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Angle entre deux faisceaux ou parametre de taille

Interfrange ou distribution de Dirac

Longueur d’onde

Angle d’intégration, angle solide

Pulsation et fréquence

Diameétre au col du faisceau laser

Fonction de Ricatti-Bessel (sphere)

Phase et déphasage (signal Doppler)

Angle de diffusion

Rayon d’une particule

Cocfficients de diffusion externe, onde plane, particule homogene/multicouche
Idem, pour une sphére multicouche éclairée par une onde de forme arbitraire (GLMT)
Concentration volumique (en particules).

Champs électrique et magnétique

Diameétre

Technique Dual Bursts

Technique Dual Mode

Tension

Théorie de Lorenz-Mie Généralisée

Optique géométrique

Coefficients utilisés pour la description du faisceau incident (GLMT)
Intensité diffusée

Institut Universitaire des Systemes Thermiques Industriels, Marseille.
Fonctions de Bessel cylindriques (cylindre)

Absorptivité et partie imaginaire de I'indice, vecteur d’onde

Nombre de couches (discrétisation du profil d’indice)

Lit Fluidisé Circulant

Théotie de Lorenz-Mie

Indice de réfraction (réel ou complexe)

Résonances Morphologico-Dépendantes

Vecteur de Poynting

Piédestal (signal Doppler)

Otrdre de diffusion (optique géométrie et séries de Debye)
Vélocimétrie par Images de Particules

Approximation d’optique physique

Potentiel Scalaire de Bromwich

Coefficients d’extinction, de diffusion et d’absorption
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S1, Sz, T1, T2 Fonctions d’amplitude des champs diffusés 2 : onde TM (//) ; 1 : onde TE (1)
SGR Saint-Gobain Recherche

T, To Température, température initiale de fibrage
TE, TM Transversale Electrique et Magnétique

A% Visibilité (signal Doppler)

Vs Vitesse de fibrage

z, Z Axe optique ou axe du cylindre
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ABREVIATIONS, SYMBOLES ET NOTATIONS FABRICE ONOEFRI

Notations pour les références et les légendes des vignettes

Notations pour les références

Les références de mes propres travaux sont précédées d’une a deux lettres : A pour article, B pour
brevets, C pour article de congres, L pour logiciel, RC pour rapport de contrat, RI pour rapport interne, S
pour séminaire et T pour these. Ces références sont listées dans la section § 8.2 du Chapitre 8. (pages 107

a 113). Les reproductions de dix articles sont incluses dans le Chapitre 9.

Les Références concernant les travaux d’autres auteurs sont numérotées de fagon classique [entre cro-

chets]. Elles sont détaillées dans le Chapitre 7 (a partir de la page 100).

Légendes des vignettes des tétes de chapitre

Chaque téte de chapitre est illustrée par une vignette (petite figure) dont voici les 1égendes :

Chapitre 1, page 11 : Intensité des champs électromagnétiques : incident, interne et diffusé par une goutte
d’eau éclairée par une onde plane. Cette simulation a été réalisée a partir des codes de calcul
de Barber et Hill [1].

Chapitre 2, page 15 : Diagrammes de diffusion arriere de fibres de verre de différents diametres. Pour ce
calcul, seules les ondes pattielles ayant subi deux réflexions internes sont prises en compte (série

de Debye, p=3), § 2.3.

Chapitre 3, page 41 : Evolution temporelle des diagrammes de diffraction expérimentaux d’une fibre de
verre dont le diametre fluctue, § 3.1.4.

Chapitre 4, page 65 : Photographie de la téte optique de l'interféromeétre rétro diffusion FIB, §3.1.3.

Chapitre 5, page 96 : Tomographie laser de la distribution des solides dans un Lit Fluidisé Circulant gaz-
solide, §4.4.1.

Chapitre 6, page 100 : Champ de vitesse de la phase dispersée d’un Lit Fluidisé Circulant gaz-solide, lors du
passage d’une poche de gaz (en rotation, vue en coupe), § 4.4.1.

Chapitre 7, page 100 : Copie d’écran du logiciel d’acquisition et de traitement de l'interférometre FIBS,
§ 4.3.3.

Chapitre 8, page 106 : Simulation par méthode de Monte Catlo de la diffusion de la lumiere par un jet li
quide fortement chargé en micro particules, § 2.4.3.

Chapitre 9, page 120 : Principe de la technique de mesure d’indice par faisceaux focalisés : les signaux
lumineux réfléchis et réfractés apparaissent décalés dans le temps, § 3.2.1.
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Chapitre 1

INTRODUCTION

Ce mémoire d’habilitation présente essentiel de mes travaux sur la caractérisation optique de particules et fluides
en éconlement. |’ai démarré cette activité de recherche au cours de la deuxiéme partie de ma these [T1]! dans la
mesure ou mon sujet de these initial, sur les effets de trajectoires, bien que tres riche [Al, A3, A6-7], a été
considéré comme pratiquement bouclé aprés seulement deux ans de thése et le dépdt de deux brevets [B1,
B2|. Depuis ma nomination comme Chargé de Recherche au CNRS en novembre 1996, je développe cette
activité dans le cadre d’une opération de recherche sur les « Diagnostics Optigues des Miliens Multiphasiques »
de 'TUSTI-UMR n°6595 CNRS-Université de Provence. Mes activités sont transverses a deux des trois
thématiques de recherche de mon laboratoire d’affectation : «Physigue des Transferts» et «Econlements». Cette
transversalité tient moins a 'objet de mon étude, les éconlements diphasiques et multiphasigues, qu’a mon outil
d’analyse : la «lumiere». Cet outil est puissant mais il est également complexe et colteux... et, depuis ma
nomination, il m’a fallu de nombreux efforts pour parvenir a équiper un laboratoire et ainsi, développer

mes travaux de recherche.

Les éconlements diphasiques on multiphasigues sont des milieux extrémement complexes dans lesquels une ou
plusieurs phases dispersées sont transportées ou mises en suspension par une phase fluide. La complexité
de ces milieux, que I'on s’intéresse a leurs modes de production?, a leurs propriétés de transport® ou a leur
réactivité*, tient pour 'essentiel a la multiplicité et a la complexité des phénomenes physiques mis en jeu
(turbulence, évaporation, coalescence, physico-chimie, rayonnement...). L’étude de ces milieux revét de ce
fait un caractere fortement pluridisciplinaire. La modélisation et le controle expérimental de ceux-ci impo-
sent que nous en développions nos connaissances fondamentales et nos capacités de diagnosties. Expérimen-

talement, le « mécanicien des fluides » cherche caractériser trois types de propriétés de ces milieux : 7) vi-

1 LESP/CORIA-UMR n°6614-CNRS-Université et INSA de Rouen

2 Cavitation, pulvérisation, granulation, séchage, enrobage, polymérisation catalytique ...
3 Sédimentation, fluidisation; dépots céramiques, aérosols marins, boues, sang. ..

4 Combustion diphasique, incinération, polymérisation...

HABILITATION A DIRIGER DES RECHERCHES 1
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tesses moyennes et fluctuations, corrélations spatiales et temporelles, les flux en masse... ; #) composi-
tions, taux de mélange, températures... et ) forme, la granulométrie, la concentration en masse... des
phases dispersées.

Les techniques laser, non intrusives, sont particulierement bien adaptées a 'étude de ces milienx parfois
hostiles, ou les échelles temporelles et spatiales a résoudre sont tres critigues. Cependant, il n’existe aucune
technique de mesure capable d’obtenir de maniére corrélée les trois types propriétés précédemment citées
[C40]. Les systémes actuels de granulométrie optique de particules en écoulement sont, par exemple, incapables de dis-
tinguer le matériau et donc la nature des particnles qu’ils détectent. Ceci conduit, dans I’étude des écoulements ré-
actifs en lit fluidisé, a ce que 'on ne puisse pas distinguer les particules combustibles, des particules utili-
sées pour fixer les polluants ou de celles issues de la combustion... On poutrait multiplier les exemples
d'applications industrielles, ou de recherches fondamentales, o a caractérisation du matérian des particules en écou-

lement pourrait contribuer a la réalisation de progres fondamentanx.

Hétérogenes

FORME | MATERIAU ? Héterogenes  Non symétrique

Homogenes Symétrie radiale

Indices inconnus Cylindri S
» y ques
QOuneleongue Homagines v @/v @/v Oblates/

oA Ob Indice connu ./' Oid Rugueuses

7 H.,.;;‘,Q' o’ i Q/a

7 étecti + Granulométrie
Vitesses o + Détection f]u. ceeur :
Lt +Granulométrie + Granulométrie + Indice
Corrélations .
+Flux + Gradients..
+Concentrations

+ Matériau/Mélange + Détection
+ Température + Granulométrie

+ Concentration
PROPR’EES ? en hétérogénéités + Forme...

+ Gradients...

Figure 1 L’étude des milieux multiphasiques nécessite la caractérisation de particules de forme et de composition va-
riées, ainsi que leurs propriétés dynamiques et celles du fluide qui les transporte.

Partant de ce constat, mon activité de recherche porte sur la mise au point de nouveaux outils (ou
I’'amélioration d’outils existants) pour ’étude des milieux multiphasiques, a partir de 'analyse des proprié-
tés de diffusion de la lumiére des particules présentes dans ces écoulements.

A T'image de mes activités de recherche, ce mémoire est composé de trois parties que je qualifierais de

« symbiotiques » :

Théories et modéles de diffusion de la lumiére par les particules sub-millimétriques :

Cet axe sous-tend aussi bien les axes expérimentaux qu’il les devance. 1l consiste a développer des ou-
tils théoriques et numériques pour prédire les propriétés de diffusion de la lumiere de différentes particu-
les. Ceci, afin de pouvoir déterminer une « signature optique » de ces particules et, au final, proposer le
principe d’une technique optique susceptible d’améliorer la caractérisation des milieux en écoulement,

Chapitre 2.

HABILITATION A DIRIGER DES RECHERCHES 12
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Caractérisation optique de particules en écoulement :

Cet axe vise a réaliser des expériences de validation des modeles développés ou a valider expérimentale-
ment le concept de zechnigues de mesure originales, pouvant répondre a un besoin actuel de la communauté
ou, prévisible a terme. Diverses techniques ont ainsi été développées pour 'amélioration de la granulomiétrie
optique de particules en écoulement, ou la caractérisation simultanée de leur vitesse, de leur taille et de leur maté-

rian, Chapitre 3.

Collaborations & Applications :

J’ai été amené a développer diftérents partenariats industriels et universitaires, pour développer et financer
mes acticités de recherches. Cette démarche fait partie intégrante des missions du département Sciences Ponr
LIngénienr du CNRS. Aussi, en essayant de garder une juste proportion entre recherche amont, applications
contractuelles et collaborations interdisciplinaires, cect m’a conduit a aborder des domaines aussi variés que la bio-
physique, la combustion, la fluidisation et le traitement des poudres, la micro fluidique, les instabilités de

jets capillaires, les procédés de fibrage du verre..., Chapitre 4.

Ce mémoire comprend également une Annexe, Chapitre 5. Celle-ci rassemble différents développe-
ments analytiques, inutiles pour la compréhension du probleme physique absorbé dans le texte, mais

néanmoins importants et encore non publiés.
Des Conclusions et Perspectives sur mes activités de recherche sont présentées dans le Chapitre 6.

Les Références des travaux d’autres auteurs, utiles a la compréhension de ce mémoire, sont listées

dans le Chapitre 7.

Conformément aux réglementations sur le diplome d’Habilitation a Diriger des Recherches (HDR), ce
mémoire comprend également un résumé de mes autres activités liées a la recherche : enseignement et
encadrement, gestion de projets de recherche, transferts technologiques..., Chapitre 8. Ce dernier

rassemble également la liste de mes publications.

Au final, ce mémoire regroupe des Reproductions d’Articles qui présentent de facon plus détaillée

certains aspects de mes travaux de recherche, Chapitre 9.
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Chapitre 2

THEORIES ET MODELES DE DIFFUSION DE LA
LUMIERE PAR DES PARTICULES SUB-
MILLIMETRIQUES

Ce chapitre présente les théories et modeles de diffusion de lumiére élaborés pour simuler les proprié-
tés de diffusion de différentes particules rencontrées dans les écoulements. Les particules multicouches
(stratification radiale de l'indice de réfraction) occupent une place importante dans mes travaux. En effet,
ces dernicres permettent de modéliser I'influence de nombreux phénomeénes physiques et « particules »
produites par I'industrie, Figure 2.

D’une maniere générale, ces travaux sont ordonnés par type de particules et en distinguant les théories,
parfaitement exactes, des modeles, qui sont généralement des approximations asymptotiques. Ces travaux
ont été a lorigine de différentes applications et collaborations. Les autres chapitres de ce mémoire y font

donc souvent référence.

Figure 2 Différents phénomenes physiques et procédés industriels sont a 'origine de la formation de gradients ra-
diaux d’indice a I'intérieur des patticules : gouttes multi composant soumises a un choc thermique, formation des cé-
nospheres, fibres optiques. ..
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2.1 Théorie de Lorenz-Mie : cylindre homogéne et multicouche

Cette section traite du calcul de la diffusion d’une onde électromagnétique plane, harmonique, par un

cylindre infini, de section circulaire, a stratification radial d’indice et biréfringence uniaxe [A18].

2.1.1 Théorie

On considere un cylindre infini de section circulaire composé de L couches concentriques, j=12....
L-1, L. Chaque couche est caractérisée par son indice de réfraction complexe m ; =4/€, , sa constante de
perméabilité magnétique ; et son rayon r;, voir la Figure 3. Ce cylindre, placé dans un milieu d’indice

réel m,,, est éclairé sous incidence normale par une onde plane harmonique de vecteur d’onde k =ke,

ext >

=(2zm,,/2)e,. La géométrie du modele et les notations sont les mémes que celles introduites par Bo-

hren et Huffman [2], pour le calcul de la diffusion par un cylindre homogene.

