problémes statigues ou quasi-statiques indépenddatka fréquence. La
deuxieme idée a la base de la these est justematilisgr uniqguement la
résolution de ces problemes statiques ou quasgets dans la
détermination des parametres acoustiques.

Dans ce travail, on adopte donc uméthode hybride combinant
la modélisation par éléments finis avec [I'apport s demodéles
phénoménologiques qui prennent en compte la phgsigus-jacente.

En résumé, la méthode mise en ceuvre comporte h@seg suivantes :

- Observation de la microstructure du matériau pas datils
d'imagerie adaptés en vue de la détermination denées
gqualitatives et quantitatives sur la microstructugai sont
pertinentes vis-a-vis du comportement acoustique ;

- construction d'une cellule périodique de propriétés
géomeétriques déterminées a partir des résultatobeervation
de la microstructure ;

- résolution des probléemes aux limites statiques auasg
statiques sur la cellule périodique et obtentios garametres
acoustiques du matériau considéré ;

- comparaison de la réponse du milieu effectif fina&t obtenu
avec des résultats expérimentaux réalisés sur tériaa réel.

1.3. Plan du mémoire
Ce mémoire de recherche contient trois grandesesadont les contenus
principaux seront présentés.

Le chapitre 2 expose la méthodologie pour atteindre les objgctif
spécifigues énoncés. Il s’agit des outils imporsaobncernant toutes les
étapes principales de la caractérisation jusqu’alcut des propriétés
effectives.

Premiérement, les techniques d’'imagerie permettactjuisition
de données sur la géométrie locale sont préserDéas cette présentation,
on distinguera l'identification bidimensionnelle e microscopie optique
ou microscopie électronique d’une part et I'ideictition tridimensionnelle
par microtomographie a rayons-X. Pour chaque méhdanagerie, on se
focalise sur la présentation générale du fonctiomsrg, sur les limites
d’application et les performances (résolution, giesement...). On mettra
en lumiere aussi les avantages et les inconvéndmthaque technique.

Dans un deuxiéme temps, quelques résultats obtepas
I’lhomogénéisation des structures périodiques, deappelés dans le cas de
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I’écoulement en milieu poreux quasi-statigue et -dde cas de la
poroélasticité.

Ensuite, les modéles semi-phénoménologiques soatdéb. Il
s'agit des théories classiques de fluide équivalel@veloppées depuis
plusieurs années, et permettant de décrire le campent dynamique de
milieux poreux représenté par des fonctions congdesépendant de la
fréquence et définis par un nombre fini de paraes#icoustiques.

Enfin le chapitre 2 se termine par la présentatthn modele
« hybride » qui combine les modélisations par élgmdinis et les modeles
semi-phénoménologiques.

Le chapitre 3 qui porte sur la détermination des propriétés de
transport des milieux poreux en squelette indéfdMmaonstitue la part la
plus importante de ce mémoire. Il se compose de swus-chapitres.

Le premier sous-chapitre étudie le cas d'un milpmu dispersé,
ou les éléments géométriques d’'une cellule périoeligont déterminés a
partir des mesures directes des tailles caradiguiss locales. Les
propriétés acoustiques sont ensuite calculées paméthode hybride
combinant les éléments finis et les modéles seréiapménologiques. Les
résultats de l'application de la méthode sur uneusse d’aluminium a
cellules ouvertes sont alors comparés aux meswamsstques obtenues par
la méthode du tube d’'impédance.

Le deuxiéme sous-chapitre traite du comportemeatistique des
échantillons réels de mousses pour lesquels laildigion de tailles de
pores est étendue. Pour ce type de matériau, il neshtré que les
dimensions microstructurales issues des mesuresctds ne sont pas
représentatives du macro-comportement du maté@audernier est alors
gouverné par au moins deux tailles critiques. Lausse est tout d’abord
supposée ouverte et sans membrane. Les taillextéasdiques de sa
microstructure sont déterminées a partir de deuxrarpatres
macroscopiques : la porosité et la perméabilitdicata. L'application de
cette méthode sur plusieurs échantillons réels dmusse donne des
résultats qui sont satisfaisants dans certains ma$s montrent qu'il est
nécessaire pour d’autres cas d’introduire une deugitaille critique. Les
micrographies montrent que ces matériaux sont ténaés par I'existence
de membranes. On introduit alors la représentadimces membranes dans
la géométrie 3D, ainsi qu’'une dimension caractigist liée a ces
membranes. Les membranes sont alors modélisées tansellule
périodique. Dans ce travail, on se limite a une éliedtion des membranes
qui les fait apparaitre de maniére homogeéene, poutes les facettes de
cellules, et donc pour toutes les celluéefortiori, ce qui exclut de fait une
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1. Introduction : Contexte et objectifs de la thése

modélisation des cellules en cul-de-sac (la poéosst ouverte). La
confrontation des calculs aux mesures a tube d'dapée montre une
bonne adéquation de la méthodologie adoptée.

Le chapitre 3 se termine par des applications stademparaisons
aux données disponibles dans la littérature; avése nen exergue de
relations entre longueurs caractéristiques locale$ longueurs
caractéristiques macroscopiques.

Le chapitre 4 concerne la détermination des propriétés élassique
des mousses acoustiques. La géométrie de la cepékodique est
identique a celle déterminée dans le chapitre 3teCeellule ayant une
symétrie cubique les propriétés élastiques du reatéanisotrope cubique
sont calculées en résolvant les équations de tiéles linéaire par
éléments finis. En supposant que la mousse réedlgespond a la
I'orientation aléatoire de telles cellules cubiquebtenue par rotation
autour d’'un axe quelconque dans I'espace ou aulaur axe quelconque
dans le plan, on détermine les propriétés d'un nmeuésotrope ou isotrope
transverse équivalent.

Les calculs sont effectués sur deux mousses celgla faible
densité ; les propriétés élastiques calculées somparés aux résultats des
essais de compression uniaxiale. Finalement, leprp@atés acoustiques de
ces deux échantillons réels de mousse sont cak@éerenant en compte
ces parametres élastiques dans le modéle poraglastiUne comparaison
de ces propriétés acoustiques calculées aux résalkamesures utilisant un
tube d'impédance est ensuite effectuée.

1.4.

Choix de présentation du mémoire

Ce mémoire a fait I'objet de plusieurs publicatioms projets de
publications dans des revues internationales a téowahé lecture ou des
chapitres de livres. Compte tenu de la diffusiotelinationale de ces
documents, qui est d’ailleurs de plus en plus sébgour les travaux de
thése, il a été jugé préférable d'intégrer ces dwnts dans le mémoire
dans la forme sous laquelle ils ont été publiés smumis, mais en
conservant une logique de présentation d’ensembk.cette facon, le
lecteur pourra évaluer non seulement le contenuraveil de thése mais
€galement le rayonnement international propre areemux.

Dans une telle présentation, il est apparu que debneuses
références sont communes a plusieurs articles atdbnc été choisi de
regrouper les références correspondantes en fahagitre.
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2 Caractérisation de la microstructure
de matériaux poreux et méthodologie
de prévision de leurs propriétés
acoustiques

Ce chapitre porte sur la prévision des propriétésuatiques des milieux
poreux par une méthodologie semi-analytique. Ceité¢hode se situe a la
frontiere entre les méthodes phénoménologiques nuiilisent pas de
modélisation de la microstructure et les méthodéerdogénéisation des
propriétés dynamiques, qui supposent connue la astiarcture et qui
prévoient les propriétés acoustiques par une résolules équations de la
dynamique a I'échelle locale. La méthodologie samalytique utilise les
modeles phénoménologiques, mais alimente ces modglar des
informations obtenues par des calculs numériquestapb sur une
géomeétrie simplifiée de la microstructure. Celleest elle-méme définie en
prenant en compte les propriétés de la micro-géoenébtenues par une
caractérisation spécifique sur un échantillon daémau réel.

Ce chapitre comporte donc quatre parties. La prempeesente les
méthodes adoptées pour caractériser la géométriéchantillons réels, la
deuxieme présente les modélisations par élémenis fitilisées dans le
mémoire et la troisieme partie présente les modethénoménologiques qui
sont a la base de la méthode semi-analytique. l&hades présentées dans
ces trois parties sont combinées dans un modeéleidgibmontré dans la
derniére partie du chapitre 2, visant a détermiasrfonctions dynamiques
sur une gramme de fréquence compléte.

2.1. Caractérisation de la micro-géométrie

Les propriétés macroscopiques d’'un matériau dépenftetement de sa
microstructure ; c’est pour cette raison que I'é&utk la géométrie locale
du matériau occupe un role trés important danscianse des matériaux.
Pour les chercheurs, la connaissance de la miaasie d’un matériau
permet d’interpréter et d’expliquer physiquemerg peopriétés d’'usage, et
particulierement c’est une information indispengabpour les méthodes
d’homogénéisation des matériaux afin de détermieers caractéristiques
macroscopiques. La microstructure est caractérisé@hifférentes échelles
par des techniques d’imagerie bidimensionnelle emtionnelle:

microscopie optique et microscopie électroniquei, gt été complétées
récemment par des techniques d’imagerie tridinemslle plus avancées
comme les différents types de tomographie et entiqudier la

microtomographie a rayon-X. Ces méthodes produisdas images
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numériques dont il faut ensuite extraire des pateséquantitatifs de la
microstructure.

Ce sous-chapitre présente les techniques de casatién morphologique
du matériau utilisées dans le cadre de ce trawaithgse, ainsi que les
avantages et les inconvénients de chague méthode.

2.1.1. Identification bidimensionnelle

2.1.1.1. Microscopie optique
Afin de comprendre la relation entre la microsturet et les propriétés
macroscopiques des matériaux, il est nécessaitesditwer des détails de la
microstructure qui ne sont pas visibles a I'ceil ruta méthode de
caractérisation la plus couramment utilisée regteoee la microscopie
optique.

I existe de nombreuses techniques de microscopie
optique (Arnold, 1993)™: La microscopie en Iumiére directe, la
microscopie de polarisation en lumiére transmise @iléchie, la
microscopie en contraste de phase...Les valeurs lesueldes
grossissements des objectifs varient entre 1,228t(Roblin, 1999, La
Fig. 2.1 représente un microscope binoculaire LEIGK6 avec des
grossissements variant entre 6.3 — 40 ainsi qu'omerographie d'une
mousse polyuréthane de faible densité. Cet équipendisponible au
Laboratoire Géomatériaux et Geéologie de [I'Ingénie(itG2l) de
I'Université Paris-Est Marne-la-Vallée, a été wfi dans le cadre de la
these.

Figure 2.1. (a) Binoculaire LEICA MZ6; (b) Exemplaire d’une micrographie optique.

Les matériaux solides présentent des propriétésqugs trés
diverses. Chaque matériau se caractérise par diffés grandeurs
physiques dues a sa réaction a la lumiére ; cesiates dépendent de la
constitution structurale modulée par I'état de soef. On distingue donc
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plusieurs catégories de matériaux (Degallaix, 2067 Un matériau
« opaque » réfléchit une part de la lumiere reguabsorbe I'autre sur une
épaisseur tres faible, un matériau « transpareou» « translucide »
transmet presque toute la lumiére incidente eéfeacte a chaque interface,
certains matériaux sont «colorés» car ils absurbée spectre
complémentaire de leur couleur apparente...

La visualisation des images observées se fait maartt
généralement & I'écran. En ce qui concerne le stpekdes images
obtenues, soit les microscopes sont équipés deediffs de reproduction
d’écran et I'image est imprimée sur papier par iegsion thermique, laser
ou jet d’encre, soit les images sont numériséeekant le microscope a un
systéme de numérisation d’'image. Pour la binoceldiEICA MZ6 a
I'LG2I, dans un premier temps les images peuven¢ éimprimées sur
papier ou numeérisées en vue d’un post-traitement.

Le microscope optique permet d’utiliser un grossisent pouvant
aller jusqu’'a 1500. L’observation produit usuellethedes formes, des
dimensions et une morphologie de la microstructudans une
représentation quasi-plane. En particulier, poarn®usses a faible densité
qui font I'objet de cette recherche, le microscagtique permet d’estimer
la forme (nombre d'arétes/face et nombre de faedsie) et la taille
(longueur et épaisseur de ligaments) des élémemte atellule.

La microscopie optique est un moyen peu colteud'@ilisation
facile. Elle permet a I'ingénieur et au cherchelgbdenir des informations
importantes sur la microstructure du matériau, maste limitée par son
pouvoir séparateur et sa faible profondeur de chaBgn grossissement
utile est normalement inférieur a 1500. Dans de bremx cas, elle est
complétée par la microscopie électronique a balayag

2.1.1.2. Microscopie électronique
La principale limitation de la microscopie optigast sa résolution, car la
limite d’observation est d’environ Quén (Paqueton et Ruste, 2008) et
les microstructures les plus fines ne peuvent @eervées. Dans ce cas, on
utilise alors la microscopie électronique avec vésolution beaucoup plus
fine, de I'ordre du nanometre.

On distingue classiquement deux catégories de m®mdomie
électronique : La microscopie électronique a baj@y@MEB ou « Scanning
Electron Microscopy » SEM) et la microscopie élenigue a transmission
(MET, ou « Transmission Electron Microscopy » TEM)Ba microscopie
électronique a balayage est une technique puissdioteservation de la
topographie des surfaces avec tres grand grossésgetandis que la
microscopie électronique a transmission est uglipgincipalement pour
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visualiser les structures internes des échantillawgc une résolution
supérieure a la microscopie a balayage. Au coarsette these, seule a été
utilisée la microscopie électronique a balayage.

La microscopie €électronique a balayage est fondéeipalement
sur la détection des électrons secondaires émergiana surface sous
'impact d’'un trés fin pinceau d’électrons primareui balaie la surface
observée et permet d'obtenir des images avec urvgdowséparateur
souvent inférieur a 5 nm et une grande profondeaircdamp. La MEB
donne une résolution latérale de I'ordre de 3 anfrf@ un grossissement
pouvant aller jusqu’a 300000 fois, et une profonrdda champ pouvant
varier de plusieurs centimétres a faible grossissgma quelques
micrometres au grossissement maximal. La Fig. Pé8gnte un microscope
électronique a balayage S-3000N Hitachi disponilda centre de
caractérisation des matériaux (CCM) de I'Universidé Sherbrooke -
Canada ainsi qu'une micrographie d’'une mousse péthane a faible
densité prise par ce microscope et réalisée damadee de ce travail de
these.

Figure 2.2. (a) Microscope électronique a balayage S-3000N Hitachi; (b)
Exemplaire d'une micrographie électronique a balayage

L'utilisation du microscope électronique a balayast simple et
comporte cing étapes principales :
« Démarrage de l'instrument (machine, PC, programoreespondant)
» Préparation de I’échantillon
Introduction de I'échantillon
* Observation
» Acquisition et enregistrement des images.

Concernant la préparation de I'échantillon, ellsevia travailler
sur une surface du matériau qui soit séche et anida d’électricité. Par
conséquent, il est nécessaire de faire une métdis de I'échantillon si
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celui-ci n'est pas conducteur (on dépose avantskobation une fine
couche métallique par évaporation sous vide).

Pour les mousses de faible densité qui ont falijgbde ce travail
de thése, le MEB a permis d’estimer les formes et Himensions
caractéristiques des constituants de la cellulenm(# des sections des
ligaments, épaisseur des ligaments). Il permet efgaht d’observer les
parties les plus fines de la microstructure teties les membranes et les
tres petits pores situés sur les ligaments...

2.1.2. Identification tridimensionnelle par microtomographie a rayon-X

Les outils de microscopie optique ou a balayagedgdémment décrits ne
permettent pas normalement d’obtenir une reprétfient&ridimensionnelle
de la microstructure, sauf dans le cas de MEB mues dispositifs
permettant de réaliser une vision tridimensionnelés la zone située a
proximité de la surface. La visualisation bidimemsielle présente
I'inconvénient de ne visualiser que des coupes dténau et nécessite un
traitement plus ou moins sophistiqué des donnéemnales pour étendre les
données obtenues a la caractérisation d'une gémnténlimensionnelle et
qui nécessiteraient idéalement de traiter statiggent un grand nombre
de coupes. L'utilisation de la microtomographie ae&ia rayon-X (CT)
permet de contourner cette difficulté.

La Fig. 2.3(a) représente un dispositif Skyscan2l 4jui constitue
un équipement de laboratoire comportant une sodecetyons-X poupCT
axiale. Ce dispositif a été utilisé dans le cadeecdtte these au centre de
caractérisation des matériaux (CCM) de I'Universdé Sherbrooke -
Canada. La figure 2.3(b) comporte également la emidion d’'une
reconstruction 3D de la structure d’'une mousse y@thane obtenue par ce
dispositif.

Figure 2.3. (a) Microtomographie a rayon-X Skyscan 1172; (b) Exemplaire d’une
reconstruction 3D de la mousse polyuréthane.
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Sommairement, une reconstruction tridimensionnglr uCT
nécessite trois étapes principales. La premiéresistana faire I'acquisition
de radiographies de I'échantillon pour plusieurssijons angulaires du
porte échantillon. Dans cette étape, quelques patras importants comme
ceux de la source (voltage, courant), le tempsmbskion, et la résolution
par réglage de la position relative source-échiamtitécepteur, sont
soigneusement choisis afin d’obtenir un bon com¢rantre les phases. La
deuxiéme étape consiste a reconstruire les sectiomssversales de
I’échantillon étudié, par rétroprojections filtrédes radiographies obtenues
selon les différentes positions du porte échantill®es artefacts de
reconstruction sont inhérents a la micro-tomograpiiilisant une source
de laboratoire (polychromatique). Le travail prip&i de cette étape est de
limiter ces artefacts au moyen d'algorithmes incldasns les logiciels
commerciaux fournis par Skyscan. Une fois les seeti transversales
reconstruites, on peut procéder dans la dernieapeéf la reconstruction
3D de I'échantillon par (i) la segmentation basee @itéres visuels, et (ii)
'assemblage des coupes (reconstruction de I'objatlimensionnel). La
mesure des parametres morphologiques est finalendatisée au moyen
d’algorithmes inclus dans les logiciels commercidaxrnis par Skyscan.

Avec la microtomographie a rayon X, on dispose @ 'unéthode
de caractérisation morphologique non-destructiveridimensionnelle sur
I’ensemble de I'’échantillon. De plus, plusieurgilsuinformatiques ont été
développés pour cet instrument afin de mesurer alabmeux parametres
morphologiques importants du matériau comme |'égris, le diamétre des
cellules, le degré d'anisotropie... Par contre, caftiument reste
d’utilisation moyennement répandue dans les laloimeg de recherche en
raison de son co(t élevé. De plus, méme si la machiossede une
résolution assez élevé (jusqu’au & pour le Skyscan 1172 au CCM), il
est compliqué de reconstruire de trés minces strast comme les
membranes des mousses polyuréthanes a cause désct@rtet aussi en
raison de la résolution (car les membranes sonmatement d’épaisseur
inférieure au micrometre). Pour les mousses sanabranes, |'utilisation
de microtomographie a rayon X a permis de recoirstrdans de bonnes
conditions la microstructure du milieu réel (Pereoal., 2007)"!

2.2, Homogénéisation des structures périodiques
D’'une fagon générale, les techniques d’homogénéisatont destinées a
prévoir les propriétés macroscopiques d'un matéreaupartir de sa
microstructure et des propriétés des constituariscaelle locale. Il existe
de nombreuses techniques, mais dans le cadre deacail, seule la
technigue d’homogénéisation des structures périgdigsera utilisée.
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Apres une présentation générale de la problématiguehomogénéisation,
la technique d’homogénéisation de structures pégiceb sera abordée puis
appliquée a la dynamique des milieux poreux etreiifitilisation qui en
est faite dans le cadre de la thése est donnée.

2.2.1 Introduction aux méthodes d’homogénéisation

Les matériaux sont toujours hétérogénes a une lécbela une autre. Cette
hétérogénéité réside soit dans la présence d'uratésristallin a I'échelle
moléculaire, soit dans la présence de zones fornmdesconstituants
sensiblement homogeénes se partageant I'espacet €2edernier type de
matériau qui se préte réellement aux techniquesrddgénéisation. Un tel
matériau peut étre décrit par deux modeles: I'unl’é&helle dite
microscopique ou locale ou le comportement estrbgéne ; et 'autre a
I’échelle dite macroscopique ou le comportement astsidéré comme
homogéne. Le comportement macroscopique des maxépeut, soit étre
identifié directement par des essais sur le mai¢sait faire I'objet d'une
prédiction de comportement, lorsque le comportemdas matériaux
constitutifs et leur microstructure sont connus|ade de la technique
d’ « homogénéisation ». Ces deux méthodes sont eéwitent
complémentaires. En pratique, les techniques d’lggméisation servent
surtout a comprendre le comportement de matériauxa eprévoir la
constitution de nouveaux matériaux. Le comportemestimé doit
évidemment étre testé par des essais a I’échelteaseopique.

Autrement dit, les méthodes d’homogénéisation diemt a
remplacer le matériau hétérogéne par un milieu dihomogene

équivalent » caractérisé par des propriétés effest{Fig. 2.4).

Figure 2.4. Un matériau hétérogene. (a) Modélisation a I’échelle des
hétérogénéités, (b) Modélisation homogéne « équivalente »

Concernant les méthodes d’homogénéisation lesqaugantes, on
peut citer ci-dessous :
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» La méthode auto-cohérente, qui a été utiliséeéetlkbppée par de
nombreux auteurs (Brinkman, 1949 ; Hershey, 19%ilt, 1965 ;
Hashin, 1968 et Zaoui, 198%¥*%. On peut décrire I'esprit de cette
approche de la fagon suivante : considérons un maatéétérogene
dont on connait les caractéristigues et les distidms des
constituants. La premiere étape, dite localisatmomsiste a analyser
les interactions entre des inclusions contenanh ldles matériaux
constitutifs et le reste du matériau qui est adgindi une zone
homogene possédant les propriétés du «matériawalqut », de
propriétés inconnues. La formulation de ces inteoas permet
ensuite d’exprimer les relations entre les moyemasmiques des
variables locales. Ces moyennes constituent lesbias a I'échelle
macroscopique et les relations obtenues constitigsnpropriétés du
«milieu homogéne eéquivalent ». Cette méthode djsten bien les
deux phases essentielles des techniques d’homaogéindi . une
phase de localisation qui permet d’estimer lesaldds locales et une
phase d’homogénéisation proprement dite permettiaivtenir les
propriétés a I'échelle macroscopique par moyenrreles variables
locales. Toutefois, cette méthode est bien adaptée les milieux
totalement désordonnés, mais ne fournit qu’une @ppration pour
des distributions quelconques des matériaux cargst

* La méthode de modélisation statistique dévelop@éekponer (1986)
(111 pour une structure aléatoire et stationnaire deedision infinie.
Ce modele nécessite la connaissance d’informatsbasstiques sur
la répartition spatiale des constituants, qui netsteutefois difficiles
a obtenir, méme en utilisant les moyens modernesadactérisation
de la microgéomeétrie.

* Les méthodes variationnelles, développées dansateses 1960,
permettent d'obtenir des bornes sur les coefficeaftectifs a partir
d’informations sur la distribution des constituaatd’échelle locale.
Cette approche a été détaillée dans Torquato (2002)lilton (2002)
[12],[13]

 La méthode de 'Homogénéisation des Structuresodiies (HSP)
développée dans les années 1970 par Sanchez-Ral@9di4)*" et
Bensoussan ail. (1978)™°!. La méthode utilise des développements
asymptotiques a échelle multiples pour les matérida structure
périodique. Cette derniere méthode sera présertée pgrécisément
dans le paragraphe suivant.

La condition fondamentale qui est commune a presquees les techniques
d’homogénéisation méme si elle est seulement iriplipour certaines
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BN

méthodes est la séparation des échelles, a sasoiséparation entre
I’échelle  microscopique (échelle  d’hétérogénéité)t el’échelle
macroscopique a laquelle le milieu équivalent emtherché. Si les échelles
sont séparées, cela signifie que le milieu contient grand nombre
d’hétérogénéités dont la dimension est petite pgpport a I'échelle
macroscopique. La séparation des échelles peuegmémée comme suit :

|
—<x1 2.1
C (2.1)

ol | est la longueur caractéristiqgue microscopique €dision
caractéristique des hétérogénéités) letest la longueur caractéristique
macroscopique (dimension caractéristique du volulaematériau ou du
phénomeéne étudié).

Une fois que la condition de séparation d’échefie stisfaite, il
est alors possible de définir un « volume élémeategprésentatif » (VER)
du matériau hétérogene considéré, qui reste suifisent petit par rapport
a la dimension caractéristique de la structure osmopique et qui doit étre
suffisamment grande a [I'échelle microscopique pouwtécrire
'hétérogénéité. L'échelle de la structure est ditacroscopiqueet celle
des hétérogénéités est ditécroscopique.

2.2.2 Homogénéisation des structures périodiques

Parmi les différentes méthodes d’homogénéisatiom, technique
d’homogénéisation des structures périodiques estnuéthode puissance et
efficace. Dans le cas de matériaux périodiqueg, pdrmet de déterminer
de facon systématique le probléme qu'il est nédesgie résoudre sur la
cellule élémentaire pour déterminer les propriétgscroscopiques, ainsi
gue la structure des équations de conservation eetcamportement a
I'échelle macroscopique. Cette méthode permet dimid@vec précision la
notion de comportement homogénéisé. Aussi, le doendiapplication de
cette méthode s’étend graduellement. Dans le cddreette thése, cette
méthode sera appliguée a des matériaux poreuxlpsqguels la distribution
des hétérogénéités n’est pas strictement périodioaes pour lesquels la
microstructure est constituée de cellules de tmilensiblement identiques
et de morphologie comparables. Il est alors possibd constituer un
modéle périodique a partir d'une cellule « moyennereproduite
périodiquement, dont les propriétés géométriqued been adaptées pour
simuler la morphologie réelle. Dans ce qui suit, suppose donc que la
structure est strictement périodique et I'on vapea la suite I'application
pratique qui est faite de la méthode.
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2.2.2.1. Cellule de base
Un milieu périodique est défini par une cellule dase reproduite
périodiqguement dans les différentes directions’dsphce. Le choix de la
cellule de base n’est pas unique (Fig. 2.5). Pamtrep les propriétés
effectives du matériau sont déterminées de facdquenet ne dépendent
pas du choix de la cellule. En pratique, on utililes cellules de géométrie
simple, rectangulaire pour les problemes plansagtlfglépipédique pour
les problemes tridimensionnels.
Concernant la détermination de la cellule de bas#le-ci est construite a
partir de données physiques identifiées a partidalenées morphologiques.
La méthode de la cellule idéalisée (Perroalet2007)™ définit une cellule
moyenne « idéale » représentant 'ensemble de taosiructure a partir de
données morphologiques simples et la méthode demiarphologie
mathématique (Peyrega, 2014, construit la cellule a partir de données
plus élaborées synthétisées a partir de la miarogire réelle.

T-—

® o\
A X
& |

O
N al’

Figure 2.5. Plusieurs choix possibles de cellules de base pour une structure
périodique.

o 00 0|
0000 ¢

2.2.2.2. Méthode de développements a échelles multiples
La méthode d’homogénéisation de structures périaetiqrepose sur
l'utilisation d’échelles multiples. Elle a été irtement introduite par
Sanchez-Palencia (1974}, Keller (1977)"®, Bensoussan etl. (1978)**
et Sanchez-Palencia (1980}", puis complétée par une analyse
dimensionnelle des équations aux dérivées parsietla probleme par
Auriault (1991).°! Cette méthodologie est présentée dans les patsesap
ci-dessous. Le lecteur est invité & consulter lasaux de Auriault eal.
pour plus de détails.
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2.2.2.2.1. Séparation d’échelle

Comme signalé précédemment, la séparation d’écheld® une condition
indispensable pour les méthodes de passage miccoemat donc pour la
méthode d’homogénéisation des structures périogiquans le cas d’'une
structure périodique, la cellule périodique suffidécrire la totalité de la
structure. La période de cette cellule constitudéolagueur caractéristique
microscopique |. Soit L la longueur macroscopique (longueur
caractéristique du volume de matériau considéré tmngueur
caractéristique macroscopique de la sollicitatioa condition de
séparation d’échelles s’écrit :

I
E=—x1 2.2
- (2.2)

La séparation d’échelle doit étre aussi prise empte pour les
grandeurs physiques. Par exemple, dans le cas @umgagation d’onde
dans un milieu poreux, la méthode ne peut étrésatl que dans le cas ou
la taille des pored est beaucoup plus petite que la longueur d’oAde

D
—<x1 2.3
; (2.3)

2.2.2.2.2. Variable d'espace

On introduit deux variables d'espace (adimensiol@sgl en
fonction des longueurs caractéristiques et de faabbe d’espace physique
X :

x=X/L ety=X/I (2.4)

La variable x est la variable d’espace macroscopique (variable
lente, mesure de la distane€ en utilisant la distancé. comme longueur
unité) ety est la variable d’espace microscopique (variabl@de, mesure
de la distanceX en utilisant la distancé comme longueur unité). En
raison de la séparation d’échelle, chaque inconfueépend de ces deux
parametres adimensionnels. Il existe donc deuxrg®sms possibles :

e Point de vue macroscopique (la longueur caractguet L est
utilisée comme longueur de référence) :
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O=P(X,y) =D(x,£), Yy =Xk (2.5)

« Point de vue microscopique (longueur caractérigtitiuest utilisée
comme longueur de référence) :

O= P(x,y) =d(y,£), X =€y (2.6)

La séparation d’échelle repose physiquement sach&ma de la Fig.
2.6 en observant que la variation @@} en fonction de X sur une
distance O(I) est petite et tend vers zéro dans le cas limitesou
tend vers zéro. Cela signifie dans le cas d'unecstire périodique
que & vérifie une propriété de périodicité ey. Notant que le
symbole O(+) signifie :

A=0(B) si e<(A/B)<¢€". (2.7)

D(x,y) D(x,y)

(@)

— ——
x=X/L 1 y=X/1 1

Figure 2.6. Séparation d’échelle : Description macroscopique (gauche) et locale
(droite) de @ .120]

2.2.2.2.3. Développement asymptotique a échelles multiples

Comme indiqué précédemment, toutes les grandeuysiques peuvent
s’exprimer en fonction des deux variables d’espadiEnensionnelles< et
y qui sont reliées l'une a l'autre par un petit paédre £. Cette
observation a conduit a la recherche de ces graadehysiques inconnues
sous la forme de développements asymptotiques ewtibm de ¢
(Bensoussan etal., 1978; Sanchez-Palencia, 1980f®" |e
développement s’écrit alors comme suit pour unedgar adimensionnelle
(OR
D(x,y) = PO (x,y) +ePV(x,y) +£* D?(x,y) + (2.8)
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L’homogénéisation idéale repose sur une analygmpotique lorsques
tend vers zéro. La propriété de périodicité yerdes fonctions @ (x,y)
assure une bonne séparation d’échelle.

2.2.2.2.4. Méthodologie

On présente dans cette partie la méthodologie ltBggpar Auriault (1991)
(19 Les étapes a suivre sont les suivantes :

» Description a I'échelle microscopiqueC’est une étape indépendante
de la méthode d’homogénéisation, qui porte sur éscdption a
I’échelle microscopique des équations aux dérivgmdielles et des
conditions d’interface. Il s’agit dans cette étagadentifier les
parametres a I'échelle locale de la microstructwwemme la
morphologie, les propriétés physiques (viscositénsité...), les
variables physigues (pression, vitesse, températireet les
équations qui les relient. Une fois que la deswiptlocale est
donnée, on peut passer aux étapes suivantes poancher la

description macroscopique équivalente.

* Point de vue macroscopique ou microscopiquee® deux choix sont
a priori équivalents et dépendent seulement de la commatiité
probleme étudié. Les développements sont pris Eotmme (2.8) en
utilisant respectivement (point de vue macro- olcroHscopique)
y =x/¢ et Xx=¢&y. Les développements dépendent donc d'une
variable d’espace et du petit paramésfre

 Normalisation de la description locale Cette étape, appelée
normalisation, signifie que les descriptions losalesont
adimensionnées et évaluées en fonction des puissate . Une
quantité adimensionnell® est dite étreO(ap) Si:

£p+1/2 S|q)| Sé.p—l/z (29)

» Dérivation de la description macroscopiquelous les variables
physiques sont exprimées sous la forme de déveinppe
asymptotique en puissance de:

D(x,y) = PO(x,y) +ePV(x,y) +£2 D@ (x,y) + (2.10)
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ol chaque term&P® esty -périodique. La méthode consiste alors a
appliquer ces développements dans la descriptiorcaléo
(microscopique). Cela conduit a des équations dheewation et des
conditions aux limites aux ordres successifsa@ui permettent de
définir des problemes aux limites sur une cellukrigdique. La
détermination de la description macroscopique iasien une
résolution de ces probléemes aux limites. Concrétgjres équations
a résoudre sont sous la forme suivante :

div, ®" = -div, @' +W (2.11)

ou —div,.®'™ +W est un terme de source déja déterminé en
résolvant un probléme aux limites & I'ordre précéd®uand®® est
localement périodique (ou stationnaire, dans le das matériau
aléatoire), la moyenne de terme de source doitnsikem :

(~div, @™ +W) =0 (2.12)

Ce qui produit une équation de conservation a kdlehocale.
In fine, la description macroscopique dimensionmat obtenue en
retournant aux quantités dimensionnelles.

2.2.2.3. Résultats sur I"écoulement en milieu poreux et sur la poroélasticité

2.2.2.3.1. Application a I'’écoulement quasi statique en milieu
poreux

On considere I'écoulement d'un fluide visqueux newén dans un
matériau poreux peériodique constitué d'une partidide indéformable
correspondant au volumd?2, et d'une partie fluide correspondant au

volume Q,
Les équations du probleme a I’échelle locale sont :

- Equation de conservation de la quantité de mouverfiequation
de Stokes) :

nAv-0Op= 0 dans Q (2.13)

ou A est un opérateur laplacier] désigne l'opérateur gradieny, la
vitesse et p la pression
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- Equation de continuité :

Mw 0 dans Q (2.14)

- Condition d’adhérence :
v=0 sur 0Q (2.15)

L’équation (2.13) introduit un nombre adimension2i

U
Q=—P

Y (2.16)

On considére maintenant un écoulement forcé par gnadient
macroscopique de pression :

Op=0(p/L) (2.17)

ou L est la longueur macroscopique (la taille de I'éghbbn examiné).
En notantl la taille caractéristique des pores, on a la i@hasuivante :

niv = O(I7V/|2) (2.18)
A partir de I'’équation (2.13), on déduit :
nv/1? =o(p/L) (2.19)

Le nombre sans dimensidQ est donc :

2

Q= O(IElaj = O(s™) (2.20)

Dans ce qui suit, on choisit le point de vue micap@que, les inconnues
étant développées sous la forme des développemsyitsptotiques sous la
forme :

v(x,y) =vO(x,y) +ev® (x,y) +e v (x,y) +

p(X,y) =p P (x,y) +ep® (x,y) +£Pp P (x,y) + L (2.21)
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Avec x=¢y, v etp® sontQ - périodique eny .
Le rapprochement des différents termes du développé
asymptotique conduit ' =p©(x), puis au systéme d’équations :
(oL @
U,p 0,

(2.22)
) _ (0L @ (b)
,7Ayv |:|xp |:| yp - Ol

Avec des conditions de périodicité grsurv, p®* qui constitue le
probleme de cellule dont la solution est linéairatmdépendante d@xp(o),
en particulier :

5 dp©
v = o 07 (2.23)
n dx
la considération de la compatibilité des équatiomsduit alors a
k
o\ = ©\ - _ Bo © k= O
D@<V >Q_ 0, <V >Q_ ;D P kﬁ <kO>Q (2.24)

ou koD est un tenseur fonction de et ou la partie entre crochets correspond
a la moyenne volumique sur la période.

Yo =g [0 (2.29

Ce qui permet de retrouver la loi de Darcy entreritasse moyenne et le
gradient de pression macroscopique.

2.2.2.3.2. Application a la détermination du comportement
dynamique de milieux poreux

Concernant I'étude de la dynamique de milieux prregaturés
déformables, la théorie classique est due a Bio95¢)L P2
Contrairement & I'approche de Bi6t'?®!, qui décrit le comportement du
milieu poreux directement a I'échelle macroscopiqde nombreux auteurs
ont utilisé I'homogénéisation de structures péripdis pour décrire le
comportements biphasique du matériau, a partiréehélle locale par les
développements asymptotiques. On peut citer ics tlmvaux de Lévy
(1979), Auriault (1980), Boutin (1983y112%] Auriault etal. (2009).%
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Pour ce probleme, les équations locales compotentquations
de la dynamique pour un fluide visqueux et les ¢guna de
I’élastodynamique pour le solide en petites défdromes.