Onde plane .
O F )\ Tension
}\’O/mext
L
) 5
“x
Eiz ext
Y
F \/ Tension
TS P e o
2 SIS E TR 1 b)

V4

Figure 3 Géométrie du modele de diffusion d’une onde électromagnétique plane par un cylindre infini a stratification
radial d’indice et biréfringence uniaxe.

La solution du probléeme est obtenue [RI7, C37, A18] en résolvant ’équation d’onde, Eq. (2.1), pour
les conditions limites du probléme : décroissance de l'intensité diffusée en 7/r dans le champ lointain,
champs interne et incident finis au centre de la particule, continuité des composantes tangentielles des

champs (électrique et magnétique) a la traversée de la surface externe de la particule et de chaque couche .

VY 4 2P =0 @.1)
I’équation d’onde s’écrit en coordonnées cylindriques :
2 2
10f,0v), 10V OV 42y -0 2.2)
ror\_ or ) r°0¢- Oz
Elle peut étre résolue par une méthode de séparation des variables (i .e. Théorie de Lorenz-Mie) :
© (p.p)=Z,(p)e"™ (n=0,%1,...,0) (2.3)
Pour la fonction radiale Z, (p), I'argument p =kr est solution de I’équation de Bessel :
d( dz 2 2
— L+ (p?=n*)Z,=0 2.4
pdp(pdpj (p*-n*)z, 2.4)
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Avec k=2zm/A pour le vecteur d’onde, les solutions de I’équation précédente sont les composantes des
harmoniques cylindriques :

(p) _ _an(p) (p)emw% Nap) - kZ,E”) (p)e""”ez (2.5)
Toute combinaison linéaire de ces harmoniques est, a priori, une solution de I'équation précédente. Les

) et leurs dérivées Z'¥)

fonctions Z sont les fonctions de Bessel d’ordre n entier (neZ): J,(p), du
premier ordre; Y, ( p), du second ordre (ou encore fonction de « Neumann »); et la fonction de Hankel,
H, (p),avec peC:

20 (p)=J,(p) 27 (p)=Y,(p) ZV7(p)=H)"(p)=J,(p)+iY,(p) (2.6)

Expressions des champs TM :

On s’intéresse ici au cas d’une onde incidente plane harmonique, linéairement polarisée, Transversale Ma-

gnétique (TM, i.e. champ électrique parallele a I'axe g de la fibre).

Champs incidents : El,, , Hy,,

Le champ incident doit étre de dimension finie au centre de la particule. Ceci conduit a éliminer la
fonction de Bessel du second ordre Y, (p —0) — -, de la combinaison linéaire des solutions possibles

de ’Eq. (2.4). De méme que pour un cylindre homogéne [2], le systeme (2.5) se réduit alors a :
z EN

; ik,
=~ 37 g

ext n=—%°

2.7

Avec pour le vecteur d’onde de 'onde incidente: k,, =27zm,, /4, ou A, estla longueur d’onde de 'onde
incidente « dans 'air» ; E, = E, (—i)'7 /k

ext >

ou E, est 'amplitude du champ incident.

Les composantes des harmoniques se réduisent alors a :
M( ) (mext ) k ‘] ( ext )e(/l N( ) (mz‘ct ) k J ( ext )ez (28)

ext” n ext” n

Ce qui donne pour les composantes des champs électrique et rnagnétique sur la surface de la particule :

E (mew kext Z n n ext

n=-o0

H ( EXI L) E (mexth)zo (29)
H l( ext L w;;:xr ,,:Z,w n“'n ext

Champs diffusés : By, , Hy,,

Dans le cas du champ diffusé par la particule p>r, seule la fonction de Hankel, qui permet d’obtenir
une intensité diffusée qui décroit en 7/r quand r tend vers linfini I(r)oc H,(r)H, (r)>a/r, r > o,

peut étre retenue comme solution de 'Eq. (2.4). De ce fait, on obtient que :

S E N

n~nl

2.10)

i E b MY

ext N==

s _
HTM -
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Les champs diffusés se propagent dans le milieu extérieur, d’indice m,,, depuis la surface de la particule

ext >

(p=m,,x;) vers Iinfini. x, =271, /A, estle paramétre de taille de la particule (correspondant a celui de la
couche externe, j=1L).
A la surface de la particule les composantes des harmoniques s’écrivent :

MY (5, ) =~k H (mevi e, N () = ko H) (e, e (211

Ce qui donne pour les composantes tangentielles des charnps diffusés :

ke\ft z Enban ext )

n=

H'=E)= 0 2.12)
H ext E (l)'
a)ﬂeﬂ :z:_w n n[ n (m ext xL )

Dans I’Eq. (2.12), les expressions des champs électrique et magnétique sont strictement identiques a celles

obtenues pour un cylindre homogene. Seule 'expression du coefficient de diffusion externe b,, differe.

Caleul des champs internes E\) HY)

Pour une onde incidente TM, les champs électrique et magnétique, internes a la couche j, sont de la

forme :

) _ i En[cf,f)NS)—eﬁf)Nf)]
HY) - z E /M) M ]

()

Les coefficients de diffusion interne ¢,” et e,E /)

2.13)

sont a priori non nuls. Les composantes des harmoniques

>4 b — — .
s’écrivent avec k; =2zm /A, et p=mx; :

M (p)=—k,Z (p)e,  N(p)=kZ\" (p)e. (2.14)
Comme pour les champs incidents, la fonction de Bessel du second ordre ¥, ne peut étre solution de
I’Eq. (2.4). Dans le cas du cylindre multicouche, la condition «de dimension» finie n’est critique que pour
la premiere couche (qui est en fait un cylindre homogene), j=1. Pour les autres couches, j=2...L, cette
restriction n’a pas lieu d’étre. C’est pourquoi, on doit exprimer les champs internes, pour chaque couche

comme une combinaison linéaire des deux fonctions de Bessel, J, , ¥, avec p=m x; :
E,(,’z) = =k, Z E, [c,(,j)Jn (mjxj)—e,(,j)Yn (mjxj )]

H(f) =EV =0 (2.15)

n.e

O - ()ZE[ T, (myx,) =7, (mx, )

ou, =

Pour les cas particuliers de la premiére couche : e =0 et de la couche externe /=L (ie. p=m;x;,)ona:

Eifz)— k, ZE[ )J mLxL) (L)Yn(mLxL)]

W _ gl _
HY=EY= 0 2.16)
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Le calcul des champs TM internes nécessite, a priori, la détermination d’une infinité de coefficients : ¢!’

et /. Pour un ordre d’expansion donné, ils sont au nombre de 2n(L-1).

Récurrence ascendante sur les coefficients internes
Pour le calcul des coefficients de diffusion externe, nous allons transposer le principe de la méthode

de résolution par récurrence introduite par Wu et Wang [3] dans le cas de la diffusion d’une onde plane par une

sphere multicouches®.

Conditions de continuité des champs internes

La méthode de résolution par récurrence conduit, dans un premier temps, a écrire les équations de
continuité des composantes tangentielles des champs a la traversée des interfaces j—1— j :

1% )(m/xj )= y i (m,x,,) avec®=gpetz; V=EetH 2.17)

Ce qui donne, en remplacant dans ’Eq. (2.17) les champs par leur expression donnée par I'Eq. (2.10), et

apres simplification :

. () (J-1)
ij,(/) |:J (m]xj 1) i Y, (m/x] 1):|—m/ lc(/ 1) |:Jn (mjflxj,l) e(/ 5 Y, (mj X ):| (2.18)
V o) R =)
(’Zj) (’){] (mjxj 1) ﬁY (mjxj 1)}—mc£“){] (mjxj 1) %Y (mjxj 1)} (2.19)
J n J-1 n

Plut6t que de calculer les 2n(L —1) coefficients internes, on peut se limiter au calcul des n(L—1) quotients

suivants (avec B\ =0):
0 _ (/')
B (1 (2.20)

Ce qui permet, avec le calcul du rapport Eq. (2.19)/Eq. (2.18), d’éliminer une série d’inconnues :
J (m x ) BYY (m x ) m J, (mejf ) By’ (mj X )

J7-1 J7 -1

= (2.21)
g (m/x/ 1) B*E )Y (mlx/ 1) My J, (mj_lxj_])—B,Ej I)Yn (m./—lx.i—l)
En introduisant la fonction ou « quotient intermédiaire » H},:
! -1y
HUD J, (mj,lxj,l)—B,,’ Y, (mf—lxj—l) 299
bn (j-1) ( . )
Jn (mj—]x/'—] )_ Bn Yn (mj—]xj—] )
I’équation (2.21) devient alors :
- U, m,_ - )
J (m/x/ 1) BYY (m/xl l)_,u_jm;lH}E’]" ”[J (m/x/ 1) BYy, (m/xl 1)] (2.23)
My
De cette derniére expression on peut tirer la forme récurrente du quotient BY/) :
(-1)
B(j):mj—l#jJn(mjle)Hbjn —mu; a (mjle) (224

m]-,l,qu,,( i 1)H(j ) Ml IY (m/x/ 1)

5 Il a noter que j’ai également généralisé cette méthode au cas de la diffusion d’une onde incidente de forme arbitraire par une
sphere stratifiée, voir a ce sujet article [A2] et le paragraphe § 2.2.

HABILITATION A DIRIGER DES RECHERCHES 19



THEORIES ET MODELES DE DIFFUSION DE LA LUMIERE FABRICE ONOFRI

Conditions de continuité a la traversée de la surface externe

La condition de continuité des composantes tangentielles des champs électrique et magnétique, a la
traversée de la surface externe de la particule s’écrit :
Vo (mox, )+ Vs (m,x,)=Vy (m,x,), avec @ =g etz; V=E et H (2.25)

En remplagant dans 'Eq. (2.25), les champs par leur expression sur linterface externe, et en simplifiant,

on obtient le systéme suivant :

(k) (y (k) g [y )y’
— E|J, -b,H, E\|J -BY 2.26
a)luﬁw n |: n (mew'x ) nl (mext'x ):| a)/.lL cn n |: n (mLxL) n n (mLxL ):| ( )
kextEn I: ( exle ) - anH;(zl) (mgxlxl ):| = kchlL)En [']n (mLxL ) - BSIL)Jn (mLxL ):| (227)
Le calcul du rapport des Eqs. (2.26)/ (2.27) permet d’éliminer le coefficient de diffusion interne ¢!*) et la
constante E,
& J;z ( ew ) anH ] ( exle) _k_L ‘];z (mLxL)_BISL)YI’; (mLxL) — &HbL’n (228)

Iuext Jn( ext ) b Hl (mext'x ) ’uL Jn (mLxL)_BIEL)Jn (mLxL) /JL
Dans le 2¢me membre de Pexpression précédente on reconnait I'expression du rapport H,, , introduite par

I'Eq. (2.22). En remplacant H,, par son expression et en simplifiant on obtient :
kex!/'lLJ;l (mexle) kextluLb H ( exl L) = kL#evzH}fnJ;z (mexz ) kL/‘lele/fnanH ] ( exz ) (229)

On en déduit 'expression du coefficient de diffusion externe des champs TM, b,
mL/ueszlf,n (mLxL )J (mme ) - mexul'lLJ;z (mexzxL )
o
lel’laxtHlf:n (mLxL )H}E ) (mextxl ) - mextluLHS ) (mextxl, )

(2.30)

nl —

On procede de méme pour le champ TE, voir a ce propos le paragraphe § 5.1.1 placé en annexe.
La facon dont nous prenons en compte la biréfringence uniaxe, est décrite dans l’article [A13] et la ré-

térence [4].

2.1.2  Résolution numérique et expressions des fonctions de diffusion

Résolution numérique

Le calcul des fonctions de Bessel, pour de grands arguments complexes et de grands ordres, pose de
nombreux problémes numériques. Pour pallier au manque de stabilité de ce calcul, il faut réécrire les fonc-
tions de Bessel sous la forme de dérivées logarithmiques et faire apparaitre, dans les différentes expres-
sions précédentes, des rapports de ces fonctions plutot que les fonctions elles-mémes. Ce travail analyti-
que permet d’obtenir des expressions qui se prétent mieux aux calculs numériques, voir a ce propos le pa-
ragraphe § 5.1.2.

Numériquement, le profil d’indice du cylindre multicouche est introduit sous la forme dun profil en

et d’'un profil d’indice complexe (indice du

rayon, adimensionnalisé par le rayon externe du cylindre 7,

matériau pour A;) :

nin [Re(ml ),Im(ml ):|
[Re(m,),Im(m,)] 2.31)

[Re(mL),Im(mL)]
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Dans les codes de calcul, ce profil est ptis en compte en le redimensionnant: x, =27z (r/r,)/(4,/m,,). Ce
qui permet d’itérer facilement sur le diametre externe de la particule. On pose par ailleurs

m,,, =m,,, m,, €R.De manicre classique maintenant [2], comme pour une particule homogene (sphere

ext?
ou cylindre), les séries infinies sont tronquées a partir de :
n, =x,+4x)”+2 (2.32)

stop

Remargune - selon le principe de 'approximation localisée de Van de Hulst [5], le rayon de la particule cor-
respond a la valeur : n+1/2=x, =2D/A. D’ou une décroissance tres forte des coefficients de diffusion

externe pour n>x, —1/2.

Sections efficaces et fonctions d’amplitude

Nous sommes a présent en mesure de calculer des quantités intégrales, comme les sections efficaces
de diffusion, ou les fonctions d’amplitude d’un cylindre multicouche. Pour ce faire, dans les expressions
dérivées pour le cylindre homogene [2], il suffit de remplacer les coefficients de diffusion externe du cylin-

dre homogene par ceux que nous venons d’établir pour le cylindre multicouche :
Pour les coefficients d’efficacité de diffusion:

A R Y M S S (S v

n=1 n=1

po= (|a011| +ZZ|%U| js w = %Re[aon +2Za011j

n=l1 n=l1

(2.33)

U O =00 -0 et O =08 -0, avec Ext. pour lextinction, Sea. pour la diffusion et .Abs. pour

l’absorpnon).

Pour les excpressions des champ diffusés et des fonctions d’amplitude:

(0N o (O 0 oty

0) Z nl exp[ lng bo] +Zzbn1 COS(I’IH)
" (2.35)

T,(0)= Zanu exp[—ind] = a,, +22a"u cos(nd)

n=1

0 = —¢ est'angle de diffusion, voir la Figure 3 et, pour plus de détails, les références [R17, A18].

2.1.3 Validations et exemples de résultats

Cas limite du cylindre homogéne:
Dans le cas d’'une couche unique on a H 1(7[;1) :H[(I,Ln) =D, (m,x,). Pour une particule de parameétre de
taille x, =x, placée dans un milieu d’indice m,, =m avec y, = u,,, 'expression Eq. (5.24) devient :
J, (mx) J,(x)
m -
J, (x) J,(mx) J,(x)
nl = 1 ' (1) (2'36)
m(x) I, (mx) H,”(mx)
"y T
J,(mx) HY (mx)
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Expression que 'on peut remettre sous la forme :

J, (mx)J, (x)=mJ, (mx)J, (x)
J, (mx)H,(ll)' (x)-mJ, (mx)H,(ll) (x)
qui est strictement identique a celle obtenue dans le cas du cylindre homogene. On trouve le méme accord
pour a,, (§5.1.1)

(2.37)

il =

Nombre de couches

. 1 10 100 1000 5000
152 <m>=>=]48663 A = M
_ 'C}.?"=.‘fwr.a"-—'.n]> =0,425661 4 / | * %;JrTE
1.51 4 Max {dm/dr} =0.00188 . 3 | !
g 1,50 =1.5 =13 e A ;zz / ] 3
5 o m,\n1._r}—l_n(]-I.11(;-n ) £= / i
Z1.49 \ Bl . : |
2 - =1 1
ﬁ 1.45-m : g :f 0 ! % TN EERER
- - do \
g L' : '
__g 1.46 % 2 2
= 145, 2 8a] En<i%  [Em<01%
Y } |
o R
1.0 54

0.01 0.1 1 10 50

500 400 300 200 -0 0 w20 3 - X - J
Fraction en longueur d'onde de l'inerément radial: <2>/dr

Rayon [um)|
(a) (b)
Figure 4 Diffusion par une fibre optique a gradient radial d’indice : a) Profil d’indice et b) Simulation de I'influence
de la discrétisation du profil d’indice sur I’évolution relative des coefficients d’efficacité de diffusion (cas limite :
L=5000).

Comparaison avec la sphére stratifiée

Intuitivement, on peut penser que la diffusion dans le plan d’un cylindre multicouche devrait étre as-
sez similaire a celle d’une sphere de méme diametre et de méme profil d’indice. En fait, ce n’est pas vrai-
ment le cas [4]... Cependant, du point de vue analytique, on peut établir des correspondances entre les ha-
rmoniques sphériques et cylindriques et au final, entre les fonctions de Ricatti-Bessel utilisées pour la
sphére et les fonctions de Bessel cylindriques utilisées pour le cylindre. Cette démarche [R17] conduit aux

analogies suivantes :

Sphére w4 & D =Yo p-Z p_S po_¥e po_Y
¥, X S X X
Pl 2 \’ 2 \2 { (2.38)
, , O
Cylindre J, 7Y, HY J Y, H, J, I
n n n Jn Yn H,(Il) HSI) Yn

Les relations (2.38) permettent de montrer [RI7] que les expressions des coefficients de diffusion externe
TM et TE du cylindre multicouche sont formellement identiques a celles obtenues pour la sphére multi-

couche. Ceci valide, d’un point de vue formel, les expressions déduites dans le paragraphe § 2.1.1.

Exemples de résultats numériques

Ce modele a été implémenté en Fortran. Ses prédictions ont été comparées a celles obtenues pour un
cylindre homogene [2, 6] et les quelques résultats disponibles dans la littérature, pour des cylindres multi-
couches de petit parametre de taille [7, 8]. L’accord avec ces derniers résultats n’était que partiel [RI7]. Ceci
peut s’expliquer par des parametres de calcul erronés. Par ailleurs, les auteurs de la référence [7], avec qui
j’ai pris contact, m’ont clairement indiqué que leur algorithme est instable. De plus, on constate plusieurs

erreurs (typographiques ?) dans les équations de la référence [8]. Aussi, malgré les nombreuses validations
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analytiques de notre modé¢le, ces derniéres remarques motivent en partie les travaux expérimentaux actuel-

lement en cours (voir le paragraphe § 4.3.4).

La Figure 4 b) permet de juger de la stabilité numérique des algorithmes que nous avons développé.
Elle simule I’évolution relative des deux coefficients d’efficacité de diffusion d’une fibre optique multimode
« Corning », dont le profil d’indice est donné par la Figure 4 a). Ces ceefficients sont tracés en fonction :
du nombre de couches utilisées pour discrétiser le profil d’indice (L=2-—5000) et de la fraction de la
longueur d’onde locale de I'incrément radial, dA/dr/=2—50. On remarque que ces coefficients conver-
gent rapidement vers une méme valeur (i.e. L=5000) et que, pour un incrément en A/10, la différence
est de moins de 0.1% (e.g. visuellement on ne constate plus aucune différence dans la forme des diagram-
mes de diffusion).

La stabilité de notre modéle discret permet donc de simuler les propriétés de diffusion de cylindres a profi/
d'indice continu (a condition que dA/dr>10).

n,=61 bord de la fibre

10.120 10.125 10.130 10,548 10,549 10550 1068 1070 1072 1074 1076 70 —
La résonnance - 60 £
adisparue S0 F
g n_=70
/ 2 40 L sop
Ia résonnance 1. résonnance é 30
adisparue estinchangée o
Zooms T NEg
é (e Coeur de la fibre
o
Série compléte 5] 0 {[3 i
) ) Série tronquée, b, =0 2 10 S x=53.218 o melsss) Al el
8 Structure basse fréquence o - - il 2=0.633
) "interférence” \ / = 2 / ?) oo
A 25 =l
oy Q \
b > &
: £
& g 50 e _
g 8 g 60 £ ? %, \
£ £ &~ = =\
p é Ié f 0 § \
100 101 102 103 104 105 106 107 108 109 110 & | Onde plane incidente
Diametre [um]
@ (b)

Figure 5 a) Simulation de I'intensité diffusée par une fibre de verre-E homogéne lorsque tous les termes d’expansion des

champs sont pris en compte et lorsque seul le terme bg1 est annulé ; b) Schéma de principe sur les « ondes de surface » :

le bord externe d’une fibre de diamétre D=10.7235um est tracé en gras et Uordre d’expansion est schématisé par la stra-
tification en grise.

La Figure 5 illustre /a complexité des mécanismes de diffusion et intérét de développer des modeles électro-
magnétiques. La Figure 5 a) simule lintensité diffusée par une fibre de verre-E (m=1.555,
D=10,10.0005...11um) dans la direction =162.5°, lorsqu’elle est éclairée par une onde plane de polarisa-
tion perpendiculaire, avec A=0.6328. Deux cas sont considérés: 7) lorsque les champs diffusés sont calculés
de facon habituelle, Eqs. (2.34) et (2.32), en sommant les différents termes de 'expansion, n = 1, 2..., ngop
et 7j) lorsque la sommation est effectuée en posant arbitrairement comme égal a zéro le terme bg; = 0.0 +
0.0z Cette procédure [4], introduite par Chylek et al. [9], permet «d’évaluer» la contribution des différents
termes d’expansion au champ total diffusé. On peut constater que :

- Dans les deux cas l'intensité diffusée est modulée par une basse fréquence que nous attribuons a
I'interférence entre les différents modes de diffusion classiques : réflexion spéculaire (p = 0), réflexions in-
ternes multiples (p = 2, 3..., voir le § 2.4.1)... On patle généralement de « Résonances Morphologico-
Dépendantes(MDRs) »

- A ces MDRs se superpose une structure de résonances beaucoup plus fine. Cette derniere se ca-

ractérise par des variations brutales de lintensité diffusée. La largeur de ces résonances est de 'ordre de
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quelques nanometres a quelques dizaines de nanométres... Pour certains diamétres, et notamment
D=10.7235, ces résonances ont disparu de la courbe d’intensité calculée avec la série « tronquée » (i.e. b
= 0.0 + 0.0i). Dapres le principe de 'approximation localisée, tel qu’il est schématisé par la Figure 5 b), le
terme b cotrespond a un « rayon » dont le parameétre d’impact se situerait a prés de 1.24 A (i.e. 78047) de
la surface externe d’une fibre de diamétre D=10.7235. Selon l'optique géométrique, il ne devrait donc pas
interagir avec la fibre. En fait, tout se passe comme si 'onde associée au ceefficient bgi avait orbité autour
de la fibre avant d’étre diffusée par celle-ci dans la direction §=162.5°... Avec le modéle multicouche, on
peut montrer que ces résonances, on ondes de surface [10], sont relativement peu sensibles a la présence d’un
gradient d’indice au centre de la fibre mais, qu’en revanche, elles sont tres sensibles a I'indice du milieu ex-
térieur [4]... Ces résultats sont trés intéressants du point de vue métrologique et notamment, pour la ca-

ractérisation du cladding de fibres optiques (§ 4.3.4).

Drautres exemples d’applications du modele de diffusion par un cylindre multicouche sont présentés
dans les paragraphes : §3.1.3, §3.1.4 et §4.3.4,

2.2 Théorie de Lorenz-Mie généralisée : sphere homogéne et multicouche

Le traitement rigoureux du probléme de la diffusion d'une onde plane harmonique par une sphere
homogene, isotrope, a matériel local et linéaire (diffuseur de Mie), a été effectué par L. Lorenz [11], G.
Mie [12], puis il a été reformulé par P. Debye [13], voir la Figure 6 a). Ce travail théorique est désormais
connu sous le nom de « Théorie de Lorenz-Mie (LMT) ». Une présentation concise de cette théorie a été
faite par Stratton [14], Kerker [15], Van de Hulst [5], Bohren et Huffman [2], Barber et Hill [1].

—
Onde
—
incidente
—

Onde
e MoKk

incidente
—

@) (®) ©
Figure 6 Problémes traités pat la théorie de Lorenz-Mie, a) Classique : onde plane/sphere homogéne (LMT); b) Gé-
néralisée aux ondes de forme arbitraire et ¢) Généralisée aux ondes de forme arbitraire et spheres multicouches
(GLMT).

Avec l'avénement du Laser et son emploi de plus en plus fréquent pour caractériser individuellement
les particules, la LMT a atteint une de ses limites fondamentales : 'hypothese d'éclairement uniforme® des
particules, voir la Figure 6 b). Cette hypothese restrictive a été levée par G. Gouesbet et al. [16-18], dans
les années 80-90, par le développement de la Théorie de Lorenz-Mie Généralisée (GLMT). Cette générali-

¢ Les faisceaux laser, qui peuvent étre fortement focalisés, engendrent de forts gradients d’intensité sur la surface des particules.
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sation permet de calculer la diffusion électromagnétique d’un faisceau de forme arbitraire par une sphere
homogene, voir également les contributions de Barton [19, 20].
J’ai étendu le formalisme de la GLMT au cas ou la particule n’est plus simplement homogene mais pré-
sente un profil radial d’indice [RI2, A2], Figure 6 c). Cette « extension » de la GLMT permet de modéliser
les propriétés de diffusion de la lumicre de différentes particules bicouches ou multicouches, voir la Figure
2.

La démarche suivie pour résoudre ce probleme est présentée de manicre succincte dans ce qui suit,

pour plus de détails, voir la référence [RI2] et la reproduction de larticle [A2].

2.21 Théorie et méthode numérique

Le faisceau incident sur la particule est considéré comme monochromatique et linéairement polarisé,
de pulsation @ avec une dépendance temporelle en ¢ . Dans le formalisme de la GLMT [17], on utilise
la formulation de Bromwich pour obtenir des solutions particuliéres des équations de Maxwell dans le sys-
teme de coordonnées (r,8,¢), voir la Figure 6 b). Ces solutions cortrespondent aux champs : Transverse
Magnétique (TM, i.e. H, =0); et Transerve Electrique (TE, ,ie. E, =0). H =0 et H =0 sont respecti-
vement les composantes radiales des champs magnétique et électrique. Ces solutions sont générées par les
Potentiels Scalaires de Bromwich (PSB), avec U,,, et U, pour les champs TM et TE. Elles satisfont la
méme équation différentielle partielle, avec pour le vecteur d’onde k = wyfus

XY ou 1 U _

+k°U 2 inodV.
or r *sin@ 06 00  r’sin 06(1)

De méme que pour la théorie de Lorenz-Mie onde-plane, cette équation est résolue avec une méthode de

(1.39)

séparation des variables : U(r,0,9)=rR(kr)®(0)®(p). Ceci nécessite de résoudre équation de Bessel
en coordonnées sphériques (vatiable radiale, 7). Les solutions de cette derniére équation sont des combi-
naisons linéaires de différentes fonctions de Ricatti-Bessel : y, (kr), &, (k) et g, (kr). Comme pour le
cylindre multicouche (§ 2.1.1), les combinaisons linéaires sont construites en respectant deux conditions

milites: décroissance des champs en 1/7 quand » — o et champs de dimension finie quand » — 0.

Pour 'onde incidente, les potentiels scalaires de Bromwich (PSP) s’écrivent [17] :

U, =—2 i i c””g;”TMt//n k r)Pn‘m‘ (cos@)e™
ko 2= (1.40)

TS Y g, () B (c0s0) ™

0 n=1l m=—n
Les P (cos@) sont les polynémes de Legendre associés et les ¢, des coefficients de normalisation liés
aux ondes planes. Les g, et g, sontdes coefficients complexes qui décrivent les caractéristiques du
faisceau incident [17]. Ils sont propres a la GLMT et peuvent étre calculés de différentes facon : quadratu-

res, séries infinies et 'approximation localisée [21].

Pour les champs diffusés, les BSP sont de la forme :

©  +n

U, =200 S° e g (k) PP (cos6) e
Ko netoem (1.41)

Uy = _k 0 i 2 e BE (kyr) P (cos@)e™

0 n=lm=—n
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Oules 4" et B sont les coefficients de diffusion externe d’une sphére multicouche éclairée par un fais-

ceau décrit par les g, et g/ .