Moyennant une analyse dimensionnelle adaptée, i@poaement
du matériau a I’échelle macroscopique s’écrit (Auti etal. ?%) :

M(o"F- (p)fus piw+ 9, (2.26)
T\ — . A
<a >—C.e5—ap+0(£), (2.27)
M((vy deaufF-iaesidp+ &, (2.28)
(V)-g C«.US:—IL(Dp— ,qa?us)+ q 3, (2.29)
dou :
- <_> est un opérateur de moyen sur la périédie
- O(g)est un terme petit, d'ordree relativement aux autres
termes de I'égalité.
- 0o'est la contrainte locale définie pag' =g, dans la phase
solide etg’ =g, dans la phase fluide.
- P, et p, sont respectivement les masses volumiques dedaeph
solide et de la phase fluide.
- U, est le déplacement de la phase solide.
-V est la vitesse de la phase fluide.
- C estle tenseur d’élasticité du squelette (macrpispe).
- €, est la déformation de la phase solide.
- L estla conductivité hydraulique dynamique.
- a est un tenseur symétrique d’ordre 2ketest un coefficient de
compressibilité.
Le modele dépend de : perméabilité, porosité, temd&lasticité
du squelette solidea et b.
Dans le cas d’'un milieu isotrope, les valearst b sont données
para=a avec:
K
a=1-—=, 2.30
< (2.30)
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K, : Module d’'incompressibilité du squelette
(macroscopique)
K,, : Module d’incompressibilité du matériau constittiau

squelette (microscopique)
et b devient

_a-¢ 9
b= < +Kf : (2.31)
ou K, estle module d'incompressibilité du fluide.
Dans le cadre de cette thése, les matériaux comsidsont des
mousses de faible densité (grande porosité). Stypdthese
d’isotropie, les coefficienta et b suivent les formules (2.30) et
(2.31). De plus,K, est trés petit devanK,, et la porositep est
trés proche de l'unité, les terme$, /K, et (a-¢)/K, sont
proches de zéro. On obtient donc :

allet bDK£ (2.32)

f

Les équations (2.26)-:-(2.29) sont équivalenteseBes décrites
dans le modéle de Bidf?'* || s’agit dans ce systéme d’équations de sept
inconnues scalairesly, <v|> et p, pour sept équations scalaires. Ces

équations permettent donc de décrire completementcdmportement
dynamique du milieu déformable.

2.2.3 Utilisation de I'homogénéisation des structures périodiques dans le cadre de
la these

Dans le cadre de cette thése, la méthode de I'hnémi&gation des
structures périodiques (HSP) présentée ci-dessiss wdisée dans deux
situations différentes :
Dans une premiére étape, pour des mousses a fddisité ayant des
structures supposeées rigides, trois probléemes réifts sur la cellule
périodique sont mis en ceuvre afin de déterminepégametres de transport
macroscopiques du milieu poreux considéré.

- Dans le premier probleme (i.e. limites basseguedces), le fluide
se comporte comme un fluide visqueux régi par l&mn de Stokes, ce qui
correspond au premier exemple décrit ci-dessus.
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- Dans le deuxiéme probléme (i.e. limites hautégfiences), I'effet
visqueux se concentre dans la couche limite & pra&ide I'interface avec
le solide, alors qu’'a I'extérieur de la couche liile fluide se comporte
comme un fluide parfait. Dans ce cas, les cond#gianx limites pour une
cellule périodique sont décrites par Avellaneda9@9*”, qui montre que
le probléeme est équivalent a celui de la conducttectrique en milieu
hétérogéne.

- Dans le troisieme probléeme, les équations de dedaction
thermique sont résolues en utilisant les conditiang limites proposées
par Rubinstein (19885% .

Dans une deuxiéme étape, le squelette est consodénéne déformable et
le probleme de cellule produit par I'hnomogénéisatiode structures
périodiques est résolu dans le cas de I'élastagtatiUne simplification est
apportée en tenant compte des symétries de lalegdur remplacer les
conditions de périodicité sur la frontiére de cealigpar des conditions aux
limites standard.

2.3 Modeles de comportement dynamique de milieux poreux

2.3.1 Introduction sur les modeles dynamiques de milieu poreux

Pour un milieu poreux indéformable et un fluide danressible, le
comportement du milieu poreux est régi completenpartia perméabilité
dynamique qui est une quantité complexe dépendana dréquence. Pour
un fluide compressible, il faut ajouter une autrendtion complexe
dépendant de la fréquence. Par exemple, on pedigeutile couple densité
effective et module d’'incompressibilité effect(f,b(a)), K(a)))que I'on
peut relier a d’autres variables plus accessiblésx@érience. De maniere
équivalente, deux autres fonctions sont souvetiséés dans la littérature :
ce sont les perméabilités dynamiques visqueuse leermique
(IZ(a)), R(a))) Pour la détermination de ces propriétés acoussigil
existe dans la littérature de nombreux types deétesd

Les modéles empiriques sont construits sur la bl@seombreuses
mesures afin de retrouver un comportement génémlmodéle le plus
connu est celui de Delany et Bazley (1978). Effectuant des mesures de
'impédance caractéristique et du nombre d’ondendgrand nombre de
matériaux fibreux, les auteurs ont trouvé des Il@s puissance) pour
'impédance caractéristique et le nombre d’ondefifie en annexe A de
cette thése) en fonction du rapport fréquerfcsur résistivité au passage
de l'air o. Aprés Delany et Bazley, de nombreux autres madele
empiriques ont été proposés pour différents types matériaux° 4
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Aujourd’hui, on peut considérer que ces modelesigqyes ne sont pas
suffisants pour la modélisation acoustique de niatér poreux qui n’ont
pas été pré-étudiés.

Les approches phénoménologiques visent a cherelsembdéles
acoustiques pour des géométries complexes, a piagisolutions associées
aux geéométries plus simples pour lesquelles lesti®ois analytiques
existent, en introduisant un ou plusieurs factededorme dépendant de la
géométrie locale. S’inspirant de la théorie de Kaff (1868)7°, I'un de
premiers modeles phénoménologiques est celui dekkéwi et Kosten
(1949) B¢ avec I'hypothése que le matériau poreux est caréstd’'un
réseau de pores cylindriques paralleles de sedtiorulaire, en traitant
séparément les effets visqueux et la conductivieémhique. Equivalent a ce
modeéle de Zwikker et Kosten, Biot (1956§"?® a développé une théorie
sur la propagation des ondes élastiques dans ueunploreux saturé. Les
travaux équivalents de Zwikker et Kosten et de Bsont des modéles
phénomeénologiques de base. Par la suite, de nomlan@wes modeles ont
proposé de modifier ces théories de base afin it leurs champs
d’application.B71140

Les deux approches abordées ci-dessus constitueat base
importante ; par contre elles sont plus ou moinpréuises ou limitées par
les types de matériaux concernés. Actuellement, nesdéles semi-
phénomeénologiques - plus précis et prédictifs, dentplus utilisés. Ces
derniers se basent sur I'approche consistant aidgdmalytiquement des
fonctions de réponses approchées d'un fluide satdi@space poreux d’un
milieu poreux soumis a une excitation acoustiques €nctions dépendent
de parametres macroscopiques ayant une signifitgiloysique liée aux
comportements asymptotiques basse ou haute frégsahc milieu poreux
considéré. Bien adaptés aux différents types deémaaix poreux et a une
large gamme de fréguences, ces modéles semi-phéobtmgé&ques
permettent aussi de comprendre physiquement le cdmspent du
matériau poreux via les parametres macroscopiqueEsh&s a chaque
modeéle. Compte tenu de ces avantages, quatre demoegles semi-
phénoménologiques seront présentés en détail dauartie suivante.

2.3.2 Modeles semi-phénoménologiques

Apparu en 1987 dans les travaux de Johnson, KapliRashern*!! avec un
modeéle comportant quatre paramétres macroscopidesesnodeles semi-
phénoménologiques ont été par la suite étudiésnéliarés par nombreux
auteurs en introduisant de nouveaux parametresrbamps liés & une prise
en compte plus fine de la physique.
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Le modéle de Johnson et al.

En 1987, Johnson et ses collaboratelits ont développé un premier
modéle semi-phénoménologique pour définir la dénsdynamique
complexe Qf)(a))). lIs étudient les effets de dissipations visqusud’'un
fluide Newtonien saturant un milieu poreux rigideigtrope soumis a un
gradient de pression oscillant & travers I'échéonil Ils supposent de plus
gue la longueur d’'onde est beaucoup plus grandelajt@ille des pores et
qgue la conductivité thermique du fluide est négigle. Ils définissent alors
la tortuosité dynamiquec?(a)) et la perméabilité dynamigue visqueuse
k(w) selon les deux formules équivalentes :

a(w) p, ov =—Op et v =-

— mDp (2.33)
ot n

En étudiant les propriétés analytiques de la famctlie réponse linéaire aux
limites basse et haute fréquences, ils en ont détks expressions pour
déterminer la perméabilité dynamique visqued%éw) et la tortuosité
dynamiqued (w) .

Les formules obtenues obtenues par Johnsah sbnt les suivantes :

B B ing 4ia§k§p0a)};
dlw)=a, - 1+ (2.34)
() wkopo{ A%
K(w)= o
{1+ dia; képow}z L a ko (2:35)
n\’g? ne

ou 77 et p, sont respectivement la viscosité dynamique etdaste du
fluide saturant. Les quatre paramétres intrinseqdesmatériau poreux
sont les suivantes : la porosii@, la tortuosité en fluide parfaitr,, la
perméabilité statique visqueudg et la longueur caractéristique visqueuse
N.

Le modéle de Champoux et Allard

Johnson eal. s’intéressent dans leur travail & des fluides ayae faible
conductivité thermique (dans le cadre de la prospegétroliere). Dans le
cas des matériaux saturés par l'air, les effetglidsipation thermique ne
sont plus négligeables. Pour tenir compte de ciessefChampoux et Allard
(1991) “? ont proposé un nouveau modéle en ajoutant un geram
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caractérisant le comportement asymptotique hautéguénces de la
réponse thermique : la longueur caractéristiquentigue A'. L’approche
suivie par Champoux et Allard est similaire au dad’effet visqueux traité
par Johnson eml. La longueur caractéristique thermiqu& est un
parameétre intrinseque du matériau qui est purenggumétrique ; elle
coincide avec la longueur visqueude dans le cas d’un matériau composé
de pores uniformes et non intersectés. Ce modélmpodant cing
paramétres macroscopique est souvent appelé md@®e(pour Johnson,
Champoux, Allard)

Le modéle de Lafarge

En 1993, puis 1997341 | afarge a modifié le model de Champoux et
Allard (1991) concernant la dissipation thermique mtroduisant un
nouveau paramétre, la perméabilité thermique stetik, qui permet de
caractériser les phénomenes dissipatifs thermigumebasses fréquence. Il
propose alors une nouvelle fonction dynamique diipblation, la
perméabilité dynamique thermiqd%(a)), qui est une fonction analogue a
la perméabilité dynamique visqueukécw) :

kK'(w) jap= oK 1), (2.36)

ou K est la conductivité thermique du fluide &t sa température. Le
modéle de Lafarge comporte finalement 6 paramégtsst dénommé par
le sigle JCAL, du nom des différents auteurs pB&cit

Le modéle visqueux de Pride et thermique de Lafarge
En 1993, Pride, Morgan et Gangi constatent que dans les modéles de
Johnson etl. la partie imaginaire de la tortuosité dynamiqﬁe(a)) (ou
perméabilité dynamique visqueusfe(a))) est sous-estimée dans le cas
d’un fluide soumis a des fortes variations de sexdile long du parcours de
I'onde acoustique. lls proposent donc d’introduine nouveau parametre
macroscopique, la tortuosité visqueuse basses dramps a, pour
améliorer le comportement asymptotique basses &récps des dissipations
visqueuses. De facon similaire, Lafarge (1997¥imaf leur modéle en
corrigeant le comportement basses fréquences dgsgpdtions thermiques
en ajoutant la tortuosité thermique basses fréceeag. Y Avec ces deux
nouveaux paramétres, le modele comporte finalen@eparameétres. Son
sigle est JCAPL.

Les modéles semi-phénoménologiques dépendent aarshombre de
parameétres macroscopique qu’ils comportent. Erodhuisant les fonctions
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de forme et les facteurs de forme, les modeles -pév@homénologiques
abordés ci-dessous sont présentés sous une fomsesghthétique dans
'annexe B a la fin de cette thése.

2.4 Modeles hybrides

Le comportement acoustique des mousses dépend wepdeametres : la
perméabilité dynamique visqueude(w) et thermiquek (w). Ces deux
parametres peuvent étre obtenus par la méthodéléeent finis (MEF) en
régime dynamique comme dans le travail de Gasseegtcollaborateurs
(2005).1%! Dans ce travail, Gasser et ses collaborateursiéterminé les
fonctions dynamiques (densité effective et compbéig® effective) du
fluide saturant un squelette poreux de type FCCefeentered cubic). Les
équations du probléme sont celles obtenues parmidggnéisation de
structures périodiques en prenant en compte I'ésoeht du fluide
visqueux et la conduction thermique. Elles sontohéss sur la cellule
périodique a l'aide de la méthode des éléments.fioa méthode permet
de calculer directement les fonctions de réponseustique dynamique
pour une fréquence quelconque. Cette méthode dote® résultats
intéressants, mais nécessite un calcul fréquencefrgguence, ce qui
nécessite de nombreux calculs. De plus, les calbalgtes fréquences
doivent tenir compte d’'une couche limite d’épaigsee plus en plus faible,
ce qui nécessite des maillages de plus en plus fins

Dans le cadre de cette these, on utilise une ndéthappelée
« hybride » qui nous permet de déterminer les d@erméabilités
dynamiques sur une gamme de fréquence compléetecoaplant les
résultats obtenus par éléments finis avec la atrectles modéles semi-
phénoménologiques. Déja utilisé et validé dansrdwdil de Perrot eal.
(2008) "1 pour une structure périodique bidimensionnelletygee fibreux,
I'idée de la méthode hybride est la suivante :

* La premiere étape consiste a étudier la microstrecties matériaux
considérés. Il s’agit dans cette étape de I'étudelad morphologie
locale en identifiant les caractéristiques saiksntle la géométrie
locale. Cette étude permet de déduire une celluégiogique
représentative du matériau poreux lorsqu’il existee séparation
d’échelle. L’acquisition de la géométrie locale edttenue par les
techniques d’'imageries décrites précédemment : ligroscopie
optique, la microscopie électronique a balayage &t
microtomographie axiale a rayons-X.

* Ensuite, les paramétres de transport macroscopiguesnatériau
considéré sont calculés en résolvant les probléamsnptotiques
basses fréquences (probleme Stokes), hautes frégsidnonduction
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électrique) et conduction thermique. Ces trois @oles peuvent-étre
résolus par la méthode d’homogénéisation des strestpériodiques

(HSP, présenté précédemment) sur la cellule de tasetérisée, en
utilisant un maillage unique et en résolvant desiadigns aux

dérivées partielles standard. Cette étape ser@mpi@s en détails dans
les chapitres suivants. Les parametres macroscepicgont alors

déterminés individuellement.

* Finalement, les parametres macroscopiques calculdsnt
implémentés dans les modeles semi-phénoménologidéerits
précédemment pour déterminer les propriétés effestidu milieu
(d(w) et K(w)). Connaissant ce couple de fonctions dynamiques,
il est possible de déterminer compléetement le catepoent
acoustique du milieu poreux, et en particulier lgsrméabilités
dynamiques visqueuse et thermique.

Les étapes citées ci-dessus sont appliquées pounatériau de
structure supposée rigide. Dans le cas d'un matérie structure
déformable, il faut ajouter une étape consistardakculer les propriétés
élastiqgues de la matrice poreuse. Les calculs sexffectués sur la partie
solide, complémentaire de la partie fluide utiliggeur les propriétés de
transport. Le calcul permet de déterminer les pgatgs élastiques du
squelette solide.

La méthode hybride oblige a fournir de nombreusderimations
sur le matériau: I'étude de la géométrie localerdodes informations sur
la microstructure des mousses, les paramétresadsort macroscopiques
liess au comportement basses et hautes fréquencesettent de bien
comprendre la physique des phénomenes de trandpostle milieu poreux
étudié. Ces derniers parameétres permettent de lealtes fonctions de
réponse dynamique du matériau poreux.

Minh Tan HOANG 33
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



2. Caractérisation de la microstructure de matériaux poreux et méthodologie de
prévision de leurs propriétés acoustiques

Références du chapitre 2

[1] M. Arnold, « Microscopie optique », Techniques ‘tlegénieur, traité Analyse et
Caractérisation. R6712, 1-22 (1993).

[2] G. Roblin, « Microscopie optigue », Techniques’ttgénieur, traité Mesures et Controle.
R6712, 1-26 (1999).

[3] S. Degallaix et B. lischner, « Caractérisation expéntale des matériaux | »>"led,
Presses Polytechniques et universitaires romahdesanne (2007).

[4] H. Paqueton et J. Ruste, « Microscopie électronégbalayage - Principe et équipement »,
Techniques de I'lngénieur. P 865v2, 1-16 (2006).

[5] C. Perrot, R. Panneton and X.Olny, « Periodic cglitreconstruction of porous media:
Application to open-cell aluminum foams », J. Agphys. 101, 1-11 (2007).

[6] H. C. Brinkman, « A calculation of the viscous ferxerted by a flowing fluid on a dense
swarm of particles », Appl. Sci. Res. Al, 27-3449p

[7] A.V. Hershey, « The Plasticity of an Isotropic Aggate of Anisotropic Face Centred
Cubic Crystals », J. Appl. Mech. 21, 241-249 (1954)

[8] R. Hill, « A self-consistent mechanics of compasiteaterials », J. Mech. Phys. Solids.
13, 213-222 (1965).
[9] Z. Hashin, « Assessment of self-consistent schegpeoximation: conductivity of

particulate of composites », J. Comp. Mater. 2284 (1968).

[10] A. Zaoui, « Approximate statistical modelling amphcations », Homogenization
Techniques for Composite media, Springer Verlag;:337, Berlin (1987).

[11] E. Kroner, « Statistical Modelling: Modelling Sméleformations of Polycristals », J.
Gittus and J. Zarka, Elsevier Appl. Sci. Publ., don (1987).

[12] S. Torquato, « Random heterogeneous materialsobtiticture and macroscopic
properties », T°ed, Springer, New-York (2002).

[13] G. W. Milton, « The theory of composites », Univgr&ress, Cambridge (2002).

[14] E. Sanchez-Palencia, « Comportement local et meapague d'un type de milieux
physiques hétérogénes », Int. J. Eng. Sci. 12 3531(1974).

[15] A. Bensoussan, J.-L. Lions and G. Papanicolaowsymptotic analysis for periodic
structures », I° ed, Anonymous, Amsterdam (1978).

[16] C. Peyrega, « Prédiction des propriétés acoustideenatériaux fibreux hétérogénes a
partir de leur microstructure 3D », These de dadtde I'Ecole nationale supérieure des
mines de Paris (2010).

[17] E. Sanchez-Palencia, « Non-homogenous media aratigib theory », Springer Verlag,
Berlin (1980).

[18] J.B. Keller, « Effective behaviour of heterogenemeslia », Statistical mechanics and
statistical methods in theory and application, ELahdman, 631-664 (1997).

Minh Tan HOANG 34
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

2. Caractérisation de la microstructure de matériaux poreux et méthodologie de
prévision de leurs propriétés acoustiques

J.-L. Auriault, « Heterogeneous medium. Is an egjaivt macroscopic description
possible? », Int. J. Eng. Sci. 29(7), 785-795 399

J.-L. Auriault, C. Boutin and C. Geindreau, « Hor@néisation de phénomenes couplées
en milieux hétérogeénes », Tome 1 et 2, LavoisiarisR2009).

H. Darcy, « Les Fontaines publiques de la villdien », Victor Valmont, Paris (1856).

M. A. Biot, « Theory of propagation of elastic wavia a fluid-filled-saturated porous
solid - I. Low-frequency range », J. Acoust. Som.A28(2), 168-178 (1956).

M. A. Biot, « Theory of propagation of elastic wava a fluid-filled-saturated porous
solid - Il. Higher frequency range », J. Acoustc.Sém. 28(2), 179-191 (1956).

T. Lévy, « Propagation of waves in a fluid-satudgperous elastic solid », Int. J. Eng. Sci.
17, 1005-1014 (1979).

J. L. Auriault, « Dynamic behaviour of a porous ined saturated by a Newtonian fluid »,
Int. J. Eng. Sci. 18, 775-785 (1980).

C. Boutin, « Dynamique des milieux poreux satufeignables - Fonctions de Green -
Perméametre dynamique », Thése de doctorat dedhsité Joseph Fourier (1987).

M. Avellaneda and S. Torquato, « Rigorous link bedw fluid permeability, electrical
conductivity, and relaxation times for transporpwrous media », Phys. Fluids A 3, 2529-
2540 (1991).

J. Rubinstein and S. Torquato, « Diffusion-congglfeactions: Mathematical
formulation, variational principles, and rigorousuinds », J. Chem. Phys. 88, 6372-6380
(1988).

M. E. Delany and E. N. Bazley, « Acoustical projgsrpf fibrous absorbent materials »,
Appl. Acoust. 3, 105-116 (1970).

I. P. Dunn and W. A. Davern, « Calculation of acmusnpedance of multilayer absorbers
», Appl. Acoust. 19, 321-334 (1986).

Wu Qunli, « Empirical relation between acousticalgerties and flow resistivity of
porous plastic open-cell foam », Appl. Acoust. 25 (41-148 (1988).

Y. Miki, « Acoustical properties of porous matesiahodifications of Delany-Bazley
models », J. Acoust. Soc. Jap. 11, 19-24 (1990).

A. Cummings and S. P. Beadle, « Acoustic propediesticulated plastic foams »,
J.Sound Vibrat. 175(1), 115-133 (1994).

R. T. Muehleisen, C. W. Beamer and B. D. TinianoWeasurements and empirical
model of the acoustic properties of reticulatededtis carbon », J. Acoust. Soc. Am. 117
(2), 536-544 (2005).

G. Kirchhoff, « Uber den EinfluR der Warmeleitumgeinem Gase auf die
Schallbewegung », Ann. Phys. Chem. 134, 177-1983L&nglish version: « On the
influence of heat conduction in a gas on soundggapon », edited by R.B Lindsay
(Hutchinson & Ross, Dowden, 1974).

C. Zwikker and C. W. Kosten, « Sound absorbing niete», Elsevier, New-York (1949)

K. Attenborough, « Acoustical characteristics gidifibrous absorbants and granular
materials », J. Acoust. Soc. Am. 73 (3), 785-7%BQ).

Minh Tan HOANG 35
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



[38]

[39]

[40]

[41]
[42]
[43]
[44]
[45]

[46]

[47]

2. Caractérisation de la microstructure de matériaux poreux et méthodologie de
prévision de leurs propriétés acoustiques

J. F. Allard, R. Bourdier and P. Depollier, « Biodves in layered media », J. Appl. Phys.
60, 1926-1929 (1986).

R. Stinson, « The propagation of plane sound wawesarrow and wide circular tubes,
and generalization to uniform tubes of arbitramyssrsectional shape », J. Acoust. Soc.
Am. 89(2), 550-558 (1991).

Y. Champoux, and M. R. Stinson, « On acoustical e®tbr sound propagation in rigid
frame porous materials and the influence of shapefs », J. Acoust. Soc. Am. 92(2),
1120-1131 (1992).

D. L. Johnson, J. Koplik and R. Dashen, « Theorglyofamic permeability and tortuosity
in fluid-saturated porous media », J. Fluid Mecl6,1379-402 (1987).

Y. Champoux and J. F. Allard, « Dynamic tortuosityd bulk modulus in air-saturated
porous media », J. Appl. Phys. 70, 1975-1979 (1991)

Denis Lafarge, « Propagation du son dans les raatéforeux a structure rigide saturés
par un fluide visco-thermique », Thése de doctdedtuniversité du Maine, 1-296 (1993).

D. Lafarge, P. Lemarinier, J. F. Allard and V. Tany « Dynamic compressibility of air in
porous structures at audible frequencies », J. stc@oc. Am. 102 (4), 1995-2006 (1997).

S. R. Pride, F. D. Morgan and A. F. Gangi, « Draigés of porous media acoustics »,
Physical Review B 47 (9), 4964-4975 (1993).

S. Gasser, F. Paun and Y. Bréchet, « Absorptivegrties of rigid porous media:
Application to face centered cubic sphere packingj Acoust. Soc. Am. 117(4), 2090-
2099 (2005).

C. Perrot, F. Cheuvillotte and R. Panneton, « Dyrariicous permeability of an open-cell
aluminum foam: Computations versus experiments Apgl. Phys. 103, 1-8 (2008).

Minh Tan HOANG 36
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



Propriétés de transport en
squelette indéformable

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle - Université Paris-Est

37



3. Propriétés de transport en squelette indéformable

Propriétés de transport en squelette
indéformable

Ce chapitre traite de la détermination des propsétle transport en
squelette indéformable. Une phase importante estéderminer les tailles
critiques de la géométrie locale gouvernant le cortgnent acoustique
d’'une mousse de structure indéformable ; ces wil@iques dépendent de
la structure interne du milieu poreux. Les matéxiae différents types de
structure sont alors étudiés, en déroulant la midlogie présentée dans le
chapitre 2.

Dans un premier temps, il est montré que dans k& dane
structure simple comme celle d’'une mousse dontddkes de pores sont
peu dispersées, les dimensions trouvées par mesaae de la géométrie
locale sont représentatives du comportement acguestiu milieu. Dans ce
cas, il a été appliqué pour ce type de matéria@ methode purement
micro-macro avec utilisation directe de la micrasture caractérisée par
I'observation afin d’obtenir le comportement acogise macroscopique. I
a été observé que lorsque la structure de la moestsplus complexe, les
mesures directes de la géométrie locale ne sostqulffisantes.

Dans un deuxieme temps, l'idée est alors d'utilismit des
parameétres d'entrée accessibles simplement au @k@érimental, telles
que la porosité ou la perméabilité statique (casmd’mousse dont la taille
de pores est dispersée), soit une combinaison slgoammeétres avec une
dimension microstructurale mesurée (cas d’'une nmoas®c membranes).
Les méthodes proposées dans cette partie sont éealidpar des
comparaisons aux résultats de mesure tant au nideauparametres de
transport qu’au niveau des propriétés dynamiques.

Le chapitre se termine par I'application des mé#dsgroposées a
des résultats de la littérature, lorsque la corsaaise de la microstructure
est suffisante.
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C. Perrot, F. Chevillotte, L. Jaouen, and M. T. Hoang, Acoustics properties and applications,
in Metallic Foams: Fundamentals and Applications, Edited by N. Dukhan, DEStech
publications, Lancaster, PA, USA (2012)

3.1. Cas d’une distribution étroite de tailles caractéristiques de la
géométrie locale

Lorsque le milieu réel est peu dispersé, comme darsas d'une mousse
d’aluminium a cellules ouvertes de type Dudgel est possible de définir
un volume élémentaire représentatif en mesurantecthment les
caractéristiques (de forme et de taille) a I'éohddicale du matériau poreux
sur quelques cellules (nombre de faces par cellutenbre d’'arétes par
face ; longueurs des ligaments, épaisseurs desnéiges). Un modeéle
tridimensionnel de cellule périodique, qui soit qmatible avec les
caractéristiques de forme mesurées, est alors diimemé a partir des
données collectées a I'échelle locale (moyenne oédiame). Les
coefficients de transports asymptotiques bassdsaetes fréquences sont
ensuite calculés par homogénéisation numérique, lest propriétés
acoustiques estimées par le modéle de Pride-Lafd@APL). C’est I'objet
de la Sec. 3.1 ayant été publiée sous forme deitchage livre dont la
référence est :

C. Perrot, F. Chevillotte, L. Jaouen, and M. T. Hog, Acoustics
properties and applications, in Metallic Foams: Fuamentals and
Applications, Edited by N. Dukhan, DEStech publigcahs, Lancaster, PA,
USA (2012) M

Contributions du candidat

Ce paragraphe permet de resituer précisément lailootion du candidat a
ce chapitre de livre résultant d’'un travail d’éqelipPour ce faire, les
contributions respectives du candidat ont été distéi-dessous:

- Analyse des données de la morphologie cellulairendlieu réel, et
mise au point de cellules idéalisées.

- Modélisation de la géométrie tridimensionnelle.

- Contribution au développement du code d'élémentsisfi
tridimensionnel, en particulier sur les aspectgrthques, et ce avec
I'aide de F. Chevillotte ici remercié.

- Creation de la figure et du tableau de résultdtpaeticipation a
I'analyse des résultats.
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C. Perrot, F. Chevillotte, L. Jaouen, and M. T. Hoang, Acoustics properties and applications,
in Metallic Foams: Fundamentals and Applications, Edited by N. Dukhan, DEStech
publications, Lancaster, PA, USA (2012)

Introduction

A major issue in automobile, aeronautical, and ding) industries concerns
the need to increase or adapt the sound absorgpectrum of metallic
foams. However, semi-phenomenological models usedhairacterize and
predict sound absorbing material performances amEni;n based on
interdependent macroscopic parameters, which daoount explicitly for

the local geometry of these porous media (i.e.ir thcrostructure). Thus,
optimizing sound absorbing materials from the mawctiring step remains
a difficult task mostly done by trial and error.sérict optimization method
would firstly rely on our ability to predict the aastic properties of real
metallic foam samples from the description of thédical geometry.

Secondly, it would propose process-compatible modgifons of their

microstructure having predictable impacts on thalxsorption spectrum.
Based on fundamental mechanisms governing audildend waves

propagation and dissipation through metallic foamsphasis of this
chapter is on linking scales in computational ati@ssof porous media:
how microstructure and macro-scale properties af neetal foam samples
are related, with engineering guidelines for sopnabfing.

What is the influence of the micro-structural moojdgy (e. g.
aperture size, pore size, ligament diameter, ligansbape, etc.) of metallic
foam on its acoustical performance? What can beedun the foam’s
structure to make it a better absorber? These amynguestions that are
dominating studies of relationships between migragtire and acoustic
properties of metallic foams. Such questions mawatdressed in different
manners.

(1) A common method consists in conducting a lot laboratory

measurements on samples of varying microstrucpaesmeter$°

(2) Alternatively, in a search for a theoreticadenstanding, one may try to
better understand the mathematical and physicak baEfsthe macroscopic
equations governing acoustic dissipation phenont8ha’.

(3) Numerical studies based on simulations candmsidered?* 28],

(4) Semi-empirical approaches that combine numempecadictions of key

physical parameters used as input data in empirivaldels can be
employed?.

(5) Lastly, one can consider hybrid numerical ajpghes combining
numerical predictions of key physical parametergduss input data in
theoretical model§% 133,

Each of these ways of considering these questiassaldvantages
and drawbacks.
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(1) Laboratory measurements are of indisputableuesalhowever, their

interpretation may be limited to a specific group morphologies (e.g.

open-cell, cracked closed-cell, perforated closeld-etc.).

(2) Theoretical studies at the macroscopic scabked I¢o robust semi-
phenomenological models; but they also require mneasents of

macroscopic parameters, and this may involve gegpénse.

(3) Numerical simulations usually attempt to bridge gap between theory
and experiments. They are nevertheless typicalsiraened by either the
need to simplify the geometry, physics, or both.

(4) Semi-empirical approaches suffer from the wesslen of empirical

models providing poor physical insight, and beintable to consider non-
already existing microstructural configurations.

(5) In recent years, a hybrid numerical approachthte study of long-

wavelength acoustic waves propagation through rigodous media has
gained some popularity. The idea is to numericadlylve elementary
transport equations in a realistic local geometryded, and then to study
how key physical parameters computed from volumeraged fields, relate
to frequency-dependent acoustic properties thraygroximate but robust
semi-phenomonological models. Compared to direchermical approaches,
such studies offer the ability to identify the micigeometry features
governing the macro transport and acoustic propgrtthey are however
limited to micro geometries made of idealized pditounit-cells.

The classical numerical homogenization approachdistu the
long-wavelength acoustic properties of porous mégialirect solutions of
the linearized Navier-Stokes equation in harmord@gime with the local
incompressibility condition®! (dynamic viscous problem), and of the
linearized heat equation in harmonic regifi{é (dynamic thermal problem)
with appropriate boundary conditions.

For the case of the dynamic viscous problem, sohstimainly
based on finite element methods (FEM) have beeastigated. Craggs and
Hildebrandt®” solved the viscous problem for specific crossisest of
uniform pores. Zhou and Sheffd’ treated the case of a cylindrical tube
with sinusoidal modulation of its cross sectionretitdimensional (3D)
fused-spherical-bed and fused-diamond lattices.p8tsm and Higdor??
considered the three cubic lattices [simple culB€), body-centered cubic
(BCC), and face-centered cubic (FCC)] from a vergcumate semi-
analytical method, with overlapping or non-overlapgpspheres depending
on the prescribed porosity. Firdaouss @t *®! paid attention to a
corrugated pore channel. Finite elements resultainéd by Firdaouss et
al. were subsequently confirmed by Cortis and Smesldesing Schwartz-
Christoffel transformations®!. The overall disseminated conclusions
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related to two-dimensional porous media whose irdkesurface contains
sharp-edged wedges were finally summarized in aifgiag paper ?®.
Cortis etal. ?® also studied the case of bi-dimensional (2D) ogunfations
made of a square arrangement of solid cylinders.

An attempt to grasp the viscous dynamic behavior nodre
complex microstructures, such as a real open-dethinum foam sample,
has been carried out thanks to a basic 2D hexagondkl of solid fibers
[281301134] " The 2D periodic foam model geometry provided #ahde
estimate of the dynamic permeability, except inlthe frequency range. In
the 2D periodic foam model geometry, ligaments aeays perpendicular
to the flow direction, thus artificially decreasinige static permeability of
the viscous flow.

For the case of the dynamic thermal problem, aro#tpproach
has been the application of the random-walker satah method, as
proposed by Lafarg€®. The principle of the method consists in simulgtin
Brownian motion for a large number of the fluid-gkaparticles, and to
link their mean square displacements to the thempalduction properties
of the confined fluid. An important point of the thed is that, once the
mean square displacements of a large number oficjest has been
estimated, the dynamic thermal response might b&imédd for all
frequencies. Contrary to finite element analysig $olution does not need
to be computed at each frequency.

The random-walker simulation method has been impleted in
two and three dimensions for computing the trappoogstant of a 2D
arrangement of overlapping fibers of circular crssstions®*®, and 3D
digitalized geometrie$”.. The trapping constant provides the asymptotic
low frequency behavior of the thermal problem. Tfiest numerical
simulations in harmonic regime have been achiewvadtlie case of 2D
regular and random arrangements of fibers withuténc cross-section$”,
and extended to three-dimensional micro geometifesith application to
an open cell aluminum foam sampi&.

Other contributions at the pore scale, of industierest, and
which can be applied in order to properly determbth viscous and
thermal dissipation phenomena in specific open-gwtallic structures are
addressed in this section. Wang and BU determined the optimized
acoustic properties of polygonal ducts through sanalytical solutions.
The optimized cell size found for best sound absmbs on the order of ~
0.1 mm for practical combinations of sample thicksecavity depth, and
porosity. Gasser al. ?"! treated the 3D case of face centered cubic nickel
hollow spheres packings with a view of absorbingurgb inside the
turboengines of aircraft. A special care was gitemproperly model solder
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joints. Alternatively, prescribed porosity and adation length(s) have
been used for the reconstruction process, or tdmeensional images of
the real sample§'’. Lee etal. paid attention to the three-dimensional
hexagonal-closed pack structure which has not appe&n the acoustic
literature previously ®?; and showed that multi-periodic composite
structures, defined as periodically-layered medibemgin each layer is
composed of periodic unit-cells, could lead to fregcy stop-band§?l.
The sound absorption properties of metallic hollgghere structures were
also analyzed experimentally by Pannert &t . Very recently,
membrane, anisotropy, and pore size dispersionceffef real foam
samples, mostly open-cell, were investigated byiti@ementation of a 3D
polyhedron unit-cell, a truncated octahedron wiijainents of circular
cross-section shapes and spherical nodes at titeiisections?.

Contrary to open-cell foams, closed-cell foams po®r sound
absorbers. However, they generally present a bsttactural rigidity and a
lower production cost than open-cell foams. Twommiethods can be used
for enhancing the sound absorption of closed-amdinis. The first method
consists of fracturing its cell walls via comprassior rolling*?. In an
effort to model the acoustic properties of suchamops medium, it was
shown that the fractured foam may be seen as a-spem cell material,
i.e., a two-dimensional foam model geometry coisgsf infinitely long
arrays of cracked cellé®. The second method consists of hole drilling the
closed-cell foan**. These two methods follow the same principle, Whic
aims at increasing the viscous effects by enablengelative motion
between the two phases of the porous medium. Tteeature on both
methods revealed good practical results; howevewas limited in the
sense that it did not systematically quantify tHee&s of microstructure
modifications introduced by compression, rollinghale drilling. Such an
attempt was further performed by Chevillotteagt!®!].

Let us also mention that sound absorption charesties of lotus-
type porous magnesium and copper plates fabricétedunidirectional
solidification were studied experimentaffj. For the samples under study,
it was found that the sound absorption coeffici@eteased with increasing
porosity (43 % to 62 %), while it decreased witlerigasing pore diameter
(from 460um to 660um).

This chapter is devoted to the hybrid numericaldgtwf long-
wavelengths acoustic waves propagation and digsipatthrough
periodically-reconstructed images of rigid porousdia. The simulations
are performed by a finite element method. Sinces tbhapter is also
dedicated to non-specialists, we begin our disaumssiith a brief review of
acoustic wave’s dissipation mechanisms in additionproviding some
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orders of magnitude for typical dissipative poreesi. We then describe the
hybrid numerical method through which we simulatee tkey physical
parameters and acoustical properties of metallaarf®. A study of both an
open and a perforated closed-cell aluminum foam pdanis provided,
including a study of how acoustic properties vasyfanctions of common
local geometry features. Our results compare caialgly well with
laboratory measurements. They thus serve to valitted application of the
hybrid numerical method to periodically-reconstedtmetallic foams, in
addition to providing a detailed study of how adiuproperties vary with
morphology.

3.1.2. Principles of acoustical energy dissipation through metallic foams

Metallic foams, composed of a metal frame and anected pore network
saturated with air, can be used as passive noisgal@ackages to reduce
both structure and air-borne sound and vibratioftse acoustical energy
dissipation through such porous media involves n@mena: visco-
inertial dissipation, thermal dissipation and stowal dissipation.