Pour les champs internes, les BSP s’écrivent [RI2,A2]:

M Z Z p"[ il (k V)+ejn}(n (kb/.r)JPn‘m‘ (cos@)e™”

n=l m=-n

Uni ZZ e [dnw, (k) + 122, (kr) | B (cos) e

n=1 m=-n

(2.42)

oules ¢”.,d” e "

jn>*" jn> jl17 jn

sont les coefﬁcients de diffusion interne d’une sphére multicouche éclairée par un

faisceau décrit par les g, et g, .

A partir des expressions des BSP pour les champs incidents, diffusés et internes, ont peut obtenir les
expressions des champs électrique et magnétique avec, par exemple, pour les champs incidents (i.e. « fais-
ceau ) :

E, = koEoi i e & [W:(kor) +v, (kor)]Pn‘m‘ (Cose)eimw

n=l m=—n

E, =) Z z c [gn it (k)2 (cos ) + mg” uy, (kyr) 2! (cos@)}e”"” (1.43)

n=1 m=-n

E lEo Z Z c/)mr[ngZTM‘//; (kgr)ﬂ-\nm\ (cosH)+ W, (koV)TLm‘ (COSH):|e[”"”

n=1m=-n

=k H, Z z e gl [wl (ko) + v, (k) [P (cos 0) ™

n=1 m=-n

H, = A, i z o [mgn i, (kor) 2" (cos ) — g ! (kyr) 2! (cos@)] (1.44)

n=l m=-n

H H, Z Z e [gn ¥, (kyr)z) I ‘(0059) mg" ! (k)7 b ‘(cosH)J

n=1 m=-n

Les 7" (cos@) et TL’"‘ (cos 49) sont les fonctions de Legendre généralisées [17].

Au final, en utilisant I’algorithme récursif (§ 2.1.1) et en écrivant les conditions de continuité des com-
posantes tangentielles des champs a la traversée de chaque couche, on obtient les expressions suivantes

pour les coefficients de diffusion externes [A2] :

m_ gn My, (Mx,)H, (x,)- L'//n(M x,)
T MG (M x ), (x,) U L& (M)
)

Bm — gm ULWn (MLxL )Kn (xL) Ll//n (M r
! i ULé:n (MLxL )Kn (xL)_MLfn (MLxL)

(1.45)

Les H, et K, sont des fonctions récurrentes sur les champs internes (tout comme les fonctions H,, e

H  obtenues dans le paragraphe § 2.1.1). M, et U, correspondent a I'indice relatif et la perméabilité ma-
gnétique de la derniere couche.
L’expression (1.45) est remarquable dans le sens ou, la deuxieme partie du membre de droite correspond
aux coefficients de diffusion externe d’une particule multicouche éclairée par une onde plane. Dans le ca-
dre de la GLMT, ces coefficients sont donc simplement égaux au produit des coefficients de forme du
faisceau et des coefficients externes obtenus pour une sphere multicouche éclairée par une onde plane :

47 =g, A,

Y (1.46)
Bn = g n, ™M B n
En pratique, ce résultat théorique [A2] entraine que toutes les expressions analytiques et codes de cal-
cul développés en GLMT/ sphére homogéne peuvent étre simplement étendus au cas GLMT/ sphére multiconche

en utilisant un algorithme de calcul des 4,, B, en onde plane et par une multiplication terme a terme des
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termes d’expansion des champs. A titre d’exemple, dans le champ lointain, les fonctions d’amplitude

d’une sphere multicouche éclairée par un faisceau de forme arbitraire, s’écrivent ainsi:

S, = i i 2” L [ m4,g,. TM”W (COS 9) +iB,g, TETM (COS H)Jexp[im(p]

n=1 m=—n l’l +1
o (2.47)
S, = ,,Z; ,,,:Z:n nz(:la : 11) [ A,80 TL'”‘ (cos 0) + imBngZTEﬂ,‘:"‘ (cos H):| exp [imq)]

2.2.2 Exemples de résultats numériques

En guise d’illustration des simulations rendues possibles grace a ces travaux théortiques, la Figure 7 a)
montre évolution de lintensité du pic de diffraction (6=0°) produit par une particule qui se déplace
transversalement dans un faisceau gaussien, de diametre au col : 200=20um. Cette particule de 80 um de
diameétre est homogene, avec un indice de m=1.39, 1.40 et 1.41 ; ou a gradient linéaire d’indice, avec :
m(r)=1.39...1.41 et m(r)=1.41...1.39 (L.=1000). On constate que la focalisation du faisceau entraine
P'apparition de pics d’intensité dus a la diffraction (pics latéraux) et a la réfraction (pic central). Le pic cen-
tral montre une sensibilité marquée a I'indice de la particule et a la présence d’un gradient interne. Ce phé-

nomene est utilisé dans le cadre de ’ACI « Vitama » (§ 8.5.1).

La Figure 7 b) montre I’évolution du coefficient de pression de radiation transversale exercée par un
faisceau laser focalisé (2@, =20um ) sur une particule bicouche (sphérule dans 'eau, m, =1, m,/m, =12,
D=10um). On constate que, pour cette particule, il existe deux positions latérales stables (C,, , <0) (e.g.

pour les particules homogenes il n’en existe quune seule).

Pour plus de détails sur ce modeéle et ses applications, voir la reproduction des Articles [A2] et [A5], les

paragraphes §4.1.1 (biophysique) et § 4.2.2 (combustion).

Frisces —s—m(r)=1.41...1.39 1610
I alsceau A m(]’):l‘39“'1'41 |
+—m=1.39
Z articule —e— m=1.40
E r P i X —x—m=1.41 1 8010 g
Q
X g
< REE ?‘éﬁ/ eng A=0.6328um
g /.,l i\i;A\ + Refracuon e \g 20,220pm y
r =0
= a
S O
7]
S 14
Et 1 -8010't ]
e S I — % 1610 w w w
50 40 30 200 100 10 20 30 40 50 -20 -10 0 10 20
Position de la particule dans le faisceau, X [um] X [um]

@) ()
Figure 7 GLMT/ sphére muiticonche : a) Evolution de l'intensité diffusée 2 0=0°, par des particules homogenes ou a
gradient linéaire d’indice, en fonction de leur position par rapport a 'axe d’un faisceau laser focalisé ; b) Coefficient
de pression de radiation transverse exercée par un faisceau laser sur une sphérule (cf. reproduction de ’article [A2]).
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2.3 Décomposition de Debye : sphére et cylindre homogénes

Debye a reformulé en 1909 [13] le probleme de la diffusion dite de « Mie ». 1l découle de ces travaux
que Pon peut réécrire les expressions obtenues avec la LMT sous la forme de contributions liées a
Iexistence d’ondes partiellement réfléchies et partiellement transmises par la particule. Du fait de la géo-
métrie du probleme, ces ondes sont nécessairement sphériques pour une sphére et cylindriques pour un
cylindre éclairé sous incidence normale. On distingue les ondes, diffusées par la particule, de celles qui se
propagent a lintérieur de cette derniere. Ceci amene a I'introduction, comme avec I'optique géométrique

(voir le paragraphe § 2.4.1), de coefficients de «réflexion» et de «transmission » pour ces ondes partielles.

Ondes diffusees

Diffraction Réfraction simple  Réfraction avec 1 réflexion
+ Réflexion (p=0) interne (p=2, 1 Arc-en-ciel)

1 <
Particule /|

t

1 pl2
an/

ﬂﬁ;j\w\ ‘J,H///'E i\ » .

Ondes internes

Figure 8 Décomposition de Debye : le champ incident et le champ diffusé sont décomposés en ondes partielles ayant
subi p réflexions sut l'interface particule/milieu extétieut.

La Figure 8 présente un schéma d’interprétation de la méthode de décomposition de Debye, telle
qu’elle a été reformulée par Hovenac et Lock [22] (voir également la référence [23]). La particule est asso-
ciée au milieu 1 et le milieu extérieur, au milieu 2, avec:

- R : Coefficient de «réflexion» de 'onde incidente partiellement « réfléchie » (réflexion spéculaire

et diffraction) vers le milieu extérieur
- TV : Coefficient de transmission des ondes externes partielles vers lintérieur de la particule. Une

partie de 'onde incidente est donc transmise a l'intérieur de la particule.
- R : Coefficient de « réflexion » des ondes pattielles internes sur la surface interne de la particule.

- T"? : Coefficient de transmission des ondes partielles internes vers le milieu extérieur.

.Les expressions des coefficients des séries de Debye sont données en annexe, voir le paragraphe §5.2.

Pour 'onde partielle p et 'ordre d’expansion #, les coefficients de diffusion externe s’écrivent :

) 1] 1-R® o
( ) =5 21 i\ pazy  POUL (2.48)
b(p)] 2 |-1°"(R™)" T p>1
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p =0 correspond a la diffraction et la réflexion spéculaire (indissociables!), p=1 a la réfraction simple,

p =2 alonde partielle qui a subi une réflexion interne, p =3 avec deux réflexions internes, etc.

1l est important de noter qu’il existe une stricte équivalence entre les coefficients externes de diffusion
de la théorie de Lorenz-Mie et ceux de la théorie de Debye (a condition que l'ordre de la décomposition
Y q p
p — o, bien qu’en pratique p =100 s’avére souvent suffisant) :

a 1 ke p-1 m 1
{bn} :E{l_Rizz)_zTn(zn (R,SH)) Tn(m} pour a:{l et ﬂ:{ et p—> o (2.49)

") LMt p=l n
Le calcul numérique direct de ces séries est relativement stable. .. et si 'on compare les diagrammes de
diffusion obtenus avec les séries de Debye et la LMT, on trouve un tres bon accord [RI8]. De petites dif-
férences apparaissent néanmoins a certains angles. En fait, les séries de Debye nécessitent la sommation
complexe d’un plus grand nombre de fonctions que la LMT. Le calcul complet de ces séries est donc né-

cessairement plus sensible au développement du bruit numérique.

Le calcul de ces séries a été implémenter dans différents codes de calcul GLMT. Ceci, en s’appuyant
sur les analogies établies dans le paragraphe § 2.2.1, entre les coefficients externes de diffusion pour un
éclairement onde plane et un éclairement par un faisceau de forme arbitraire {4,,B, } = {g;'fTMan, g;'fTEbn}.
Ces résultats ont d’ailleurs été confirmés par des travaux récemment publiés par G. Gouesbet [24].

Ces codes de calcul ont a été utilisé pour interpréter certains mécanismes de diffusion de la lumiere
par des particules submillimétriques. De méme, quels enseignements on peut en tirer pour les techniques
classiques de granulométrie et réfractométrie optique de particules en écoulement [C38].

Le formalisme des séries de Debye a été dérivé pour le cylindre homogene [RI8], en s’appuyant sur les
analogies établies dans le paragraphe §2.1.3, entre les harmoniques sphériques et cylindriques’. Ceci a pet-
mis d’introduire les séries de Debye dans les codes de simulation de différents systemes de mesure (Intet-
férometre § 3.1.3, diffractometre §3.1.4...)[4].

T
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Z =1 o-13031°
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3 001 £ ] Lobes scoondaires ]
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Figure 9 Décomposition de Debye : a) comparaison des diagrammes de diffusion pour les différents ordres de diffu-
sion selon : I'optique géométrique et la décomposition de Debye ; b) diagrammes de diffusion dans la région de
I'angle d’arc-en-ciel, selon : la théorie de Lorenz-Mie, la théorie de Lorenz-Mie filtrée passe-bas, la décomposition de
Debye et la théorie d’Airy. Goutte d’eau de D =100um , 2=0.6328um ct de polarisation L.

7 Nous avons suivi une démarche inverse a celle de Debye, Hovenac et Lock. ..
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Exemples de résultats numériques :

L’optique géométrique (OG, §2.4.1) est tres fréquemment utilisée pour prédire les propriétés de diffu-

sion de la lumiere de particules dont le diameétre est trés grand devant la longueur d’onde, D> 4.
A ce titre, la Figure 9 a) compare, pour une goutte d’eau de D=100um, les diagrammes de diffusion calcu-
lés avec 'optique géométrique et les séries de Debye. On constate ici que les prédictions de 'optique géo-
métrique sont assez éloignées de la réalité... (e.g. la forme des «Arc-en-ciel» n’est que trés grossierement
décrite, § 3.2.4). La Figure 9 b) compare les diagrammes de diffusion calculés avec la LMT, la LMT filtrée,
les séries de Debye et la théorie d’Airy (Optique physique) ; dans la région du premier angle d’arc-en-ciel.
Plusieurs remarques peuvent étre faites :

- Les séries de Debye pour p=2 nous donnent la composante basse fréquence du 1¢r arc-en-ciel. Elles
permettent donc d’obtenir directement la forme de I'arc-en-ciel, sans structure d’ondulation.

- La théorie d’Airy donne avec une assez bonne précision la position du premier lobe et du premier
point d’inflexion. Or ce sont ces deux grandeurs qui sont utilisées, a ’heure actuelle, pour déduire I'indice
de réfraction des particules avec la technique de réfractométrie par angle d’arc-en-ciel «classique» [25, 26]
ou globale [27] (§ 3.2.4). En revanche, la théorie d’Airy prédit trés mal Pintensité relative et la position des
autres lobes. A terme, cela pourrait poser de sérieux problémes pour I'inversion des arcs-en-ciel globaux.

- Le diagramme obtenu avec la LMT filtrée passe-bas (V#7.03 deg’.) est assez similaire a celui calculé
avec les séries de Debye (p=2). Cependant, le choix du filtre et de la fréquence de coupure est délicat.
Drailleurs, dans notre exemple, le calcul de la dérivée seconde du diagramme LMT filtrée passe-bas était
trop bruité pour que 'on puisse obtenir la position du point d’inflexion [C38].
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Figure 10 Décomposition de Debye : logarithme de I'intensité diffusée (vers ’'avant et vers ’arriere) par une fibre de
verre-E en fonction des ondes partielles prises en compte pour le calcul.

La Figure 10 présente, a droite, les diagrammes de diffusion d’une fibre de verre de renforcement,
d’indice m~1.555-0.i, dont le diameétre varie de D=5um a D=30um, et pour la région angulaire
60 =150-180° (i.e. région du 1¢ angle d’arc-en-ciel). Ces diagrammes ont été calculés pour les ondes pat-

tielles : réfléchies et diffractées (p=0), réfractées (p=1), celles ayant subi deux réflexions internes (p=3) et
au final, lorsque toutes les ondes partielles sont prises en compte (Vp ). La structure de Iarc-en-ciel appa-
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rait trés complexe... et elle 'est encore plus si 'on prend en compte tous les processus de diffusion ! Mal-
gré cela, c’est dans cette région angulaire que fonctionne linterféromeétre que nous avons développé pour
Saint-Gobain (§ 4.3.4).

La Figure 10 présente, a gauche, les résultats obtenus pour le domaine angulaire : § =0-30°, la réflexion
et la diffraction (p=0), la réfraction simple (p=7), la réfraction double (p=2) et lorsque tous les processus
sont pris en compte (Vp ). Pour p=0 on observe des «franges » brillantes et sombres qui s’apparentent a

celles que prédit la théorie de la diffraction de Fraunhofer. La réfraction (p=7) produit un diagramme tres
simple, a contrario des ondes partielles (p=3). Lorsque que 'on somme toutes les ondes partielles (Vp),
on constate que le diagramme final différe notablement de celui obtenu uniquement avec les ondes (p=0).
A travers cet exemple, il apparait clairement que les ondes (p=0), i.e. «la théorie de Fraunhofer », ne pet-
mettent pas de prédire correctement la figure de diffraction produite par des particules transparentes. Pour
ce faire, il vaut mieux utiliser la LMT ou les premiers ordres des séries de Debye, voir par exemple le para-
graphe § 3.1.4 et les références [A10] et [4].

2.4 Approximations géométrique, physique, méthode de Monte Carlo

2.4.1 Optique géométrique et particules a cceur (bicouche)
Optique géométrique

Van de Hulst [5] a fait un descriptif assez détaillé des subtilités de I'optique géométrique lorsqu’elle est
appliquée au probleme de la diffusion par une sphere homogene. Dans les quelques lignes qui suivent,
nous nous contentons d’introduire quelques éléments et notations, auxquels les autres parties de ce ma-
nuscrit font fréquemment référence, du fait de la nature « intuitive » de 'optique géométrique.

L'optique géométrique (OG) sépare, en « rayons » réfléchis et « rayons » réfractés, la lumiére diffusée
par une particule (voir a ce propos le paragraphe sur les séries Debye § 2.3). Les directions de diffusion
des différents rayons, voir la Figure 11, sont déterminées par les lois de Descartes. On distingue les rayons
réfléchis (p=0) par la particule, des rayons simplement réfractés (p=1) et de ceux qui ont subi une ré-
flexion interne (p=2), puis deux (p=3)... Sans absorption, cette décomposition est sans limite théorique
(méme si l'intensité résiduelle décroit fortement [4]). L’amplitude des différents rayons peut étre calculée a
I'aide des coefficients de Fresnel en amplitude. De méme, la phase des différents rayons se déduit de
considérations géométriques [5, 28]... On notera que :

- L’interférence des rayons entres eux (p=0, 1, 2, 3...) est a 'origine des résonances de « Mie ».

- Les rayons p=2, 3, 4... sont a lorigine du 1er, 2nd | 3éme_ arc-en-ciel (bien qu’ils soient tres mal dé

crits par 'OG)

- Les Résonances Morphologico-Dépendantes (MDRs) sont dues a l'interférence des rayons d’ordre

élevé (p>1).

- Les ondes de surface et la diffraction ne sont pas décrites par optique géométrique.

On peut juger la qualité des prédictions de Poptique géométrique en les comparant avec celles des sé-
ries de Debye (i.e. exacts), voir la Figure 9 et le paragraphe § 2.3. En fait, les prédictions de ’OG sont plus

qualitatives que quantitatives, d’ou I'intérét de développer des modeles de diffusion électromagnétique.
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Particules a ceeur

Les particules a cceur, ou bicouche, sont assez fréquemment rencontrées dans I'industrie et la Nature :
cénospheres (résidus de combustion)[A5], patticules enrobées (industrie pharmaceutique, nucléaire...),
cellules biologiques, ect.

L’extension de la théorie de Lorenz-Mie Généralisée a des particules multicouches §2.2, permet de si-
muler tres exactement les propriétés de diffusion de ces particules. Cependant, les résultats numériques de
la GLMT ne sont pas toujours intuitifs... or, pour développer une méthode de détection originale de ces
particules, il faut bien avoir une idée, une «intuition». Dans le cadre du stage de DEA de Damien Blondel
[29], nous avons développé un modele de diffusion de particules a coeur absorbant, basé sur Poptique
géométrique. Celui-ci permet de visualiser les rayons qui impactent sur les surfaces interne et externe de

ces particules, pour étre ensuite diffusés dans la direction d’un détecteur. Ce type de modele permet
d’interpréter qualitativement les résultats obtenus avec la GLMT.

=1
Py
Rayons —— =
. .
impactant
— -
= Diffraction
= o
T
LI
a vl

Figure 9 Diffusion de la lumiere par une sphere : loptique géométrique distingue les rayons réfléchis et réfractés par
la particule

La Figure 11 a) simule les rayons lumineux diffusés dans la direction 8 =30+2°, par une goutte d’eau
dotée d’'un cceur de carbone® avec pour le diameétre externe : D =060 um et pour le diametre interne :
Din=30 pm, i.e. ¢= Dine/ Dexe=0.5. Le parameétre Y correspond au paramétre d’impact des rayons ou, de
maniere équivalente, a la position relative de la particule par rapport a un «rayon incident».

La Figure 11 b) présente I’évolution de phase des signaux lumineux diffusés par cette particule lors-
qu’elle traverse une sonde phase Doppler fortement focalisée. Ce dernier calcul, obtenu avec la GLMT,

montre I'existence de « plateaux de phase » : A, B, C et D, que I'on peut attribuer aux rayons a, d, g et h de
la Figure 11 a), voir la reproduction de l'article [A5], Chapitre 9. .

Ces comparaisons numérigues entre la OG et la GLMT, nous ont permis de proposer le principe d’une
technique de mesure originale, basée sur la technique Dual Burst, § 3.2.1 et § 8.4.2. Celle-ci permet la me-
sure du diametre externe de la particule bicouche, la détection du cceur et la mesure de son diametre [A5].
Les possibilités de diagnostic de cette technique sont supérieures a ce que 'on trouve dans la littérature

[30]. Faute de temps et de moyens, son principe n’a pas pu étre validé expérimentalement. Le sujet reste
donc ouvert, peut-étre sera-t-il relancé dans un cadre contractuel. ..

8 Modele de cénosphere. Ce travail a été effectué dans le cadre d’une action incitative sur la combustion propre.
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Figure 11 a) Simulation a I'aide de 'optique géométrique des rayons diffusés dans la direction @ =30%2° par une
patticule bicouche. b) Simulation a ’aide de la GLMT de I’évolution de la phase des signaux Doppler produit par
cette particule lorsque celle-ci traverse une sonde optique fortement focalisée (cf. reproduction de Iarticle [A5]).

2.4.2 Diffusion critique pour les particules homogenes

Les écoulements a bulles sont au cceur de nombreuses applications (cuves de mélange, réacteurs gaz-
liquide, échangeurs a contact direct [31]...). Optiquement, une bulle peut étre définie comme une particule
dont lindice de réfraction relatif au milieu environnant, m, =m/m' est inférieur a 'unité, m,. <1, voir la
Figure 12. Il peut donc aussi bien s’agir d’une «bulle» d’air (m =1) dans de I'eau (m'~1.332 > m, =~0.751)
que d’une «goutte» d’eau dans une huile (m'~1.45 - m, ~0.919) ...

Fringes
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Fine structure

Critical scattering

angle, dq

, L I N I »
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Figure 13 Diagramme de diffusion dans la région de I'angle
de diffusion critique d’une bulle d’air, D=100um dans ’eau
m,=0.751, LMT (cf. reproduction de l’article [A9]).

Figure 12 Géométrie du modele de diffusion critique.

Les lois de la réfraction optique de Descartes indiquent qu’il existe un angle de réfraction limite pour

les rayons lumineux qui se propagent d’un milieu de fort indice m’ vers un milieu de faible indice m . Cet
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angle «critique» conduit a une brusque transition vers la réflexion totale pour ¢>g.(m,), avec

) (mr) =27z —2arcsin(m, ). La Figure 13 montre une simulation du diagramme de diffusion d’une bulle

d’air dans Ieau, dans la région de 'angle de diffusion critique. On constate que prés de angle prédit par

Poptique géométrique ¢ (m ) ~82.7°, il existe une structure périodique, i.e. «des franges de diffusion criti-
ptique g queg.\m, p q &

que». En fait, de méme que pour l'arc-en-ciel [26], 'optique géométrique ne prédit pas correctement la po-

sition angulaire de la premiere frange brillante et la dépendance du phénomene de diffusion critique avec

le diametre de la particule. En revanche, 'OG prédit une dépendance explicite de ¢, (m, ) avec I'indice de

la particule. On peut donc espérer remonter a I'indice de la particule, ou du milieu qui 'entoure, et ainsi

caractériser ces différents matériaux (nature, fraction de mélange, température...)[A9, C18].

Marston et al. [32, 33] ont développé un modele dit “d’optique physique” (« Physical Optics Ap-
proximation », POA) du phénomene de diffusion critique. Ce modele utilise les intégrales de Fresnel pour
décrire la propagation du rayonnement généré par le brusque changement d’intensité réfléchie pres de
Pangle critique ¢, (m, ). Seuls les rayons (p=0) sont pris en compte dans ce modele de «diffraction». On
néglige donc les contributions des rayons, ou ondes partielles, d’ordre p>0. La distribution angulaire de
Iintensité de la lumiere diffractée dans la région de 'angle de diffusion s’écrit [33] alors, pour a> 47 :

(@)=, (%j @ (2.50)

® est un angle de déviation par rapport a 'angle de diffusion critique prédit par optique géométrique 6, ,
voir la Figure 12. Ce parameétre dépend lui méme des différents parameétres du probleme:

w(0,m,,a,A)= sin(@c(mr)—9)\/(a/l)cos(6’c (m,)) (2.51)

0 est I'angle de diffusion dans le plan de diffusion (OXZ), I est l'intensité de 'onde incidente, et K, la
distance de la particule au point d’observation. La fonction gg(w)=[C(@)+1/2] + [S(w)+1/2] est similaire

a Iintégrale de Fresnel obtenue pour la diffraction en champ proche d’un front d’onde par un coin [10].
On introduit les intégrales de Fresnel en cosinus C(@) et sinus S(w) :

F(o)=C(w)+iS(w)= J‘Owcos[” z sz + ij(:usin(” z* sz (2.52)

2 2

Rechercher la dépendance angulaire des franges de diffraction avec Iindice et le diametre de la parti-

cule revient a déterminer les maxima et minima locaux de I'intégrale :
H(a)=(C(a)+1/2)? +(S(a)+1/2)? (2.53)

et donc, les zéros de sa dérivée :

ol

(C(a)+1/2)cos[ J+(S(a)+1/2)sin[” “ijo (2.54)

Je n’ai pas réussi a obtenir de solutions analytiques a ce probleme. Cependant, une approche numérique,
un peu fine, du fait de la nature oscillante de cette intégrale, permet d’obtenir ces zéros. L’évolution de
H (o) de méme que les valeurs tabulées de ses premiers zéros sont donnés dans article [A8] reproduit
dans le Chapitre 9.). Les zéros sont indexés par Iindice /. Les maxima et minima de H (&) correspondent
aux valeurs impaires et paires de j. H(«) est équivalent 2 I(a) avec le changement de variable: a =
o(0,m,,a,2).

9 Pour conserver les notations de Marston, a représente ici le rayon de la particule.
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La position des extremums (&, , i.e.: franges “brillantes” et” sombres”) est obtenue par la résolution de

a, =sin(@,(m,)~0,)(a/ 2)0.(m,) (2.55)

La dépendance angulaire de la frange /, en fonction du diametre et de I'indice de la patticule, est alors don-

I’équation suivante :

née par :

180 . m,Ala
0. =——| 7 —arcsin a,

De cette derniére expression, il apparait que, pour un indice donné et pour 2>> A, la position angulaire

- Zarcsin(m,fl) (2.56)

des franges de diffusion critique évolue avec le diameétre de la particule suivant une loi en (6, —6)c1/ Ja.

Cette dépendance est plus importante que celle prédite par la théorie d’Airy de 'arc-en-ciel, pour laquelle
2/3

la dépendance est en (6. —0)oc1/a’” (ot 6. est la position angulaire de arc-en-ciel, prédit par I'optique
géométrique).

Dans le cas d’un écoulement ou I'indice de réfraction des particules et du fluide est connu, le rayon de
ces derniéres peut étre déduit de la mesure de la position angulaire d’un des extrema du diagramme de dif-
fusion critique (d’ordre / connu) :

o Am,

sin’ [Qj -+ 2arcsin(m;1 )}/mf -1

Dans le cas ou lindice des particules et/ou celui du fluide ne sont pas connus (mélange, coales-

a,(m,)= 2.57)

cence...), il faut pouvoir obtenir la granulométrie des patticules indépendamment de lindice relatif de

chaque particule. Ce probléme peut étre résolu en mesurant la position de deux extremal® dans le dia-

gramme de diffusion, j=petj=gq, avecp<qg. En effet, aprés quelques manipulations mathématiques
[RI5], on montre que le rayon de la particule détectée s’écrit :

apq:a§+a;—?jcos(9q—Qﬂ)apaq 2

sin (Hq - Hp)

(2.58)

Ccos O L (0 — 2,
1—-cos 5 zarctan[sm(é?q ep)aq—apcos(ﬁq—ﬁp)]

De méme, on trouve I'indice de réfraction relatif de la particule:
-1

m,, = sin[;(ﬂ - HP)—;arctan(sin(ﬁq —Hp)/{cos(ﬁq —Hp)—jcz:lﬂ (2.59)

L’optique physique améliore de fagon tres significative les prédictions de 'optique géométrique. Elle
permet notamment de retrouver la dépendance de la position des franges avec le diametre. Cependant, on
constate un décalage angulaire systématique avec la LMT. Ce décalage, qui n’est pas trop pénalisant pour
les mesures, est vraisemblablement di aux rayons/ondes que nous avons négligés (p>0) et/ou au phé-
nomene de Goos-Hinchen (i.e. effet de type onde évanescente)[34]. Ce modele a été validé expérimenta-

lement, voir le paragraphe § 3.2.3 et la reproduction de l'article [A9].