The visco-inertial dissipation results from thecfion of air
particles with the metal frame walls while the astw waves propagates
inside the foam. The thermal dissipation resultsrfithe thermal exchanges
between the air particles and the frame. Thesedissipation phenomena
thus depend mainly on the geometry of the pore agtwObviously the
structural dissipation depends on the mechanicgpgnties of the material.

Below are further details of these mechanisms oliatical energy
dissipation. A simple physical analysis of thesechaisms will lead to
recommendations for producing acoustic absorbem®&ato be used as
standalone sound packages for acoustic correctianpgses, or in
association with heavier partition walls for soundulation purposes.

A large amount of literature is available addregdime dissipation
mechanisms of the acoustic energy in porous masereaders are invited
to refer to the books by Zwikker and Kosté# or by Allard and Atalld*®
for example.

3.1.2.1. Mechanisms of acoustical energy dissipation
Porous materials presenting a single scale of piyresch as glass wool or
polyurethane foams are constituted by two companaraled hereafter
phases. One phase, the skeleton, is composed byatter from which the
porous medium is made of. The second phase is ceatpby the fluid
saturating the skeleton: air in acoustics. Whenhsdiphasic material is
submitted to an airborne or a structural vibratidhe two phases can
interact with each other and can dissipate energhree types of
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interactions can occur: visco-inertial, thermal astructural (if the
material's skeleton is deformable).

3.1.2.1.1.  Visco-intertial dissipation mechanisms

Visco-inertial effects in an acoustical porous maleare due to the fact
that the pore saturating fluid does not move ingghaith the skeleton.

In the low frequency range, the viscous forces dwmtd the
inertial ones. The air flow inside the materiadisscribed by Darcy law. In
the high frequency range, inertial forces domin#tie viscous ones. A
characteristic angular frequencw, has been introduced %% tg
separate the low and high frequency behaviors sdosinertial effects. For
pulsations much smaller thaw, the flow is purely viscous, for pulsation
much larger thanw, the flow is purely inertial. See Fig. 3.1 for ehematic
view of these basic principles on visco-inertiadglpation mechanisms.

w,
! » Angular frequency
Low frequencies: High frequencies:
viscous regime, inertial regime,
oy >> | oy << |

Figure 3.1. Frequency- dependent visco-inertial dissipation mechanisms

3.1.2.1.2. Thermal dissipation mechanisms

While a sound wave propagates through a porous ungdit experiences
successive compressions and dilatations. Duringethguccessive state
transformations, a thermal wave is created. He#ltlis exchanged between
the air and the frame. The resulting thermal dssyg mechanism follows
a similar two-asymptotic-state behavior as the eisgwertial one. Below the
thermal characteristic angular frequenay introduced by Lafarge etl [
the air compressions and dilatations are isotherfhaht exchanges exist
between the whole fluid phase and the frame). Abayégransformations in
the fluid phase can be considered as adiabaticaltiee high frequency of
the acoustic propagation phenomenon: the heat exehgphenomenon
takes a longer time to establish itself than theatan of a cycle of the
pressure wave. See Fig. 3.2 for a schematic viethes$e basic principles
on thermal dissipation mechanisms.
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W
i = Angular frequency
Low frequencies: High frequencies:
isothermal regime, adiabatic regime,
heat transfer between heat transfer
air and frame. negligible.

Figure 3.2. Frequency- dependent thermal dissipation mechanisms

3.1.2.1.3. Structural dissipation mechanisms

The Biot's theory*™ ! states that in a porous frame saturated by a fluid
such as an air-saturated metal foam, three wavepgpagate:

1. a longitudinal wave in the air,

2. a longitudinal wave in the frame and,

3. a shear wave in the frame.

Structural dissipation may thus occur in the fraofethe metal
foam.

In case of air-borne excitation, Zwikker and Kost&hintroduced
an angular frequencyy,,. for which the inertial effects in the frame are
equal in magnitude to the viscous effects in thaedflphase, Fig. 3.3. For
angular frequencies much larger tham,,. the two phases can be
considered as decoupled, assuming that stiffnefesctef of the material
sample frame are negligible compared to inerti®drAt such frequencies,
the frame cannot be significantly set in motion tme fluid-borne wave
having a high frequency, as the frame motion tdkager to establish itself
than the duration of a cycle of the pressure wawviné porous network.

Zwikker and Kosten expression af),. shows that this angular
frequency depends on the pore morphology of theypomedium.w,,. is
also inversely proportional to the mass densitythif material. For metal
foams, the vibration of the frame can usually bgleeted as the numerical
value of the decoupling angular frequency is in il part of the audible
frequency range.

Obviously, for structure-borne sound no phase dpkig can be
considered.
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a)dec
i »  Angular frequency
Low frequencies: High frequencies:
phases are coupled, phases are decoupled,
3 waves propagate. 1 wave propagates

(the fluid-borne one).

Figure 3.3. Frequency- dependent structural dissipation mechanisms

3.1.2.2. Conditions for a metal foam to be an acoustic absorber
To summarize the points above, two conditions om fore network
morphology can be stated for a metal foam to baaustic absorber:

1. An interconnected pore network for the dissipatmmachanisms to
occur in the largest possible volume.

2. Visco-inertial and thermal dissipation effects lvgilgnificantly affect
the sound wave propagation when the pores haveeaafithe same
order of magnitude as the one of the viscous aednthl boundary
layers.

From the work by Kirchhof I'it is known that the boundary
layer thickness in a cylindrical tube (assumingaainar flow of the air
particle, a no-slip condition and no temperaturenjuat the air-frame
interface) can be calculated & =./77/ p,277f where 7 is the dynamic
viscosity of the air (1.8 x IDN.s.m? at a temperature of 28 and an
atmospheric pressure of 101325 Pa), is the mass density of the air at
rest (1.2 kg.nm for the same temperature and atmospheric pressure
conditions) andf is the frequency of the incident sound wave.

A quick numerical application leads to a variatiohd, between
1.1 x 10° m and 3.5 x 10 m in the audible frequency range: [20 — 20 000]
Hz.

f47)-[48

Kirchhoff has also reported the expression of theermal
boundary layer thickness, for the same conditions above:
o, =kl pC,2mt wherek is the thermal conductivity of air an@, is
its specific heat at constant pressure. For the esaemperature and
atmospheric pressure conditions as above, the noateralues of these
two quantities are respectively 2.6 x20N.m*.K* and 1.0 x 10 J.kg
1K™ Again, a quick numerical application leads to ariation of o
between 1.3x1® m and 4.1x18 m in the audible frequency range. From
the simple physical analysis above on visco-inedrad thermal effects, it
appears that the second condition for a metal fdanbe an acoustic
absorber, is to present a pore size in the appratamange [10 — 1000]
micrometers.
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Let us finally mention that efficient transmissidnsses are
generally obtained with multilayered systems, where poroelastic layer
acts as a decoupling element. This is obviously thet case for metallic
foams, which are too rigid to be attractive for sthiapplication.
Consequently, metallic foams for sound insulatibowdd be closed-cell, or
used for their sound absorption properties.

Possible effects of altering the microstructureao$pecific foam
and the resulting acoustical properties to achiemimal structural
acoustic performance in a given application werscdésed by Lind-
Nordgren and Géransson receriffy.

3.1.3.

3.1.3.1.

Micro-macro simulation method

Metallic foams’ cellular morphology

Without being exhaustive, the intent of this seatis to provide a brief
overview of the diversity of microstructures whican be encountered
when dealing with metallic foams and acoustic aggtibns, together with
possible corresponding periodic unit cell local gedry models; Fig. 3.4.
Fig. 3.4(a) illustrates a 40 ppi Duo®edluminum cylindrical foam sample
mostly open cell. The foam sample diameter is 10. mhe corresponding
periodic unit cell foam model geometry is a regulauncated octahedra,
also called tetrakaidecahedron, having ligamentgiafular cross-section
shapes. The reader is referred to R88] for a detailed study on this kind
of foam sample microstructure and local geometrydeis. In Fig. 3.4(b),
an initially closed cell aluminum foam sample i®pented, showing cracks
at the surface of the pores obtained by fractuthegcell walls via rolling.
See Ref.[44] for more details about this technique used for riowpg
sound absorbing properties of closed cell metalbams. The related
periodic unit cell is a simple body-centered culbigstem with spheres
allowed to interpenetrate in order to model intemected openings. Fig.
3.4(c) presents a 22.6 mm thickness perforated Iheetibam sample.
Associated local geometry model is a simple cylmdéh interconnected
polydispersed spheres. See RE1] for more information. It is also
probably the place to underline the importance alfecting information on
the fabrication process and related physics for efind the typical cellular
morphology of the metallic foam under interest. Rorintroduction to the
different manufacturing routes for metallic foartise reader is for instance
referred to Ref[50]. Despite the variability of metallic foam’s celéul
morphology, a common question to be addressed bginears and
researchers interested in metallic foams’ acoustioperties, and more
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specifically in bottom-up approaches for improvitigeir sound absorbing
properties, might be formulated as the following.h&V are the local
geometry parameters to be introduced in the micagim modeling of the
porous media? i.e., pore size and interconnectistridutions, property
gradients and (an)isotropy. The answer to this Goess not unique. But
among the advantages to consider an idealized gierianit cell
reconstruction approach instead of addressing eitlylithe disordered
nature of porous media, are its effective abiliy(f) grasp the main local
geometry features having a significant impact & tipper scale as well as
(i) suitability for optimization purposes by mean$ a hybrid numerical
approach. The work considered in this chapter leadhe determination of
a periodic unit cell, from which macro-propertiae a@erived. In particular,
this method is illustrated through the case of ap#0 Duocef aluminum
foam sample as depicted in Fig. 3.4(a), for whichextensive literature
exists on both microstructure and physical macrieaver. In this
application, reconstruction is carried out from tiseandpoint of the
ligament lengthL and thicknesg distributions, which have been acquired
by means of X-ray computed axial microtomograpfly A simple isotropic
three-dimensional model is considered for the regnéative idealized
periodic unit cell, with ligaments of circular csection shapes, and
spherical nodes at their intersections (of diameter 1.5 xt typical of
lump modeling).

The open porosityy of a porous solid is defined as the fraction of
the interconnected pore fluid volum@, to the total bulk volume of the
porous aggrega®@,

p=Q,1Q (3.1)

The thermal characteristic lengtti, which is a generalization of
the hydraulic radius, is equal to twice the intemcected pore fluid volume
Q, to pore wet surfac@Q ratio,

N'=2Q, 10Q (3.2)
The purely geometrical macroscopic properties —noperosity
and thermal characteristic length of the idealirecbnstructed PUC, might
then be determined by spatial integration and caeygbavith experimental
measurements, with a view to validating the proploiskealized PUC prior
to first principles computations of transport propes. It is worth
mentioning that the studied thermal characterigitgth — commonly used
in acoustics of porous media — is a parameter blagtated to the specific
surface of the solid porous frarfié.
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(b) (c)

Figure 3.4. Illustration of the diversity of microstructures which can be
encountered when dealing with metallic foams together with possible
corresponding periodic unit cell local geometry models: (a) open cell, (b)

fractured, and (c) perforated closed cell aluminum foam samples.

Here, we do not use the mean values as input peamforL
and t. Instead, values corresponding to the main pedkshe modal
distributions are considered (“meanl” in the natas of Ref.[38]): L =
1000um andt = 330um.

3.1.3.2. Hybrid numerical approach

3.1.3.2.1. First principles calculations of transport properties

Previous studied'®®? have shown how the long-wavelengths acoustic
properties of rigid-frame porous media can be nucadly determined by
solving the local equations governing the asymptétéquency-dependent
visco-thermal dissipation phenomena in a periodit gell with adequate
boundary conditions. In the following, it is assuitbatl >> D, wherel is

the wavelength of an incident acoustic plane waMeis means that for
characteristic lengths on the order®f~ 0.5 mm, this assumption is valid
for frequencies reaching up to a few tens of kHze Tasymptotic
macroscopic properties of sound absorbing mateamdscomputed from the
numerical solutions of:
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(1) the low Reynolds number viscous flow equatidtise static viscous
permeabilityk,, and the static viscous tortuosity, );

(2) the non-viscous flow or inertial equations (tligh-frequency tortuosity
a, , and Johnson’s velocity weighted length’s paraméte;

(3) the equations for thermal conduction (the stdkiermal permeability
k,', and the static thermal tortuosity,").

(a) Viscous flow

At low frequencies or in a static regime, when - O, viscous effects
dominate, and the slow fluid motion in steady statgime created in the
fluid phaseQ, of a periodic porous medium having a unit c@ll, is the

solution of the following boundary value problenfided on Q by %

nAv-0p=-G, inQ;, (3.3)
Ov=0, inQ, (3.4)
v=0, o0onoQ, (3.5)
v andp are Q -periodic, (3.6)

where G = p™ is a macroscopic pressure gradient acting as ecedarm,

1 is the viscosity of the fluid, andQ is the fluid-solid interface. This is a
steady Stokes problem for periodic structures, wheris the Q -periodic
velocity, p is the Q-periodic part of the pressure fields in the pore
verifying (p) =0, and the symbol ) indicates a fluid-phase average. It
can be shown that the componemsof the local velocity field are given

by

v :—%Gj . (3.7)

The components of the static viscous permeabilysor are then
given by!k4l

Koj = ¢<k;j > . (3.8)

And the components of the tortuosity tensor araiolatd from

Minh Tan HOANG 51
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



C. Perrot, F. Chevillotte, L. Jaouen, and M. T. Hoang, Acoustics properties and applications,
in Metallic Foams: Fundamentals and Applications, Edited by N. Dukhan, DEStech
publications, Lancaster, PA, USA (2012)

Qi :<k;pi k*Opj >/< Koi >< qu > , (3.9)

wherein the Einstein summation notation pns implicit. In the present
work, the symmetry properties of the microstructumreder consideration
imply that the second order tensdgsanda, are isotropic. Thuk,, =k,

and a,, =ag; , whered; is the Kronecker symbol.

(b) Inertial flow

At the opposite frequency range, whenis large enough, the viscous
boundary layer becomes negligible and the fluiddeerno behave as a
perfect one, having no viscosity except in a boundi@yer. In these
conditions, the perfect incompressible fluid forigabehaves according to
the problem of electric conductiof *55¢ j e

E=-0O¢t e, inQ,, (3.10)
ME 0, inQ, (3.11)
EMm=0, ondQ, (3.12)

@ is Q-periodic, (3.13)

where e is a given macroscopic electric fields the solution of the
boundary problem having ¢ as a fluctuating part, and is unit normal
vector to the boundary of the pore region.

Then, the components,; of the high frequency tortuosity tensor
can be obtained fro®

& =0, <E;> (3.14)

In the case of isotropy, the components of thedews, reduce to
the diagonal forma,; :amé'ij. In this case, the tortuosity can also be
obtained from the computation of the mean squarkievaf the local
velocity through:

E2
a =

T e

—
~—

(3.15)
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As for the low frequency tortuosity, an extendedniala can be
used for anisotropic porous media.

Having solved the cell conduction problem, the wvise
characteristic length\ can also be determined (for an isotropic medium)
by!*?

AN=232 — (3.16)

(c) Thermal effect

When a vibration occurs, the pressure fluctuatioduces a temperature
fluctuation inside the fluid, due to the constititiequation of a thermally
conducting fluid. If one considers the solid fraa® a thermostat, it can be
shown that the mean excess temperature in théréxi'rs proportional to the
mean time derivative of the pressu p>/6t. This thermal effect is
described by(r) =(k,"«)d(p)/dt, where(r) is the macroscopic excess
temperature in airk is the coefficient of thermal conduction, akg'is a
constant. The constank,' is often referred to as the “static thermal
permeability”. As the usual permeability, it hastdimensions of an area
and was named as such by Lafamgeal.™".. It is related to the “trapping
constant” [ of the frame byk,'=1/T" ©° In the context of diffusion-
controlled reactions, it was demonstrated by Rukinsand Torquatd®”
that the trapping constant is related to the meatues of a “scaled
concentration field"u(r) by

r=1/(u), (3.17)

where u(r) solves
Au=-1, inQ,, (3.18)
u=0, onodQ. (3.19)

It is worthwhile noticing thatAu is dimensionless. Thereforea,
andk’y have the dimension of an area.

Similarly to the tortuosity factors obtained fronmiseous and
inertial boundary value problems, a “static thertmatuosity” is given by :
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u2

(u)

a, =

—
~—

L. (3.20)

3.1.3.2.2. Estimates of the frequency dependent visco-inertial and
thermal responses

The acoustic response of foams depends on the dgnanscous
permeability and the “dynamic thermal permeabilityBoth of these
parameters could be obtained from dynamic FEM cdatmns as in Ref.
[27]. The approach presented here relies on the fattthe finite element
computations presented previously are easy to imefd, and provide the
asymptotic behavior for both dynamic “permeabiltie This asymptotic
behavior constitutes the input data for the modelich are used for
predicting the full frequency range of the dynaniigermeabilities”.
Therefore the hybrid approach employed in our stutbkes use of the
asymptotic parameters of the porous medium obtalmedinite elements.
Then, it will be possible to provide the dynamicrpeabilities and to
compare these values to experimental ones. Inrs fitep, the three
different models which are used to build the dymamérmeabilities from
asymptotic parameters are briefly recalled.

Johnsoret al.*? and, later, Pridet al.**! considered the problem
of the response of a simple fluid moving throughigid porous medium
and subjected to a time harmonic pressure variagicnoss the sample. In
such systems they constructed simple models of rédevant response
functions, the effective dynamic viscous permeajoilﬁ(a)) or effective
dynamic tortuosityc?(a)). The main ingredient to build these models is to
account for the causality principle, and thereftoe the Kramers-Kronig
relations between real and imaginary parts of thegdency—dependent
permeability. The parameters in these models aosethwhich correctly
match the frequency dependence of the first onsvorleading terms of the
exact results for the high- and low- frequency wise and inertial
behaviors.

Champoux and Allard* and thereafter Lafarget al.!*"*8152 jp
adopting these ideas to thermally conducting fluids porous media,
derived similar relations for the frequency deperme of the so-called
effective “dynamic thermal permeability’lZ'(a)) or effective dynamic
compressibility B(a)) which varies from their isothermal to their
adiabatic values when frequency increases. The mmotw effective
dynamic permeabilities were shown to agree withs¢hoalculated directly
or independently measured. An important featurth theory is that all of
the parameters in the models can be calculateerdently, most of them
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being, in addition, directly measurable in non-astaaal experimental
situations. In this regard, these models are vdtsactive because they
avoid computing the solution of the full frequencgnge values of the
effective permeabilities/susceptibilities. Thesedals are recalled in Sec.
3.1.3.2.3. They are based on simple analytic exgoes in terms of well-
defined high- and low- frequency transport paramsete’hich can be
determined from first principles calculations [S8cl.3.2.1].

Such a hybrid approach was extensively used by oRerr
Chevillotte and Panneton in order to examine mitnacro relations
linking local geometry parameters to sound absorpfiroperties for a two-
dimensional hexagonal structure of solid fibéf8. This method was
recently completed by the use of easily obtainedmeter (porosity and
static viscous permeabilitl,) of real foam samples, and by utilizing three-
dimensional numerical computatiolis

As explained, spatial integration provides the pumpeometrical
macroscopic parameters — the open porosgy and the thermal
characteristic lengthA' The five remaining input parameters for the
models, a,, a,, N\, k,', and a,"' can be obtained by means of first-
principles calculations by appropriate field-avéragin the PUC (Fig.
3.4(a)).

Finally, the predictions of the three models fore teffective
dynamic permeabilities described in Sec. 3.1.31B&8/ be considered. In
summary, the Johnson-Champoux-Allard” [JCA] modsés 5 parameters
(@, k,, a,, \, \'), Johnson-Champoux-Allard-Lafarge” model [JCAL]
uses in addition k0 and Johnson-Champoux-Allard-Pride-Lafarge”
[JCAPL] model uses the full set of parametegs, (K,, kO a,, \, \',
a,, anda,).

3.1.3.2.3. Models for motionless skeleton materials

To describe the macro-scale acoustic propertiaggad-frame air-saturated
porous media, also called “equivalent fluid” by somauthors, the
knowledge of two complex response factors are megui The dynamic
tortuosity aﬁi (a)) is defined by analogy with the response of anlidean-
viscous) fluid for whicha; is real-valued and frequency independent,

a0y )= g @21

@ (w)=p (a))[ Q is related to the dynamic viscous permeability by

7, (w)=vplidk (). In these expressionsp, (w) is the effective
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density of air in the poresp, is the density of air at rest, and=7/p, is
the air kinematic viscosity.

Similarly, a compressibility effect is also obsedvat macro-scale
in the acoustic response of a thermo-conductingl ffilled porous media,
where a second convenient response factor is threnalized dynamic
compressibility ,[;’(a)) which varies from the isothermal to the adiabatic
value when frequency increases,

P20 ), (322

a

Here, B(w)=K,/K(«) is directly related to the dynamic
(scalar) thermal permeability*” by means of the relation
B(w)=y-(y-1)i &'( @/ v ¢ In these equationK () is the effective
dynamic bulk modulus of air in the pore&, = yP, is the air adiabatic
bulk modulus, P, the atmospheric pressurg,= Cp I C, is the specific heat
ratio at constant temperature, =« / 0,C,, andC, andC, are the specific
heat capacity at constant pressure and volume.

With a locally plane interface, having no fractdlacacter, the
long-wavelength frequency dependence of the vitesmal response
factors @, (a)) and B(a)) have to respect definite and relatively universal
behaviors, namely causality through the Kramersrigaelation™#2015¢]
similar to models used for relaxation phenomenaliglectric properties.
The equivalent dynamic tortuosity of the materialdathe equivalent
dynamic compressibility of the material ar€,,;(w)=a;(w)/ ¢ and
Bral)= 91 &)

Simple analytic admissible functions for the flyitiase effective
properties forisotropic porous media respecting the causality conditions
are

a(w)=a. [1—_if(w)] Bla) = y~( y—:)[l—%f (w)r, (3.23)

1o

where f and f' are form functions defined by

f(w)=1-P+P /1+2'\;')2 iw, f(w)=1-P '+P'/1+2'\|1:2 iw, (3.24)

and w andw' are dimensionless viscous and thermal angulamufegies
given by the following expressions,
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(3.25)

The quantitiesM , M', P and P' are dimensionless shape factors,

m=8ede 280 p M M
N A2 @ 4(00_1j 4(a,-1)"  (3.26)
aOO

- For M'=P=P'=1 k,=@A?/8), the dynamic visco-inertial and
thermal response functions reduce to 5 paramet@rsky, a,., A,
A'") named throughout the paper as “Johnson-Champadiaxe&
[JCA] model.

-  When the requirementk, = @A?/8 is not fulfilled, k; must be
explicitly taken into account; this is the 6 pardere “Johnson-
Champoux-Allard-Lafarge” [JCAL] model, wherdM' may differ
from unity.

. A complete model relies on 8 parameter, (K, k0 a,, \, \',
a,, and ag) and correctly matches the frequency dependendaeof
first two leading terms of the exact result for Ibbdiigh and low
frequencies. This is the refined “Johnson-ChampAlard-Pride-
Lafarge” [JCAPL] model.

Looking for plane waves solutions varying &xp|i (&t —Gx)],
Egs. (3.21) and (3.22) yield the equivalent dynamave numberd,, ()
of the material and equivalent characteristic inmmiazeq(a)) of the
material

% ol (w) %
i =l & B (P 5 _| Jea\) . @B.27)
Ceq w{aeq(w) IBeQ(a) Kaj ! Zeq (ﬁeq(a)) BKa]

Thus, d,,(w) and B,,(w) provide all pertinent information on
the propagation and dissipation phenomena in thevatent homogeneous
material. Assuming an absorbing porous layer aofkhéessl that isbacked
by a rigid wall, the normal incidence sound absiomptoefficient is

~ 2
Z -1
=1-|== : (3.28)
A Z, +1
with the normalized surface impedance of the poroesgium defined as
S
Zqy =—2coth(id,L ). (3.29)
PoCo
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wherec, is the sound speed in air.

3.1.4. Results and discussion

3.1.4.1. Experimental validations

Transport parameters and normal incidence soundrbimgy behavior were
derived on the basis of an idealized reconstrud®diC as described
through Sec. 3.1.3.1. with the computational metlppdsented in Sec.
3.1.3.2. (see Tab. 3.1 and Fig. 3.5 for the cowadmg numerical results,
and their experimental counterparts, as obtainedth®y techniques and
methods described below). These results validateapproach. Also shown
is a typical perforated closed-cell metallic foaousd absorption spectrum,

Fig. 3.6 (see Ref[31] for a detailed presentation of these results).eNot

that, contrarily to open cell foam samples, perfedaclosed cell metallic
foam samples as well as perforated plates presdattéve (as opposed to
large frequency bands) sound absorption spectrasuBsequent step
consists in numerical experiments to provide insighout microstructure
effects on acoustical macro-behavior.

The absorption performances of acoustical materdaés usually
measured in diffuse sound field according to 1SO4 3@\coustics —
Measurement of sound absorption in a reverberatimm). However, due
to the small sample size of metallic foams usuahsilable, their sound
absorption properties are usually measured for gplaraves at normal
incidence according to 1ISO 10534 (Determination sound absorption
coefficient and impedance in impedance tubes).egithethod 1 or 2 of this
latter standard test can be used.

Method 10 A'(mm) k, (m?) a,(-)  Amm)  a.(-) k'(m*)  a,'()
Computations 0.91 2.05 10.3410% 1.42 1.17 1.07 19.9%10°% 1.21
Measurementd " 0.91 10.3%10®

(+ 0.01) (1.23x10%)
Characterizatiofi 2.01 NA 0.99 1.07 NA NA
(£ 0.43) (£ 0.06) (+0.01)
*Reference$65]-[66].
"Referencd62].
‘Referencd61].
‘Referencd60].

Table 3.1. Comparison between computed, measured, and characterized

macroscopic parameters for a Duocel® 40 ppi aluminum foam sample.
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Figure 3.5. Comparison between computed and measured normal incidence, plane
waves, sound absorbing behavior of a 40 ppi Duocel® aluminum foam sample.
Thickness, 48 mm.
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Figure 3.6. Normal incidence sound absorption coefficient of a real perforated
closed-cell aluminum foam. Measurements (dotted line) compared to numerical
computations with (dashed line) and without (solid line) a perforated facing plate.
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Measurement of the sound absorption in normal g using
an impedance tub@” (cf. Fig. 3.7) can also be advantageous to canty o
the estimations of 4 parameters introduced prewyolf&®": the high-
frequency limit of the tortuosity, the viscous atitermal characteristic
lengths and the static thermal permeability.

high speaker
at one end of

the tube Two microphone positions

for absorption measurements

Third microphone position
to characterize acoustic
parameters
Figure 3.7. Picture of a 1 meter-long impedance tube which can be used (i) to
measure the sound absorption properties of metal foams for plane waves at
normal incidence and (ii) to estimate 4 parameters of the JCAL model.

The two remaining parameters of the JCAL model bardirectly
measured: (i) the static permeability was obtailbydmeans of accurate
measurements of differential pressures acrosslseoanted calibrated and
unknown flow resistances, with a controlled steaamlyd non-pulsating
laminar volumetric air flow as described by Stinsand Daigle!®” and
recommended in the corresponding standard 1SO 9@5&hod A) or
ASTM C522 (cf. Fig. 3.8); (ii) and the open-porgsitsing methods such as
those described by Champowt al. ™ based on a previous work by
Beranek®® (cf. Fig. 3.9), Leclaireet al!®¥, or Pannetort al.®5-°¢],

A direct measurement of the high frequency limittloé tortuosity
a, has been presented by Browr. The method based on the
measurement of the electrical conductivity of thewqus material requires
the material's frame to be saturated with a condgdiuid and can only be
applied to materials for which the frame is commbseith a dielectric
material (i.e. it does not conduct electricity). Aa alternative to direct
measurement or estimation from impedance tube measnts, ultrasonic
methods also exist. Allaret al.'®”! have proposed a method to estimate
from the increase of flight time and the dampingawf ultrasonic pulse,
when a material sample is placed in between twaoasidinic transducers.
From this work and in particular works by Johnsral. ®® and Nagy®*'
Leclaire et al. " have proposed a method to estimate, A, A' using
ultrasonic transmission measurements with the saoneus material frame
saturated successively with two different gasesudlig air and helium).
Recently, Grobyet al."* have adapted the works by Panneton and &fhy
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and Olny and Pannetdf” to estimate the four 4 last parameters of the
JCAL model in the ultrasound domain from measuremenf the
transmitted and the reflected coefficients.

Differential
pressure
transducer

Laminar air flow —|_1|—
—_—>
[ |

NHE

Calibrated Material
resistance sample

Figure 3.8. Scheme of the experimental setup used for the measurement of the
static air flow resistivity.

Valve

4([1_'

Differential
pressure
transducer
[ AP I Piston
Air reservoir
providing stable T
static pressure D
B Valve
Material
sample

Figure 3.9. Scheme of the porosity measurement apparatus after Beranek [®3]
and Champoux et al. [**], Porosity is measured from the pressure increase when
reducing a reference volume containing the sample using Boyle-Mariotte law.

3.1.4.2. Numerical experiments: Microstructure effects on acoustical macro-
behavior
Two main cellular morphology parameters were founddominate the
effects on acoustical macro-behavior of rigid parenedial?® B0 BB |t
is worth mentioning that the conclusions found Inege authors on the
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basis of a simple two-dimensional lattice of hexago solid fibers
(2813011341 \vere confirmed for other kinds of metallic foamsich are
apparently very differen?" such as the closed cell perforated metallic
foam sample system as illustrated by Fig. 3.4(d¢)ese conclusions might
thus be considered as general acoustical micro-oneglationships. They
report the existence of an emerging knowledge irctvikey local geometry
features, having a significant impact on tlmg-wavelengthacoustical
macro-behavior omotionlessporous media in general and metallic foams
in particular, might be isolated from the standpodf idealized periodic
unit cells.

The throat size, which might be defined as the fstbperture in
a regular array of interconnected pores, appeabgegy the most important
local geometry parameter in terms of acoustical nmdehavior. For
instance, the throat size is the distance betwa®nsblid inclusions if one
considers a regular array of solid fibers; it beesmthe diameter of
perforations when one deals with a perforated dosell metallic foam
sample. Numerical experiments have shown that theat size directly
controls the static viscous permeabililg (or the resistivity o, since
k, =n/0) of the porous media and, as a consequence, tblbVevel of
sound absorption (mainly by viscous dissipation n@@isms). In other
words, if the aperture by which the compressiomaingl wave is allowed to
penetrate is too small, reflection occurs and tbhendg wave can neither
propagate, nor dissipate. By contrast, if the apertis too large, the
viscous boundary layer interacts only with a snfiedction of the possible
surface by which viscous interactions develop. étween there must exist
an optimal opening zone, which was already knowrKibghhoff for pores
of cylindrical cross-section shapes (Sec. 3.1.2),ldanhd might be estimated
by the proposed approach for real metallic foamEam

The second microstructural parameter revealed fraumerical
experiments as having a significant and direct iotpan the acoustical
macro-behavior is the pore size. For instance, @évtiwe inter-fiber distance
in case of a hexagonal lattice of solid fiberki(2the notations of Fig. 1 in
Ref. [30]); the characteristic bubble size when one consigesrforated
closed cell metallic foamsa(in the notations of Fig. 2 in Ref31]). Pore
size effect can be interpreted in terms of sounsogition modulation of
the main peak: the overall sound absorption legsetdsentially unchanged
by the pore size at constant throat size, wherbhasftequency at which
maximum absorption occurs might be advantageousidified according
to the knowledge of a noise source spectrum. Thisanother fruitful
property for sound absorbers design. The phenomgiz! reasons behind
this micro-macro pore-size/modulation-spectrum &g& might be
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described in terms of tortuosity: pore size incesasvith the infinite
tortuosity factor @, which tends to lower the frequency of the sound
absorption peak.

3.1.5. Further remarks on the evaluation of acoustic properties of metal foams

To summarize, we have presented a general apprfeadinking
scales in acoustics of porous media in which theuatc properties
computation of various three-dimensional metall@arh microstructures
can be considered in a unified framework. Comparisoth experiments
yields very good agreements. This paves the road aosystematic
microstructure optimization of real sound absorbimgaterials. The
transport and acoustic properties dependence ofoited geometry model
from membrane, anisotropy, and polydispersity dfewill be published
elsewhere.
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3.2. Cas d’une distribution étendue de tailles caractéristiques de la
géométrie locale

3.2.1. Identification d’une premiére taille critique de la géométrie locale

Lorsque le milieu réel est tres dispersé et/ou rogiEne
(distribution étendue de taille de pores, préserd®m membranes),
I'identification d'une cellule élémentaire représastive n’est plus aussi
directe. Pour s’en convaincre, il suffit de penaarn ensemble de tubes de
sections constantes arrangés en paralléle ou én gértailles hétérogénes.
La perméabilité du milieu est alors donnée partidses de plus grandes
sections dans le cas parallele, de plus petitetsogscdans le cas en série ;
et non par la section moyenne. Il est alors upleyr identifier une cellule
représentative, de recourir au concept de chenitigee développé dans
les années 70 pour étudier la conductivité de semiducteurs hétérogenes.
L’'image transposée qui s’en dégage distingue esdlamhent trois types de
perméabilités locales :

(i) La zone | de fortes perméabilités.
(i) La zone Il de perméabilités plus faibles qui intancecte la
précédente et donne la perméabilité d’ensemble.

(iii) La zone Il de beaucoup plus faibles perméabilitgsurt-
circuitées, et qui ne participe donc pas a la pabilige
d’ensemble.

La perméabilité du milieu est donc donnée par langabilité de type II,
identifiable par une mesure macroscopique. Un nmeodétiimensionnel de
cellule périodique sans membranes, qui soit corbpatiavec les
caractéristiques de forme mesurées a I'échelle ldpcast cette fois
dimensionné a partir d’'une mesure de porosité giedméabilité a I'échelle
macroscopique.

L'idée de la méthode de dimensionnement est laasues En
principe, puisque I'on dispose d'un modele de delltridimensionnelle
principalement dépendant de deux paramétres lolangueur et épaisseur
de ligaments), une inversion analytique requiertuxdeparametres
macroscopiques (porosité et longueur thermiqueuwtase spécifique). La
longueur thermique et la surface spécifique sofficlement accessibles
par mesures directes non acoustiques. On remargpendant que la
longueur thermique est homogéne a une longueua eefméabilité a une
longueur au carré. On peut d’autre part résoudsectpuations de Stokes a
I’échelle locale de la cellule adimensionnelle paure porosité locale
mesurée, et déduire la perméabilité de cette eefpar moyenne de champ.
Puisqu’il doit exister une relation affine entreltagueur thermique et la
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racine de la perméabilité, on peut donc identifierlongueur thermique
correspondant a la perméabilité mesurée. La cethidémensionnelle sans
membranes est donc dimensionnée au moyen de cettédure pour le
milieu dispersé hétérogéne.

Les coefficients de transports asymptotiques complé&aires
basses et hautes fréquences sont ensuite calcaléshgmogénéisation
numérique, et les propriétés acoustigues a nouvestimées par les
modeles de Pride-Lafarge.

A I'échelle macroscopique, I'essentiel des déviasioentre la
prédiction et la mesure se situe au niveau de hgueur visqueuse, qui
tend a étre surestimée par le modéle (surestimatien la taille
d’étranglement). De plus, on constate a I'échedddalgéométrie locale que
les dimensions de la cellule modéle sans membranesystématiguement
inférieures ou égales a celles des cellules réekkese d’autant plus que le
milieu réel posséde un taux important de membra@es. deux déviations,
tant a [I'échelle macroscopique que microscopiqu@ncordent et
concourent a promouvoir l'implémentation d'une adéaistique
supplémentaire de la géométrie locale du milieu &ékéchelle du modéle
cellulaire, les membranes.

Ce travail fait I'objet de la section 3.2.1, ayate publiée dans
une revue internationale a comité de lecture daméférence est :

C. Perrot, F. Chevillotte, M. T. Hoang, G. Bonnef;.-X. Bécot, L.
Gautron, A. Duval, Microstructure, transport, andcustic properties of
open-cell foam samples: Experiments and three-dirsgmal numerical
simulations, Journal of Applied Physics, 111, 014816 (2012)

Contributions du candidat

Ce paragraphe permet & nouveau de resituer préergdm contribution du
candidat a cet article, publié dans une revue iragonale a comité de
lecture, et résultant d’un travail d’équipe. Powr faire, les principales
contributions respectives du candidat ont été distéi-dessous:

- Acquisition des paramétres de taille et de formelalenorphologie
cellulaire d’échantillons réels de mousse, par oscopie optique.

- Production de 'ensemble des résultats et de Ieises en forme.

- Identification des longueurs critiques calculées des microscopies
électroniques a balayages.

- Participation de premier plan a la démarche de mépa@ux referees :
simulations supplémentaires visant a étayer lesothgses avancées
dans I'explication de certains résultats, analysedséquentes, et
production des figures supplémentaires.
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Abstract

3.2.1.1.

C. Perrot, F. Chevillotte, M. T. Hoang, G. Bonnet, F.-X. Bécot, L. Gautron, A. Duval,
Microstructure, transport, and acoustic properties of open-cell foam samples: Experiments
and three-dimensional numerical simulations, Journal of Applied Physics, 111, 014911-16
(2012)

This article explores the applicability of numelichomogenization

techniques for analyzing transport properties ial feam samples mostly
open-cell, to understand long-wavelength acoust€srigid-frame air-

saturated porous media, on the basis of microsatratt parameters.
Experimental characterization of porosity and peahikty of real foam

samples are used to provide the scaling of a palsdieunit-cell. The

Stokes, Laplace, and diffusion-controlled reactiomquations are
numerically solved in such media by a finite elemnemethod in three-
dimensions; an estimation of the materials’ tramsparameters is derived
from these solution fields. The frequency-dependeistco-inertial and

thermal response functions governing the long-waivglh acoustic wave
propagation in rigid-frame porous materials arenthgetermined from
generic approximate but robust models and comptretanding wave tube
measurements. With no adjustable constant, theigiest quantities were
found to be in acceptable agreement with multi-scakperimental data,
and further analyzed in light of scanning electroitrograph observations
and critical path considerations.

Introduction

The determination from local scale geometry of #o®ustical properties
which characterize the macro-behavior of porousimési a long-standing
problem of great intere&t“¢1"3 for instance for the oil, automotive, and
aeronautic industries. Recently, there has been r@atginterest in
understanding the low Reynolds viscous flow, elealy and diffusive
properties of fluids in the pore structure of rparous media on the basis
of microstructural parameters, as these transploeinpmena control their
long-wavelength frequency-dependent properti&s! oM 2HELE Eqch of
these processes can be used to estimate the lomgemgth acoustic
properties of a porous materid®"”>"1’8l Qur aim in this paper is to get
insight into the microstructure of real porous nazednd to understand how
it collectively dictates their macro-scale acouspicoperties, from the
implementation of first-principles calculations om three-dimensional
idealized periodic unit-cell.

To this purpose, one needs first to determine & cell which is
suitable for representing the local geometry of gwrous medium, and
second to solve the partial differential equatiaonsuch a cell to obtain the
parameters governing the physics at the upper sddde first problem is
addressed through idealization of the real medm. iRstance open-cell
foams can be modeled as regular arrays of polylmedrA presentation of
various idealized shapes is given by Gibson andbsh” for cellular
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solids, and more specifically by Weaire and HutZf8t for foams. The
second problem consists in the determination of tha&croscopic and
frequency-dependent transport properties, suchhas dynamic viscous
permeability!*?. The number of media which can be analyticallyradded

is deceptively smal®¥, and many techniques have been developed in the
literature, such as estimates combining the homiagéion of periodic
media and the self-consistent scheme on the bakis ®icomposite
spherical pattern (see, for instance, the recentkwof Boutin and
Geindreau, and references ther@fh>*).

The purpose of this paper is to present a techniased on first-
principles calculations of transport paramet@tsin reconstructed porous
media ®? which can be applied to model the acoustic propsrif real
foam samples (predominantly open-cell) and to campis predictions to
multi-scale experimental data. The main difficulip modeling the
frequency-dependent viscous and thermal parameatbasacterizing the
dissipation through open-cell foams lies in accelyatdetermining micro-
structural characteristics, and in deducing frormesth features how they
collectively dictate the acoustical macro-behavi®mce the variability in
the foam microstructures makes it very difficultestablish and apply local
geometry models to study the acoustics of thesen$pathe use of a
representative periodic cell is proposed to quatitiely grasp the complex
internal structure of predominantly open-cell foasamples. Such a
periodic cell, named thereafter Periodic Unit ChHs characteristic lengths
which are directly deduced from routinely availalgerosity and static
viscous permeability measurements - two parametexstically required to
determine acoustical characteristics of porous dizsds in the classical
phenomenological theof§’!

The studies on the acoustic properties derivatimmfthe local
characteristics of a porous media can be split itwo classes, which
address the reconstruction problem differently. Thiest class uses
prescribed porosity and correlation length(s) fog teconstruction process,
or three-dimensional images of the real samffé¥?. In the second class,
idealization of the microstructure, whether it isagular-?"3? fibrous-
(29 or foam-1281B1B8L |ike types is performed. This provides with a
PUC having parameterized local geometry charadiesisiepending on the
fabrication process, helpful for understanding timécrophysical basis
behind transport phenomena as well as for optiringpurposes™.

The approach to be presented in this paper is aidwybrom the
first-principles calculations method", we take the idea to compute for
three-dimensional periodic porous media modelsathemptotic parameters
of the dynamic viscousk(w) and thermalk'(w) permeabilities™?*"
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from the steady Stokes, Laplace, and diffusion-aumlgd reaction
equations. Then, instead of using this information comparison with
direct numerical simulations d(w) and k'(w) (which would require the
solutions of the harmonic Stokes and heat equattonse computed for
each frequency), we use these results as inputket@nalytical formulas
derived by Prideet al. **! and Lafargeet al. *®""% As we will show, the
results obtained in this manner are satisfyingthar various foam samples
used in the experiments.

This paper is divided into six sections. Sec. 32.i% devoted to
the direct static characterization of foam samp&ec. 3.2.1.3 describes the
methodology which is used to determine the localrahbteristic lengths of
a three-dimensional periodic unit-cell, from whichll the transport
parameters are computed. Sec. 3.2.1.4 details echgbmerical approach
employed to produce estimates of the frequency nidget visco-inertial
and thermal responses of the foams. An assessnietiteomethodology
through experimental results is made in Sec. 32.h addition, keys for
further improvements of the methodology are rembitelight of scanning
electron micrographs of the foam samples. Sec.13%2provides a
supplementary justification and validation of theposed method through
conceptual and practical arguments as well as taicey analysis. Sec.
3.2.1.7 concludes this paper.

3.2.1.2. Direct static characterization of foam samples

3.2.1.2.1. Microstructure characterization

Three real and commercially available polymericrfioaamples have been
studied. They are denoted,RR,, and R. These samples have been chosen
for the following reason: contrary to previouslydited open-cell aluminum
foam sample&®128B% their apparent characteristic pore sixés around a
few tenths of a millimeter and small enough, sottttee visco-thermal
dissipation functions characterizing their acowstimacro-behavior areg
priori, accurately measurable on a representative fra;yueange with a
standard impedance tube technidd®.

Real foam samples are disorder@®®* and possess a complex
internal structure which is difficult to grasp quiatively. However, our
objective is to be able to quantify the local getmpeof such foams by an
idealized packing of polyhedral Periodic Unit CeIBUC). Apart from the
intrinsic need for characterizing the cell morphpfdtself, insight into the
morphology of an idealized PUC is helpful for unstanding the
microphysical basis behind transport phenomena.
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(a) (b) (c)
Figure 3.10. Typical micrographs of real foam samples: (a) Ry, (b) Rz, and (c) Rs.
The average numbers n of edges per face for each photomicrograph are as
follows: (a) Ry, ny = 5.21 £ 0.69; (b) Ry, n; = 4.94 £ 0.56; (c) R;, n; = 4.84 %=
0.80.

Fig. 3.10 shows typical micrographs of these realyprethane
foam samples (based on a polyester or polyetheyoboltaken with the
help of a binocular (Leica MZ6). Although X-ray matomography
analysis and Scanning Electron Micrography (SEMbvpde a precise
microstructure characterization, a stereomicrosc@mains affordable for
any laboratory, and enables reaching the primalgative related to the
guantitative characterization of the foam cell skgpor more simply stated,
to verify that the local geometry model to be usétl be compatible with
the real disordered system under study. The maxirmagnification is x
40, with a visual field diameter of 5.3 mm. Foammgdes were cut
perpendicularly to the plane of the sheet. To getidea of the cellular
shape of these samples, the number of edges penfaas measured from
30 different locations for each material. Each toma is associated with
one photomicrograph. For each picture, the numbfearmlyzed faces,
having continuously connected edges, is rangingvben 5 and 53 with an
average value of 23. From these measurements fellmwaverage number
of edges per face for each foam samplg:fiR=5.10 + 0.82; R n, = 5.04
+ 0.68; R, nz = 5.03 = 0.71. Next, ligaments lengths were meadusn
optical micrographs of the foam samples. Since sueface contains
exposed cells whose ligament lengths are to be unedson micrographs
obtained by light microscopy, great care was tattering measurements to
select only ligaments lying in the plane of obs¢iMa Ligament length
measurements were performed on three perpendiaurl@ss-sections of
each sample. Assuming transverse isotropy of thenfeamples cellularity,
results of ligament length measurements were repart Tab. 3.2 and their
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distribution plotted in Fig. 3.11. Ligament thiclgse constitutes also an
important geometrical parameter. However, they wdfBcult to measure
because lateral borders of the ligaments are ndk defined on optical
photomicrographs (due to reflections caused by tksidual membranes).
Therefore, the ligament thicknesses were not plinased.

Foams Horizontal and vertical cross-sections Hariabcross-section Vertical cross-sections
R, Loipy = 205.0 + 41.6 Lyap = 192.9+43.3 L, = 211.7 +39.3
R, Liony = 229.5 + 57.3 Lyow = 226.6+58.3 Lyoy = 236.5+54.5
R, Linany = 182.4 +41.7 Lisy = 167.5+32.1 Lyay = 193.7 +44.6

Table 3.2. Averaged measured ligament lengths from optical photomicrographs,
I-m
R1 - Horizontal and vertical cross-sections R2 - Horizontal and vertical cross-sections Ra - Horizontal and vertical cross-sections
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Figure 3.11. Ligament length distributions for real foam samples R; (left), R,
(center), and R; (right). Labels (@) give the measured averaged ligament lengths
L, obtained from micrographs, whereas labels (¥ ) indicate the computed

ligament length L, of the truncated octahedron unit-cell used for numerical

simulations.
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3.2.1.2.2. Direct determination of porosity and static permeability

The porosity was non-destructively measured frora perfect gas law
properties using the method described by Berdffékit is found to range
between 0.97 and 0.98:Rg = 0.98 + 0.01; R @¢=0.97 £ 0.01; R =
0.98 + 0.01. The experimental value of the staternpeability k, was
obtained by means of accurate measurements ofreiffal pressures
across serial mounted calibrated and unknown flesistances, with a
controlled steady and non-pulsating laminar volumetair flow as
described by Stinson and Daigl®' and further recommended in the
corresponding standard ISO 9053 (method A). Resutemarized in Tab.
3.3 are as follows: R k, = 2.60 + 0.08 x 18 m* R,, k,=2.98 + 0.14 x
10° m?; Rs, k,= 4.24 + 0.29 x 18 n?’.

These measurements were performed by Matelys-Acihgus
equipments available at ENTPE (Lyon, France). Toasoee k,, the
volumetric airflow rates passing through the tgstcdmens have a value of
1.6 cni/s. A sample holder of circular cross-sectionabanas used, with a
diameter of 46 mm (which allows using the same damjor impedance
tube measurements). This corresponds to a sourcé sis there is
essentially laminar unidirectional airflow enterirand leaving the test
specimen at values just below 1 mm/s, and for witohsi-static viscous
permeability measurements are supposed to be indepé of volumetric
airflow velocity.

Foams Method p() N Em) k() o) A@wEm) a.() k() a
Computations 506 1.22 297 1.02 5.01x10° 1.13
R: Measurementd® 0.98 2.60<10°
Characterizatiofi ° 440 129 1.12 8.30x10°
Computations 477 1.26 279 1.02 5.85¢10° 1.14
R, Measurementd® 0.97 2.98<10°
Characterizatiofi ° 330 118 1.13  9.70x10°
Computations 647 1.22 373 1.01 8.1810° 1.13
Rs Measurementd " 0.98 4.24x10°
Characterizatiofi ° 594 226 1.06 13.10x10°
*Referencd63].
"Referencd62].
‘Referencd60].
‘Referencd61].

Table 3.3. Comparison

parameters.
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3.2.1.3. Prediction of transport properties from a three-dimensional periodic unit-cell

3.2.1.3.1. The local geometry

As observed from the micrographs, the network gamhents appears to be
similar to a lattice within which the ligaments oheit a set of polyhedra. In
this work, it is therefore considered that a repregation of the
microstructure which can be deduced from this olesteon is a packing of
identical polyhedra.

More precisely, truncated octahedra with ligameatscircular
cross sections and a spherical node at their iat¢iens were considered as
in a similar work on thermal properties of foafff8. It will be shown that
the FEM results are not significantly affected lhystapproximation (see
Secs. 3.2.1.3 and 3.2.1.4), even if the real csession of ligaments can be
rather different®”].

A regular truncated octahedron is a 14-sided padybe
(tetrakaidecahedron) having six squares faces aglt diexagonal faces,
with ligament lengthd and thicknessesr2The average number of edges
per face, another polyhedron shape indicator, isaktp (6x4 + 8x6) / 14
5.14 and close to the experimental data presenieflec. 3.2.1.2.1. The
cells have a characteristic sibeequal to (2/5) L, between two parallel
squared faces. An example of regular truncated hedesn for such
packings is given in Fig. 3.12.

The simplest macroscopic parameter characterizipgraus solid
is its open porosity, defined as the fraction af thterconnected pore fluid
volume to the total bulk volume of the porous aggite, @. The porosity
of such a packed polyhedron sample might be exptess a function of
the aspect ratid_/ 2r,

S G G

16 L 16 L

with C, =—f%+2(f? -1)\/ f* -1, andf is a node size parameter related to
the spherical radiuR by R= fxr, with f 2\/5. This last constraint on
the node parameter ensures that the node volunaeger than the volume
of the connecting ligaments at the node.
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D=2\21L

4] Ligament

(a) (b)

Figure 3.12. Basic 3D periodic foam model geometry: (a) a regular truncated

octahedron with ligaments of circular cross-section shape (length L, radius r),
and (b) spherical nodes (radius R) at their intersections. Note that f is a

spherical node size parameter which is set to 1.5.

The second parameter which is widely used to charae the
macroscopic geometry of porous media, and thushgalyon packing, is
the specific surface are®, defined as the total solid surface area per unit
volume. The hydraulic radius is defined as twice thtio of the total pore
volume to its surface area. This characteristigtermay also be referred
to as the “thermal characteristic lengthl®' in the context of sound
absorbing material$*!, so that A' = 2¢/S,. As for the porosity, the
“thermal characteristic length” might be expressiad terms of the
microstructural parameters by

3
16V2 /[Zl_r) - 67 /ﬁrj - 7,
A = 5 xr, (3.31)
3n(2/Lr+czj

with C, =—f2+2( f -1){/ % -1,

It might be useful to specify that, by definitioBegs. (3.30) and
(3.31) are valid in principle only for foams wittom-elongated and fully
reticulated cells.
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3.2.1.3.2. Determination of the unit cell aspect ratio from porosity

When a laboratory measurement of porosity is ab&lathe unit-cell
aspect ratioL / 2r can be identified through Eq. (3.30). For a givatue
of the spherical node size parametethe unit-cell aspect ratid/2r is
given by the solution of a cubic equation that lwedy one acceptable
solution.

Once 2r/L is obtained, Eqg. (3.31) gives if a laboratory
measurement o8, is available. Then, the idealized geometry of tham
could be completely defined. The main problem iis tmethod is that the
specific surface area evaluation from non-acouktis@asurements, such as
the standard Brunauer, Emmett, and Teller methddT(B>*"®® based on
surface chemistry principles, is not routinely asble. Moreover, the
application of physical adsorption is usually recoemded for determining
the surface area of porous solids classified agapimrous (pore size up to
2 nm) and mesoporous (pore size 2 to 50 nm). Taigkls to promote
alternative techniques for macropore size analygis. above 50 nm
width).®¥ In fact, the most widely measured parameter dfterporosity to
characterize the physical macro-behavior of realrops media is
unarguably the static viscous (or hydraulic) perhiky k, as defined in
Sec. 3.2.1.3.3.a, a quantity having units of aaaf(squared length).

Therefore, obtaining the local characteristic siséshe PUC will
be performed thereafter in four steps. Step 1 ab®sin acquiring the
aspect ratioL/2r from the porosity measurements as explained before
For a given spherical node size parameter, thislyzes all characteristic
length ratios of the cell. At this stage, the ligarhlength of the cell is still
unknown, but a non-dimensional PUC can be buikpSt is to characterize
the permeability of the foam from routine measuretae Step 3 is to get
the permeability of the set of non-dimensional péic cells from first
principle calculations. As explained before, thenythmensional cell has a
unit side of square faces. The Finite Element campon described
thereafter implemented on the non-dimensional gebduces the non-
dimensional permeabilityk,. Let D, be the side of square faces of
homothetic periodic cells producing the static peafbility k,. Then, a
simple computation shows thdt, = th xk,. Finally, comparing the non-
dimensional permeability to the true permeabilitypdguces in step 4 the
size of the PUC. All other parameters are obtairfesin the non-
dimensional results through a similar scaling.
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3.2.1.3.3. First principles calculations of transport properties

Previous studies'® ™8 have shown how the long-wavelengths acoustic
properties of rigid-frame porous media can be nucadly determined by
solving the local equations governing the asymptétequency-dependent
visco-thermal dissipation phenomena in a periodidt well with the
adequate boundary conditions. In the followingisiblssumed that >> D,
where) is the wavelength of an incident acoustic planeaval his means
that for characteristic lengths on the ordeDof 0.5 mm, this assumption
is valid for frequencies reaching up to a few tefikHz. The asymptotic
macroscopic properties of sound absorbing mateasscomputed from the
numerical solutions of:

(1) the low Reynolds number viscous flow equatidtiee static viscous
permeabilityk,, and the static viscous tortuosity, );

(2) the non-viscous flow or inertial equations (thigh-frequency tortuosity
a., and Johnson’s velocity weighted length’s paramé\te;

(3) the equations for thermal conduction (the stdahiermal permeability
k,', and the static thermal tortuosity,').

(a) Viscous flow

At low frequencies or in a static regime, when - O, viscous effects
dominate, and the slow fluid motion in steady stagime created in the
fluid phase Q, of a periodic porous medium having a unit c€l is
solution of the following boundary value problenfided on Q by %

nAv-0p=-G, inQ,, (3.32)
Ov=0, inQ,, (3.33)
v=0, ondQ, (3.34)

v andp are Q -periodic, (3.35)

where G = [Jp™ is a macroscopic pressure gradient acting as ecedarm,

N is the viscosity of the fluid, andQ is the fluid-solid interface. This is a
steady Stokes problem for periodic structures, wheris the Q -periodic
velocity, p is the Q-periodic part of the pressure fields in the pore
verifying (p) =0, and the symbol ) indicates a fluid-phase average. It
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can be shown that the componemnsof the local velocity field are given
by

v, =—%Gj. (3.36)

The components of the static viscous permeabilysor are then
specified by

Koy = (kg ) - (3.37)

And the components of the tortuosity tensor araioled from

Oy = (Kopi Koy )/ (Kex ) Ky ) (3.38)

wherein the Einstein summation notation pns implicit. In the present
work, the symmetry properties of the microstructumreder consideration
imply that the second order tensdgsanda, are isotropic. Thuk,, = kg,
and a,, =a g, , whered; is the Kronecker symbol.

(b) Inertial flow

At the opposite frequency range, wheris large enough, the viscous
boundary layer becomes negligible and the fluiddeeno behave as a
perfect one, having no viscosity except in a boundi@ayer. In these
conditions, the perfect incompressible fluid forigabehaves according to

the problem of electric conductidfi"®>* je. :
E=-O¢ e, inQ,, (3.39)
ME 0, inQ,, (3.40)
EMm=0, o0noQ, (3.41)
@ is Q-periodic, (3.42)

where e is a given macroscopic electric fields the solution of the
boundary problem having ¢ as a fluctuating part, and is unit normal
to the boundary of the pore region.
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Then, the components; of the high frequency tortuosity tensor
can be obtained from®,

g=a, (E). (3.43)

In the case of isotropy, the components of thedews, reduce to
the diagonal forma,; :amé'ij. In this case, the tortuosity can also be
obtained from the computation of the mean squarkievaf the local
electric field through:

E2
a =

e

As for the low frequency tortuosity, an extendednfala can be
used for anisotropic porous media.

Having solved the cell conduction problem, the wviss
characteristic length\ can also be determined (for an isotropic medium)
by [12]

—
~—

(3.44)

—pdo (3.45)
2
LQE ds

(c) Thermal effect

When the vibration occurs, the pressure fluctuaiimduces a temperature
fluctuation inside the fluid, due to the constititiequation of a thermally
conducting fluid. If one considers the solid fraa® a thermostat, it can be
shown that the mean excess temperature in théréxi'rs proportional to the
mean time derivative of the pressuﬂa( p>/6t. This thermal effect is
described by(r) =(k,"«)d(p)/dt, where(r) is the macroscopic excess
temperature in airk is the coefficient of thermal conduction, akg'is a
constant. The constank,' is often referred to as the “static thermal
permeability”. As the usual permeability, it ha® ttlimensions of a surface
and was thus named by Lafarge al.'”. It is related to the “trapping
constant” [ of the frame byk,'=1/T .®® In the context of diffusion-
controlled reactions, it was demonstrated by Rukinsand Torquatd®”
that the trapping constant is related to the mealtues of a “scaled
concentration field’u(r) by
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r=1/(u), (3.46)

where u(r) solves
Au=-1, inQ, (3.47)
u=0, ondQ. (3.48)

It is worthwhile noticing thatAu is dimensionless. Thereforea,
and k,' have the dimension of a surface.

Similarly to tortuosity factors obtained from vised and inertial
boundary value problems, a “static thermal torttydss given by :

u2

()

T
~—

a, =

(3.49)

3.2.1.3.4. Dimensioning the unit cell from static permeability

The permeabilityk, obtained from a computational implementation o th
low Reynolds number viscous flow equations as dbedr in Sec.
3.2.1.3.3.a can be determined from the non-dimerdi®UC. Then it is
well known that for all homothetic porous structsiréhe permeabilitk, is
proportional to the square of the hydraulic radiwgich was previously
renamed as “thermal characteristic lengtAR". Thus, for an isotropic
medium, a generic linear equatidg = SxA' > must exist, whereS is the
non-dimensional slope to be numerically determingtda fixed porosity,
S depends only on the morphology of the unit celdl aot on the size of
the cell.

As a consequence, knowinky from experimental measurements
and S from computations on the non-dimensional structpreduces the
specific thermal lengthA', and D, =A'\/S/ k, . Making use of Egs.
(3.30) and (3.31), local characteristic lengthsand r follow. Hence, there
area priori two routinely available independent measurememtset carried
out in order to define the foam geometry: the pdyosp and the static
viscous permeabilityk,. This method for periodic unit-cell reconstruction
circumvents the necessary measure of the specifidace area. As
previously mentioned, all this procedure assumed the spherical node
size parametefris known. In our computationgwas set to 1.5. This value
respects the constraint 2\/5 and is in a rather good agreement with
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microstructural observations, considering the abeewf lump at the
intersection between ligaments (see Fig. 3.10). likppon of the above
procedure yields the local characteristic sizesaaidnit cell ligament for
each foam sample:|RL; = 123 + 13um (L, = 205 £ 42um), 2r; =19+ 7
um (2rn1=31+7um); Ry, Lo = 141 £ 12um (L = 229 £ 57um), 2, = 27
+7um (2Zrm,= 36 £ 8um); Rs, Ly = 157 £ 19um (L2 = 182 £ 42um), 2r3
=25+ 10um (2rys = 30 £ 6 um). Comparison between computed and
measured characteristic sizes estimations are tigby discussed in Secs.
3.2.1.5 and 3.2.1.6; see also Appendix 3.2.1.C.

Uncertainties for the critical characteristic size$ the PUC
correspond to the standard deviations computed wdmrsidering input
macroscopic parametergy and k, associated with their experimental
uncertainties. This enables evaluating the impaét pmrosity and
permeability measurement uncertainties on the edion of local
characteristic lengths.

Note that, for an anisotropic mediurk, varies with the direction
of the airflow inside the foam (see for example flwav resistivity tensors
presented in Ref[90]) and the equatiork, = SxA' ? is no more valid.
Thus, the size of the PUC depends on the directibbhe airflow used
during the static permeability measurements. Tonbme complete,k,
should be measured along three directions, leatdirthree pairs of critical
lengths to estimate the possible anisotropy. Téssié will be addressed in
a forthcoming paper.

3.2.1.3.5. Results on asymptotic transport properties obtained from
finite element modeling

An example of calculated viscous flow velocity, inal flow velocity, and
scaled concentration fields obtained through a tBirklement mesh is
shown in Fig. 3.13 for foam sample.RThe number of elements and their
distribution in the fluid phase regions of the PUwre varied, with
attention paid especially to the throat and theriveal areas, to examine
the accuracy and convergence of the field solutiofbe symmetry
properties of the permeability/tortuosity tensomsrevalso checkeld”, as a
supplementary test on convergence achievement.régqusly noticed by
several authors, such as Martys and GarbBtzidue to the slip condition,
the fluid flow paths are more homogeneous for thexteic-current paths
than for the viscous fluid flow.
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(a)

z coordinate (mm)

Figure 3.13. Asymptotic fields for 1/4th of the reconstructed foam sample period
Ri: (a) low-frequency scaled velocity field k;xx [x 10° m?2], (b) high-frequency
scaled velocity field E /0¢ [-] for an external unit field €, (c) low-frequency
scaled temperature field ko' [x 10° m?], and (d) corresponding mesh domain

with 41 372 lagrangian P,P; tetrahedral elements.

Direct numerical computations of the complete detnacroscopic
parameters were performed in reconstructed unitscllom adequate
asymptotic field averaging as described in Seca133.3 a-c. Results are
reported in Tab. 3.3. Some values are comparegstonations obtained
from impedance tube measurements, see Sec. 32.1.5.

We also note that our results are consistent with inequalities
a,>a, anda,/a, =a,'>1, as introduced by Lafarde” from physical
reasons.

3.2.1.4. Estimates of the frequency dependent visco-inertial and thermal responses
by a hybrid numerical approach
The acoustic response of foams depends on dynaiméows permeability
and “dynamic thermal permeability”. Both of thesargmeters could be
obtained from dynamic FEM computations as in H&%]. The approach
presented here relies on the fact that the finiement computations
presented previously are easy to implement andigeothe asymptotic
behavior for both dynamic “permeabilities”. This yagptotic behavior
constitutes the input data for the models which wsed for predicting the
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full frequency range of the dynamic “permeabilitiesherefore the hybrid
approach employed in our study makes use of thenpgytic parameters of
the porous medium obtained by finite elements. Tlitewill be possible to
provide the dynamic permeabilities and to compahesé values to
experimental ones. In a first step, the threeed&ht models which are
used to build the dynamic permeabilities from asyotip parameters are
briefly recalled.

Johnsoret al.™ and, later, Pridet al.!** considered the problem
of the response of a simple fluid moving throughigid porous medium
and subjected to a time harmonic pressure variagicnoss the sample. In
such systems they constructed simple models of rélevant response
functions, the effective dynamic viscous permeajoiliz(a)) or effective
dynamic tortuosityc?(a)). The main ingredient to build these models is to
account for the causality principle and therefooe the Kramers-Kronig
relations between real and imaginary parts of thegdency—dependent
permeability. The parameters in these models aosethwhich correctly
match the frequency dependence of the first onéworleading terms on
the exact results for the high- and low- frequenggcous and inertial
behaviors.

Champoux and Allard™* and thereafter Lafarge edl.
(1711811581 'in adopting these ideas to thermally conductituids in porous
media, derived similar relations for the frequerdgpendence of the so-
called effective “dynamic thermal permeability’rz'(a)) or effective
dynamic compressibility,[;’(w), which vary from their isothermal to their
adiabatic values when frequency increases. The Mmdaole effective
dynamic permeabilities were shown to agree withséhoalculated directly
or independently measured. An important featurthisf theory is that all of
the parameters in the models can be calculatecerddently, most of them
being in addition directly measurable in non acmadt experimental
situations. In this regard, these models are vdtsacive because they
avoid computing the solution of the full frequencgnge values of the
effective permeabilities/susceptibilities. These dals are recalled in
Appendix 3.2.1.B. They are based on simple analgkipressions in terms
of well defined high- and low- frequency transpparameters which can be
determined from first principles calculations [Se82.1.3.3 a-c].

Such a hybrid approach was used by Perrot, Chétalland
Panneton in order to examine micro-/macro relatidivsking local
geometry parameters to sound absorption propeftiea two-dimensional
hexagonal structure of solid fibers (RgR8]). Here, this method is
completed by the use of easily obtained parameteroGity ¢ and static

[46]
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viscous permeabilityk,) of real foam samples, as explained previously and
by using three-dimensional numerical computations.

As explained, the comparison between non dimensiona
permeability obtained from finite element result®idathe measured
permeability provides the thermal characteristingilh A': and five
remaining input parameters for the modeds,, a,,, A, kO', anda,’ can
be obtained by means of first-principles calculasidoy appropriate field-
averaging in the PUC.

Finally, we considered the predictions of the thneedels for the
effective dynamic permeabilities, described in Apge 3.2.1.B. In
summary, the Johnson-Champoux-Allard” [JCA] moddiiathh uses the 5
parameters @, k,, a.,, N\, N\') , Johnson-Champoux-Allard-Lafarge”
model [JCAL] which uses in additiok('), and Johnson-Champoux-Allard-
Pride-Lafarge” [JCAPL] model which uses the fullt ¢ parameters ¢,
ko, Ko, @, N\, \', a,, anday).

3.2.1.5. Assessment of the methodology through experimental results

3.2.1.5.1. Experimental results and comparison with numerical
results

Experimental values of the frequency dependentovigertial and thermal
responses were provided using the impedance tudbmigue by Utsunet

al. P in which the equivalent complex and frequencyetefent
characteristic impedanceZ, (w) and wave numberd,,(w) of each
material were measured, and the equivalent dynafisicous permeability
k(@) =k(@)/ ¢, the equivalent dynamic thermal permeability
ky'(w)=k'(@)/ ¢, and the sound absorption coefficient at normal
incidence A, (w), derived from Z_, (w) and g, ().

One main objective of this section is to producecmnparison
between hydraulic and thermal permeabilities comirggn experimental
results and from numerical computations. In thisteat, intermediate
results were obtained for the acoustic parametdrshe JCAL model
through the characterization method described irf. R&0] for viscous
dissipation and Ref.[61] for thermal dissipation. This kind of
characterization also provides the viscous (res$pelgt thermal) transition
frequencies between viscous and inertial regimesp@ctively isothermal
and adiabatic),f, =v@/ 27Kk, q, (f, =v'@l27Kk,"). These results will be
thereafter referenced to on the figures and taldss obtained from
“characterization”.
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Figures 3.14, 3.15 and 3.16 produce the sound phear
coefficient simultaneously with the estimation oydhaulic and thermal
permeability obtained from experiment, from chaeai@ation and from
numerical computations. Because all viscous andnihk shape factors
recalled in Appendix 3.2.1.B significantly divergegom unity, large
deviations are noticeable between JCA, JCAL, andARIC semi-
phenomenological models. This tends to promote J@Ad JCAPL as the
models to be numerically used for the real polymdoam samples under
study. Characterized values for M” thermal shaptofs are on the order of
0.35, 0.73, and 0.30, respectively for foam sampRs R,, and R.
Computed values are of similar magnitude: 0.1610&hd 0.16. For real
foam samples Rand R, the ratio between characterized and computed
thermal shape factors is around 2, whereas for feample R it reaches
approximately 3. Because we largely overestimatedthermal length for
foam sample R (that exhibits anisotropy, see next sections), lder
overestimate is amplified through the square ingdlin M” computation
(Appendix 3.2.1.B). We note that significant deigdats from unity of the
thermal shape factors characterized for real poroagerials were already
observed in the literature, for instance for thasgl wool (M" = 1.34) and
rock wool (M” = 2.84) samples studied in R§1], Table 2. The large
deviations from unity for the thermal shape factoeveal the striking
importance ofk(') parameter in the accurate description of the feeqy-
dependent thermal dissipation effects (see alses.F&y and 10 of the
previously mentioned reference). Once again, atesamomputed shape
factors P and P’ well below one (0.29 - 0.4), titeet of a, and a, is
strong and produced on a large frequency range. Qight therefore
expect a frequency-dependent acoustical macro-behaxith the JCAPL
model for the three real foam samples under stutlichvcould be very
distinct from the one described by the JCAL modéie computed values
of IZ(a)) and Aq(a)) are of different magnitudes, especially around and
after the viscous transition frequencies (since Ithe frequency behavior
of IZ(a)) is essentially governed bl ). Despite the simplicity of the local
geometry model used to study the multi-scale adoysmtoperties of real
foam samples predominantly open-cell, there islatinely good agreement
between computed (present microstructural methoaasured (impedance
tgbe measurements), and characterized dynamic igeant Izeq(a)),
keq'(a)), and Aj(a)). Furthermore, the general trend given in term of
normal incidence sound absorption coefficient byr ouicrostructural
approach appears as being particularly relevantgihotice that it requires
only @ and Kk, asinput parameters, and proceeds without any adjlestab
parameter.
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Discrepancies between measured and computed sdsulpdion
coefficient at normal incidence can be primarilypined from the
comparison of a set of parameters obtained fromarigal results and from
the characterization methadported in Tab. 3.3; namel', A, a,, and
k('). Note, however, that this comparison is limited the fact that the
characterization method is JCAL model-dependendnfthat comparison,
it can be seen that:

- @, is slightly underestimated by the numerical result

- N\' is slightly overestimated by the numerical resfitisR; and
Rs, but overestimated by around 44% fos, R
- N\ is overestimated by a factor between 1.6 and 2.4;

- ko' is underestimated (around 40% for all results).

Considering primarily visco-inertial dissipation gslomena, the
most significant difference is the large overestiora provided forA. This
means that, at high frequencies, the windows sizéhe local geometry
model, which respectively plays the role of weigltithe velocity field for
N\ and rapid section changing far, by their small openings (the squares
in the case of a truncated octahedron unit-celly, presumably
overestimated by a monodisperse, isotropic, and lnane-free local
geometry model. Consequently, an improvement of ldwal geometry
model would result in the introduction of a secosel of characteristic
sizes.
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Figure 3.14. (a) Normal incidence sound absorption coefficient, (b) dynamic
viscous permeability k(f) , and (c) dynamic thermal permeability k'(f) for

foam sample R;: Comparison between measurements (Ref. [59]), characterization
(Ref. [60] and [61] combined with JCAL model described in Appendix 3.2.1.B),
and computations (this work). The errors of the characterizations of the transition

frequencies Af, and Af; follow from the errors of the measurements of o, @, k0

and from the errors of the characterizations of @_and K ', through Gauss’ law of
error propagation. Sample thickness: 25 mm.
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Figure 3.15. (a) Normal incidence sound absorption coefficient, (b) dynamic
viscous permeability k(f) , and (c) dynamic thermal permeability k'(f) for

foam sample R,: Comparison between measurements (Ref. [59]), characterization
(Ref. [60] and [61] combined with JCAL model described in Appendix 3.2.1.B),
and computations (this work). The errors of the characterizations of the transition

frequencies Af, and Af; follow from the errors of the measurements of o, @, k0

and from the errors of the characterizations of @_and K ', through Gauss’ law of
error propagation. Sample thickness: 15 mm.
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Figure 3.16. (a) Normal incidence sound absorption coefficient, (b) dynamic
viscous permeability k(f) , and (c) dynamic thermal permeability k'(f) for
foam sample R3: Comparison between measurements (Ref. [59]), characterization
(Ref. [60] and [61] combined with JCAL model described in Appendix 3.2.1.B),
and computations (this work). The errors of the characterizations of the transition
frequencies Af, and Af; follow from the errors of the measurements of o, @, K,
and from the errors of the characterizations of & _and k0 ', through Gauss’ law of

error propagation. Sample thickness: 15 mm.
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A local geometry model having ligaments with conedriangular
cross-section shapes and a fillet at the cusps alss implemented (not
detailed here). For circular cross-section shaples, deviations between
computed and characterized thermal lengths arénerotder of 15%, 44%,
and 9%; for foam samples;RR,, and R, respectively (Tab. 3.3). It is also
worth to mention that taking into account the inreamcave triangular
nature of the ligament cross-section shapes reddisesepancies between
computed and characterized thermal lengths, siheer¢lative differences
were found to decrease to 3%, 25%, and 8%, respdygtiThe erroneous
underestimation of therf ratio introduced by the circular cross-section
shape model does not exceed 10%.

A’ large overestimation for Rmight be due to the cell elongation
of the real foam sample (see next section for elhgation evidences).
Indeed, from a purely geometrical point of viewcén be shown by using
an elongated tetrakaidecahedron unit cell md&lthat a cell elongation
of the tetrakaidecahedron may be obtained withowodification of the
ligaments lengths and thicknesses if there is aneimse of the inclination
angle® (which defines the orientation of the hexagonalefawith respect
to the rise direction as well as the obtuse andlehe vertical diamond
faces, ). By doing so, on can analytically derive a momatodecreasing
thermal lengthA’ with increasing degree of anisotropy (noted belDw).
For instanceA’ = 350 um with DA = 1.79.

It is further fruitful for our purpose to think abobthe implications
of a thermal reticulation process on the cellulasrphology of real foam
samples. During the thermal reticulation proceshjgin temperature, high
speed flame front removes most of the cell memlsdranm the foam. This
process melts the cell membranes, occurs as thebnagms have a high
surface area to mass ratio, and fuses them arcdwndntin cell ligaments.
Consequently, membranes associated to large wingomepredominantly
depolymerised, and membranes attached to the sshalladows tend to be
maintained. As a result, even apparently membrase-foam samples
conserve very small apertures around the smallesdows. This could
explain why the open cell PUC generates an ovenaston of the viscous
length (by around 65%) for foam sample R

The purpose of the following is to examine morertughly the
microstructure in order to provide some means aimedmproving the
methodology.
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3.2.1.5.2. Keys for further improvements of the methodology

A supplementary visual cell inspection is givenddgctron micrographs at
very low magnification, as presented in Fig. 3.These pictures were
obtained by using an Environmental Scanning Electrigicroscope
(ESEM), S-3000N HITACHI, using an accelerating aglé¢ of 5 or 15 kV,
available at Université de Sherbrooke. The chargstie ligament length.,
obtained for the periodic cell is reported on thienmgraphs, which allows
a first visual comparison between observed and caeatpcell size.