10 Expérimentalement, voir le paragraphe § 3.2.3, on a tout intérét a prendre les deux premicéres franges brillantes, p=7 et ¢g=3, qui
sont les plus facilement détectables.
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2.4.3 Mcéthode de Monte Carlo pour les particules hétérogenes

De méme que pour les particules bicouche, de nombreuses technologies mettent en jeu des particules
hétérogenes dont il faut pouvoir caractériser le diametre, la vitesse et la teneur en «hétérogénéitésy. Dans
I'industrie chimique il s’agira, par exemple, d’optimiser les conditions de séchage et de dépot de poudres
céramique, de peintures... Dans les industries agroalimentaire et pharmaceutique, il s’agira d’optimiser les
conditions de lyophilisation de différents produits (café, lait, granules...)[35, 36]. Bien souvent, ces hétéro-
généités prennent la forme de petites particules en suspension dans un solvant. I peut également s’agir

d’inclusions liquides ou gazeuses dans un solide ou un liquide.
2)

//’/(/)nde plane
" incidente

X AT z R

| — . o

‘ *» Suspension de <
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D.m - de diamétre - d
- d’indice de réfraction: m

- de concentration volumique: Cv

Figure 14 Diffusion de la lumicre par une particule hétérogene : schéma de principe de la méthode de Monte Carlo
avec faisceau incident gaussien (cf. reproduction de Iarticle [A8]).

En collaboration avec Jean-Luc Firpo (IUSTI), nous avons développé différents modeles de prédic-
tion des propriétés de diffusion de la lumiére par une sphere, ou un cylindre, de diametre D et d’indice
nominal m , formés a partir d’une suspension de particules de diamétre d , d’indice m'et de concentration
volumique C,. Le modéle le plus sophistiqué utilise une méthode de type Monte Carlo [A8, C20]. Il pet-
met de simuler les effets de la diffuusion multiple et de traiter le cas d’un éclairement par une onde plane ou
un faisceau laser gaussien (pour plus de détails, voir la reproduction de I'article [A8] du Chapitre 9. ). Il est

a noter que Wriedt et Schuh [37] ont développé, en parallele, un modéle assez similaire au notre.

La Figure 14 schématise Ialgorithme de Monte Catlo mis au point. .’onde incidente est tout d’abord
supposée plane. Elle est décomposée en rayons dont linteraction avec la surface externe de la goutte, ou
du jet, est traitée avec les lois de Poptique géométrique (en 3D), voir la Figure 14 a). La diffusion de ces
rayons ou «photonsy, par les particules de la suspension, est traitée avec une méthode probabiliste [38].
Cette derniere est basée sur le calcul du libre parcours moyen des photons dans la suspension et d’une
fonction de phase moyennée, calculée avec la LMT. Aprés de multiples diffusions (voir la vignette de la
page 706.), la propagation vers un détecteur virtuel, de chaque photon, est traitée avec les lois de 'optique
géométrique. On suit ainsi le parcours, parfois trés erratique, de centaines de milliers de photons.

Pour prendre en compte la distribution d’intensité d’un faisceau laser incident, on pondere lintensité de
chaque photon qui parvient au détecteur, par une fonction gaussienne, Figure 14 b). En décalant spatiale-
ment cette fonction gaussienne, on peut simuler les propriétés de diffusion d’une particule hétérogene

dont la surface est balayée par un faisceau laser, Figure 14 c).
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A titre d’exemple, la Figure 15 présente les diagrammes de diffusion obtenus pour un jet capillaire, de
diamétre D=110um, composé de billes de latex (d=3.3um, m=1.6) en suspension dans de l’eau
(m=1.332). La concentration volumique en billes de latex varie de C,=0% a C,=7.5%. Clairement, la pré-
sence de particules en suspension, les effets de la diffusion multiple, conduisent a une disparition du phé-
nomene d’arc-en-ciel et a une forte décroissance de lintensité diffusée vers Pavant. La diffusion multiple
tend ici 4 produire une diffusion plus isotrope. Les photographies présentées a droite de la Figure 15 sont
celles d’un jet dont la concentration en suspension est égale a C,=0% et C,=1.25%. Les particules de la
suspension favorisent la diffusion des photons hors du plan de diffusion (YZ), i.e. la tiche laiteuse formée

par le faisceau laser s’allonge suivant I’axe du jet).

En fait, dans notre modele, les étapes b) et ¢) servent a simuler la réponse de la technique Dual Burst
lors de la caractérisation simultanée de la vitesse, de la taille et de la concentration en suspension de gout-

tes et de jets, voir a ce propos le paragraphe § 3.2.1 et la Figure 31.

= ® o LMT, m=1.332
- o—e G.O
. s—A MC, C_=0.0098%

v—v MC, C
> MC, C
+——+ MC, C =1.25%
== MC, C,=2.5%
*—k MC, C =5 %
MC, C =7.5 %

"\ D=110 um

=0.15625%
=0.625%

<<l e

Intensite diffusce [AU]

o 36 éo 96 k‘ 1éo 156 180
Angle de diffusion, O [deg]

Figure 15 Diffusion de la lumicre par un jet hétérogene avec, a gauche : diagrammes de diffusion obtenus avec la mé-
thode de Monte Catlo, pour différentes concentrations en suspensions; a droite : photographie d’un jet de D=110um
lorsque la concentration en suspension augmente de C,=0% a C,=1.25% (cf. reproduction de P'article [A8]).

2.4.4 Modcle statistique pour les particules irréguliéres

Les particules en écoulement n’ont pas toujours un état de surface « parfait» (i.e. a Péchelle des lon-
gueurs d’onde du visible, 4=0.35-0.75um). Ceci est particuliérement vrai pour les particules solides, a
contrario des particules liquides ou gazeuses (i.e. tension superficielle) [C40]. Du fait de la complexité ma-
thématique du probleme, il existe assez peu d’outils pour prédire les propriétés de diffusion de particules
irrégulieres dont le parameétre de taille est important (a >10)[39, 40].

En 1990, Pierre Drossart a publié [41] un modele physique permettant de prédire trés simplement les
propriétés de diffusion de la lumiere de particules irrégulieres. Fondamentalement, ce modeéle pose comme
hypothése que les irrégularités de surface n’induisent qu’un déphasage aléatoire, @, et f,, des deux compo-
santes du champ électromagnétique diffusé. Pour une particule qui s’écarte peu de la sphéricité, les effets
des irrégularités de surface peuvent donc étre pris en compte avec la Théorie de Lorenz-Mie (TLM), en in-

troduisant simplement des termes de déphasage aléatoire e et e :
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5, (0)= gnz(z i i) (a,7,(cos@)+b,7, (cosB))e™

S,(0)= gnz(z i i) (6,7, (cos0)+a,r, (cos0))e”

(2.60)

A partir de ces deux fonctions complexes, on peut déduire la moyenne temporelle et statistique de
Iintensité diffusée par une particule :
1,(0)=(5,(0)5,(0))

2.61
1(6)=(5,(0)5.(6)) oD

Si 'on veut obtenir une forme analytique pour I'exptession de 1,,(8), il faut faire une hypothése sur
la distribution statistique des irrégularités de surface. Dans le modéle de Drossart, les déphasages intro-
duits sont indépendants et aléatoires, de distribution statistique F (a), avec pour n#m : (exp[i(e,-a,)])
=(exp[ic, ]’ =77 (1) . M est la transformée de Fourier de la distribution statistique F'. Dans le cas d’une distri-
bution gaussienne des déphasages, d’écart type G, on a : F(a):(o-\/ﬁ)fl x exp[—aﬂ/(Za2 )J , avec f=.
exp(—az). Pour une faible valeur de Iécart type : f ~(1 —o-z) et, pour ce cas, on peut exprimer l'intensité

diffusée par les particules irréguliéres sous la forme:
1(0)=117(6) + (1-1)17(0)
L(0)=r1)(0) + (1-f) 17 (0)

ou I et IV correspondent aux fonctions d’intensité de la LMT «classique» (i.c. particule sphériques et on-

(2.62)

des sphériques cohérentes). Pour les termes /” et [, on a:

w ( 2n+1
I, (0)2%[%) |an 7, (cos0)+b,t, cosH)| .

" 2n+1
I (0):" l(n(z+1)J | 7, (cos0)+a,rz, (cos@)r

Ces dernieres expressions correspondent a des sommations d’ondes non cohérentes. Le sens physique de
S est donc celui d’un terme de cohérence partielle. Dans le modele statistique de Drossart, Pécart type
des déphasages est relié au rayon moyen (ou initial) de la particule en posant: o =(27/1)pa=px, ou a
est le rayon moyen de la particule, A la longueur d’onde de la source et x le parameétre de taille. Des
considérations géométriques ont conduit Petrova et Markiewicz [42] a corriger cette derniere expression

en y ajoutant un terme de projection par rapport a ’angle de diffusion 8: o = pxsing .

On peut apporter un second terme correcteur a cette derniére expression, en tenant compte de I'indice
réel de la particule : o =mpxsin@ . De plus, pour certains problemes, il est important de pouvoir estimer
I’écart type des fluctuations d’intensité auxquelles on peut s’attendre du fait, de « orientation » de la parti-
cule irréguliere, ou plus simplement, des fluctuations statistiques des irrégularités de la surface.

Le probleme traité par Drossart peut étre reformulé [C23] en montrant, notamment, que les déphasages
induits par les irrégularités de surface peuvent étre pris en compte au niveau des coefficients de diffusion

externe (i.e. approximation localisée) et non plus des champs diffusés:

a a,e”
n n
(b j ” [b o 264
n / sphére parfaite n sphére irréguliére
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Numériquement on obtient les mémes résultats qu’avec 'approche analytique de Drossart, mais au
prix de calcul donc beaucoup plus longs... car il faut sommer numériquement un grand nombre de dia-
grammes de diffusion. Mais cette méthode présente plusieurs avantages et notamment :

- L’obtention d’un écart-type sur I'intensité diffusée (parametre trés important pour la granulométrie

optique),

- La possibilité de simuler des irrégularités de surface dont la distribution n’est pas simplement gaus-

sienne,

- Une implémentation rapide dans différents codes de calculs qui nécessitent des intégrations particu-

lieres (e.g. interférométrie [C23]),

- A terme, de modéliser les propriétés de diffusion de particules hétérogénes par couplage avec les

modeles de diffusion de particules multicouche...

A titre d’exemple, la Figure 16 a) montre une simulation du diagramme de diffusion d’une particule
d’oxyde de zirconium, D=0.5 pm, pour différents états de rugosité de sa surface. Il apparait clairement ici
que les particules irrégulieres diffusent plus de coté qu’une particule sphérique de méme diameétre équiva-

lant. Le paragraphe § 4.2.2 présente une application concrete de ce dernier résultat.

La Figure 16 b) simule la réponse d’un interférometre phase Doppler a la mesure de billes de verres
présentant des irrégularités de surface [C23]. Le déphasage moyen croit linéairement avec le diametre
moyen, comme pour des billes a ’état de surface parfait. En fait, les irrégularités de surface n’induisent, en
moyenne, qu’un écart type sur le diamétre mesuré (i.e. élargissement de la distribution des diamétres mesu-
rés). Dans le cas présent, cet écart-type est tres significatif (il augmente avec le diametre de la particule, a

état de surface constant). Cet dernier effet a été confirmer qualitativement par des résultats expérimentaux

[C23].
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Figure 16 Simulation, avec le mod¢le statistique, des propriétés de diffusion de particules irréguliéres: a) Diagrammes
de diffusion d’une particule de ZrO2, D=0.5um, initialement sphérique, et dont la rugosité de la surface augmente ;
b) Réponse d’un interférometre phase Doppler a la mesure de billes de verres dont la surface est irréguliere.
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Chapitre 3

GRANULOMETRIE ET REFRACTOMETRIE DE
PARTICULES EN ECOULEMENT

Ce chapitre présente, de maniére succincte, les réalisés travaux sur la caractérisation du diameétre, de
I’homogénéité, de la position, de la sphéricité et du matériau de particules en écoulement. Ces travaux, a
dominante expérimentale, ont été essentiellement motivés par les résultats théoriques établis dans le chapi-
tre précédant ou par une «idée» originale susceptible d’étre utile, a terme, pour la caractérisation des écou-

lements.

3.1 Granulométrie optique

La granulométrie a pour objet la détermination de la forme et de la distribution des diametres de petites parti-
cules (de quelques dizaines de nanometres au millimetre) [C40]. Diverses disciplines scientifiques requie-
rent ce type de diagnostic et notamment, la mécanigue des fluides [36]. Cette derniere impose comme
contraintes supplémentaires de devoir caractériser in situ les particnles, en guelgues micro on millisecondes, de dé-
terminer Jeur dynamique et celle du fluide qui les transporte, sans perturber ce dernier !

Les techniques de granulométrie optique ( ou « laser ») répondent en partie a ces contraintes. Cependant, a
contrario des techniques de vélocimétrie laser, elles nécessitent une description précise de interaction lu-
miere/particule. Ce qui nécessite de développer des modeles de diffusion sophistiqués (Chapitre 2. ) et
complexifie encore un peu plus le probleme de la granulométrie optique de particules en écoulement.
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311 Anémométrie Phase Doppler

Le sujet initial de ma these!! portait sur 'élimination des effets de trajectoire auxquels sont sujets les
Anémometre Phase Doppler (PDA, [43-46]). Ces effets de trajectoire, liés a l'utilisation de faisceaux laser
focalisés'?, se traduisent par une dépendance du diametre mesuré avec la trajectoire des particules[46-48].
Le probleme est que ces trajectoires ne sont pas précisément connues, méme si, généralement, les écoule-
ments ont une orientation privilégiée.