Another element of discussion is provided in Figll3where the
distribution of the measured ligament lengths igoréed (together with its
mean valuelL,, ), simultaneously with the length. obtained from the
numerical results and from the calibration comimani (k,, @).

The characteristic ligament length of the local geometry model
provides a basis for understanding the influenceertain local geometry
features, such as membrane effects and cell aopgtron the static
viscous permeability of the real foam samples —comnnection with
ligaments length distribution.

More precisely, if the distribution of the ligametgngths is
sharply peaked, one would expect the overall sydiehavior to be similar
to that of the individual elements. This is a cgnfiation close to the one
observed for foam sampleszRwhere only isolated residual membranes
(thermal reticulation process) and no specific celbngation were
observed, as illustrated on the electron microgriaphRig. 3.17(c); and for
which the distribution of the ligaments length cambg horizontal and
vertical surfaces is relatively sharp (see Figl3dp right). As a result, the
ligaments length of the local geometry model folarfo sample R is
(actually lower and) relatively close to the avesdgalue measured on the
micrographs, especially for the horizontal surfatkrough which
permeability measurements were performed € 158um, L ., = 167
um, andl ., /L. = 1.06).

On the other hand, if the distribution is broadsrsaown for foam
sample Rin Fig. 3.11 (top center), because of cell elorgats it can be
seen on Fig. 3.17(b), the critical path - made tg $mall windows at the
openings of the cells - is expected to dominate Kig. 3.11, for the
horizontal surfacel,,, = 227um, wheread . = 141um, and L, / Lcis
now equal to 1.61).
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Figure 3.17. Typical scanning electron microscope images of real foam samples.
(a) Ry, showing a relatively great number of membranes (indicated by arrows)
compared to R, and R; foams. (b) R,, having a degree of anisotropy equal to 1.75
as illustrated with a superimposed ellipse. (c) Rs, exhibits only few isolated
residual membranes (thermal reticulation process), with rather spherical pore
shapes (schematically represented by a circle). For each real foam sample, a line
corresponding to the specific length L. clearly shows the typical size of an opening
which could participate to a critical path.
Similarly, as observed for foam samplg R Fig. 3.17(a), the

presence of membranes occludes or significantlyced the size of some
windows which might belong to unit-cells in the €$aof local permeability
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sitesk; (in the sense of critical path considerations, Appendix 3.2.1.A)
much greater, or of the order &f. This has in addition the effect of
disconnecting some critical subnetworks. In thitelacase, the unit-cells
which were belonging to the permeability sites wkp<k;, may now
significantly contribute by participating in a newritical subnetwork,
lowering drasticallyk; (in Fig. 3.11, for the horizontal surfack, ,,, = 193
um, wheread . = 123um, and L, / L. gives 1.57).

As explained before, reporting the value lof on the electron
micrograph of Fig. 3.17 can illustrate what is tlypical size of a critical
path opening. It is also worth mentioning tha@andD, = (2V2)L. provide a
rather reliable rough estimate of the characterizallies for A and A'
respectively (see Tab. 3.4). This tends to confin@ customarily assumed
idea that the small openings (windows) and the pitself (cell) are
respectively associated to viscous and thermalighsion effects. What
could be the consequences of isotropy and fullicoddated cells
assumptions related to Egs. (3.30) and (3.31) & dhtermination of the
PUC sizes ? (1) An elongation of a fully reticultenit cell (obtained by
an increase of the inclination andle would presumably not significantly
modify the critical sizes in the longitudinal ditean, and accordingly nor
the above mentioned characterized viscous and tdedength rough
estimates (only a slight reduction in the thermealdth is anticipated - see
Sec. 3.2.1.5.1). But a permeability reduction, éodharacterized (see Sec.
3.2.1.3.4), might be anticipated in the transvedsection. (2) Ignoring
membranes results in a significant artificial redaic of bothr. and L,
compared to the PUC sizes that would be obtainedificisotropic unit cell
with non fully reticulated membranes (Rase). In this last situation, it
seems reasonable to infer the following rules afibs:A ~ L. - 2(r; + 9),
where/ is taken as a typical membrane size; aick 2(LV2 - ro), where
the inequality would tend to a strict equality o> 0.

Characteristic

lengths Method R R, R;
L. (um) 123 141 158
D = (2V2)L (Um) 348 399 447
A (um) Computations 297 (-59%) 279 (-49 %) 373 (-58%)
CharacterizatioA 129 (-5%) 118 (+19%) 226 (-30%)
A" (um) Computations 506 (-31%) 477 (-16%) 647 (-31%)
Characterizatio 440 (-21%) 330 (+21%) 594 (-25%)
*Referencd60].
"Referencd61].

Table 3.4. Local characteristic lengths L. and D. of the reconstructed idealized unit
cells compared to macroscopic viscous and thermal characteristic lengths A and A'
for the three polyurethane foam samples R;, R;, and Rs;. Parentheses indicate the
relative difference when L. is compared to /A, and D. is compared to A'.
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3.2.1.6. Additional justification and validation of the proposed method

What could be the microstructural characteristiogths governing the
long-wavelengths acoustic properties of real mddses foam samples?
This is a question dominating the studies on therophysical basis behind
transport phenomena we addressed from critical pattsiderations in the
present paper. In other words, why should we use mtew method

presented in Fig. 3.18(b) compared to the one pitedein Fig. 3.18(a)?
And can we really base our understanding of thenfeaoustic behavior on
the L, parameter? To answer these questions and thusnmenthe reader
to use the method presented here, a conceptugbrantical justification is

given, and an analysis of the uncertainties asseditoL. determination is

then provided.

3.2.1.6.1. Conceptual and practical justification

The characteristic lengths governing transport aodustic properties of
real foam samples depend on the distributions sép@nd window sizes.
Although they might be determined from the averagéie of numerous
cells captured with microtomograph§? (Fig. 3.18(a)), this would be
justified only in the specific case of sharply pedldistributiong?! (when
the averaged and critical lengths coincide, Fig13;). Furthermore, even
if the pore and window size distributions of thalr@orous system to be
analyzed are sharply peaked, the approach presémtdds paper for the
analysis of transport and acoustic properties @ morous media allows
circumventing microtomography techniques, which aamnot commonly
available and time consuming. Our work was inspiogcritical-path ideas
borrowed from statistical physics!®® For instance, critical path
considerations suggest that viscous fluid transporta real system of
polyhedral open cells with a broad distribution lidament lengths is
dominated by those polyhedral cells of permeaksitgreater than some
critical valuek. and thus by their corresponding critical ligambargthL..
The critical permeabilityk; represents the largest permeability, such that
the set of permeabilitieskjk>k.} still forms an infinite, connected cluster.
Hence, viscous transport in such a system reducasctitical path problem
with threshold valueé.. We thus interpreted viscous transport within foam
pore spaces in terms of these critical path ideaserder to identify what
could be a basic ingredient to the microstructlkey linkages governing
the long-wavelengths acoustic properties of reatiombess foam samples
(necessary but not sufficient, see Sec. 3.2.1.%)ceSthe local viscous
permeability is a function of the ligament length the threshold
permeabilityk. defines a critical length., which is a length that was
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(a) Method presented in Ref. 23

Microstructure Measurement PUC
(SEM, light microscopy, parameters
X-ray microtomography) (rnand L,)

(b) Method presented in this paper

Porosity Eq. (1) FEM
measurement L/2r ka, S
¢
- Egs. (1)
Permeability Thermal and (2) PUC
measurement length parameters
ko A (rand L)

Figure 3.18. Schematic comparison between two different methods leading to
the Periodic Unit Cell parameters (PUC) expressed as: (a) the average ligament
lengths L, and thicknesses 2r,; or, alternatively, (b) the ligament lengths L and
thicknesses 2r governing the permeability k0 of the real foam sample under study

and interpreted in terms of critical characteristic lengths.

identified from measurements of the viscous perniggbk, over a real
foam sample. Moreover, the length that marks thenpability threshold in
the critical viscous permeability problem also de§ the threshold in the
experimental viscous permeability case; see AppeBd.1.A. This means
that, in generalL. for the viscous permeability is different from the
averaged ligament lengths,. In other words, the very long ligaments have
an excessive weight in the computation of the predi permeability,
except if the distribution of the ligament lengtisssharply peaked, Fig.
3.11 R. This property is quantitatively illustrated beloWec. 3.2.1.6.2.
We derived some general results concerning thetiosiship between
experimental permeabilitiy, and critical ligament length. by specifying
the functionk, = f (L.) for a given polyhedral shape. These relationships
hold as long as the cellular shape of the locahggetoy model is compatible
with real foam samples.

3.2.1.6.2. Quantitative validation through uncertainty analysis

To confirm further the correspondence between érpmrt and modeling,

we tested that the computation of the normal incode sound absorbing
behavior with the average ligament lendtf and thickness 12, as direct

input parameters for the local geometry model diglies the agreement
(Figs. 3.19 and 3.20), except for a real foam sampthibiting a rather
sharply peaked ligament length distribution witlolsded membranes and
anisotropy (Fig. 3.21). Only in this last case, ngsidirectly measured
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ligament lengthd., = 157 (x 19) um and thicknesses,2= 25 (£ 10) um
as input parameters to the local geometry modelesses the agreement
without any adjustable parameter; see Appendix 132. for the
measurement procedure of the ligament thicknesBesiark that in the
computations, JCAPL model was used. Adding to tloeleh experimental
uncertainties fork, and @ helps improving the correspondence between
experiments and modeling::R@ , k), R (¢, k), R (¢, k,');
where subscripts - and + are used to designatéother and upper bounds
of related quantities with respect to some expenitaleuncertainties (0.01
for porosity, 10 % of the mean measured value farnmability).
Introducing concave triangular cross-section shapéb a fillet at the
cusps instead of circular cross-section shapeshe model does not
significantly modify the overall acoustical macreHavior. This, and the
results above justify and validate the proposedhmetand indicate that it
captures the essential physics of the asymptotig-flequency fluid-
structure interactions in a real foam sample.

Measurements
Characterization
0 9 || —e— Computations: (¢, kn)

—&6— Computations: (¢ -, k;-)

T +— Computations: (¢ +, k;+)
~ 0.8 —2a—c Triangular
—¥— Microstructure measurements

0.7+

0.5

0.4

Sound Absorption Coefficient

v i I i I i I j
0 500 1000 1500 2000 2500 3000 3500 4000
Frequency, f (Hz)

Figure 3.19. Normal incidence sound absorption coefficient for foam sample R;.
Comparison between measurements (Ref. [59]), characterization (Ref. [60] and
[61] combined with models described in Appendix 3.2.1.B), and computations
(this work). Adding to the model experimental uncertainties for k0 and @ helps
improving the correspondence between experiments and modeling. Direct
microstructure measurements are also used as input parameters of the three-
dimensional local geometry model. The triangular cross-section shapes local
model does not significantly modify the overall sound absorbing behavior. Sample

thickness: 25 mm.
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Figure 3.20. Normal incidence sound absorption coefficient for foam sample R,. Comparison
between measurements (Ref. [59]), characterization (Ref. [60] and [61] combined with models
described in Appendix 3.2.1.B), and computations (this work). Adding to the model experimental
uncertainties for k0 and @ helps improving the correspondence between experiments and
modeling. Direct microstructure measurements are also used as input parameters of the three-
dimensional local geometry model. The triangular cross-section shapes local model does not

significantly modify the overall sound absorbing behavior. Sample thickness: 15 mm.
1*
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Figure 3.19. Normal incidence sound absorption coefficient for foam sample R;. Comparison
between measurements (Ref. [59]), characterization (Ref. [60] and [61] combined with models
described in Appendix 3.2.1.B), and computations (this work). Adding to the model experimental
uncertainties for k0 and @ helps improving the correspondence between experiments and
modeling. Direct microstructure measurements are also used as input parameters of the three-
dimensional local geometry model. The triangular cross-section shapes local model does not

significantly modify the overall sound absorbing behavior. Sample thickness: 15 mm.
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3.2.1.7. Conclusion

A three-dimensional idealized periodic unit-cellU®) based method to
obtain the acoustic properties of three predomiyampen-cell foam
samples was described. The first step was to peothd local characteristic
lengths of the representative unit cell. For ispicoopen cell foams, two
input parameters were required, the porosity and #tatic viscous
(hydraulic) permeability. Long-wavelengths acoustproperties were
derived from the three-dimensional reconstructedCPhy solving the
boundary value problems governing the micro-scatgpagation and visco-
thermal dissipation phenomena with adequate peariodioundary
conditions, and further field phase averaging. Tdmmputed acoustic
properties of the foams were found to be in relywood agreement with
standing wave tube measurements. A close exammatiathe real foam
sample ligament length distribution as observednfrmicrographs, and its
comparison with the characteristic size of the logaometry model,
showed evidences of membrane and cellular anisptefifects discussed by
means of critical path considerations. In summavg, have developed a
microcellular approach in which the local charaistge lengthL. governing
the static viscous permeability of a real foam skengan be identified; and
from which rough estimates of the viscoflsand thermal lengthg\' may
follow (small openings and pore size itself). Thegell picture that
emerges from that work is that the acoustical raspoof these materials is
governed by their three-dimensional micro-cellutaorphology, for which
an idealized unit-cell based method is a convenfeamnework of multi-
scale analysis displaying the microgeometry featuraving a significant
impact on the overall response function of the psrmedia.

The deviations between numerical and experimersllts in the
high frequency range were related to membrane amsotopy effects,
which were not taken into account by a simple thilaeensional non-
elongated and open-cell geometry model. It was shtihwough preliminary
simulations that the deviations were therefore ifigantly reduced when
the three-dimensional unit-cell was allowed to présmembranes at the
peripheral of its windows, and forced to follow tkongation of the real
foam sample as measured from microscopy. This owmsfithe validity of
the proposed approach, and indicates that it capttite essential physics
of the fluid-structure interactions in a real fo@mample. In a forthcoming
paper, it will be shown that the predictions ofnigport parameters and
long-wavelength acoustical macro-behavior are icedlgnt agreement with
measurements for three-dimensional membrane-badedgated local
geometry models exhibiting the essential featuréseal foam sample
microstructures having a significant impact at tipper scale.
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A. Critical path considerations

The purpose of this appendix is to present howr&ital path argument”
can be used for helping to estimate the charattedsmensions of a three-
dimensional unit-cell which can represent at thetlike physics occurring
through a real foam sample having a macro-scaldicstaiscous
permeability k,. Following Ambegaokar, Halperin, and Lang&?®¥ for
the explanation of the hopping conductivity in didered semiconductors,
it is useful to think for our purpose, of a reabfo sample as a network of
randomly distributed unit-cells with a broad dibtriion of ligament
lengthsL and having polyhedral shapes linked between twessiandj by
local permeabilitiesk;. In general, any unit-cell in the network will be
connected by an appreciably large permeability dolyts close neighbors,
and the discussion of the possible applicability &f simple three-
dimensional unit-cell to model the over-all statiscous permeabilityk,

of a real foam sample involves the relations betwaeset of such sites.
Obviously, the geometry does not correspond to gation threshold,
but some features of random media used in perocwaiudies can be of
use here. In this picture, the correct choice fu tharacteristic unit-cell
corresponds to the critical permeabilkysuch that the subset of unit-cells
with kj > k. still contains a connected network which spans ¢hnére
sample. Since the local viscous permeability isumacfion of the length.
the threshold permeability. defines a characteristic length

The reasoning behind this statement is as followseal foam
sample can be considered as composed of three parts
(i) A set of isolated regions of high permeabiligach region consisting of
a group of unit-cells with long ligament lengthsdgrermeabilities; >> k..
(ii) A relatively small number of resistive unitdt® with k; of orderk; and
ligament lengths of ordek., which connect together a subset of the high
permeability clusters to form an infinite networkigh spans the system.
The set of unit-cells in categories (i) and (i}t critical subnetwork.

(iif) The remaining unit-cells with; <<k andL <<L..

The permeabilities in category (i) and their copmsding
ligament lengths could all be set equal to infinitithout greatly affecting
the total permeability - the permeability wouldllsbe finite because the
flow has to pass through unit-cells with permeaigt of orderk. and
ligament lengths of orddr, to get from one end of the sample to the other.
On the other end, the unit-cells wikh << k. andL << L. make a negligible
contribution to the permeability because they dfectively shorted out by
the critical subnetwork of unit-cells witk; > k. andL > L.. It is now clear
that the unit-cells with permeabilities of order and ligament lengths of
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orderL. determine the permeability of the real foam saniglei.e. k. = k,
andL = L..

In contrast, the choice of a length in the neighload of the
averaged ligament lengthd would alter the value of the predicted
permeability from the exaggerated contribution lod wery large ligaments
and would not be directly relevant to the repreagwé unit-cell for the
viscous flow.

B. Different levels in modeling the acoustics of porous media

To describe the macro-scale acoustic propertiesgad-frame air-saturated
porous media, the knowledge of two complé&) response factors are
required. The dynamic tortuositg; (w) is defined by analogy with the
response of an ideal (non-viscous) fluid for which is real-valued and
frequency independent,

L= G, . (3.50)

a;(w)=p (0)/ @ is related to the dynamic viscous permeability by
a; (w)=vplidk (. In these expressionsp, (w) is the effective
density of air in the poresp, is the density of air at rest, and=7/p, is
the air kinematic viscosity.

Similarly, a compressibility effect is also obsedvat macro-scale
in the acoustic response of a thermo-conductingl ffilled porous media,
where a second convenient response factor is threnalized dynamic
compressibility ,[;’(a)) which varies from the isothermal to the adiabatic
value when frequency increases,

P20 _ g, 351

a

Here, B(w)=K,/K(«) is directly related to the dynamic
(scalar) thermal permeability*” by means of the relation
B(w)=y-(y-1)i &'( @/ v ¢ In these equationK (w) is the effective
dynamic bulk modulus of air in the pore&, = yP, is the air adiabatic
bulk modulus, P, the atmospheric pressurg,= Cp I C, is the specific heat
ratio at constant temperature, =« / 0,C,, andC, andC, are the specific
heat capacity at constant pressure and volume.

With a locally plane interface, having no fractdlacacter, the
long-wavelength frequency dependence of the vitesmal response
factors @, (a)) and B(a)) have to respect definite and relatively universal
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behaviors 21228 (ngamely causality through the Kramers-Kronig

relation), similarly to models used for relaxatiphenomena in dielectric
properties. The equivalent dynamic tortuosity ot tmaterial and the
equivalent dynamic compressibility of the material are
O (w) = (w)/ @ and By(w) = ¢4 &).

Simple analytic admissible functions for the flyptiase effective
properties forisotropic porous media respecting the causality conditions
are

i(w)=a. [1—_if(w)] Ble) = v y—:)[l__llf (w)T, (3.52)

| o

where f and f' are form functions defined by

1c(w)=1-F’+P,/1+2'\;')2 i@, f(w)=1—P'+P'/1+%iw, (3.53)

and w and @' are dimensionless viscous and thermal angulaufeges
given by the following expressions,

a
w:gﬁ, w’:ﬁ)

" (3.54)

The quantitiesM , M', P and P' are dimensionless shape factors,

:&(O#, M ':ﬁ’ P:L’ P ‘:M—
N ) 4(%_1j 4(a,-1)"  (3.55)
a,

« For M'=P=P'=1 (with the requirement thatk, =@A?/8), the
dynamic visco-inertial and thermal response funwtioceduce to a 5
parameters @, k,, a., A\, A') named throughout the paper as
“Johnson-Champoux-Allard” [JCA] model.

« When the requirementk, =@A?/8 is not fulfilled, k, must be

explicitly taken into account, this is the 6 paraere “Johnson-
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Champoux-Allard-Lafarge” [JCAL] model, wher®l ' may differ from
unity.

« A complete model relies on 8 parametegs, (,, k0 a,, \, \', a,,

and a'c')) and correctly matches the frequency dependenceeffirst

two leading terms of the exact result for both hagtd low frequencies.
This is the refined “Johnson-Champoux-Allard-Pricsfarge” [JCAPL]

model.

Looking for plane waves solutions varying &xp[i (at —Gx)],
Egs. (3.50) and (3.51) yield the equivalent dynaméave numberd,, (w)
of the material and equivalent characteristic ingrext Zeq(a)) of the

material
- N - e s [ O (w 2
ol a(@a(d] 2T ac [ o
a eq

Thus, @,,(w) and B,,(w) provide all pertinent information on
the propagation and dissipation phenomena in thivatent homogeneous
material. Assuming an absorbing porous layer afkhessL that isbacked
by a rigid wall, the normal incidence sound absiomptoefficient is

2

Z, -1
Z, +1

A =1- (3.57)

with the normalized surface impedance of the poroesgium defined as

7
== coth( i, ). (3.58)
PoCo

Z

sn

wherec, is the sound speed in air.

Appendix 3.2.1.C. Ligament thicknesses measurement procedure
An estimation of the ligament thicknesses was ptedi through
complementary measurements on SEM. Ligament tleis&krmeasurements
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were performed on two perpendicular cross-sectimnsach foam sample,
on the basis of 10 SEM for each perpendicular esesgion. These pictures
were obtained with an Environmental Scanning ElattrMicroscope
(ESEM), Electroscan E3 available at Laboratoire @at@riaux et
Environnement from Université Paris-Est, using anederating voltage of
20 or 30 kV, with a lanthanum hexaboride (lpBathodes electron source.
Using a typical magnification, spanning from x 15@ x 200,
measurements were carried out at the center oflitments (at the
midpoint between two nodes). Note that the lighheocsituated at the
peripheral of the ligaments, and attributed to meanbs, was deliberately
ignored during measurements. This is consistert tyipical dimensions of
observable transverse cross-sections. For each fmmple, the average
ligament thickness estimates yield;, Rry = 31 £ 7um (2r; = 19 = 7um);
Ry, 2r2=36 £ 8um (2r; = 27 £ 7um); Rs, 2rpz= 30 £ 6um (2r3 =25+ 10
um). Note that there is a reasonable agreement leetve®mputed and
measured ligament thickness estimates providingdstal deviations.
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3.2.2.

Identification d’'une seconde taille critique de la géométrie locale

Pour modéliser les effets de membrane sur les i@y de transport
d’échantillons réels de mousse, une stratégie titéraa été retenue. Le
point de départ est une cellule tridimensionnelEnss membrane, tel
gu'explicité a la section précédente. Ensuite, ait Eroitre le taux de
fermeture de membranes, d’'un incrément égal & wvaetiobn de taille de
fenétres. La porosité de la cellule tridimensiotmehinsi modifiée est
guasi-inchangée. En revanche, pour conserver laméedilité de
I’échantillon réel, la taille de la cellule modétwit étre augmentée. Le
processus itératif est arrété lorsque la longuas ltcgaments de la cellule
modéle est comparable a celle mesurée en moyennkéshantillon réel
de mousse. Pour faciliter la comparaison avec armetres de transport
caractérisés*®!l |es propriétés acoustiques sont cette fois estSmEar
un modele de Johnson-Lafarge avec un bon accordriemental (tube de
44,5 mm de diametre, échantillon placé en fondddaginorme ISO 10534).

De plus, la perméabilité statique thermique s’avegére
I'indicateur le plus sensible au contenu membrandigs échantillons réels
de mousse parmi ceux testés, ce qui en fait unnpetre de choix pour la
modélisation des films solide.

Ce travail clot la modélisation des parametres dengports
d’échantillons réels de mousses. Il est publié dares revue internationale
a comité de lecture dont la référence est :

M. T. Hoang and C. Perrot, Solid films and transpsrin cellular foams,
Journal of Applied Physics, 112, 054911-6 (201%).

Remarque visant a clarifier le dernier paragrapbkelal page 108. Si on
travaille sur une cellule isolée, on s’apercoitce@éant un réseau de cellules
gu'il manque des membranes sur certaines faces. Ipesnbranes

susceptibles d’étre oubliées sont au nombre de @&@r pune cellule

complete. Et elles se situent sur les plans médimnsparallélépipede

cubique dans lequel la cellule est inscrite. Vag.R1.
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Fig. R1. Illustration d’un pavage de cellules périodiques. La membrane

mentionnée est indiquée par un circle rouge, (a) vue 3D et (b) vue 2D.
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We show that critical path ideas lead to the ideation of two local
characteristic sizes for the long wavelength adoustoperties in cellular
solids, the pore and throat sizes. Application loé model to real foam
samples which may contain solid films or membragedds quantitative
agreement between a finite-element numerical homiagéon approach
and experimental results. From three routinely k¢ laboratory
measurements: the open porositythe static viscous permeabilikg, and
the average struts length, obtained from microscopy analysis; asymptotic
transport parameters at high-frequencies and threnaloincidence sound
absorption coefficient are derived with no adjustgilarameters.

3.2.2.1 Introduction

Solid films or membranes in real porous media sashpolyurethane or
metallic foams only account for a very small fractiof material in the
overall mass of the porous media. Yet, their rolgghth be of primary
importance in the understanding of transport anduatical properties of
these foams. As a long wavelength wave propag#tesyisco-inertial and
thermal interactions between the disordered intemected pores and the
surrounding air pose a fundamental physical chgkenin the
microstructural identification of features whicheacharacteristic of the
overall transport phenomena. Part of the solutibthis problem lies in the
fact that the overall dissipation of the real parounedia is expected to be
dominated by a few key linkad&%® responsible for the main energy
dissipation mechanisms; and in the successful ifleation of the critical-
path responsible for viscous on#s.Here, we demonstrate that a
complementary part of the solution involves thedistructure interaction
between the (thermally conducting) air inside thieiconnected pores and
the membranes that partially close them. Usingdimilement analysis on a
periodic unit-cell local geometry model, experimantestimations of
transport parameters, and high resolution imagingeal foam samples, we
characterize the closure rate of membranes at thectipn between
interconnected pores. We find that the presenceoofclosed membranes
between pores effectively corresponds to the intotidn of a second set of
critical characteristic sizes, which governs theertial effects and
meanwhile enables a correct description of the rnia¢rones. For an
increasing rate of semi-open membranes, becautieedfct that the throat
size reduces, then the length which has been identified as a weighted
volume-to-surface ratio for the porous medium diisies, whereas the
infinite tortuosity factora,_ increases as a result of strong cross section
changes'? An increasing membrane closure rate produces angér
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contrast between two distinctive critical charaisic sizes inside one
periodic unit-cell, the size of a pore itself anthet size of the
interconnections between pores, which providesadirsg behavior of real
polyurethane foam samples for both viscous andtimerffects. The
presence of membranes also favors surface effewiwik to have a strong
influence in transport phenomena such as diffusiomtrolled reactions. As
characterized from the low frequency asymptotic ehédr of thermal
exchanges between the solid frame and the surrogngir measured in a
standing wave tube, the trapping constahts 1ky' of the real foam
samples tend to agree well with the ones simuldtech the previously
identified visco-inertial scaling behavior of thaittcells. A combination of
advanced experiments and detailed numerical mogedinfluid-structure
interactions at the pore scale reveals the basicrasiructural features
behind transport phenomena and shows quantitativedw these thin
elements are crucial to the correct microstructutakcription of long-
wavelengths acoustic waves’ propagation and dissipain real foam
samples.

3.2.2.2 Materials and method
A three-dimensional cellular solid or foam is ameirtonnected network of
solid struts or plates forming the edges or fadggaotyhedra which pack to
fill space. Foamed or cellular solids may be clisdiaccording to the type
of cell structures: open-cell if the solid of whidche foam is made is
contained in the cell edges only, closed-cell iiddanembranes close off
the cell faces too. In many types of foams, this #kin framed by thicker
edges is partially open and partially closed. Qaief controlling the
closure rate of membranes at the junction betwewerdéonnected pores
allows for the fine tuning of foam transport andoastical properties.
When an acoustic wave propagates through an airatad porous media
having a motionless and isothermal skeleton, thegqudency-dependent
interplay between viscosity and inertia, and thdroanduction produce a
spatial gradient of fluid velocity and temperatuagid the shear combined
with heat transfer between successive layers afl faauses compression
wave attenuation. “SM47ME8LTT The  characteristic  lengths  of the
compression waves created by an oscillating badwhich the main visco-
inertial and thermal dissipation processes occug tlae sizes of the viscous
and thermal boundary layers. They respectivelyeseal«/% andVVv'/o ,
in which v = n/po is the fluid’s cinematic viscosityy’ = «/poC, is its
thermal diffusivity, ® is the angular frequency of motion; and wherés
the fluid’s dynamic viscosityp is its density at restg is its thermal
conductivity, G is the specific heat at constant pressure. Forllsma
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perturbations, because the wavelengtaf the incident compression wave
greatly exceeds the typical pore siReof the motionless porous media at
audible frequencies, visco-inertial motions andrtha& conduction can be
decoupled within a pore. On the other hand, theteldehavior of the solid
matrix may be subsequently incorporated as an imadit pressure source
term for the fluid flow. The viscous forces at lofrequencies (Stokes
flow), inertial forces at high frequencies (potahtilow formally identical
to electric conduction), and thermal conductioricat frequencies (similar
to diffusion-controlled reactions) together detammiall the transport
parameters within a porous material.

Although ligament lengths distributions can be mead directly
from microscopy analysis techniquésa quantitative appreciation of the
critical size governing low-Reynolds number hydrodgics in real foam
samples can be obtained from the associated peilitgaf-ig. 3.20).
When a viscous fluid moves through a three-dimemaigperiodic local
geometry model of opened-cell solid foam structane, ligament length of
the unit cell with the same average permeabilitglisays lower or equal to
the average length measured from microscopy amaly§ine might
therefore expect a significant local geometry featior the real solid foam
samples omitted in the model. Indeed, a carefuleokzstion of the real
foam samples microstructure from micrographs maseaé residual solid
films (at the periphery of the foam ligaments). Bese we computed the
permeability for three-dimensional periodic unitllsethat lacked solid
films, the corresponding values of the ligamentglihnare about a half of
the ones typically reported from micrographs on -figfy reticulated real
foam samples. We note that these solid film corst@mé also significant on
other transport parameters related to inertial fiwd diffusion-controlled
reactions. The large differences between the tramisparameters for an
open cell and for a partially closed-cell of thrdiesensional local
geometry models with identical viscous permeabiligveal the striking
role that solid films in real polymeric foam samplmay play in the visco-
inertial and thermal dissipation processes involdeding acoustic wave
propagation in polymeric foams at audible frequenci
The first-principles calculation procedures of spaort properties from a
non-dimensional unit cell have been descriBedAlthough audible
frequency sound waves propagating through air-aéedr rigid porous
media may be sensitive to a large range of localnggry characteristic
sizes, their frequency-dependent macro-behaviarsgentially determined
by visco-inertial asymptotic transport parametersd atheir thermal
counterparts. To estimate these transport parasjetee constructed a
microstructure model of a solid foam unit-cell widir as a Newtonian
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Fig. 3.20. Structure and sound-absorbing properties of three real polyurethane foam samples.
(a) A scanning electron micrograph of a polyurethane foam sample illustrates a number of semi-
open or even closed membranes, at the interconnection between pores which are filled with air,
a visco-thermal fluid. The calibration bar corresponds to 1 mm. Right: a schematic diagram
depicts a single idealized periodic unit cell of polyurethane foam, without membranes at the
fringe of its struts. (b) Ligament lengths distributions for three real foam samples (namely Ry,

R,, and R; from left to right) together with superimposed average values of the experimental
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measurements L, (red circle) and the ligament length of the opened-cell solid foam structure
with the same average permeability (green triangle) convey the impression of a missing
microstructural ingredient in the periodic unit cell. This is confirmed by the computed sound
absorption with the unit cell containing membranes (bottom). Computations were performed
using first principles calculations of transport parameters, and Johnson et al. 2} combined with
Lafarge et al. '7! semi-phenomenological robust models. The thicknesses of the real

polyurethane foam samples are 25 mm, 15 mm, and 15 mm, respectively from left to right.

viscous and thermally conducting filling liquid, gaerving the scaling
between the physical quantities of importance ire tlow-frequency
asymptotic behavior (porosity and quasi-static eisc permeability). A
simplified three-dimensional local geometry moddl the opened-cell
structure of polyurethane foam samples in whichk8soequations were
solved was used to provide the initial charactaridigament length
estimateL.. A solid film was implemented at growing rates/& = §,,,,/20
while the unit-cell was rescaled to account for fHm frictional forces,
until ligament lengthL is converged (Fig. 3.21). We estimated the trartspo
parameters for the non-fully reticulated modelstloé polyurethane foam
samples, which are in much better agreement than othes computed
without solid films compared to standing waves tubeasurements (Table
3.5). This agreement demonstration confirmed thetnea very small
content of solid films plays an important role imetoverall visco-inertial
and thermal dissipation phenomena, indicating thegpadrtance of this
particular local geometry feature in the identifioa of a representative
unit-cell.

Viscous transport becomes dominant in the low festy regime
and inertial transport becomes dominant in the fiiglquency regime of
long wavelength acoustic wave propagation in rigidrous media. To
guantify these transport properties as a functibeedlular morphology, a
finite-element model in which we could manipulate tsolid-film content
of the cellular structure while explicitly represiemg the velocity field in
and around the cellular morphology was used. Thedatsohave about 400
000 degrees of freedom and rigorously resolve iduad motion in the pore
structure of non-fully reticulated polymeric foamas well as the
temperature field outside the polymer films.

Due to the periodicity of the unit cell, 221/4 solid films are not
lying along the faces of the polyhedron, contratdythe 14 remaining ones
(Fig. 3.21). Here, the solid film thicknes®ver ligament thicknessr 2vas
mainly set to a constant ratit/2r ~ 1/20. The porosities were therefore
reduced to less than a percent when the solid filmee implemented. The
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Given: ¢, k,, L,

Determine elongation L/2r
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i=i+1

-
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4

Construct the non-dimensional ™ unit-cell D™ =1
from 6™9with 59 =iAs™

!

Compute macroscopic parameters from
non-dimensional unit-cell, in particular £¢®

'

Calculate D, I'” for a dimensional unit-cell
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Fig. 3.21. Solid film implementation in a three-dimensional opened-cell
model. (a) Illustration of a model with solid films implemented at the periphery
of the struts, this feature of the microgeometry introduces a supplementary
degree of freedom, from which a representative unit cell of the acoustical macro-

behavior is found. The closure rate of the solid films &/8max Mmay progress from an
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opened-cell structure without any solid film (& = 0) to a relatively closed-cell
structure when 8/dmax — 1 (Omax = L/2 - r), the throat size T, being the smallest
interconnecting size between opened cells. b, The first-principles calculation
procedures of transport properties from a non-dimensional unit cell have been
described.!?! Here, this iterative procedure illustrates the importance of porosity
¢, permeability ko; and average ligaments length L, measurements from which all
the macroscopic parameters of interest for a real cellular solid with solid film
content are computed without any adjustable constant. The reported macroscopic
parameters are computed with a closure increment Ad = dmax/20, and a relative

difference between modeled and measured ligament lengths € = 2 %.

finite element model with solid films replicatedethhermal length (mesh
guality), when calculated with a geometrical modahalytical solution).
Unlike the elastic properties in the deformabladé&ame model for which
the solid film thickness effect is strong, the filmckness in this instance
does not affect the transport coefficients. Thibegause the volume of the
solid films is comparable to the volume of the ddigaments (significant
role on the elastic properties), whereas the volwhehe solid films is
negligible compared to the fluid phase volume @nsficant film thickness
effect on the transport properties as long as ilhesfremain thin).
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Tab 3.5. Comparison between measured, characterized and computed macroscopic parameters for non-elongated unit-cells (with and without membranes). The
porosity @ and viscous permeability ko, are experimental data of the real foam sample, taken as input parameters for scaling the local geometry model, by solving Stokes
equations in the periodic three-dimensional microstructure. This provides initial ligament lengths L and thickness 2r of the isotropic unit-cell. Then, the generalized hydraulic
radius also known as the thermal characteristic length A’ is deducted from integration over the scaled unit-cell. All the other macroscopic parameters are derived from first-
principles calculations.?1'12)195] Fyrthermore, an iterative strategy is used to increase the closure rate of membranes. With no adjustable parameters, the iteration counter is

stopped when the ligament length of the membrane-based three-dimensional local geometry model is comparable with the measurements obtained from standard micrographs.

Foams Method o (-) A (um) ko (x10°m?) A (um) o (-) ke (x10°m?)  Lpn(um)  2r (um)  8/8max (-)
Measurements 0.98 £ 0.01 2.60 £0.08 205 +4231 7
R Computations without membranes 506 £ 114 297 £ 66 1.02+0.01 5.01+0.22 123+£1319+7 O
! Computations with membranes 288+ 4 138+7 0702 8.56 +0.10 207 +4 33+10 0.40+0.04
Characterization 440 + 202 129+23 1.12+0.2 8.30+1.60
Measurements 0.97 £ 0.01 298 +£0.14 230 £5736+8
R Computations without membranes 477 =70 279+411.02+0.01 5.85+0.34 141 £1227+x7 O
2 Computations with membranes 308 =7 147+6 0802 10.04+0.23 229+1 44+9 0.40+0.04
Characterization 330 + 54 118+9 1.13+0.0170 +2.40
Measurements 0.98 £ 0.01 4.24 +0.29 182 +4230+6
Rs Computations without membranes 647 + 147 373+86 1.01 +0.01 8.18 +0.68 157 +1925+10 O
Computations with membranes 438 + 25 261 £ 1904 + 0.01 9.27 £ 0.67 178+6 28+9 0.05+0.05
Characterization 594 + 80 226 +33.06 + 0.02 13.10 + 4.20
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3.2.2.3 Results and discussion
First, we examined the model including only visoeitial dissipation
effects for non-elongated unit-cells through thearresponding transport
parameters, the quasi-static viscous permeabilky the viscous
characteristic length? A and the tortuosity*? a... In Fig. 3.22 we plot the
variation of the three asymptotic parametérsa., andky for partially
closed-cell models as a function of the closure maft membranes/day.
Since atd/dmax — 1 the throat tends to pinch ofd,, tends to diverge and
the values ofA tend toTs. Adding to the open cell model motionless solid
films strongly increase.,, and reduce\. It is noted that specific values for
the closure rate of membran&s,,.x may be chosen such that the ligament
lengths of the non-fully reticulated unit-cells imihatch the average value
of the experimental measurements performed on alptiacrographsl{ =
Lim)-

Using a transfer function method for measuring ¢haracteristic
impedance and propagation const&ft of the real foam samples from a
standing wave tube (the corresponding dynamic wscand thermal
permeability k(o) and k’(0) were calculated) allowed us to calculate the
dynamic density and dynamic bulk modulus of the emats, some
quantities that could be directly compared with dsdn etal. *? and
Lafarge etal. ™ models. Assuming porosity and quasi-static viscous
permeability k, known from direct non-acoustical measurements, an
experimental estimation ok, o, andk, was obtained from the analytic
inversion of the model$”®" with no adjusted constant, the computed
transport parameters corresponding to the aforemesd specific values
of membrane closure rates are in good agreement wiperimental
characterization data. Adding to the three-dimemziolocal geometry
model a closure rate of membranes, rather thanotid §lms, introduces
an accurate description of the throat size areaichwiis critical to the
determination ofA anda.,. Consequently, this provides us with a cellular
morphologically based method for the identificatiohthe second critical
linkage dominating, at high-frequencies, the dyrmariscous permeability
(from the knowledge of the first critical linkageominating, at lower
frequencies, the dynamic viscous permeability). ketind o, be the two
scaling parameter$® for the real and non-fully reticulated foam sansple
k(o) is thus expected to be entirely determined bypéémmeasurements of
¢, ko andL,, (sincek. = ko ando. derives from our cellular morphologically
based method).

Minh Tan HOANG 112
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



M. T. Hoang and C. Perrot, Solid films and transports in cellular foams, Journal of Applied
Physics, 112, 054911-6 (2012)

% Foam Ry
* Foam R,

% O Foam R3
200f { % {D {)

150} iiig @@@@@@@@@@

, A (“&n)m
8

N
a
o

Viscous characteristic length

100 : : : : '
0 02 04 06 08 1
b Closure rate of membranes (-)
3 x Foam R, ®
18t * Foam R, @
>
= O Foam R3 ®
é 16 f ®
L ®
> ®
g 14 B ®
g o®
g ®
L1127 s ®
S ®® s ®
2 ®® ®
T , , , , ,
0 02 04 06 08 1
c Closure rate of membranes (-)
-8
< 5 x 10
;E/ x Foam R4
f4 | * Foam R, %}
= O Foam R3 %
=
S 3t {ﬁ )
£ $ ix
) ¢ ¢ x
o 2t @ ¢ x
2 5 ® il
® @ 3
g 0] 0] @ s @ % x
(7] o0 @ 0] s £ 3 X
< 1r o © . g £ xX
o | ®RE
E 0 L L L L Il
? "o 02 04 06 08 1

Closure rate of membranes (-)

Fig. 3.22. Finite element analysis of transport properties in a cellular solid. The
membrane closure rate dependence of the viscous characteristic length A (a), the

high frequency limit of the viscous tortuosity o« (b), and the static thermal
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permeability ko' (c) are obtained from the cellular solid model with three
configurations of the measured porosity ¢ and permeability ko: ¢ = 0.98 £ 0.01
and ko = 2.60 £ 0.08 x 10° m? (foam sample R, blue crosses), ¢ = 0.97 + 0.01
and ko = 2.98 + 0.14 x 10 m? (foam sample R;, red circles), ¢ = 0.98 + 0.01
and ko = 4.24 + 0.29 x 10° m? (foam sample Rs3, orange circles). The error bars
were calculated by standard deviations when taking into account all possible
cellular configurations associated with porosity and permeability experimental

uncertainties.

Next, we considered more thoroughly the evolutibthe thermal
permeabilityky’ = 1" as a function of the closure rate of solid membsane
8/3max @ quantity related to the pore space diffusidhin this regard, it is
not clear whether the above quantity provides ammate description of the
pore geometry. Indeed, contrarily kg A anda.; ko' is not directly related
to connectivity of the pore space. If the links weéen the pores were
gradually eliminated by solid films, the permeatyiliwould rapidly
approach zero while the value & would not be greatly affectedf’
Because pore sizes increase with membrane closues whereas throat
sizes decrease for a given non-zero static viscpasmeability ko,
diffusion-controlled reactions progressively becomery sensitive to the
wetted surface area of solid films. As the porekdinsubside, theky
coefficient provides the most accurate probe tadséilm content of the
real porous structure (Fig. 3.22). It is helpfulrdneto restate that the
diffusing particles corresponding to a scalar figttbve randomly and
explore the three-dimensional porous space withaaty privileged
directions. This is to be contrasted with the visgertial transport
parametersky, o, and A which relate to vector fields and favored
directions. Therefore, for connected pores, kfieoefficient gives a better
estimate of the membrane closure rate for a cellsitdid containing solid
films. This remark is corroborated by the periodiomogenization and
consistent estimates of transport parameters thrquajyhedron packings
modeling study (Sec. V D}** It should be noted that Reff29] give an
evaluation forky,’ based on acoustic experiments that, when combiitt
Fig. 3.22, would give an estimate of the membrateswre rated/dmax.
Predictions o®%/6,ax andky’ using direct measurements on two-dimensional
or three-dimensional images are not yet establishewever, and is thus
beyond the scope of this paper.

In conclusion, because all parts of the motionlessordered
network of struts or plates forming a real cellukolid with the air as
filling phase do not play the same role in the allefrequency-dependent
response function, with a long wavelength acousignature governed
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essentially by the low and high frequency asymptotegimes, most

microstructural details inside the real foam sammpbre inferred from

simple measurements of open porosity, permeabiitg ligament lengths.
Although solid films might be thought to be nondsificant details, the

cellular solids microstructure actually involves mmeranes in visco-inertial

and thermal energy dissipation, making it critidar the multi-scale

modeling process to design solid foams with taidioteansport properties.
The enhanced fluid-structure interface due to shlids even suggests that
static thermal permeability is an asset which canab a simple means of
characterizing the closed pore content of real psnmedia.
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3.3. Application des méthodes développées a des résultats de la
littérature
A partir du travail de modélisation et simulationultiréchelle réalisé
(sections 3.1, 3.2.1, et 3.2.2), la stratégie sutiwad’utilisation des
méthodes développées se dégage :

Si la mousse solide est pleinement réticulée d’pag (c’est-a-
dire constituée de cellules parfaitement ouvertdsju’elle est constituée
d’'une distribution étroite de tailles de pores,ulia part, il est possible
alors de reconstruire une cellule représentative mepriétés de transport
du milieu réel directement a partir des longueurépaisseurs médianes ou
moyennes de ligaments.

Si la mousse solide est partiellement réticuléeqica-dire faite de
cellules semi-ouvertes) ou encore qu’elle repose wwoe distribution
étendue de tailles de pores, l'identification d’'wedlule représentative est
alors moins triviale. Cette fois, deux paramétrexmscopiques facilement
mesurables sont utilisés pour dimensionner la kelauverte de base, la
porosité et la perméabilité, auxquels s’'ajoute taikke caractéristique de la
micro-géométrie, telle que la longueur moyenneiganents.

Cette stratégie différentiée d'utilisation des no@tbs développées
a été appliquée a partir des données de la littégatlisponibles. On
constate cette fois que I'accord qualitatif (viguet quantitatif (& I'échelle)
entre cellules modeles et réelles est satisfaigaes. données sont ensuite
utilisées afin d’'établir une correspondance direcentre tailles
caractéristiques microstructurales et macroscogiquies limites des
correspondances établies étant précisées. En pligeticon trouve que le
rayon de la plus petite interconnexion s’apparenta longueur visqueuse.
L’évolution du rapport des longueurs thermique istqgueuse avec le taux
de fermeture de membranes est ensuite étudiéea@mont est proche de
deux pour des mousses a cellules essentiellementertas (qui
s'apparentent a des milieux fibreux) et croit etesdiortement avec le taux
de fermeture de membranes, lorsque le contraste étranglement et taille
de pores augmente. Cette étude et ces résultats’éimet de la section
3.3, dont le manuscrit correspondant est publié sdam journal
international a comité de lecture dont la référeese:

M. T. Hoang and C. Perrot, Ildentifying local charaeristic lengths
governing sound wave properties in solid foams, doal of Applied
Physics, 113, 084905-7 (2013Y.

Minh Tan HOANG 116
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



Abstract

M. T. Hoang and C. Perrot, Identifying local characteristic lengths governing sound wave
properties in solid foams, Journal of Applied Physics, 113, 084905-7 (2013)

Identifying microscopic geometric properties of pos media and fluid

flow through opened-cell and partially closed-ceblid structures is a
challenge for material science, in particular foe tdesign of porous media
used as sound absorbers in building and transpemtanhdustries. We

revisit recent literature data to identify the lbazharacteristic lengths
dominating the transport properties and sound dtsgr behavior of

polyurethane foam samples by performing numericainbgenization

simulations. To determine the characteristic leagththe model, we need
porosity and permeability measurements in conjamctiwith ligament

lengths estimates from available scanning electnicroscope images. We
demonstrate that this description of the porousemalt, consistent with the
critical path picture following from the percolaticarguments, is widely
applicable. This is an important step towards tgnisound proofing

properties of complex materials.

3.3.1.

Introduction

Some important characteristics of a sound absorbitegerial are the
transport properties, from which an approximate tmliust description of
its long wavelengths behavior deriv&g: SR8 Transport properties
include the rate of either diffusive, electrical, ftuid movement through
fluid-filled pore space. But a more detailed undansgling comes from
identifying other microstructural parameters. Fasoddered rigid-framed
solid foams in which a sound wave is propagating dissipated by visco-
inertial and thermal interactions, transport pra@sr are often very
sensitive to the local variability of the geometrgf their real

microstructure. Thus, a systematic identificatioh local characteristic
lengths has not yet been performed in polyurettfaaes. In this paper, we
present precise estimates of microscopic geomejuntities of a three-
dimensional periodic unit-cell — with representasoof pore and throat
sizes that explicitly show the microphysical badighind transport
phenomena.

In classical semi-phenomenological acoustics, noearcl
relationships occur between the physical properdies the microgeometry
itself. The situation is quite different in numaicdomogenization. Indeed,
J. L. Auriault'*® and others (see references therein) showed tret a
disordered porous medium can be submitted to a lyemaation applied to
a periodic structure, provided that the situatitreys scale separation (any
feature of the local geometry is much smaller comagawith the incident
wavelength). The application of this theory to rdgld porous media in the
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long wavelengths’ regime captures the essentighefphysics at both the
micro and macro scales, and the way to computei@iplthe coefficients
involved at the upper scale lev&f![781101]

Porous media that obey scale separations, sucisasldred solid
foam samples, undergo a transition between visc@ssthermal) and
inertial (adiabatic) regimes which can be studiedy forming three-
dimensional periodic unit cells that act as theralleporous material. For
this to happen, local characteristic lengths idesdtion is necessary. In the
simplest cases, the transport parameters are diednexperimentall{*°?!
This characterization may be correlated with thesedl pore content of
polyurethane foam samples (the ratio of the nundferlosed windows to
the total number of windows visible on micrograph$}® The resulting
semi-empirical relationships are typically applitabo a wide range of real
foam samples. However, the micro-macro relation®rging from these
correlations are only directly applicable to theuad fabrication processes.
The physical insight in this numerical homogeniaatischeme is much
larger than experimental characterization and semmpirical correlations
by allowing identification of local geometry feaas which have a
significant impact on the physical properties & tipper scale.

The application of the numerical homogenization pessen to be
widely applicable to synthetized periodic poroustenils.!?"113032}.[331.[104]
Beyond conventional characterization techniqif8s®, it describes the
complex interplay of the fluid flow within the pane media, in the
frequency-dependent response, or in asymptotic \befgat low and high
frequencies. There is an important class of syithgbrous materials that
do not follow the periodic structures paradigm. 3@ematerials seem too
disordered to be described by a periodic unit tedlt starts from a regular
structure. However, a completely new way to intetgransports within
disordered pore spaces has emerged — criticalida#ts, whose conceptual
strength can be used to identify characteristigglea of the pore space.
(21109311941 Tg determine the characteristic lengths of realidsdoam
samples, one model is used here to cope with @iffieexperimental studies
in an iterative loop of experimentation and compiotzs without any
adjustable constant?®® Hoang and Perrot describe this class of model,
using the example of three real foam samples whiay contain solid
films. &

3.3.2. Materials and method

The general strategy to determine the three-dinogradiperiodic unit cell
representative of a given real foam sample is tasuee the porosity and
permeability ks, in such a way that a Kelvin cell without solidnfis

Minh Tan HOANG 118
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



M. T. Hoang and C. Perrot, Identifying local characteristic lengths governing sound wave
properties in solid foams, Journal of Applied Physics, 113, 084905-7 (2013)

corresponding to the measured experimental datahtmige found.

Equivalently, by causing the closure rate of membs®/om.x t0 grow, a

relative measure of the membranes’ size when coetptr the size of the
smallest windows!®! one can determine the new size of the cell uh&l t
computed and measured ligament lengths become calrpa We measure
the ligament length from published scanning elattmicrographs, when
this data is not reported in literature. The rerirggntransport parameters
are then directly determined from the local geometodel and accurately
computed by numerically solving the appropriate fabary value problems.

First, we test the model against a series of messents on
polyurethane foam samples recently reported by Kinal. '°? Data (non-
acoustical) for porosityy and permeabilityk, were provided for three
polyurethane foam samples, namely 1, 2, and 5 (Babf Ref.[102]);
together with a scanning electron micrograph penfosample taken at
magnification x 50 (Fig. 1 of Ref102]) — and from which rough estimates
of the corresponding ligament lengths lying in thi@ne of observation
might be obtained (to limit the 2D projection biagleldingL, £ AL,,. We
next tested the quantitative accuracy of our maedpledictions against
those of semi-empirical models derived for fullydanon-fully reticulated
polyurethane foam sample'$?? In this paper, Doutres, Atalla, and Dong
(DAD) carried out extensive measurements. They iplexy expressions
allowing correlations between macroscopic paranseterd local geometry
features of polyurethane foam samples from fiftabfierent materials,
together with the normal incidence sound absorptiogfficient for three of
them (namely M7, M9, and M11). Finally, data on ieas polyurethane
foam samples, namely;RR,, and R, were taken from Tabs. | and Il of
Ref.[2]. We can therefore compare our model with three oemplete sets
of experimental data available in the literatureef(H2], Ref.[102], and
Ref.[103]).

The details on the numerical homogenization methseld in this
study were described elsewherd? Briefly, quasi-static viscous
permeability measurements on real porous matesalisuld respect the
essentially laminar airflow entering and leaving ttest specimen. The
finite-element method provides approximate soluiom partial differential
equations reflecting the polymeric foam’s local gexry, assumed to be
motionless. The scale separation allows the elititmnaof the coupling
terms between visco-inertial and thermal dissipaioLocally, the fluid
flow is described by incompressibility, and theiflypressure is constant
throughout a pore cross-section transverse to tbmpecession wave
propagation direction. The asymptotic transportfitoents were computed
numerically from field averaging by solving the B¢s (static viscous
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permeabilityky, static viscous tortuosity,), potential-flow (tortuosityo.,,
and viscous lengtlA), and Laplace equations (static thermal permetgbili
ko' also known as the inverse of the trapping consignstatic thermal
tortuosity ay’). Open porosityy and thermal characteristic lengtyi also
known as the generalized hydraulic radius are purgkeometrical
macroscopic parameters respectively derived froenflilid volume to bulk
volume ratio and from twice the fluid volume to wesxt surface area ratio.
The linear response functions of the visco-therfhat entailed in a rigid
porous medium and subjected to an infinitesimalillzdory pressure
gradient across the sample were estimated anallytityy using semi-
phenomenological models, which are valid as longthas wavelength of
sound (in the fluid) is much larger than the ché&sastic sizes of pores. In
what follows, we test the results of the numericabdel directly with
literature data.

3.3.3. Results

Our method was tested against information availdblea series of nine
polyurethane foam samples that can be studied initdependent ways: by
direct measurements of ligament lengths and thiskes when the solid
foam is free of solid film (Fig. 9(a) of Ref2]), and using the iterative
approach (Ref[3]) when the foam samples are not fully reticulat€dese
determinations yield the identification of the lbazharacteristic lengths
governing sound wave properties (Fig. 3.23). Fig@33also shows the
localization of these characteristic lengths on teeanning electron
micrographs. Our data show good agreement withrda foam sample
micrographs. Fixing from measuremengs ko, and L., or L, and the
ligaments thicknessr2 our method? ™! yields a prediction for\’, aq, A,
o, Ko', ag’, in acceptable agreement with REE02] and Ref[103] (Table |
and Il), but also in agreement with the microstauet Note that there are
only three samples chosen from DADs’ fifteen beeatl® measured values
of acoustic properties are given by DAD for onlydé samples. In other
words, the acoustical prediction’s usefulness aliract prediction ofA’,
ao, A, 0., Ko', 00', based on two or three experimental measureménks,
andL.; or L, and 2) might be fully established only for samples M79M
and M11 with Ref[103].

From the macroscopic parameters, we obtain allother acoustic
guantities of the rigid porous material (R¢2], Appendix B]. Fig. 3.24
shows the sound absorption coefficient at normaldence (SAG) as a
function of frequency. At low frequencies, the S4Gs governed by the
fixed permeabilityks. At high frequencies, the SALis dominated by the
asymptotic high frequency parameters, (0., and A’). In between, the

Minh Tan HOANG 120
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



M. T. Hoang and C. Perrot, Identifying local characteristic lengths governing sound wave
properties in solid foams, Journal of Applied Physics, 113, 084905-7 (2013)

effect of the elastic properties of the real foammples can be observed.
For instance, a dramatic rise of the SAG observed for Sample 1 around
1500 Hz (Fig. 3.24, top left). Such a feature ie #xperimental values of
the SAG, is characteristic of local resonances of an atastlid phase,
which may be taken into account, for example, bingisclassical Biot
theory.1*0Mt4

We shall now examine some elements based on exeetah
characterizations of the porous materials thatsm=we as a basis to simply
interpret discrepancies between experimental anchemical results, as
shown in Fig. 3.24(a) (left and center). Such agiesmcan be found in the
literature on the acoustics of porous materialsn@fgeometrical, transport,
and elastic properties were related empirically do elasto-acoustic
coupling criterion, the Frame Acoustical Excitabyili (FAE)*%! For
instance, because the permeability of Sample Serg low (Tab. 3.6) and
its skeleton significantly deformable (relativelw Young's modulus, Tab.
I. of Ref. [102]), the elasto-acoustic coupling with the acoustiave is
strong, Fig. 3.24(a) (left). This corresponds tohigh FAE, FAE > 2
(W/kg). Although the Zwikker and Kosten decouplifigquencyfy !
indicates, in the frequency range of interest, #hdstence of partial
decoupling between the solid and fluid phases ef pbrous sample, the
FAE criterion also formulates this acoustical enetgansfer to the solid
phase in terms of the resonance frequency of thedrborne wave. These
are combined with a geometrical shape factor offtean sample, in order
to deal with the effect of the edge constraint amlinting conditions in a
standing wave tube. Interestingly, because of thgy Yow permeability of
Sample 5, a small penetrating depth of the wavexjgected. This favors
structural dissipation mechanisms by resonancé®fftame corresponding
to a high sound absorption peak, in addition to uaface absorption
phenomenon. And it also explains why, contrarilyléss resistive foams
for which a local sound absorption decrease is gdlyeobserved around
the first quarter wavelength resonance frequencthefframe-borne wave,
an absorption peak is observed in the same waytaslbsed-cell elastic
foams (Fig. 7 of Ref[106]).

In models of rigid-framed porous media, such junia been
inferred by making empirical corrections to the dstin-Champoux-Allard
model to fit experimental data that implied a remore.°? Arguably this
approach does better than the numerical method caded in the current
paper - at least for the samples 1 and 2. It shaldd be mentioned that
Sample 5 was prepared especially to remove all mands. Moreover Ref.
[102] goes on to explain and elaborate on the preserictheo 'frame
resonance' in impedance tube data by referencenoefastic theory. It is
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important to note, however, that R¢102] does not give a prediction for
the acoustic properties of a porous material bexausses semi-empirical
fitted factors N and N. The main objection to them in respect of the
authors’ work might be that they are applicableyoil the tested materials
and therefore not as potentially general as thearpaters in the proposed
approach. A second important consideration is thase factors cannot be
simply interpreted, since they are not directhated to the pore structure.

In this work, we do not expect to predict the alasehavior very
close to the structural resonance, because theetskelis assumed to be
undeformable (this will be the topic of a forthcargipaper). The results
(Fig. 3.24) show that most of the sound absorbimfaviors are well
captured, within the error bars. It might be womlentioning that the good
agreement for foam sample M1l between the DAD semmpirical
estimates, and the standing wave tube measuremenpsyrtly due to the
fact that the data used to generate the model fiitenare also the ones
taken to evaluate it. Another important remark hatt DAD start from
windows that are either opened or closed (Figsnd a of Ref.[103]),
whereas our geometrical model relies on membrazesss that are
identical for all the windows (Fig. 3.23). One miaspectively speak about
a ‘binary’ situation, as opposed to a rather ‘contius’ case (both of these
modeling choices being induced by cellular morphgl@bservations, and
fabrication processes). A comparison between Fig4@®) (right) and Fig.
3.23 (M11) suggests that an improvement of the dowbsorption
prediction is expected for a local geometry matthelt would combine the
‘binary’ and ‘continuous’ features in a common elic unit cell. One can
find many other porous materials in literature e subject where such a
cellular morphology could be applicable. Dupontagt *°”! refer to air
saturated materials containing dead-end porositiEse sound wave
properties prediction based on such a candidatesne®re development
and validation before its ultimate usefulness isdema&lear, and thus the
discussion of these results is beyond the scopbisfpaper.

Considering the small amount of input informatiof,{ ko, L]
(Ref. [3]), or [L, and 2] (Ref. [2], Fig. 9(a))}, the predictions are
surprisingly close to the measured values of §AQhis behavior is
consistent with our macroscopic parameters, (sdes.Td.6 and 3.7, and
Tab. | of Ref.[3]), but the elastic resonance is not resolved. Wnlike
previous experimental or semi-empirical determiomasi of macroscopic
parameters for real foam samplé&$? %l we essentially determine high
frequency transport parameters directly from thé walls, finding a local
geometry model in agreement with the key multi-soatperimental daté,
Ko, andL,.
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After an analysis of the proposed approach at theastructural
level, transport coefficients and acoustic promertiwere shown to be
predicted with a good agreement with experimente Tilext question that
must be addressed is: even if identifying localreleteristic lengths is a
good base of prediction for some transport coedfits and acoustic
properties, does it work for analyzing transporefticients in terms of
microstructural parameters? In particular, doesvatrk for polyurethane
foam samples containing solid films or membranesctvimay have holes?
From the computation of the viscous characterigigth A (see Ref[12]),
we can obtain a reduced geometrical representatidn, as a function of
the closure rate of membrané&., (Fig. 3.25(a)); the closure rate of
membranes/omax being defined as the ratio between the actwahbrane
size and the maximum membrane size of the squaredows. First, let
be the membrane size; afg., the maximum membrane size such that the
squared windows are entirely closéde.x = L/2 —r (Fig. 3.23) One can see
that the closure rate of membrari#s,.x may progress from an opened-cell
structure without any solid filmd(= 0) to a fully closed-cell structure when
8/dmax— 2.1. More precisely, the maximum value d8,,x depends on the
porosity¢. In the interval ofp from 0.9 to 0.99, this maximum closure rate
of membranesg:20(\f3(L/r)—2)/((L/r)—2) varies from 2.1 to 1.8. Then,
let Ts, be the mean throat siz&;, = (Ts1 + Ts2)/2. In the interval 0%/6max
from O to 1, two throat sizes exisks; and Ts,, corresponding to the small
(squared) and large (hexagonal) windows. Thusdf&h.x > 1, Ts; = 0 and
only T, differs from zero. In the interval @5, from 0 to 1, the reduced
representation oA attains a maximum oA/Ts, = 1.4 atA/Tsy aS/3max =
1/20, and then decreases at larger closure rasesexpected for a perfect
fluid flow in a porous medium whose viscous lengghdominated by the
smallest interconnections. Aroundfdn.x = 1, a singular behavior is
observed, corresponding to the closing of squarediews. In the interval
of 8/6max from 1 to around 1.75, the reduced representadfof is close to
unity, A/Tsm= 1, and therefore the viscous characteristic lengtblose to
the radius of the opening between interconnected9o ~ T/2. This is a
key result, relating explicitly the viscous chaex@stic lengthsA to the
throat size radiu3sy/2.

From the unit cell geometry and perfect fluid flowe can obtain
the thermal over viscous characteristic lengthgrat/ A as a function of
dldmax (Fig. 3.25b). At low closure rates\'/A is close to the typical
macroscopic characteristic lengths ratio of a fisanedium. AboOV&/dmax
=1,A'lA is always large compared witki/ A =2. This shows that partially
closed cell solid foams cannot be described in seaha fibrous medium
picture, although some sound absorbing propertigeeasurprisingly well

Minh Tan HOANG 123
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est



M. T. Hoang and C. Perrot, Identifying local characteristic lengths governing sound wave
properties in solid foams, Journal of Applied Physics, 113, 084905-7 (2013)

with the expectation of a fibrous mediufi?? Above 8/8max = 1.25,A'7A
begins to strongly increase over the value expetbed reticulated solid
foam, which we interpret as an increasing contkativeen the pore and
interconnected throat sizes. Membranes have a gtowerall contribution
to this contrast. Although the closure rate of meanies and the closed
pore content are not directly comparable, a simitand is observable on
DAD measurements who related the thermal over visdengths ratio to
the closed pore content by a power law [see Fif). &fd Eq. (7) of Ref.
[103]]. Above thisd/émax = 1.25, we also obtain a dependency\dfA as a
function of¢.
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D585 (um) A D648 (um) D=503 (um)

Fig. 3.23. SEM images and localization of specific unit cells to the critical paths (of the fluid flows) in real foam samples. (Top line) Micrographs and unit cells of Sample 1, Sample 2, and
Sample 5 in Ref. [102]. (Middle line) Micrographs and unit cells of foam samples M7, M9, and M11 in Ref. [103]. Arrows represent some positions of Ts;. The difficulty to visualize Ts; in

M11 is attributed to the low magnification of the corresponding SEM. (Bottom line) Micrographs and unit cells of foam samples R1, Rz, and Rs in Refs. [2] and [3].
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Table 3.6. Comparison between experimental (Ref. [102]) and numerical estimates based on three-dimensional unit-cells (Ref. [3])

Sample Method o () A (um) ko (x10° m?) A@m) o, () ko (x10°m?) L(um) 2r(um)  &/3max (-)

1 E;(tﬁ’;g?;i”(tg'eﬁ 1oy 0978 47 0.124 23 1.111 - ﬂg : ;
computations 0% a2 0.124 i4  somh)  spna  shp B o1y

2 E;(tﬁ’;g?;i”(tgleﬂloz]) 0.946 70 0.242 351  1.1592 - igg ; -
computations %45 154 0.242 24 s0oab  sias =31 38 640

5) E;(tﬁ’;:‘?"ez”(tgleﬁ o) 0978 324 5.81 161 1.0584 - ié? ; -
computations 098475 5.81 f11  s0083  sp8e w46 a8 3015
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Table 3.7. Comparison between semi-empirical correlations (Ref. [103]) and numerical estimates of multi-scale parameters derived from membrane-free [2] (M7

and M9, direct microstructural data) and membrane-based [3] (M11, iterative approach) three-dimensional unit-cells.

Sample Method 0 () A(um) ko (x10°m?) A (um) a. () ko (x10°m?) L (um) 2r (um) &/8max (-)
@) 0.987 435 10.97 269 1.042 Na 203 42 0
Semi-empirical +0.01 +38 +0.79 *6 +0.006 *43 *3 *0
estimates (Ref103]) 0.990 499 10.09 322 1.05 0
M7 ®) 10.004 216 +8.67 +139 0 Na Na Na +0
Numerical 0.97 641 5.84 366 1.026 11.53 203 42 0
computations +0.02 +314 +3.99 +181 +0.015 +7.51 +43 +3 +0
@) 0.968 268 4.94 183 1.059 Na 160 43 0
Semi-empirical +0.01 +16 +0.16 *1 +0.001 20 +3 %0
M9 estimates (Ref103]) (b) 0.984 304 3.79 196 1.05 Na Na Na 0
+0.005 +80 +1.96 +51 +0 +0
Numerical 0.94 398 2.94 228 1.043 6.02 160 43 0
computations +0.02 +119 +1.29 +68 +0.02 +2.47 +20 +3 +0
0.977 286 1.62 59 2.301 358 85
. . (a) Na Na
Semi-empirical +0.01 +30 +0.16 +12 +0.092 10 +8
estimates (Ref103]) 0.987 321 2.14 48 2.396
M11 ®) 10003  +39 +1.29 £17  +0455 @ Na Na Na
Numerica_l 0.98 336 162 96 1.907 16.30 349 54 0.95
computations ' +8 ' +7  £0.118 +0.92 +12  +16  *0.04

(a) direct measurements and characterization techsique
(b) semi-empirical estimates.
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Fig. 3.24. Sound absorption coefficients at normal incidence (SACy) of real foam samples. (a) SACy vs frequency from
Sample 1 (left), Sample 2 (middle), and Sample 5 (right) in Ref. [102]. The red thin lines in (a) correspond to our
computations when using the unit cells shown in Fig. 3.23 to be compared with standing wave tube measurements (black
thick lines with triangles). Also shown in black thin lines and circles are respectively the so-called Predicted(J-A) and
Predicted(New) SACy, as obtained by Kino et al. in Ref. [102]. The error bars in red are dominated by the statistical
errors in the ligament lengths measurements, which were determined from SD uncertainties using micrographs shown in
Fig. 3.23 (top line). These uncertainties, in turn, determine the corresponding uncertainties in the SACy. (b) SACy Vs
frequency for foam samples M7, (left), M9, (middle), and M11 (right) in Ref. [103]. Error bars: the uncertainty region
determined from all possible combinations of input parameters (doublets or triplets of input parameters, where an input
parameter can take three possible values: mean, mean + SD, and mean - SD). (c) SACy vs frequency for foam samples

R; (left), R, (middle) and Rj (right) in Ref. [3].
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Fig. 3.25. A/Tsn () and A'/A (b) vs closure rate of membranes for simulated foam samples of Refs. [102]

and [103] shown in Fig. 3.23.

3.3.4. Discussion and conclusion

We performed numerical homogenization experimeritthe compression
wave propagation across an air-filled saturateddripam sample at the
long wavelength regime, without any fits at micror macro- scales,
enabling validation of the method for polyurethdnam samples. Similar
unbiased methods can be applied to other poroueriatd, for example
aluminum foams with spherical cell$® or stratified foams made of
recycled material§°¥ and porous bones.

The results of this comparative investigation araikestone in the
guantitative analysis and understanding of thisbfgm. The computation
of transport parameters — how sound propagationdesaipation properties
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relate to the cellular morphology — relies on deti@ing the local velocity
and temperature fields as a function of the low d&rgh frequency
asymptotic behaviors from idealized periodic undlle. Assuming long
wavelengths incident sound waves, we determineddbal characteristic
lengths, transport, and acoustic properties of dsofibams with
unprecedented multi-scale consistency. In particulee determined the
high frequency transport parameters of the foam f®ating the
permeability and closure rate of membranes up & rtieasured cell size.
This new method for characterizing solid foams ioyad the identification
of local characteristic lengths governing sound evgvoperties compared
to previous experiments®?'*%! and also allowed the observation of the
idealized unit cell in a direct manner (see thesFig.23 and 3.25). This
work provides precise values of interdependent wsswpic parameters,
such ash, ko, ko', A, A’, 0o, a¢’, and a.,; which are essentially the physical
signatures of the low Reynolds numbers hydrodynami@lectric
conduction and diffusion-controlled reaction praes and remain
controversial from the experimental point of vieW!® Indeed, the
numerical results are now accurate enough to beadhmnovel
experimental methods for the characterization ofope media properties
problem.

An important step in our evaluation of the acougtioperties is
the reduction of the disordered porous materialato equivalent three-
dimensional periodic unit-cell (3D PUC). We remdhat the critical path
ideas that we used to obtain the scaling of theivadent 3D PUC is
essential for a correct understanding of the pnmbland that correct local
characteristic sizes can be obtained for the oVdrahsport properties
governing acoustic propagation at the upper scathis feature is taken
into account. An incorrect evaluation of the locdlaracteristic sizes is
obtained, for example, if one ignores the localehegeneity in the pore
sizes, and neglects the strong cross-section clsangéuced by the
presence of membranes. In this picture, the 3D Hbiing the active sites
of the real porous material is representative oé tbng-wavelengths
acoustic properties; and, thus, the microstructofrehe material can be
optimized for specific purposes by adjusting thealogeometry parameters
of the model owing to the progress in manufacturimgthods.!*** In
addition, the computations shed new light on theeripretation of the
viscous and thermal characteristic lengths in teofsither the throat size
(Fig. 3.25(a)) or the cell size (Fig. 3.25(b)); theneral features of the
numerical results are substantiated by experimeatatd of the literature. In
this sense, 3D PUC identification can serve asna kif bridge that allows
solving multi-scale problems that are intractabileeowise.
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Prise en compte des propriétés
élastiques

Dans la partie 3, sous I'hypothese d’'un squelpttieeux indéformable, il a
été possible de déterminer la géométrie de cellup&riodiques
tridimensionnelles idéalisées, représentativespiepriétés de transport du
milieu poreux réel. Toutefois, I'hypothése d’indéfwmbilité du squelette
n'est adaptée qu’'a condition que celui-ci soit mafnment rigide. Une fois
la géométrie de la cellule périodique tridimensielte déterminée par les
méthodes du chapitre 3, il est alors tentant didil a nouveau cette
géométrie pour en déduire les propriétés linéa@lestiques du squelette
ainsi défini. Il est alors possible d’en déduire [@opriétés poroélastiques
de I'ensemble solide + fluide. On peut alors, sditifier si les hypothéses
de solide indéformable sont admissibles pour leémiat considéré, soit
utiliser les propriétés poroélastiques dans la igiém de l'isolement
acoustique. Cette considération est importante goaduer les propriétés
d’isolation phonique, car la souplesse du squeldtiene généralement lieu
a une augmentation des pertes par transmissionldamaiche poreuse.

Ce chapitre est donc consacré a la déterminatien pdepriétés
élastiqgues du squelette solide par résolution giuobleme aux limites sur
la cellule tridimensionnelle, en considérant cdtis-ci la partie solide de
la cellule. Les conditions aux limites de la cedldont celles issues de
I’hnomogénéisation de structures périodiques. Tausefcompte tenu des
propriétés de la cellule, il est possible de reroetales propriétés de
périodicité des champs locaux par des conditionsliaites portant sur les
composantes de déplacement ou de vecteur contr&inberd de cellule.

La méthodologie adoptée n’est pas nouvelle, maidrievaux de la
littérature portent généralement sur des cellul@gedes ou complétement
fermées. Une des originalités de ce travail estrdiger de cellules semi-
ouvertes comportant des membranes.

Ce travail fait I'objet d'un article dont le manugccorrespondant a été
soumis pour publication dans un journal internatioa comité de lecture
dont la référence est :

M. T. Hoang, G. Bonnet and C. Perrot, Linear elastproperties of sound
absorbing foams, submitted to Journal of the Acoigstl Society of
America (2012).
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The present paper reports on the modeling of lirdastic properties of
acoustically insulating foams with unit cells camiag solid films or

membranes at the junction between interconnectedspsom a numerical
homogenization technique. It combines fluid-flowdirted microstructure
identification with simulations of the effective ¥og's modulus and
Poisson ratio from a mixture of routinely availabléaboratory

measurements (porosity, permeability, cell size)d afinite element

calculations when the boundary conditions of theiquc unit cell take

particular symmetric forms. This combination resuh the microstructural
determination of the macroscopic coefficients eintgiinto the Biot-Allard

theory of wave propagation and dissipation thropghous media. Precise
control over pore morphology and mechanical prdpsertof the base
material renders this multi-scale approach paréidylsuitable for various
advanced applications.

4.1

Introduction

Foams and cellular materials are very useful infiplds of building and
transportation industries for sound proofing apgiicns. ! Those
containing both an interconnected fluid phase audéfarmable solid phase
are highly desirable from the standpoint of poreessibility (visco-thermal
dissipations) and structural isolation (decoupligffect). Although semi-
phenomenological approaches of modeling this typematerials have
dominated the landscap@!, multi-scale method$™® have received
attention due to the need to improve their acoastjroperties using a
synthetic control of their microstructure. Parjabpen-cell solid foams
are an interesting class of cellular solids that ®ersatile precursors to
advanced poroelastic materials with well-definedepstructures, sizes, and
interface functionality."®" ™ However, there are three key issues that
currently limit the utility of partially open-celfoams in sound proofing
application. The straightforward calculation of stla properties with a
well-defined pore structure has only been achieved few cases!*?*]
Modeling the closure rate of membranes at the jonctbetween
interconnected pores has been challenging duegamtim-homogeneity of
the membrane closure rate itself® " |n addition, fluid and solid
mechanics at the cell size level that determinerosmpic transport and
mechanical responses of foam are generally corsideeparately. Here,
we present a new solid foams membrane-based syr&teghe performance
prediction of advanced poroelastic materials thatugtaneously address all
three of these issues.