Les solutions proposées [Al, A6-7, C2, C4-5] sont basées sur I'utilisation d’une configuration optique
et d’'un traitement du signal particulier. Elles ont fait 'objet d’une collaboration intense avec le laboratoire
du professeur F. Durst (LSTM, Université d'Etlangen-Nuremberg, Allemagne). Au final, ces travaux ont
conduit au dép6t de deux brevets [B1, B2] et a la commercialisation, par la société Danoise (Dantec Dy-
namics [49]), d’'un nouveau type de systéme phase Doppler «Dual Mode», voir la Figure 18 et le paragra-
phe § 3.2.2.
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Figure 17 Simulation des histogrammes des tailles mesurées pour des gouttes d’eau de D=40um dont la trajectoire
aléatoire est inclinée de moins de 30° par rapport a I'axe Y avec : a) Un systeme phase Doppler classique et b) un
systeme Dual Mode. ¢) Systéme Dual Mode : évolution des différents diametres moyens en fonction de inclinaison
maximale des trajectoires.

Direction principale
de I'écoulement

Unité de collection

Figure 18 Schéma de principe (breveté) d’un interférometre phase Doppler en configuration «DualMode» et photo-
graphie du systéme commercialisé par la société Dantec Dynamics [49].

La Figure 17 présente des résultats numériques [T1] qui ont été a I'origine du développement du sys-
teme Dual Mode. Les figures a) et b) comparent la réponse d’un systeme phase Doppler classique et d’'un

systeme Dual Mode, lors de la mesure de gouttes d’eau (D=40 um) dont les trajectoires aléatoires sont in-

11 CORIA-UMR n°6614 CNRS / Université et INSA de Rouen, Nov. 1995 [T1]
12 Ce sujet répondait 2 une motivation interne au laboratoire en constituant une des premieres applications de la GLMT a un pro-
bleme de granulométrie optique et ceci, bien avant que le partenariat avec DANTEC ne se développe.
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clinées de moins de 30° de I'axe principal supposé de «’écoulement» (Y). Le diameétre du volume de me-
sure est de 200.=80um. La réponse du systéme Dual mode est quasi parfaite, alors que celle du systéme
classique fait apparaitre des diameétres pres de 4 fois supérieurs a la valeur attendue (i.e. la mesure des flux
sera complétement faussée).

La Figure 18 c) représente I'évolution des diameétres moyens obtenus avec un systeme Dual Mode,
pour différentes inclinaisons des trajectoires. Pour des inclinaisons inférieures a 45°, la correction est quasi

parfaite. Pour des inclinaisons supérieures, I'efficacité décroit pour s’annuler pour une inclinaison de 90°.

3.1.2  Sondes interférometriques a N-faisceaux (IN>2)

L’Anémométrie Phase Doppler est la technique optique de référence pour I'étude des milieux diphasi-
ques [C40]|23]. Son domaine d’application est cependant limité du fait, notamment, de certaines contrain-
tes sur la forme et la composition des particules (sphéricité et homogénéité parfaites, indice connu)... Elle
est également limitée par des problémes techniques (nombre de détecteurs, laser multiraies,...).

Pour remédier en partie a ces problemes, j’ai introduit le principe d’un systéme phase Doppler utilisant
N paires de faisceaux, incohérentes entre-elles [C24, A12 ], avec N>2. Ce mode de fonctionnement est
bien adapté a la réalisation d’un capteur compact, miniaturisé [C15] ou a tres haute résolution. Il pourrait
également permettre de caractériser des particules irrégulieres [C23], en se basant sur les travaux publiés
par Amir Naqwi [50]. Pour plus de détails sur cette technique originale, voir la reproduction de larticle
[A12] dans le Chapitre 9.

Je développe actuellement une variante de cette technique [C31, .420]. Elle utilise un volume de me-
sure formé par l'intersection de 3 faisceaux lasers coplanaires et cohérents entre eux. Classiquement, ce
volume de mesure, ou sonde optique, peut étre produit en focalisant le faisceau d’un laser mono raie sur
un réseau de diffraction ou une cellule de Bragg [51]. La particularité ici est que 'on utilise les trois princi-
paux ordres de diffraction —1,0,+1. Dans cette configuration, les faisceaux *1 sont décalés en fréquence
de la quantité +v, par rapport a la fréquence v du faisceau d’ordre 0.

Les différents travaux réalisés pour décrire le comportement de cette technique d’interférométrie a trois

ondes sont résumés dans ce qui suit.

Figure 19 Géométrie du modele a 3 faisceaux cohérents.

Modgéle analytique avec ondes planes

Considérons tout d’abord les faisceaux incidents comme des ondes planes harmoniques, voir la Figure 19.
q g
Dans ce cas, le champ électrique au niveau du volume de mesure s’éctit :
ET (y’ Z,t) _ Elej[k].r72/r(v+vi\)l} i Eilej[k,].rfbr(va\)z] +Eoej[k¢,.r727rw] (31)
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La distribution de I'intensité lumineuse dans le plan (3,3) est calculée a 'aide du vecteur de Poynting :

1(y,2,1)= Re{E, E; | 3.2)

2u,0

Apres quelques manipulations mathématiques, on trouve que la distribution d’intensité peut étre reformu-

lée sous la forme (avec E ,=E ,E,eR):
I(y,z,t)=2E} {1 + COS|:47Z'51— 471'1/_@}} + {1 +4E,E, cos {27[% - 2ﬂvst}cos [,Bz]} (3.3)
2 1
avec
5, =A/sina 5,=A/(2sina) B =k(cosa-l| (3.4)

La forme de ’équation (3.3) permet de tirer des enseignements importants sur les caractéristiques de cette
sonde 2 trois ondes cohérentes:

- Deux réseaux de franges paralléles a ’axe optique Z s’y superposent. L’interfrange du premier est de
0, et celui de second de &, , avec J, =26,.

- 8, correspond a I'interfrange d’un systéme classique 2 deux faisceaux (—1,+1).

- 6, est Iinterfrange du réseau formé par linterférence des paires de faisceaux (-1,0) et (0,+1). Les
franges sont paralléles a ’'axe Z avec une modulation en amplitude de période : 8, =27/, Figure 20 a).

- Ces deux réseaux sont modulés dans le temps, avec une fréquence 2v, pour J, et v, pour 9.

- Dans le cas le plus simple, ou E,=E, =E_ =1, le rapport d’amplitude des deux réseaux de franges
varie entre Min{I(5,,z,1)/1(5,,2,t)}=1/9 et Max{I(5,,2,t)/1(5,,z,1)} =9 .

LENL I

Eysl OEA0 128 +E0 fEn £

Figure 20 Distribution d’intensité, ou « champ d’interférence », dans une sonde Doppler formée par, a gauche : 3 on-
des planes ; a droite : 3 faisceaux laser (TM00) de diamétre au col 2, =100um .

On considere a présent une petite particule de diametre D, avec D < J,, qui se déplace dans le vo-
lume de mesure, perpendiculairement aux deux réseaux de franges (i.e. suivant I'axe Y). Sa trajectoire est
définie par {y(¢)=V,t z=0}, voir la Figure 20 a). On suppose que lintensité lumineuse diffusée par cette
particule I (y,z,¢) est simplement proportionnelle a la distribution locale d’intensité dans le volume de
mesure Ig(y,z,t)c(y,z,t). Enposant E,=E  =E,=E, v,=V,/8-v, et v,=V,/3,-2v,, Iéquation du

signal Doppler produit par cette particule au cours de sa trajectoire est de la forme :
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I(p,z,t)c 2E° {% +cos(27v,t)+2cos (27 t)cos ,Bz} (3.5)

On peut rendre plus réaliste ce modele, a faible cott, en considérant que la distribution d’intensité du
volume de mesure est gaussienne!? suivant 'axe Y: E*(y)=E> (O)exp[—Z(y/a)O )ZJ L’amplitude |S(V > O)|
du spectre de Fourier du signal Doppler s’écrit alors :

|S(v 20)| =3G(v)5(0)+G(v—-v,)8(v-v,)+2G(v-v,)S(v -V, )|cos Bz (3.6)
ou &(v) représente la distribution de Dirac et |G(v)| la transformée de Fourier de la distribution

d’intensité du volume de mesure E*(V,t) , avec:

2 o 1| 7, 2
G(v)|=|E (O)J%;)—yexp -5( ;’VJ 3.7)

y

I’Eq. (3.6) met en évidence que |S (v20)| présente deux pics pour v>>0: le premier, plus basse fré-
quence, est centré sur la fréquence Doppler v, et son amplitude est indépendante de la position de la par-
ticule suivant 'axe Z. Le second pic, plus haute fréquence, est centré sur la fréquence Doppler v, et son
amplitude dépend explicitement de la position de la particule le long de 'axe optique Z. La largeur fré-
quentielle des deux pics est contrdlée par la fonction|G(v)|. Cette largeur (ca,/V,) décroit lorsque le
temps de transit de la particule, dans le volume de mesure, augmente.

Si 'on mesure le maximum d’amplitude des deux pics de |S (V > 0)

, on peut calculer un rapport qui

varie sur le domaine 0< R, (z)<2 avec:
R, (2)

Le principe de la technique proposée est alors trivial, il s’agit de déterminer la position de la particule

~ Max{S(vz)} ~
" Max {S(Vl )} B 2|COSIBZ| Y

le long de 'axe optique en inversant 'équation précédente :

. %{cos’] GR (z)jiniz} (3.9)

11 est important de remarquer que cette position est déterminée modulo la distance z=*nz/f, ou 7 est

un entier naturel. La composante de vitesse de la particule suivant Y peut étre également étre déduite :
V,=(v,+2v,)8, = (vi+v,)§, (3.10)

Modéle basé sur la théorie de Lorenz-Mie généralisée

Le modele analytique que nous venons de développer, de type onde plane, permet d’introduire sim-
plement le principe de la technique proposée. Cependant, une modélisation plus rigoureuse de cette det-
niere, requicre l'utilisation de la théorie de Lorenz-Mie généralisée (§ 2.2). La GLMT permet en effet

d’obtenir le champ diffusé par la patticule, pour chacun des faisceaux :

iE . -E :
£, = Loxpli(kr-2m)]s,  E,="Eew[-ifkr-2mm)]s 31

4

Les fonctions d’amplitude de diffusion, Si et Sz, prennent en compte les caractéristiques des faisceaux
(longueur d’onde, polarisation, diameétre et position du col par rapport a la particule...) et les propriétés de
la particule (diameétre, indice complexe de réfraction, homogene ou multicouche). Dans le champ lointain,

le champ diffusé s’écrit alors, dans la direction du détecteur et pour la polarisation 0 :

13 La courbure des fronts d’onde est cependant négligée
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[S(r.6,7/2,1)= [|E+19|2 HE o +|Eoo] +2Re{E, B+ E,Eag + E_yEuy }} (3.12)

_k
27vu,
Afin d’obtenir I’équation du signal Doppler produit par la particule, on peut intégrer 'Eq. (3.12) sur
Pouverture du détecteur (d’angle solide Q) :
I (r,0)=[[S(r,0,7/2,0)dQ (3.13)
Q
Apres quelques manipulations mathématiques et en introduisant les grandeurs caractéristiques d’un signal

Doppler (le piédestal : P, la visibilité : 1" et le déphasage : @), 'Eq. (3.13) peut étre réécrite sous la forme:

I(r,)=P[1+V,cos(2zvt+4,) |+ P, [ 14V, cos(2zv,t + ) | (3.14)
avec
_L l 2 l 2 2 _ k l ) l ,
fi= 27V, <2|E”| ’ 2|E+W| +|Eoo| >Q 1§ = <2|E19| 1B >Q
<H1 >Q - <E+19Egg " Eingg >Q <H2 >Q = <E+19Ej15 >Q (315)
Vl:2|<H1>Q|/Pl V2:2|<H2>Q|/Pz

©, =tan” [ ~Im((H,),)/Re((H,), )] ©, = tan”' [~ Im((H,), )/ Re((H,), ]

La Figure 20 a) présente la distribution d’intensité lumineuse obtenue avec 'Eq. (3.3) pour o =2.279°,
A=0.6328um et E,, =E  =E;=1.Les courbes iso niveau ont été normalisées par la valeur maximale ob-
tenue dans le plan d’interférence (YZ). Conformément a nos remarques sur ’'Eq. (3.3), on constate que les
franges sont effectivement modulées en amplitude suivant I'axe Y et 'axe Z, avec J, =26, =15.91um et
45, ~800um . La Figure 20 b) montre la distribution d’intensité simulée avec la GLMT, dans le cas de
faisceaux laser gaussiens, avec un diametre au col de 2@, =200um , la polarisation paralléle (@ =7/2), un
angle de collection de 8 =180°, une gouttelette d’eau (m=1.332, D=0.1pum). Dans cette figure, les effets
de la distribution d’intensité et de la divergence des faisceaux sont manifestes...

La Figure 21 présente 'évolution du rapport R, (z) pour différentes positions de la gouttelette
suivant I'axe Z, calculée avec 'Eq. (3.8) et la GLMT. Dans le cas d’une onde plane, R, (z) évolue exacte-
ment de la facon prédite par le modele analytique: fonction périodique 26, =400um bornée par les va-
leurs =1/9 et =2.0. Pour des faisceaux gaussiens, on constate que plus ils sont focalisés et plus le désac-

cord avec le modele analytique croit (e.g. R, (z) dépasse le maximum théorique de ~2.0).