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est 140



M. T. Hoang, G. Bonnet and C. Perrot, Linear elastic properties of sound absorbing foams,
submitted to Journal of the Acoustical Society of America (2012)

Numerical simulations of the linear elastic propestof solid
foams are mostly performed by finite element and Eéchniques. Gong et
al. have compared the finite element approach androthedels for
predicting the response of open cell foams to ualacompression by using
the space filling Kelvin cell characterized by theometric characteristics
found in polyester urethane foams! The cells are elongated in the rising
direction; the ligaments are assumed to be stratphhave Plateau border
cross-sections and non-uniform cross-sectional adestribution. The
amount of material in the nodes is representedrately. The linear elastic
properties of the base material are measured diré@m foam ligaments.
Comparison between measurements and predictiomsrisfavorable. This
paper also contains a thorough review on elastop@rties of solid foams
to which the reader is referred. Jangktbuilt on the work of Gong .
by providing a more systematic and detailed stufithe microstructure of
the same foams and by using micro-computed X-rayography.!**! The
rendering are used in FE models including irreguaes to estimate the
elastic properties of the foams. The elastic mogudidicted by the Kelvin
cell models were found to be within engineeringuacy of predictions for
random foams. Sullivan eal. have used finite element models of two
elongated tetrakaidecahedron unit cells: one wathfaces and one without
faces; they illustrated it by some analytical, nuicel and experimental
data. ™ Thiyagasundaram eal. have derived a finite element based
micromechanics procedure to calculate the elastipegrties of equisized
and elongated tetrakaidecatredral unit-cells withamll faces, which have a
very high porosity and where the effect of varysigut cross sections plays
an important role.*® Our main objective is to perform numerical
homogenization simulations of linear elastic prdjgesr by the finite
element technique in solid foams containing memésawith prescribed
closure rates, in order to derive Young's modulnd ®oisson ratio for real
foam samples with various reticulation rates. Asgignscale separation,
such a numerical estimate enables us to derivetielapefficients for
describing acoustic wave propagation in poroelasnaterials on a
microstructural basig'®

We combined fluid-flow induced cellular morphology
determination with linear elastic properties sinidas by applying a
version of periodic homogenization methd®' in the presence of
polyhedral unit cells with cubic symmetry (namelgnaelongated Kelvin
cell models). Fluid-flow and heat transfer simubats in three-dimensional
periodic unit cells of solid foams favor the forhwat of structured
materials with essentially two local characteriskengths, the pore and
throat sizes.?™ ! |mportantly, the introduction of solid films or
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membranes at the interconnection between poresptaially close them
allows for capturing visco-inertial and thermal slfgation mechanisms in a
consistent way at both micro and macro scales. ;Tthes morphology of
the three-dimensional unit cell with a specifiedstire rate of membranes
reaches the point of becoming compatible with ldreg-wavelength picture
221 of acoustic waves propagating in poroelastic medjajng a non-
elongated, acoustically robust, and microstructigedmetry. The resultant
bicontinuous structure is prevented from being defble by virtue of the
rigidity of the matrix. By employing an acousticallepresentative volume
as the unit cell, microporous structures with a#iny elastic solid skeleton
can be generated. Relying on a finite element basgcdromechanics
procedure to calculate the elastic properties oit wells obtained by
simulated fluid-structure interactions, this stpteis distinguished from
other micromechanical methods that result in thentttion of (regular or
random) microstructured cells arranged in a spgtiariodic domain - but
with fully opened or fully closed celld'?'*%] These cells generate nearly
monodisperse foams with a low contrast between |lad@aracteristic
lengths (pore and throat size).

This paper is organized as follows. Materials andthrods are
presented in Sec. 4.2. First, local geometry festusf the porous media
which are going to be studied are described, tagetlwith the
corresponding microstructure models. Then, purelyeorgetrical
macroscopic properties are derived: porogitygnd thermal lengtiA’. They
are completed by a measurement of the static pdrittya The properties
of transport parameters are briefly analyzed, sashhe viscous length,
and the tortuosity... Finally, effective mechanical properties of tltisiss
of microporoelastic materials are studied. Sec. 4details the
micromechanical model, and demonstrates how thennioperties
introduced at the end of Sec. 4.2 were obtainednesgeneral features of
effective linear elastic properties were firstlycaled, and the version of
periodic homogenization method developed in them&avork of small
perturbation hypothesis is presented when the bawyndonditions of the
periodic unit cell take particular symmetric formBolyhedral unit cells
with cubic symmetry were analyzed. Results ares@nésd and discussed
in Sec. 4.4. This paper is ended by some conclucBngarks.
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4.2

Materials and methods

4.2.1.

Regular solid foam structure with a specified closure rate of solid films or
membranes

The spatial structure of the solid foam models psgd here is derived
from routinely available laboratory measurementsrifpeability, porosity,
ligament length) and transport processes simulatiside porous media. A
general view on the representation of solid foamd an the generation
processes can be found in the studies of Perrat.€t” and Hoang and
Perrot.?!! The solid foam models which are going to be usedspatially
periodic in all directions of space. Hence, thetull provides the basic
structure from which the whole medium can be datilg translation along
three coordinate axes. Two different samples ofdsfdams were studied;
let us consider them more precisely in Fig. 4.1 ckhsummarizes their
more important geometrical characteristics. The eoed networks,
analyzed in this article and shown in Fig. 4.1, amencated octahedron
networks with tetrahedral vertices; the ligamentsciocular cross-section
shape connect the spherical center of a regulaahetiron, with plates
partially opened or not forming the faces of thdyhedron. This regular
foam structure of cubic symmetry follows this gedamefrom an initially
open-cell structure, whose close rate of solid $ilmr membranes is
allowed to grow. This implies that the length oétligaments of the model
becomes compatible with measurements on scannswgreh micrographs
(see Ref[21] for further details).

4.2.2.

Purely geometrical macroscopic properties

The two samples, namely;Hand H were generated with the following
measured porosit§®, @=0.93+ 0.0: and ¢=0.97+ 0.0: respectively. In
the first sample, the ligament length is smaller with larger ligament
thickness 2 than in the second one (See Fig. 1. and Eq. (Redf[20]).

The pore solid surfac& and pore volumé/, were systematically
calculated for each solid foam sample with elemgntpatial integration.
These two quantities can be combined in order tindethe length scale
N=, /'S, a generalized hydraulic radius also named thermal
characteristic length in the context of sound absay material !
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Figure 4.1. Geometrical characteristics of two different solid foam samples, H;
(top) and H, (bottom).

Transport parameters

The macroscopic permeabilitl, of each solid foam sample was measured
241 and computed on a unit cell by solving the Stokgsations by a finite
element method (Ref20]; Ref. [21]). The size of the cell is adapted in
order to recover the measured permeability. Theous characteristic
length A can be used to characterize the throat dizef a porous media.

A was introduced by Johnsonat. ™! It is essentially a volume-to-surface
pore ratio with a measure weighted by the localgabf the electric field
E(X) in a conduction process,

2[[EQO[ v

=Y (4.1)
[[EC)[ds
S
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The tortuosity @, can be calculated when the electric field is
known,

(ECO?)
(E()"

a,= (4.2)

where(+) denotes a fluid phase average.
This quantity was also obtained from our computato the unit cell.

4.2.4. Effective mechanical properties

The effective mechanical properties were obtained the two different

solid foam models either from both finite elemeradlctlations or from

experiments on real samples, namelyadd H. The effective linear-elastic
properties of the solid networks are determinedalfinite element scheme
operating on discretized representations of thacsire, see Sec. 4.3 for
further details. The material is assumed to bellpdaotropic and linear-

elastic; the fluid phase is modeled as a vacuum.

The effective elastic longitudinal modulus, and Poisson ratio
v, are obtained by applying two macroscopic extestedins on the cube
that bounds the solid foam model: a tensile steaid a shear strain related
to the principal coordinate directions. Since tlmids foam models have
cubic symmetry, three independent elastic const&his C,, and C,, (in
contracted notations) exist in the elasticity matnvhose identification
requires two numerical experiments using periodaridary conditions, to
express E, and v . The effective elastic longitudinal modulus, and
Poisson ratiov, are obtained by applying the relatiofs = (Cll2 + C11Cyo
— 2Cy, 2) [ (Ci1 + Cyp) andv, = Cy»/ (Cqy + Cyp) which are valid for the
effective elastic properties along the principabxbnate directions, [100],
[010] or [001] of materials with cubic symmetry.

The effective elastic properties of an effectiveangversely
isotropic material and of an effective isotropicteréal correspond to the
properties obtained by random orientation of thet well obtained by
arbitrary rotation around a given axis or for ampittary rotation in space.
It is tempting to use the average of effective mmigs corresponding to
different orientations of the unit cell. As it iseW known, this average
corresponds to bounds on the effective propertsss. two bounds of the
effective properties can be obtained, the one akthiby averaging the
elasticity tensor (components;) the other by averaging the compliance
tensor (component§;). Due to the fact that properties corresponding to
different orientations display a moderate contrdegse two bounds are
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near to each other and in the following, only theutd related to the
average of compliances will be used. The detaibguression obtained by
this angular averaging procedure yields for thertguic case a lower bound
for the Young’s modulus of the isotropic materig):= [5(Cy; — C12)(Cy1 +
2C1p) Cusg) 1 [Cas (83Cy1 + C1p) + 2(Ci1 — C12)(Cy1 + 2C4p)], and an estimate of
the Poisson ratie, = [- (Cy1 - 3Ci12) Cas + (Ci1 - C12) (Cia + 2Cy0)] / [Cas
(3C11 + Cyo) + 2(C11 — Cyp) (Cua + 2C10)];

Fig. 4.2 shows the displacement and stress fieldeeosolid foam
model corresponding to the real samplgddiring the shear strain and the
tensile strain numerical experiments.

A 27768 A 1.2178x10° A 5.5797x10°
b x10° C x10°

-1.164x10°

200 -200 v 27769 200 500

A 29673 b

V¥ -2.9671

V¥ -3.4837x10*

Figure 4.2. Numerical experiments allowing to identify the elastic constants C,;, C,,
and C44 (in contracted notations) of the elasticity matrix for a solid foam model having
cubic symmetry; illustrated with foam sample H,. (A) Tensile strain numerical experiment.
A uniform strain vector E =E e o€ is applied (along the principal coordinate direction
[100]) in the equivalent homogeneous material with E;; showing (a) the displacement
field (4m), (b) the stress field g, (N/m?) and (c) the stress field g,, (N/m?). The
data are then averaged over the periodic unit cell as follows:
P =V1J-UudV ;2o =$.|.02de ,and X, =l'|-033dV. Elastic constants C,; and C,,
are computed using the reldtions %, =C,,E,, and"Z,, =CE,, (or Z,; =C,E,,). With a
transversely isotropic configuration, the effective Young’s modulus was found to be
unchanged; E; =E and v, =V . Contrary to the transversely isotropic configuration,
the effective Young’s modulus and Poisson ratio for an isotropic material configuration were

modified; E, # E and Vv, #V,. (B) Shear strain numerical experiment. A uniform
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strain vector E=E, (elm et ep q) is applied in the equivalent homogeneous material
with E, =0.01, showing (a) the displacement field (4#m) and (b) the stress field 0,
(N/m2 ). The data are then averaged over the periodic unit cell as follows:
2, :iJ‘ledV (Eq. 4.17). The last elastic constant C,, is computed using the relation
Z12 =

Vv
1E1,- See also Sec. 4.3.

4.3

Microporoelastic analysis

4.3.1.

Elastic stiffnesses and compliances

With respect to a fixed coordinate system= X, =X, let g; and ¢; be
the stresses and strains, respectively, in an aoic elastic material. The
stress-strain law can be written as

O = Gis€s (4.3)

in which ¢, are the elastic stiffness coefficients which asenponents of
a fourth rank tensor. They satisfy symmetry comaisi. The inverse of this
relation is written as

& = Sks ks » (4.4)

where s, are the elastic compliances which are componehts fourth
rank tensor. They possess the same symmetry conditas the stiffness
tensor.

4.3.2.

Contracted notations

Introducing the contracted notation (Voigt, 19106¢ tstress-strain law (4.3)
and (4.4) can be written as

0 =Gé&, G =G (4.5)

In other words, due to the symmetrg; =0g;, only six
independent components can appear in the stressorterThese six
independent components of stress and strain cdndmracted” to a single
index notation by the following notation:

0,=0, & =& (=1, 2, 3. (4.6)
This representation of the stress and strain tenispivectors (with

six components) according to the following indicexchange rule
(1, ]) -1, (2, 2) - 2, (3, 3) - 3 (2, 3) - 4, (1, 3) - & (1, 2) - 6,
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means that the fourth order elastic constant tensamy be contracted to a

two-index notation by the application of the follmg conventions:

Iy
l
'

1

Jll gll
022 ‘922
033 ‘933

d € - €=
\/5023 and £ - ¢ \/5523

\/5031
V2o,

\/5‘931
Vg,

(4.7)

Note that there is a factor af2 involved in the contraction o
and £ in order to maintain a comprehensive descriptibrgand &, such
as the equality g.£=0g.£ holds. Following this convention, the
generalized Hooke’s law relationship between themants of the stress
and strain tensor (represented as six element colwectors) can be
compactly written in matric notations as

ag =

ud

£, (4.8)

where ¢ is a six-by-six symmetric matrix. An expanded foofmthe matrix
notation is given below:

o, £
1 Cll C12 C13 Cl4 Cl5 ClG u

o £

22 C22 023 C24 CZS C26 22

o £

33 _ C33 C34 C35 C36 33

Voo, |~ J2e. | (4.9)
O3 sym G G G o3

V2o, Cs  Css || /28,

V2o, Cos )| V26,

As indicated previously, it is frequently useful &xpress the

strain in terms of the stress,
£=50, (4.10)
Where s is the compliance tensor comprised of the 21 iedelent

elemenfsqj . The quantitys is the inverse ot in the matrix senss=¢".
The twenty-one coefficientss; , are called the compliance constants.
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4.3.3. Material symmetries

This paper addresses the linear elastic propedfegartially closed cell
solid foams with membrane-based tetrakaidecahedragllular

morphologies. This geometry exhibits a cubic symmneln this case, the
elasticity tensor is defined by three independem¢fiicients, the elastic

stiffnesses:

C:ll C12 C:12 0 O O

C, C, O 0 0

. C 0 0 0

Ccubu: - 11 (4.11)

C, O 0

sym G, O
C44

Consequently, the elastic behavior can be desctilaseéd on only
three independent elastic parameters €4, Ci,, Cys. Alternatively, the
elastic compliancesS; might be expressed in terms of the elastic
stiffnesses:

_ — — C11 + C12
Sl %2 %3 C121 + C:11012 -2 Ciz
-C
S,=S,= $= $= $= $= 1 (4.12)
’ ' ? C121 + C11012_2(:?2
_ _ 1
S44 - %5 - %6 _C_44

Attention will be directed in the next sections(19 the specification of two
kinds of numerical experiments required to completeharacterize the
elastic compliances and stiffnesses in terms of bese material’s
properties and to (2) the obtention of transversalMerage isotropic
properties or isotropic properties obtained froma thsults of the numerical
experiments.

4.3.4. Numerical experiments

A simple tensile numerical experiment is such tlagf is different from
zero and all other loads deleted sucr@s: Oforiorj=2,3, ..., 6. Under
these loading conditions, the relationslip- Sg greatly simplifies to yield
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gll = S110—11
822 = S120-11 (4.13)
833 = S130—11

‘923 = 831 = ‘912 :O

The longitudinal elastic modulus and Poisson ratiese deduced
by definition:

E :ﬂ :i
L
11 Sll
&
Vlzzﬁz—i (4.14)
11 Sll
) En_ So
é‘11 Sll

For materials with cubic symmetry, substituting theressions in
(4.12) into equation (4.14) leads to

- C121 +C,C,—2 Ciz

EL
C.+C
1o (4.15)
Vi, =Vis -G
1 1
C11+ C12

which relates the longitudinal modulus and Poissatios to the elastic
constants.

To calculate the macroscopic elastic constants atemals a
macroscopic strain is applied to the unit cell (Mg2). The displacement
field inside the cell is the solution of the celoplem obtained from the
homogenization of periodic media.

It is given by:

u=Ex+u,, (4.16)

whereuge, complies with periodicity conditions on the cetdundary. It can
be shown™® that, accounting for the symmetries of the celese
periodicity conditions can be changed into mixedutaary conditions
enforcing that some components wfare equal to the similar components

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est 150



M. T. Hoang, G. Bonnet and C. Perrot, Linear elastic properties of sound absorbing foams,
submitted to Journal of the Acoustical Society of America (2012)

of E.x, while expressing that the other components oftthetion vector
are null. For further details the reader is refére@ Sec. 4.2.1 of Ref25].

The components of the macroscopic effective striessor X
induced by the macroscopic straihare obtained by averaging the local
stress tensou obtained after solving the cell problem.

z=(g), :%jadv . (4.17)
\%

But, from another point of view, the macroscopicess tensor is
related to the macroscopic strain tensor by:

DE, 2 o)~ CE (4.18)

This computation produces therefore some componehtshe
elasticity tensor.

For the materials with cubic symmetry which contaimy three
independent elastic coefficients, only two numdriexperiments are
required to find out completely the elasticity nmatrone by using a
macroscopic tensile strain and another one by uaingacroscopic shear
strain.

In a first step we pay attention to a tensile straiumerical
experiment for which we impose a uniform macroscopstrain,
E=E.,0e, from which two elastic constants are found froime t
macroscopic stress tensor:

{Cll = z1]/ E11

(4.19)
C12 = Z22/ Ell

In a second step, we impose a uniform macroscoptecains
E:Elz(elm e, + e q)to model a shear strain numerical experiment.
This leads to

Cr =21/ By (4.20)

This completes the elasticity tensor.

4.3.5. Macroscopically transversely isotropic and isotropic material configurations

The cubic cell used previously has been built bywgsome properties of
the local geometry. However, the real material segefrig. 4.1 presents
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cells which are similar with the cubic cell, but @gde shape and orientation
departs from regularly aligned cells. In practiceal foams display either
transversely isotropic properties (with a rotatiossmmetry axis along the
growth direction of the fibers) or fully isotropproperties.

The properties of an equivalent isotropic mateciah be built on
the basis of the cubic cell by considering that tbal material is made of
cubic cells which have an arbitrary orientation.clin be obtained by
computing the elasticity tenso&ﬁ'j (@,6,9) for an arbitrary orientation of
the axes of the cell, using the usual axes transdition of a tensor, and by
averaging these properties over all orientatiors, on all possible Euler
angles (¢, 8, ¢). As explained previously, this leads to an uppeurd of
the compliance tensor and to a lower bound of thstieity tensor.

2mm2m

g =8in2”j S (@, 6, @)sin Oy dB oy (4.21)

000

This produces finally a relationship between thenponents of the lower
bound of the equivalent isotropic tenssp;' and those of the elastic
properties of the cubic material.

R e

SJZZ %l: %: 51: |§= I§_S.ll+45§2_ 34 (4.22)
S.= 8= =TTt

For a transversely isotropic material, the compatats the same,
but by restricting the orientation of the axestie bnes perpendicular to the
growth direction, i.e. by averaging over only adllwes of6.

_ 2 2 '
§=-]sO® (4.23)
0

This produces finally the components of an upparnabof the compliance
tensor, which possesses the properties of a traselyeisotropic tensor,
including S =Sy3 =Sy4:
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= S
n-g _3S+ ﬁz"‘ 2

2

SLll — S.Ll_ §2+ §4

s = Qo = 34 (4.24)
=S =%= 8= 8
Tl _ Slzzss_z"'fl_ A

3

TI_SI_
4 T M2 T
T — J —
4_33_

4.4 Results and discussion

4.4.1. Geometrical and transport properties

Before looking at the mechanical results, it isimfierest to consider the
purely geometrical macroscopic propertiegp, ( A') and transport
parametersK,, A, a.) which were obtained on the cubic cell.

Note that in the regular solid foam structure, eanft cell can be
generated by taking into account the experiment&ieuainty in the input
parametersp+tA¢ (¢ = p+A ¢ ¢ = g0 ¢q), k,xAk, (k," =k, +Ak,,
k, =k, —Ak,) and L*AL(L" =L+AL, L' =L-AL). Such a generation
process can be useful to obtain more detailed tedor a given foam
sample. For instance, the successive valuesN\df A and a,_, were
computed using 1 (mean) € @nit cells; and the standard deviatidnwere
subsequently calculated from these 1m@merical results.

The experimental datag{ k,, A,A"', a,) were obtained at the
Groupe d’Acoustique de I'Université de Sherbrook@AUS) laboratory
(Québec, Canada). Three of these parameters weaeaatbrized using
experimental techniquegp *%, k, ¥ and a,, 1*. Then, the determination
of the missing parameterg\'and A is based on an inverse procedure
using a cost function minimization algorithm. Thengiple of the method
consists in minimizing the differences between meed and modeled
sound absorption curves, from a standing wave tsdteip and Johnson-
Champoux-Allard®*! model respectivelyFoamX softwark

The purely geometrical macroscopic properties') and transport
parametersA\ @, ) computed from the course of this multi-scale apph are in a
good agreement with independently obtained expetmhelata, especially when

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est 153



M. T. Hoang, G. Bonnet and C. Perrot, Linear elastic properties of sound absorbing foams,
submitted to Journal of the Acoustical Society of America (2012)

standard deviations are taken into account asise€able 4.1. This means that the
identified microstructures presented in Fig. 4.} aepresentative of the
macroscopic properties of the real porous matetiatter study from both purely
geometrical macroscopic quantities and transpatgases point of views within
experimental uncertainties. We shall now try toneixe the representativity of
these microstructures in terms of their effectimedr poroelastic properties.

Foam Method o (-) A (pm) ko (x10m?) A (um) 0 ()
Computation 139 + 26 44+5 1.58+0.33
H; Measurements 0.93+£0.01 3.87 £0.32 2.44 £ 0.57
Inverse characterization 136 + 36 45 + 16
Computation 171 + 48 41+6 2.79%+0.61
H, Measurements 0.97 £0.01 1.59+0.31 1.24 + 0.05
Inverse characterization 103 £ 108 48 £ 19

Table 4.1. Macroscopic parameters: comparison between computational and

experimental (measurements and inverse characterization) results

4.4.2. Linear elastic properties

The basic ingredients of flexible urethane foamsh& type considered in
this study are ester resin (or polyol), diisocyanatvater, catalysts and
surfactants’?’’  Foam H was manufactured from the standpoint of these
typical ingredients with a view of lowering sigrdéintly the Young's
modulus of the resulting porous material when coragao standard plastic
foams, and foam His a commercial product. The samples represent
cylindrical subsections of large panels of diametgual to 44.5 mm. Their
heights are equal to 25 mm fog;Hand 10 mm, 15 mm, and 20 mm fos.H
Accurate literature values for the microscopic Ygisnmodulus
E, and Poisson ratiov, are not available because these values are
depending on processing strategy. The values oddain the literature are
scattered within a range of more than one ordermafgnitude, lying
between 2 and 30 MP&® As mentioned by Gong etl. ™, some foam
chemists believe that the polymer flow resultingnfr the foaming process
may cause preferential alignment of the long mdeswf the material
along the ligaments. Since these characteristicsy mat be easily
achievable in bulk material, they recommend thatriechanical properties
of the polymer be measured directly from foam ligats. To do so, a
modified microscopic testing stage was used, to ligaments of a 3 ppi
foam sample E = 4.5+ 0.3 MP¢). However, the main conclusion which
can be drawn is that specific measurements mushdme on the material.

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est 154



M. T. Hoang, G. Bonnet and C. Perrot, Linear elastic properties of sound absorbing foams,
submitted to Journal of the Acoustical Society of America (2012)

Without these measurements at the present timerathge 2-30 MPa will
be kept in the following.

Due to the strong dependence of the foam properaiésesults of
the computations performed along the lines of thevipus section were
expressed in terms of non-dimensional values; fstance E = E/E, .
These non-dimensional data were first computed wittembranes.
However, a parameter which has a strong effect lom results is the
membrane thickness. A rough estimate of the menebtaickness = 10
um was obtained by optical microscopy. Yet, it isrthato mention that the
thickness is probably not constant, and that then@sion of thickness can
also be overestimated through optical microscopgeolation. For these
reasons, two results for the model were given ih.#a2: with and without
membranes.

Foam Method

zﬁj 222 ng Clnld Cln2d Cﬁj E:Id V1| Elnd \%
(x10%) (x10%) (x10%) (x10% (x10%) (x10°) (x10%) (1) (x10%) ()

Without 0.12 0.09 0.03 1244 9.04 291 483 042 44 0.43
membranes +0.02 +0.01 #0.01 #2.30 #1.25 +0.86 +1.44 +0.01 #1.29 +0.01

With 0.40 0.15 0.17 39.51 15.09 17.12 31.17 0.28 25.6(B20
membranes £0.03 +0.01 +0.02 *2.63 *1.04 #1.90 +2.14 +0.01 *2.19 #0.01

H>

Without 0.044 0.038 0.005 439 384 050 081 047 0.76 704
membranes+0.019 +0.015 +0.004 +1.89 +1.46 +0.38 +0.63 +0.01 +0.59 +0.01

With 0.30 0.13 0.17 30.21 12,64 16.74 22.75 0.30 22.1800
membranes £0.07 +0.02 *0.03 *6.81 *2.21 +3.00 +5.81 +0.01 +4.61 +0.00

Table 4.2. Computed non-dimensional elastic properties of foam samples H; and
H>

The experimental values of Young’'s modulus are giue Table
4.3. They are obtained by uniaxial compression grpents 3% gn
polyurethane foam samples, namely; lAnd H; see Fig. 4.1. For
comparison with the computed results, the relaffeeing’s moduli of both
foams are given for both ultimate valuesEf(2-30MPa). These values can
be compared on the same table with relative Youmgdsluli coming from
the computations.

Obviously, the range of the experimental relativedmli Ee./E,
follows the one of the polyurethane base materiablatus E,. However,
some conclusions can still be drawn. It can be sBm®nH; that the
estimation of the relative modulus with membranegsinot lie between
the values given by experiments. By contrast, tleenmuted relative
modulus without membranes is compatible with thipeximental range of
values. It means that the membrane thickness uwetthis foam is probably
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overestimated when constructing the periodic cé&h the contrary, the
value of the relative Young’s modulus obtained fgrwithout membranes
is clearly outside the admissible range of relativeduli. It means that the
membranes must be taken into account in estimatingYoung’'s modulus
of the foam. This last result confirms the needtdak&e into account the
membranes when estimating the elastic propertiesiofi foams.

100Eey  100Eap/Exmy  100EadEymay  —00Teom/Er 100Eeom/E,

Foam (MPa) (with (without
membranes) membranes)
H; 18 9 0.6 25.6 4.4
H, 111 55 3.7 22.2 0.76

Table 4.3. Comparison between measured E., and computed E.m, elastic

Young’s moduli. Ecomp stands for the macroscopically isotropic computed value, E;

4.4.3. Acoustical properties

Let us go further to one of the major purpose as tetudy, namely the
determination of the acoustical properties of tlheoglastic medium. The
multi-scale determination of purely geometrical araeters, transport, and
elastic properties was studied for the regular paglof partially open cell
structures for two samples of solid foams. The nuca¢ and experimental
data relative to these macroscopic parameters atieeged in Tables 4.1
and 4.3. These results can be used as input pagesneft approximate but
robust semi-phenomenological modeld™ (“universal curves”) as
summarized in Appendix B of Ref20]. We shall focus the presentation
on the sound absorptioa(w) and sound transmissioBTL(w) properties
relative to the reconstructed poroelastic mediad (ewe shall point out the
features specific to each of these solid foamsait H).

Some results relative tor(w)and Sound Transmission Loss
(thereafter denote@TL(w)) are displayed in Fig. 4.3. In Fig. 4.3A(b), itis
seen that a rigid model fails at describing the fosguency behavior of the
sound transmission loss, whereas the acousticadvbehof foam sample
H, of measured density equal to 68 kd/ismwell described by a limp model
B: Fig. 4.3A(a-b). It is possible to verify the valwf this property with
the experimental results measured from a standirmyewtube, since
limSTL (w) = O(rigid body motion of the frame); Fig. 4.3A(b).

o0 Using the measured density of,Hbf 25 kg/ni, the sound
absorbing behavior of the low-density foam was reated using a limp
model, in a good agreement with the measurementseinmpedance tube;
Fig. 4.3B(a). The additional sound absorption gatext using a limp model
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for the low density foam was determined to be duan added rigid body
motion of the overall sample (because of the appganeass added in the
equivalent fluid at the resonant frequency). Thensb transmission loss
that dropped in the low frequency range with th&orence frequency were
more elastically sensitive compared with sound dfisg properties whose
essential behavior can be captured with a limp rhode

Using the elastic properties of the foam samplg,(Which can be
established using the method of micromechanicsrdest in this paper, we
obtain a prediction for the sound absorption angnslotransmission loss in
agreement with experimental results in a standirayestube, Fig. 4.3A.
This is done without prior experimental knowledgd the sound
transmission loss behavior in the asymptotic lowgfrency range. Fig.
4.3B also illustrates the utility of the elasticuéts derived in the preceding
sections. We begin by considering the Frame Acoabtxcitability (FAE)
of the foam sample® By computing the FAE, our interest is (1) to
examine the edge constraint effect on the acolgimvior of the foam and
(2) to illustrate the effect of the elastic propest of the foam on the
behavior ofa(w) and STL(w) in agreement with the results simulated in a
standing wave tube numerical experiment. The valofepermeabilityk,
and bulk density,; are much lower for H(p; = 25 kg/mi) than for H (p; =
68 kg/nT). For some foam samples, ldnd H having identical thicknesses
and radii with a similar stiffness, we note tha¢ thalue of the FAE for H
increases over more than one order of magnitudés dicates that the
boundary conditions in the tube will influence theerall sound absorption
and sound transmission results, and that theirceffeust be simulated
within an axisymmetric poroelastic FE formulatiord the Biot-Allard
equations for better agreement with experiments. &gpected, our
estimates using the elastic properties of the frantk a Biot-Allard model
are close to laboratory measurements of sound pheor Fig. 4.3B(a). By
contrast, it was also necessary to use an axisynompbroelastic FE
formulation to properly model the bounded edge la@ung condition for the
sound transmission loss, Fig. 4.3B(b), because fifagne acoustical
excitability was quite strong. The results of tlisalysis therefore show
that the elastic properties derived from the miceahmanical model are
therefore directly relevant for the determinatidrtlee acoustical properties
of real foam samples.
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Figure 4.3. Acoustical properties of two different poroelastic foam samples, H; (A) and H,

(B)

4.4.4. Conclusion

Let us have an overall view of the results thateveerived from this multi-
scale approach with the poroelastic foam samplesl uis this paper (Fig.
4.1). For the sake of clarity, let us recall thegadure. The porosity,
permeability k, and ligament lengtiL are assumed to be known from
measurements. In the multi-scale approach, thensida of the solid film
was implemented at growing rates, while the unill eeas rescaled to
account for the film frictional forces, until ligaent lengthL is converged.
Macroscopic  parameters are then computed from nicaler
homogenization and compared to the values that werasured at macro-
scale in Sec. 4 .4 and gathered in Table 4.1 aBd Phese later values
serve in a sense as bridges between microstruettleacoustical macro-
behavior with microphysical and micromechanical rfdations. The
numerical simulations are generally in a good agre® with the standing
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wave tube measured values. The comparison forielpsbperties is less
impressive here since accurate values for the mompic Young’s modulus
and Poisson ratio of the matrix were not yet aldddn the timeline of this
study, while the estimation of the membrane thidehés rather rough at
this stage. So, an important further step will bedfine the observation of
membrane thickness from suitable observation measto give a precise
estimation of polyurethane Young's modulus by usimgans such as
Mercury Intrusion Porosimetry (MIP) or nanoindemattechniques.
Results for the sound absorption and transmissimok Imuch
better when the circumferential constraint effetttlee tube is taken into
account through an axisymmetric poroelastic FE fdation (Fig. 4.3).
Therefore, the proposed multi-scale and multi-pbysnodeling approach
of the acoustics of poroelastic foams provides #@abile strategy to
characterize and optimize this class of materidlste that this method
provides new and complementary information when garad to inverse
estimates of anisotropic open-cell foant§! Considering the utility of
cellular solids and foam structures in various a@gtlons, the versatility of
periodic unit cell identification, and the chemicainability of foam
microstructures and mechanical functionality, teisategy can find ever
broader application (biomedical and biomechaniosdfindustry, catalysis,
etc.) because of added advantages of simple micciste generation and
parameterization, macroscopic properties estimaao processability.
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Conclusion générale

Nous rappelons que l'objectif de cette these éaitmettre au point une
méthode reliant la géométrie locale d’'une mousdlelleére a faible densité
a son macro-comportement acoustique.

La clef de volte de cette these réside dans litleation des
caractéristiques de la géométrie locale d’'une telperiodique idéalisée
tridimensionnelle afin que cette cellule soit reqmétative du comportement
acoustique du milieu poreux a I'échelle macroscopigNous avons donc
mis en ceuvre des outils d’observation permettanpréeiser la géomeétrie
locale, puis mis en application une méthode hybrgermettant de
déterminer les paramétres acoustiques semi-phérmogiques du milieu
poreux.

La méthodologie a tout d’abord été mise en ceuvre des
structures simples (peu dispersées, cellules 10Qertes), puis nous
avons augmenté de plus en plus la complexité daitaostructure (tailles
de pore dispersées, membranes...). Finalement, unthode itérative
reposant sur un modéle géométrique contenant dembmanes a été
proposée et validée avec succes sur des échastilémis de mousse. Cette
méthode permet de déterminer completement leslesailcritiques
gouvernant les propriétés acoustiques des moussihadatres. Cet outil
ouvre la voie a I'optimisation au point de vue astique de telles mousses
cellulaires.

Pour ce qui concerne la détermination des promiéiastiques
effectives, une meéthode d’homogénéisation reposamt des principes
classiques a permis de calculer les propriétéstigleess macroscopiques
des mousses. De tels calculs ont déja été mentsodaés la littérature,
mais l'originalité a été ici d’inclure la présende membranes dans la
détermination des propriétés élastiques et de dé&ewoteur importance
dans la prévision de ces propriétés. La comparaiesnpropriétés obtenues
avec les résultats expérimentaux n’est pas encooenpletement
satisfaisante. La raison en est que les paramélassiques sont sensibles a
I’épaisseur des membranes et que le module d’Yaltngomposant solide
des mousses identifié dans la littérature n’estncogu’a I'intérieur d’une
large plage d’extension supérieure a une décadanméins, au niveau de
I'optimisation, notre méthode peut évidemment @peliquée en jouant sur
les parametres microstructuraux et sur les paraséélastiques de la
matrice.

Enfin, il est bien sdr nécessaire de citer les pectves de cette
thése :
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Un point important serait de préciser I'épaisseas anembranes
observées dans le cadre de cette thése en utilssisicquisitions
par microtomographie a rayons-X. Cet objectif estuthnt plus
accessible que l'acquisition des données sur dieangitlons réels
de mousse panCT a été réalisée lors de séjours de mobilité

Y

'auteur a I'Université de Sherbrooke. Par conttes post-

traitements restent a réaliser pour préciser langdoe des
membranes.

Un des points bloquants pour la prévision des péb@s élastiques
des mousses réside dans la méconnaissance aveprécision

suffisante des propriétés élastigues du matérianstaatif des

mousses. Les premiers contacts ont été pris poundaure de
telles propriétés par une technique d’indentatiom @ar

porosimétrie au mercure. L'utilisation de ces résisl permettra a
court terme de valider I'approche retenue pour Havigion des
propriétés élastiques de mousses a faible densit¢emant des
membranes.

A moyen terme, le parachevement de ce travail dsdlsera dans
la mise au point d'une technique d’optimisationndeusses réelles
a partir de la méthodologie présentée dans ce mémafin de

déterminer les caractéristiques de la géométriealéocpour

lesquelles les propriétés acoustiques sont optenales-a-vis

d’applications industrielles. Pour se convainceel'dpplicabilité

des outils et méthodes développés dans une logiguetimisation

industrielle, le lecteur est encouragé a se repatein acte de
conférence récent portant sur ce sujet, dont |ééreaces sont
indiquées ci-dessous :

[A. Duval, M. T. Hoang, V. Marcel, and C. Perrote@lopment

of acoustically effective foams: A new micro-maavptimization

method, VDI-Conference Polyurethan, 7-8 Novembetytt§art

(2012)].
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Annexe A : Propagation d’ondes dans les milieux poreux: fluide équivalent, matériau
équivalent et mesure des parameétres acoustiques

Annexe A : Propagation d’ondes dans les
milieux poreux: fluide équivalent,
matériau équivalent et mesure des
parametres acoustiques

A.1. Introduction

Pour la recherche du comportement acoustique dédrimax poreux, il est

nécessaire de pouvoir décrire la propagation d'entdkens de tels milieux

afin de pouvoir prendre en compte et optimiser depropriétés. Cette

annexe se compose de deux parties principales. remipre aborde la

propagation d’ondes dans les fluides, définit lasameétres importants de
propagation, et représente la relation entre fluddgiivalent et matériau

homogéne équivalent. Dans la deuxiéme partie, |eactérisation de

I'impédance caractéristique ainsi que du nombrend&sont présentées en
se basant sur la méthode a deux microphones et@ités de Utsuno. La
mesure de l'impédance caractéristique est ensulié€er aux propriétés

acoustiques du milieu poreux.

Les deux références les plus importantes pour eatbexe sont le livre de
Allard et Atalla™ et I'article de Utsuno el. 2.
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Propagation d’'ondes dans un fluide et un milieu poreux

Equation du mouvement

On considere une onde se propageant dans un flydefait

d’incompressibiliték et de masse volumique

La pressiorp est reliée a la dilatation volumigepar la relation
K=-p/6=1 (A1)

Le vecteur de déplacemeuntpeut étre cherché sous la forme :

u="0¢ (A.2)

ou ¢ est potentiel de déplacement, solution de :

D{I{] £ pgtf—} 0 (A.3)

La pressionp est alors déduite par :

2
p=-K@=-K[F¢g=- p% (A.4)

Une solution de I'équation qui décrit la propagatid’'une onde dont la
direction de propagation est parallele a I'axs’gcrit:

¢ :piwzexp[j (kx, +wt)+d] (A.5)

ou A eta sont des constantes ktest le nombre d’onde :

k = pl K)“2 (A.6)
la célérité (vitesse de propagation du son) eshéerpar:

c=w/Rek (A.7)

w est la pulsation.
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La partie non nulle du déplacement et la pressionp sont
respectivement donnés par:

U, :% = —%exp[ j (kx, +wt+a) (A.8)

2
p= —p% = Aexp| j (-kx +wt+a) (A.9)

A.2.2. Impédance acoustique du fluide

A.2.2.1 Impédance caractéristique d’un fluide(en milieu infini)
On considere un fluide de module dincompressidiliet de masse
volumique respectivemeni et o. Comme il a été dit dans le paragraphe
précédent, une solution simple du potentiel de aldghent de I'équation
(A.3) estla suivante, qui représente I'équatiomund@ onde progressive
harmonique se propageant selon la direction x pouluide non visqueux:

P(x,1) :piwzexp[ j Ckx+at) (A.10)

La pression et les composantes du vecteur de d&pktt valent
respectivement:

p(x,) = Aexp| j(-kx+wt) (A.11)

et:

_ kA .
N=— —kx+awt
0 pof exp| | (locrat) (A.12)
u,=u, =0

A partir de I'équation (A.12), on peut calculer leecteur vitesse
v=0u/at:

v, (X,0) = ﬁexp[ j Ckx+at)
PwW (A.13)

v, =v, =0
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L'impédance caractéristiquedu fluide est définie comme le rapport entre
la pression et la vitesse:

_ p(xH)_ pw
7 = = A.14
Covxt)  k (A.14)
En combinant avec I'équation (A.6), on a I'expressisuivante de
I'impédance caractéristiqug,:

Z, = (pK)" (A.15)

A2.2.2 Impédance correspondant a une onde réfléchie par un monocouche
Si I'on considére une onde qui se propage dangnis mverse, i.e. dans la
direction négative de I'axe, les expressions de sa pression et de sa vitesse
sont respectivement:

p'(x,t) = A'exp| j(kx+at) (A.16)

et

V(1) = —%exp[ j (kx+at (A.17)

C

On considére maintenant I'onde incidente sur le oconche de la
Fig. A.1 et son onde réfléchie, ainsi que I'ondangmise dans le
monocouche et son onde réfléchie. Dans chaqueooas,une superposition
de deux ondes de directions de propagation invedses les pressions et
les vitesses sont respectivemept v et p', v' [Voir équations (A.11),
(A.13), (A.16), (A.17); la pression totale et la vitesse totale s’emyamt
comme suit:

pr (% ) = Aexp| jEkx+wt)] + A exd j kx+at ]

VT(X,t)=ZAexp[ j Ckx+at ) —? exq j kx+at) (A.18)

C C
Le rapport entre la pression et la vitespe(x t)/ v (x ) est
I'impédance erx du fluide.
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p p'
—f— —
p p
X X
"M, M, Ms | "M, Ml
Fluide 2 Fluide 1
d d
i’
Z(My) Z(My) x=-d x=0
@ (b)

Figure A.1. Ondes planes se propageant dans la direction x et dans la direction
opposée: (a) Fluide libre et (b) Une couche de fluide en contact avec une paroi

rigide et imperméable.

La Fig. A.1(a) représente deux ondes se propageams deux directions
opposeées et paralleles a I'axget on suppose gque I’impédan(Ze( Ml) au
point M, est connue. En utilisant les équations de (A.1I8)rga pression
et la vitesse totale, on peut écrire impédanZéMl) sous la forme
suivante:

(M) _ Aexp]-jkx(M, )] + A" exd jkx(M,

Z(M,) = . : , . A.19
v (M) Aexp| -jkx(M, ] = A'exp jkx(M, ) (A.19)
et de méme pour I'impédance au pdwy:
M Aexpl| -jkx(M, )| + A'exp jkx(M
Z(M2)=pT( 2)=ZC i J. (M, ) : F[J_ 0y (A.20)
v, (M,) Aexp| -ikx(M, ) - A'exp jkx(M, )

A partir de I'équation (A.19) on peut déduire:

A_ZM)-Z .

—=——=Ctexp[-2jkx(M

AT Z(M)-Z p[-2ikx (M, ) (A.21)

Finalement, en utilisant les équations (A.20) et .28 on
obtient I'impédance au pointl, du fluide considéré:

-jZ(M,)cotgkd + Z,
Z(M,) - jZ.cotgkd

Z(M,) =2, (A.22)
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oud est la distance entre les deux poiids et M,: d = x(M,)—x( M,).
Dans le cas de la Fig. A.1(b) ou il y a deux mikeuFluide 1 et
Fluide 2, la couche de fluide 1 d’épaissalirest en contact avec une paroi
rigide et imperméable, 'impédance au poidt, (qui est dans la phase de
solide 1 et est en contact avec la paroi rigidejeld infinie: Z(Ml) =00,
L'impédance enM, (a la surface de contact fluide 1/ fluide 2 et slda

phase de fluide 1) est obtenue en remplacant lauvate Z(Ml) a
I’équation(A.22).

Z(M,) =-jZ_cotgk,d (A.23)

avec Z, et k sont respectivement I'impédance caractéristiqueleet
nombre d’onde du fluide 1.

Si I'on considére un poinM, qui se trouve a la surface de contact
fluide 1/ fluide 2 mais dans la phase de fluidec@mme la pression et la
vitesse sont continues a la surface de contactpBidance en ce point doit
étre égale a celle au poiM, .

Z(My) = Z(M,) (A.24)
L'impédance mesurée au point M3 permet donc de rogter

I'impédance caractéristique du fluide 1. Cetteatielh va étre utilisée dans
la suite en remplacgant le milieu 1 par un miliewgax

A.2.3. Fluide équivalent et Matériau homogene équivalent

A2.3.1 Introduction
On s’intéresse maintenant a la propagation acouwstén grandes longueurs
d’'ondes dans un milieu poreux dont la structuregpesée indéformable
dans un premier temps, apparait homogene au niw@aumoscopique. Pour
des pores cylindriques, les caractéristiques dpa[gation(Z, k) peuvent
étre localement définies a I'échelle microscopigee fonction de la
distance a l'axe des pores. Mais dés qu’il s’ag& ohicrostructures
complexes, il est tres difficile de déterminer casactéristiques a I'échelle
microscopique a cause de la géométrie compliquéla deucture. Dans ce
dernier cas, on s’'intéresse a la moyenne macraggep qui est
normalement calculée a partir d’'un volume élémeataeprésentatif. On
suppose le squelette poreux rigide. L'air dans peses de géométrie
complexe est remplacé par un « fluide équivalegqui»a le méme volume
gue le fluide interstitiel et qui a des valeurs gpbdexes de I'impédance

Minh Tan HOANG
Laboratoire Modélisation et Simulation Multi Echelle — Université Paris-Est 172



Annexe A : Propagation d’ondes dans les milieux poreux: fluide équivalent, matériau
équivalent et mesure des parameétres acoustiques

caracteéristique ZC et du nombre dondek. Cette approche est
généralement utilisée en acoustique des milieuweysar Une deuxieme
approche est également possible en remplacant térima poreux étudié
par un matériau homogene équivalent dont I’impée}amzaactéristique7:eq

et le nombre d'ondek,, sont aussi complexes. Dans le cadre de cette
annexe, la premiére approche qui a fait I'objetndenbreuses études dans
la littérature acoustique est abordée de facon Igiiég et on a supposé que
les propriétés du fluide équivalent sont connudss, parties suivantes
visent a présenter le matériau homogéne équivatehd relation entre ses
caractéristiques acoustiques avec le fluide éqantatorrespondant.

A.2.3.2 Matériau homogéene équivalent

A.2.3.2.1. Parameétres caractéristiques du matériau équivalent

On considére un matériau de volume tdtaF Q, +Q_ ou Q, et Q_ sont
respectivement le volume de la phase fluide coréecet le volume de la
phase solide. L'idée de ce travail est de remplamermatériau par un
matériau homogéne équivalent qui a les caractgues d'un fluide,
représenté par I'impédance caractéristicﬁg et le nombre d’ondézeq, et
avec celui-ci les caractéristiques de surface coim@édance de surface,
le coefficient de réflexion et le coefficient d’asption, ces coefficients
étant caractéristiques du matériau réel.

On définit 'impédance caractéristique du milieurg@ax équivalent comme
le rapport de la pression interstitielle sur laegge macroscopique du

milieu homogéne équivalent :

s _ P
zeq_W (A.25)

elle s’exprime en fonction d@, et K., par:

Z oy =\ PeK g (A.26)

N

Similairement a I'équation (A.6), le nombre d’'ondmractérisant la
propagation dans le milieu équivalent est aussiplere et vaut:

Keg = 0y Dag! K g (A.27)
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La connaissance d@,,et K., ou de Z,, et K., permet de caractériser
complétement la propagation dans le milieu homoganevalent.

A.2.3.2.2. Caractéristiques de surface du matériau équivalent

air

%
Doty
LS

<
o

0
<2
2

Figure A.2. Caractérisation de surface d’un matériau multicouche.

Les matériaux poreux acoustiques sont employésestdwsous la forme des
systemes multicouches fixés sur une surface rigideséparés du support
par une couche d’air. Pour la caractérisation atigus de ces systemes, on
utilise différents parametres qui sont les carasti§ues de surface du
matériau.

Comme montré sur la Fig. A.2, on considére le casa onde
plane aérienne se réfléchissant en incidence nermsak un matériau
multicouche, chaque couche pouvant étre caractmsé une impédance
caractéristique. Trois grandeurs caractérisant Eénmau au sein de la
structure sont particulierement utilisées pour difiem ces effets de
réflexion:

* L'impédance de surface est définie comme le rapport entre la
pression et la composante normale de la vitessa &ulface du

matériau.
Z, a—‘ij (A.28)
V.X x=0
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Dans le cas d'une onde plane de directiorperpendiculaire a la

surface d’'un matériau d’'épaissely placé sur un autre matériau
d’'impédance de surfacef;, I'impédance de surface vaut, d'aprés
équation (A.22) :

Z,=2,, 12, COtge * Zog (A.29)
Z - |Z.cotgk, d

En particulier si le matériau est placé sur un suppigide et
imperméable, I'impédance est similaire a I'équatiémi23):

Z, =-jZ,cotgk,d (A.30)

. Le coefficient de réflexion Rapport des pressions réfléchie et
incidente, une grandeur complexe dépendante de rémuénce,
s’exprime dans ce cas en fonction de I'impédanceutéace par:

R=P-%"% (A.31)
P 4Lt 4

ou Z,est 'impédance caractéristique de l'air, calcué [@ produit de
la masse volumique de l'air et de sa céléridg:= p,c,

* Le coefficient d’absorption: il évalue I'énergie absorbée par rapport a
I'énergie de l'onde incidente. Pour une onde plaea, incidence
normale:

azl—‘Rz‘ (A.32)

Le coefficient d’absorption est réel, et varie péfinition entre 0, pour
un matériau parfaitement réfléchissant, et 1 pour matériau
totalement absorbant.

A.2.3.3 Relation entre fluide équivalent et matériau homogene équivalent

Il est courant de trouver dans la littérature atigue la notion de « fluide
équivalent », plutét que de « matériau homogéeneivaipnt ». Il est
intéressant d’établir la correspondance entre eex thotions. On considere
un matériau dont le fluide équivalent a deux paraesede propagatioiC

et k supposés connus, le matériau homogéne équivalentiea
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caractéristiqueszeq et Req gui sont définies dans la partie A.2.3.2.1. On va
chercher la relation entre ces parametres a paetieurs définitions. (Fig.
A.3)

BEEEEEE BEELEE,
SRR SRR
Dododolelelelels Podetelelelels!
SRRELREK, RRRKKS
doetetetolelss BeSedetetelels!
R0 0 02020200020 2 20 0 %0 2 20 %0 Yot 202006
020202000202 20%0%0 2 20 0 %0 Y e e %ot 0%
- SR
Ze, K SRREL Loy K 8858
T RIS SRRRLLRS
2O LIHIAHXIKLILS
D00 0 020202020 2020005020 %6% % % 2o 0205
e e 020202020 220 20050 %0262 2 %0 2000050
05855 RRRILILRLLILILII,
e tetetetelet0t0 %000 0t 0 0 0t e 0 20 %0 0%
SR RIEILLLRILLKS
\ SR
LSSEEIRSEILILILIRLELLS
Qs Q Q

Figure A.3. Matériau poreux (a gauche) et son matériau homogéne équivalent (a

droite)

A.2.3.3.1. Impédances caractéristiques

Les impédances caractéristiques du matériau honeogquivalent
et du fluide équivalent valent respectivemertif I'équation (A.25):

s _ P

Zeq_m (A.33)
et

s _ P

Z = A.34
Vg, (A3

(A.35)

De plus, les deux vitesses macroscopig(\, et <V>Qf sont les moyennes
spatiales rapportée aux volumes correspondant (€&, Q,) des champs
de vitesses microscopiques. Ces champs de vitesgdes mémes pour le
fluide équivalent et le matériau homogéne équivialéa vitesse est nulle
pour la phase solide) :

_ 1
<V>Qf = o) vdQ (A.36)
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-1 -1
(v), = |Q|£vd§2 |Q|Qf vaQ (A.37)
Donc, on obtient:
<V>Qf :H :1 (A 38)
Mo 1] @ |

ou @ est la porosité ouverte du matériau calculée parapport entre le
volume de la phase fluide sur le volume total. l&sgiations (A.35) et
(A.38) donnent:

€q

_Z (A.39)
@

A.2.3.3.2. Nombre d’onde

Pour trouver la relation entre le nombre d’onde rdatériau homogéne
équivalent et celui du fluide équivalent, on se ebasur le fait que
I'impédance de surface ne change pas de I'un arBau

On considere un volume de matériau poreux qui &stépsur un
support rigide imperméable (Fig. A.4(a)), la sudadu matériau étant en
contact avec l'air et étant soumise a une ondecttieance normale. Deux
points M;et M, sont choisis,M, dans l'air et M; dans le matériau
poreux. On appelle/(Ml) la vitesse moyenne de l'air dans un pore prés de
la surface etv(Mz)Ia vitesse moyenne dans l'air libre. Les pressions
p(M,) et p(M,) sont respectivement les pressions dans le poreret d
I'air. La continuité du flux d'air et de la pressia la surface du matériau
poreux donne :

p(M,) = p(M,) (A.40)
v(M,) =v(M))@, (A.41)

ou @ est la porosité surfacique a la surface du matérga= @ pour un
matériau isotrope. Sachant que le rappprtv nous donne I'impédance a
la surface considérée, les rapports entre les détés droit et gauche des
deux équations (A.40) et (A.41) donnent:
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Z(M,) = Z(M,)lp (A.42)

En regardant I'équation (A.23), on obtient finalarhe

Z(M,) = —j% cotgkd (A.43)

ou ZC et k sont respectivement I'impédance caractéristiquie etombre
d'onde du fluide équivalent,d est I'’épaisseur du matériau selon la
direction de propagation.

M, M,
. L
. BT ARRBIIILE,
Qs_| M; 20 Rotete%s!
BRRIRIERRAILHLR 3T Q)
Pedetetetetoletete%e! Petodelee!
SRR
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7 Q5K o XRLEKL
Q2 Zc, k XXX L o on Ko KKK
) JRLRRRRS Lpep Keg KRRRIIKS
f RGLLLLLLS RRRIILS
000 I IIIIILLLLKS
IOsete e tetetetotetetesetetodedetetetetetetetete
PSoteteteteleteetoteletetetetetetetetotetetetete!
e Sotetetetetetetetotetetetetoteletetetoteteteodele!
R RIIILIRIIELIKIEE
oS ot0tetotete 2020302 0% 2e %0t et tetetotetetele!
IILLLRRRIILLK,
2 RRLILIELE
éupport rigide Support rigide

(@) (b)

Figure A.4. Matériau poreux (a) et son matériau homogene équivalent (b)

soumis aux ondes se propageant dans la direction normale a leurs surfaces.
Maintenant on considéere la Fig. A.4(b) ou l'on mEate le

matériau poreux par un matériau homogeéne équival&m utilisant
I’équation (A.24), on peut écrire:

Z(M,) = - jZ,cotek, d (A.44)

Comme l'impédance de surface reste la méme poucdss(a) et (b), on
peut déduire a partir des équations (A.43) et (k.44

- Z—g; cotdd = —jZ,, cotek,d (A.45)

et comme I'exprime I'équation (A.39)Zeq = Zc/w, on obtient:

cotgkd = cotgk,,d (A.46)
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Pour que cette équation soit vraie pour toute®pedsseurd , il faut que:

k =k, (A.47)

ce qui indique que le nombre d’onde ne change pamnd| on remplace le
fluide équivalent par un matériau homogene équivale

A.2.3.3.3. Masse volumique et incompressibilité

Les équations (A.6) et (A.15) ont représenté le Immmd'onde et
impédance caractéristiqueZ, d’'un milieu en fonction de sa masse
volumique o et son incompressibilit& . On a donc:

k = af pl K)"2 a
~ w(~,0~ 1/2 @ (A.48)
Z, =(pK) (b
pour le fluide équivalent et
Ky = @ Doel Ked'* ()
s s i (A.49)
Zeq - (pqu ec) (b‘
pour le matériau homogene équivalent.
Les équations (A.47), (A.48)-(a) et (A.49)-(a) dentt
PIK = g/ K g (A.50)
et les équations (A.39), (A.48)-(b) et (A.49)-(lyrdhent:
PR =0 K (A.51)
Finalement on obtient, a partir des relations (A.60(A.51):
P =vR, (a)
- - , (A.52)
K=¢K, (b,
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La formule (A.52)-(a) semble contre-intuitive car [on met un fluide
équivalent de volumdl, dans un volumeQ qui est plus grand, la masse
volumique de la deuxiéme est physiquement plustqetilais dans ce cas,
comme p=¢gp, et <1, la masse volumique du matériau homogene
équivalent est plus grande que celle du fluide jent (masse volumique
effective). Par contre, comme il a été montré danpartie précédente, il
est exact d'utiliser ces relations pour remplaacematériau poreux réel par
un matériau (fluide) homogéne équivalent qui peaitpsésenter pour ce
matériau au niveau acoustique. Avec ce dernierpégametres acoustiques
du matériau comme I'impédance de surface, le coiefit d’absorption et
le coefficient de réflexion restent inchangés. Drawart, on peut montrer
gue la formule (A.52)-(a) est compatible avec lkaenservation de la
guantité de mouvement :

P(V)o, = PealV)q (A53)
A partir des équations (A.38) et (A.53), on obtidonc :

Ma

pP= <V>Qf peq = wpeq (A54)

On note toutefois que la formule donnant la quéntie mouvement
obtenue ne correspond pas a l'approche classiqudadénéorie des
meélanges. En effet ces deux quantités de mouvemamespondent a la
guantité de mouvement par volume de fluide et nota &uantité de
mouvement par volume solide+fluide.

A.3. Caractérisation acoustique des matériaux poreux par la méthode a
deux microphones

Le comportement acoustique d’'un matériau poreux pelcaractériser soit
par I'impédance caractéristique et le nombre d’oddenatériau homogene
équivaJent(Zeq, Req), soit par sa masse volumique et son incompreggibil
(Peqr Keg)- La connaissance d'un de ces deux couples de pgdresn
permet de déterminer les parametres restants pag ddations
mathématiques abordées dans la partie précédemte mesures les plus
souvent utilisées pour la caractérisation de caamatres sont celles en
tube d’impédance utilisant la méthode de la fanctie transfert®® || y

a beaucoup de recherches basées sur cette métlaoae llesquelles la
méthode & deux microphones et deux cavités proppaé&tsuno eal. 1%
gui permet la mesure des deux variatﬂé':§q, Req) de facon fiable et rapide.
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On représente dans les paragraphes suivants laodeétlte Utsuno al. 2,

Le lecteur intéressé par les méthodes les plumtéseourra consulter les
référenceg6], [7], [8] et[9].

A.3.1. Formulation de la méthode a deux cavités

La Fig. A.5 représente un schéma du tube a impédpneposé par Utsuno
et al. ¥, Le matériau homogéne d'épaissedirest suivi d’une cavité
d’épaisseur L et d'un piston rigide et mobile.Z, et Zg,sont
respectivement I'impédance de surface du matériaw eontact
matériau/cavité d’air et a la surface de référer@e.considére(zeq, Eeq)
qui sont les variables relatives au matériau homegé&quivalent au
matériau étudié. A partir de I'équation (A.22) . Brilisant I'égalité
cotg(k,,d)=-j coth(k,d |, on déduit:

. Zgcosh(k,d ¥ Z,, sinh(k g )

Zg, == — (A.55)
Zg sinh(jk.d)+ Z cosh(k.d )
L’équation (A.55) donne:
Z,+2. 2.2 -
=2 M= = exp(3Kd ) (A.56)
Zsz - Zeq ZS. + Zeq

La c6té a droite de I'équation (A.56) est une fomctde I'épaisseud et

du nombre d’ondelzeq qui sont constants. Donc si I'on chan~ge I’égaisseu
de la couche d’ailL par L', Z, et Z,, seront remplacées pafg, et Z,,

ce qui mene a I'égalité suivante:

N N
Ny N
7]
+ |
N N
N N
0 (s
| +
2
B B
3

zsz +
Zsz -

eq g eq _

Nzeq A.57
= (A.57)
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A

Générateur 2ch. FFT e 5
de bruit =s2 | £s1
| D L d L
Amplificateur . *

v , \ N

Haut-parleur

Zeg ke Zo, ko

Plan de référeng

Tube a impédance

/
. o\ \/2\

Matériau poreux Cavité d'air Piston mobile
A

Figure A.5. Schéma du Tube a impédance a deux microphones et des accessoires

Par la résolution des équations (A.56) et (A.51) pbtient:

~ ~, ~ ~, ~ o~ ~ ~ 1/2
vd :i(ZSZZsz(Fa-ga)-%$ZA~Zg- Z”)j (A.58)
o (281_281)_(29_29)
et
8 Z,+2..2,-2
Keg= 1 T ) (A.59)
2jd  Zgy-Z,Za+Z,,

le signe dans la formule (A.58) est choisi pour tmartie réelle dieq
soit positive. Pour calculer 'impédance caractégise et le nombre d’onde
du matériau selon les formules (A.58) et (A.59),falut connaitre les
valeurs des impédances aux surfa@s et 2. On peut les calculer
facilement selon la formule (A.23):

Z, =—jZ,cotgk,L (A.60)
Z, =—jZ,cotgk,L (A.61)
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ou (Zo,ko)sont impédance caractéristique et le nombre d&oté a la
propagation de I'air dans le tube.

On utilise la méthode de la fonction de transfddo 10534-2) pour
détermineZ.,,Z,,. En ce qui concerne cette méthode, le champ de
pression est mesuré a deux positions 1 et 2, sépdéne de 'autre d’'une
distance D, suivant I'axe du tube. La fonction de transfétt, entre les
pressions mesurées aux deux points 1 et 2 esaparite calculée.

H,, =% (A.62)

Les impédances a la surface de référence correapbrdix distances et
L’ sont respectivement calculées comme suit:

13

_ _lesin(kolw)"'sm[ko (Lx + ij
o H,,cosk,L, )- Coiko .+ D, D
5 : _Hl‘ZSin(kolv)'i'Sin[ko (L + ij
7= iZy—

H12 COSQ(OR )_ Co$k0 (-x + Dx ])

(A.63)

(A.64)

ou H,, et H,, sont les fonctions de transferts correspondantdistances
Let L'. L, est la distance du microphone 2 a la surface thraéce (i.e.
la surface de I'’échantillon).

La connaissance des impédances de surface perncefalder I'impédance
caractéristique du matériau homogéne équivalégg selon la formule
(A.58), puis on remplace cette valeur dans la fdem(&.59) pour trouver
le nombre d’onde du matériau homogene équivalent.

A.3.2. Résultats et Discussions

Utsuno et ses collaborateurs ont réalisé des mesate tube a deux
microphones avec différentes couples c(é_, L’) pour mesurer
I'impédance caractéristigue et le nombre d'onde diux types de
matériaux: laine de verre et mousse aluminiumcdastatent que les bons
résultats sont obtenus si la conditions suivante@sfiée:

f(L-L")#nc/2 (A.65)
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ou f et c sont respectivement la fréquence et la vitesssatudans l'air
et n est un nombre entien(=1, 2, 3...)

Les résultats d’'impédance de surface calculés airpde la
formule (A.55) sont comparés avec ceux mesuréslganéthode de la
fonction de transfert pour la vérification des mesua deux microphones
et conduit a de bons résultats.

A.3.3. Application de la méthode a deux microphones

La mesure a deux microphones fournit deux pararmétaractéristiques
importants du matériau, qui permettent de détermide nombreux
parameétres soit acoustiques soit non-acoustiques lés formules seront
présentées dans les deux parties suivantes:

A.3.3.1. Détermination des propriétés acoustiques
Selon la formule (A.52), la masse volumique effeetiet le module

d’'incompressibilité effectif du matériau peuvent salculer par les
formules suivantes:

= Pedken (A.66)
w

54

R = e (A.67)
Keg

Ensuite, le coefficient de réflexion et le coeféint d’absorption peuvent
étre déterminés respectivement par les formules:

R=%"% (A.68)
Z,+Z,
a=1—\R2\ (A.69)

ou ZS est I'impédance de surface du matériau, calculdel@s formules
(A.29) et (A.30).

A.3.3.2. Détermination des propriétés non-acoustiques
Les quatre paramétres non-acoustiques les plus riaqtse pour un
matériau poreux peuvent étre calculés par la mé&hadirecte proposée
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par Panneton et Onl{?™* en supposant que la porosité du milieu est
connu (par la mesure directe):

* Résistivité au passage de l'air:
= —llim[lm(a)@] (A.70)
wwao ’

*  Tortuosité:

0

crm:i Re )-\/Im([))z—(a—cfj (A.71)

* Longueur caractéristique visqueuse:

_ 2001
A“’“’J wIm(7) A0, ~Re(@) a7

* Longueur caractéristique thermique

(go K/K

N'=0,/2(-Im( 0 ) )2 (A.73)

ou: K, est la module d’incompressibilité adiabatique dar|' K, = yF, ou
P, est la pression ambiante ptest le rapport de chaleur spécifiquye, est
la masse volumique de I'air au repa@p.est la viscosité dynamique de I'air.
O, =+/21p,ePr ou Prest nombre de PrandtRr=C s /k ot C, est la
chaleur massique a pression constante egst la conductivité thermique
de I'air.
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Annexe B : Modeles semi-phénoménologiques

Le comportement acoustique des milieux poreux réctire rigide saturés
par 'air peut étre déterminé a l'aide d’'un cougle fonctions de réponse
complexe, une caractérise l'effet visqueux et Ifauttoncerne [effet
thermique.

Pour I'effet visqueux, il existe plusieurs choix fiactions possibles,
suivant les auteurs et suivant le paramétre physiqitial, choisi en hautes
fréquences ou en basses fréquences, qui est éteadua bande de
fréquences intermédiaires. On peut citer ici lduosité dynamiqueﬂ(w) :
la perméabilité dynamique visqueLB(a)) et la masse volumique effective
,b(a)). Ces fonctions sont reliées entre elles par :

d(w)=p(w)! g et a(w)=velidk( (B.1)

ou p, et v sont respectivement la masse volumique et la gis€o
cinématique de l'air.

Similairement, les différentes fonctions de répondgnamique
alternatives caractérisant la dissipation thermidad’air dans les pores du
milieu sont la compressibilité dynamique normalis(é(ew), la perméabilité
dynamique thermiqueE‘(w)et le module d'incompressibilité effectif
K(w). Une de ces trois fonctions peut se trouver a ipaile la
connaissance d’'une autre par les relations suigante

B(w)=K, I K(a) et B(w)=y-(r-1)i &'( QY v ¢ (B.2)

ou K, est le module d’incompressibilité de l'aiy est le rapport des
capacités thermiques massiquesC, /C, , C, et C, étant respectivement
les capacités thermiques a pression constante eblame constant,
v'=klp,C, ou k estla conductivité thermique de I'air.

Les modéles phénoménologiques présentés danstia Ravisent
alors a déterminer les fonctions de réponse dynaenigi-dessus. Ces
modéles s’'appuyant sur des parameétres macroscapiqueuvent se
présenter sous une forme générale, exprimée entibonae la masse
volumique effective et du module de compressibiitiectif comme suit :

p(w)= pa, [1+%f(w)} (B.3)
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L :_1{,,_( y—l){1+_—1‘f ( w-)ﬂ (B.4)

K(w) K, i@
ou w et w' sont respectivement les pulsations adimensionselle
visqueuses et thermiques, données par les expnsssio

wka. G-k (B.5)

et avec les fonctions de forme et f' suivantes :

f (@ 4/ (B.6)
f(@)=1-P%+P" / (B.7)

ou M, M', P et P' sont les facteurs de forme adimensionnels, donnés

par :
8k°a M = 850 (B.8)
N A2
p=__M = ';L
4a,-1) (B.9)

Les parameétres caractéristiques des modéles phémdogiques sont alors
présentés dans le tableau B.1.

Modéles Parameétres macroscopiques
I2
JCA o k A A a k=2 aozam(1+2k°—a2°°J a,=1.25
8 @\
JCAL ¢ k A A a, Kk a,=a, [1+ Z;O\‘Zm J a,=1.25
JCAPL ¢ k, A" A a, Ky a, a,

Tableau B.1. Modeles phénoménologiques et paramétres caractéristiques

correspondants.
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Post Scriptum

This thesis was the subject of numerous remarkscarestions coming from the jury. For a
better enlightening of the reader, these remarksreported below with the response of the
author.

1. The reviews in Chapters 2 and 3 (e.g. page 41) touit relevant aspects:
(i) the availability of ‘exact’ solutions for spdam idealised pore
microstructures (these include cylinders, slitsartgles and rectangles -
see for example Ch.3 d¥redicting Outdoor SoundK. Attenborough, K.
M. Li and K. Horoshenkov, Taylor and Francis, 2006)

(if) reference to the cell model approach in geharad ‘exact’ results for
stacked spheres in particular (see O. Umnova, Kerftorough and K. M.
Li, “Cell model calculations of dynamic drag parders in packings of
spheres”. J. Acoust. Soc. Arh07 (3) 3113 — 3119 (2000), O. Umnova, K.
Attenborough and K. M. Li, “A cell model for the Aastical properties of
Packings of Spheres”, Acustica combined with Actaugtica,87 226 — 235
(2001)) [Note that these references offer a modml the acoustical
properties of stacked spheres (this idealisatiomésntioned specifically on
page 42) requiring knowledge only of sphere radiag porosity without
the need for any adjustable parameters]

(iii) reference to the relaxation time approach K. Wilson “Relaxation-
matched modeling of propagation through porous imedcluding fractal
pore structure,” J. Acoust. Soc. A8, 1136-1145 (1993)] and

(iv) models based on pore size distributions (see éxample K.V.
Horoshenkov, Keith Attenborough and S.N. Chandlaldd/ “Pade
approximants for the acoustical properties of rifyjaime porous media with
pore size distribution”, J. Acoust. Soc. AriQ4 (3) 1198-1209 (1998); see
also K. Attenborough, “Models for the acousticabperties of air-saturated
granular media”, Acta Acustich213-236 (1993)).

2. The statements ‘1.” and ‘2." in section 3.1.2.18page 46 about the waves
in Biot Theory for dynamics of poroelastic medi& &rue only if the waves
are decoupled (which is the case only under thelitmms described in the
following paragraph). Statement ‘3.’ is only trdaghe saturating fluid does
not support shear.

3. There is a low frequency measurement problem wiscavident in all of
the data presented (starting with Fig. 3.6.) whiemeither remarked nor
explained.
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This low-frequency problem is due to the small inmicrophonic
distance of the standard standing wave tube, whiglduces significantly
the low-frequency (long wavelength) accuracy measnrents.

. If the same acoustical data used to estimate fduh® parameters have
been used also for validation, how can the valaatof the ‘bottom-up’
parameter calculations be regarded as independent?

It is true that the transport parameters and the @cstical data which
have been used for the validation of the ‘bottom:wgpproach cannot be
regarded as independent (macroscopic data are idegendent).
However, once the [micro (local geometry) or macKporosity and
permeability)] input parameters have been obtaineg measurements, the
output parameters are computed directly on the pelic unit cell from
first principle calculations. Then, the resultingarameters are compared
with independently obtained measurements [acousttidata and (model-
dependent) macroscopic parameters estimates]. Farthore, none of the
input parameters are obtained from acoustical datdherefore, the
acoustical properties of porous media are obtaingdimarily from
microstructure, and independently from any acoustidata.

. The pore surface area is mentioned on page 49 raopthe definition of

thermal characteristic length and specific (intérngurface area is
mentioned again as important for this definitionmage 73. The difficulty
that the BET apparatus for measuring this quanigynot ‘routinely

available’ is mentioned on page 74. Why hasn’t Weder suction method
[see H.L. Ritter and L. C. Drake Ind. Eng. Chelid.782 — 786 (1945)] for
obtaining the pore size distribution and hence Itatéernal surface area
been considered or used?

The water suction method is an interesting alterhsd. However, we
believe that such a method is not routinely availabrhis will be however
investigated in a forthcoming work.

. What is particularly novel about the ‘key resultated on page 123 that the
viscous characteristic length is related to the |km#a openings (throat
size)? Surely this stems from its definition and leeen stated may times
in the literature, for example by Allard.

To the knowledge of the author, this statement appein the literature
as a general trend, a purely qualitative statemertdt substantiated with
precise quantitative arguments. This explains wthitijs may be seen as a
‘key result’ delineating clearly the limits of apmability of this micro-
macro link.
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. In Table 4.1 on page 153, reference is made tonpetex values described
as ‘inverse characterisation measurements’. Howetlegse are not
measured values. They have been deduced from merasots using a
commercially-available inversion procedure. Alsositould be noted that
Kino [*A comparison of two acoustical methods fatienating parameters
of glass fibre and melamine foam materials” Appli&doustics73 590 —

603 (2012)] has shown that parameters obtainedguBmam-X software
(see page 153) are not always accurate.

This is true that they are not directly measured. ottever, their

characterization follows successive steps includifi impedance tube
measurements, and (ii) a specific iterative inversi process based on a
constrained cost function minimization algorithm.nl this sense, the
successive combination of steps (i) and (ii) cohsfes an inverse
characterization method based on impedance tube suwaments.

According to the opinion of the author, the analgtiinversion process
following Refs. [60] and [61] is more rigorous thathe iterative one,

because it involves a unique theoretical solutiorhen considering an

input signal without noise. In practice, the low équency signals are
generally poorly accurate. This may justify the usef the iterative

process, which has proven to be useful and robustyway, following

proper recommendations (as for any characterizatiorethods) [Foam-X,

User’'s Manual]. This was apparently not the case tine aforementioned

Kino’'s work.

. The conclusion that the presence of membranes masortant influence
on bulk elastic properties in polymer foams (padéd and 156) was
reached by Kino [Ref[102] for Ch.3] already through measurements as
well as modelling. But this is neither remarked aocknowledged.

This point was corrected in the original manuscripNote however that
this conclusion was reached by Kino through measomrents and macro
modelling only, without any micro-macro (multi-sce) evidence.

. To what extent is it true as stated on page 13Q tphaogress in
manufacturing methods’ can make use of the resaftsthis Thesis?
Reference is made on page 154 to the fact thatfrdnme elasticity of
polymer foams can be controlled to some extent pade 159 refers to
‘chemical tunability’ (without explaining it). Buvvhat about controlling the
microstructure? It would seem that, for examplee presence of holed
membranes (in polymer foams), which are found tanbgortant factors in
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acoustical performance, is an accidental consequefideficiencies in a
manufacturing process that aims at their completeaval.

A proper reference was added in the original manuigt to justify the

new ‘chemical tunability’ evidences, and subsequefmhorphological

tunability’ possibilities. In this sense, membranese not an accidental
consequence of deficiencies in a manufacturing pess that aims at their
complete removal, but a new degree of freedom i tmanufacturing

process.

10.The Thesis is aimed at making models and numersgleriments that
enable understanding of the influence of existingcrostructures in
metallic and polymer foams on their bulk acoustipabperties. But what
might be the merits of a different approach? Thisuld specify a
microstructure from first principles, aimed at beke acoustical
characteristics and take advantage, for exampleweaf rapid prototyping
methods enabling 3D fabrication of pre-programmidctures?
This is a possible route. However, is it really cpatible with a large
industrial process? At the present time, we belidglat rapid prototyping
might be a suitable option for validation purposebut is still far from
being realistic for a large scale industrial task.
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