Prise en compte de la divergence des faisceaux dans le mode¢le analytique

Ce dernier effet est imputable 2 la divergence des faisceaux. Il peut étre pris en compte dans le modele
analytique en introduisant certains termes “phénoménologiques”, soit pour lintervalle 0<z <6, :

— s
R, (z)= B cos” (B,z) (3.106)
Les constantes f,, f,, B, peuvent étre déduites d’une simple régression sur I’évolution numérique prédite

par la GLMT pour R, (z). La position de la particule est alors déduite de :

1/ 55
z, = Lcos’1 (RV—(Z)J (3.17)
b, b

La Figure 21 présente une simulation de la réponse d’un systeme Doppler laser qui utiliserait cette
technique a 3-faisceaux cohérents. La position de la particule zn, est déduite de ’Eq. (3.17) et de 'analyse

de la transformée de Fourier de signaux simulés par GLMT. Pour rendre plus réaliste cette simulation, un
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bruit aléatoire gaussien a été ajouté aux sighaux GLMT (SINR#=70 dB). Pour chaque valeur de la position
nominale z, le passage de 500 gouttelettes a été simulé. Ceci permet d’obtenir une estimation de I’écart
type induit par le bruit sur «a mesure» de zm. Ces résultats sont tracés pour deux valeurs de I'angle
d’intersection des faisceaux : @ =1.24° et 2.56° et pour lintervalle z€[0.455,,0.955,] 15 (ou la sensibilité
de R, (z) ala position des particules est maximale). Ces calculs montrent qu’avec cette technique la dy-
namique sur les distances mesurables serait respectivement de =400um et 25um pour une résolution de

Pordre de o, ~+12um et *lum.
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Figure 21 Interférométrie Doppler laser a 3-faisceaux cohérents avec, a gauche : comparaison de I’évolution du rap-
port d’amplitude R (z) selon le modele analytique (sans correction des effets de la divergence ) et le modele GLMT ;
a droite : simulation d’une «mesure» de la position d’une particule suivant I’axe optique (avec bruit gaussien et modele

analytique corrigé des effets de la divergence).

Laser Coupleur

Fibre optiqué™

Résean Polariscur

Figure 22 Schéma de principe d'un vélocimetre Doppler laser a trois faisceaux
cohérents et photographie de I'expérience de validation en cours de développe-
ment (micro canal de 80 pm de largeur).

Conclusions préliminaires sur cette technique:

Elle permet de mesurer, avec un systeme Doppler laser a peine modifié : la vitesse et la position des
particules le long de I’axe optique. De ce fait, elle poutrait étre utilisée pour mesurer les profils de vitesse dans

les conches limites ou dans les micro-écoulements, sans avoir a déplacer I'optigne. Elle permet également d’étendre la

14 Ce rapport signal sur bruit semble élevé, mais les signaux simulés apparaissent déja trés bruités [C35].
15 Expérimentalement cela revient a utiliser, de maniére classique, un filtrage spatial au niveau de 'optique de collection. Cette so-
lution permet d’éliminer le probleme d’indétermination sur g, lié a la périodicité de R, (z) .
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dynamique des systemes Phase Doppler (§4.3.3 et Figure 29)... Pour plus de détails sur les limites et avan-
tages de cette technique, voir les références [C35, A20].
La Figure 22 présente un systeme, en cours de validation, pour mesurer les profils de vitesse dans un

micro canal de 80um de largeur.

3.1.3 DL’interférométrie Phase Doppler et la mesure de fibres

1l semble que les seules études antérieures a la notre, sur 'adaptation du principe de linterférométrie
Phase Doppler a la mesure de fibres, soient celles de Mignon et al. [52-54], et de Schaub et al. [55]. Mi-
gnon a utilisé Poptique géométrique pour inverser ses mesures, avec toutes les limitations que cela impli-
que (§2.4.1). Schaub et al. ont utilisé la théorie de Lorenz-Mie, mais leur systeme de mesure était particulie-
rement encombrement et de résolution trés limitée.

Dans le cadre de la these d’Anne Lenoble [4], et d’études contractuelles avec le groupe Saint-Gobain
(§8.4.2), nous avons développé un interférometre optimisé pour la mesure, en ligne, de fibres de verre uti-
lisées pour les applications de renfort (§ 4.3.3). Les fibres de renfort se caractérisent par des diametres rela-
tivement faibles (D=5-30pum), un indice tres élevé (m =1.555) qui dépend des conditions de fibrage, des

vitesses de défilement importantes (jusqu'a V=50 m/s), etc.

Figure 23 Géométries des différents modeles mis au point pour simuler la réponse de l'interférometre et du diffrac-
tometre : a) Position et forme des détecteurs, polarisation... ; b) Angles d’inclinaisons de la fibre et c¢) La nature ten-
sorielle de la permittivité électrique de la fibre (biréfringence uniaxe), cf. reproduction de larticle [A13].

La réponse de ce systeme a été modélisé, voir la Figure 23. Le modele prend en compte des parame-
tres classiques comme I'angle d’intersection ou I'état de polarisation des faisceaux incidents, la forme et
Pouverture angulaire des détecteurs... et des effets moins classiques, comme linclinaison de la fibre par

rapport au plan des faisceaux laser, voir la Figure 23 b) et la Figure 24 b), la biréfringence uniaxe induite
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par la tension de fibrage, voir la Figure 23 ¢) ; la dépendance de I'indice de réfraction avec les conditions
de fibrage (trempage) ou la température, voir la Figure 24 b) ; la présence de fibres creuses (bulles de gaz)
ou 2 gradient radial d’indice...

- Expérimentalement, un systéme de mesure complet a été mis au point : optique, électronique et logi-
ciel (voir la Figure 25, la Figure 46 et la Figure 57). Cet interférometre peut étre utilisé en laboratoire
comme sur site industriel. Sa résolution sur les diameétres est typiquement de o, =0.35um pour
D=7-42um et un taux d’acquisition supérieur a 50 000 mesures/s, voir la Figure 28. Il permet par ail-
leurs de mesurer la tension de fibrage [A17] et, dans certaines conditions, de détecter les fibres creuses et
les contraintes de torsion exercées sur une fibre [C25]. Pour plus de détails sur les caractéristiques de ce

systeme, voir la reproduction de Iarticle [A13] et les références [C25, A17] [4].
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Figure 24 Exemples de modélisations de la réponse de I'interférométre : a) simulation de sa réponse théorique lors-
que P'on prend en compte (T), ou non (N), la dépendance de 'indice avec le taux de refroidissement (trempage);
b) Effets de I'angle d’inclinaison y, d’une fibre métallique et d’une fibre de verre-E, sur les parameétres caractéristiques
des signaux Doppler.
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Figure 25 Schéma de principe de la téte optique de I'interférometre rétro diffusion FIBS: (L) Laser HeNe 2.5 mW,

(M-R) Moteur et Réseau de diffraction par transmission, (D) lame 2 onde, (L) lentille de focalisation des faisceaux,

(H) Hublots ; Ls-L4 lentilles de collection de la lumicre rétro diffusée par la fibre, (F12) fibres optiques et (APD) dio-

des photo avalanche (cf. reproduction de Iarticle [A13]).
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3.1.4 Diffractométrie haute résolution

Dans la littérature, on trouve de nombreux travaux sur la granulométrie par diffraction laser, de fibres
métalliques ou absorbantes, ou d'un ensemble de particules transpatentes ou non (suspension, pulvétisa-
tion de gouttes, ...). Dans le cas des fibres notamment, la plupart de ces travaux utilisent la théorie de
Fraunhofer pour inverser les diagrammes de diffraction [56-58]. Souvent patce que celle-ci est rapide
d'emploi (i.e. inversion des mesures en temps réel) et, dans certains cas, parce qu'elle permet de prédire 7e-
lativement simplement la diffusion par des particules de forme complexe (particules irrégulieres, cristaux
[59],...). Pour une particule transparente, fortement symétrique (spheére, cylindre, ellipsoide...), de fortes
non linéarités apparaissent dans les diagrammes de diffusion/diffraction du fait des Résonances Motpho-
logiques Dépendantes (MDRs) et des ondes de surface [60]. Ces phénomenes de résonance ne sont pas
prédits par la théorie de Fraunhofer et expérimentalement, ils ne sont pas observés pour les particules ab-
sorbantes (les résonances internes sont fortement atténuées), les particules irrégulieres (les ondes internes
sont déphasées « aléatoirement ») ou un nuage de particules (i.e. les contributions des résonances sont

moyennées du fait de la dispersion des diametres).
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Figure 26 Diffractométrie haute résolution : a) Evolution de la position angulaire des extrema du diagramme de dif-
fraction de fibres de verre-E ; b) Estimateur de corrélation entre un diagramme expérimental et théorique. Le maxi-
mum détermine le diametre le plus probable pour la fibre mesurée, cf. reproduction de I'article [A16].

Dans le cadre de la these d’Anne Lenoble [4], nous avons mis au point un diffractometre haute résolu-
tion et une méthode originale d’inversion des diagrammes de diffraction [C306, C37, A16]. Ce systeme de
mesure permet d’enregistrer des rafales de 32000 diagrammes de diffraction a une cadence qui peut attein-
dre 43 kHz, voir la Figure 27 et la Figure 56.

La méthode d’inversion repose sur le calcul d’un estimateur de corrélation P(i,n) entre les diagrammes
expérimentaux (E) et des abaques théoriques (T). Ces derniers sont construits, une fois pour toutes, par
extraction de la position angulaire des minima (-) et maxima (+) des diagrammes théoriques calculés avec
la Théorie de Lorenz-Mie et en prenant en compte les effets optiques propres aux fibres de renforcement
(§ 3.1.3). Pour une fibre de diametre donné D, (n), estimateur de corrélation est maximal pour le dia-
gramme théorique (i.e. diametre D, (i) ) qui rend le mieux compte du nombre et de la position relative des

extrema du diagramme expérimental en cours de traitement :
D, (n)=D; (i/Max{P(i,n),i:1,2---nr}) (3.18)
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P(i,n) =M(i,n)ﬁﬁM+ (.. ji o Ji )ﬁlk_[AP (.. jir o i) (3.19)
Ji= i1 g1
AK (i,n) et AP* (i,n, Jrs j,f) sont des estimateurs de corrélation sur le nombre et les positions relatives des
extrema.
La Figure 26 a) présente I’évolution théorique de la position angulaire des extrema du diagramme de
diffraction d’une fibre de verre-E. Ces évolutions sont déduites de I'analyse de figures du méme type que
celles présentées par la Figure 10. On constate que les diagrammes présentent une forte périodicité. En

fait, c’est cette quasi-périodicité qui rend si ardu I'inversion des diagrammes de diffraction. Cependant,

comme le montre la Figure 26 b), Pestimateur P(i,n) permet de déterminer correctement le diametre de la
fibre détectée.

Figure 27 Schéma de principe et photographie du diffractometre haute résolution : (1) laser HeNe 10mW ; (2-4)
Coupleurs et fibre optique monomode ; (5) Agrandisseur de faisceau ; (6) Lame %2 onde ; (7) Lentille cylindrique de
focale f,1=300mm; (8) Point objet ; (9) Lentille de Fourier de focale f=50mm ; (10) Point de focalisation du faisceau
direct ; (11-12) Caméra et capteur CCD ; (13) Déplacement micrométrique de la caméra.
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Figure 28 Diagrammes de diffraction expérimentaux (en fausses couleurs) et résultat de leur analyse avec la méthode
d’inversion probabiliste. La réponse simultanée de I'interférometre est également présentée (vitesse de fibrage :
V, =5—>40m/s), cf. reproduction de I'article [A16].
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La Figure 28 présente les diagrammes enregistrés lorsque le procédé de fibrage du verre est soumis a
une rampe croissante de vitesse : ¥V, #5—>40m/s (§ 4.3.3). Le résultat de I'analyse de ces diagrammes ex-
périmentaux est comparé a la réponse de Iinterférometre (§ 3.1.3). La réponse de linterférométre met en
évidence les contributions des MDRs. La procédure d’inversion actuelle de l'interféromeétre ne permet pas
de déconvoluer ces contributions, contrairement a I’algorithme d’inversion du diffractometre. Pour cette
expérience, la différence entre les diamétres moyens obtenus avec ces deux systemes est de moins de 80
nm... On peut montrer que la résolution de ce diffractometre est typiquement de o, =20nm pour des fi-
bres en cours de production et des diameétres dans la plage D=7—-. 42um . En fait, cette résolution est

pres de 100 fois supérieure a celle obtenue par d’autres auteurs, dans les mémes conditions [56-58].

Ce diffractometre haute résolution permet également de détecter les fibres creuses et d’estimer U'indice
de réfraction des fibres. Il est important de noter que la méthode d’inversion peut étre utilisée pour
d’autres types de particules que les cylindres ou d’autres phénomeénes optiques (cf. Arc-en-ciel, § 3.2.4).
Pour plus de détails, voir la reproduction de l'article [A16] dans le Chapitre 9. et la référence [4].

3.2 Réfractométrie de particules en écoulement

La caractérisation simultanée de la vizesse et de la faillfe des particules est fondamentale pour étudier les
écoulements diphasiques. La mesure simultanée de I'indice de réfraction des particules pourrait étre tout
aussi fondamentale. En effet, I'zndice d’une particule est caractéristique de sa composition (matérian, fraction
de mélange, densité...) et de sa température. La mesure de I'indice de réfraction devrait donc permettre une
amélioration significative de nos capacités de diagnostics de différents phénomenes et systémes: mélange
turbulent, coalescence de gouttes, évaporation, combustion diphasique, séchage, fluidisation polyphasique,

les écoulements multiphasiques. ..

Aucun systeme de mesure actuel, commercial ou prototype de laboratoire, n’est capable de mesurer
ces trois grandeurs de fagcon simultanée. 1l existe cependant des techniques conplées qui répondent partiel-
lement a cet objectif. La technique de 'angle d’arc-en-ciel en est un exemple. Cette derniere, encore en dé-
veloppement, permet de mesurer le diametre et I'indice de particules individuelles [61-63] ou d’un ensem-
ble de particules [27]. Cependant, pour pouvoir mesurer les vitesses, les flux, la concentration en particu-
les, elle doit étre couplée avec un vélocimetre Doppler laser. Ce qui alourdit considérablement le dispositif
de mesure. Il en est de méme pour les techniques utilisant la Fluorescence Induite par Laser (LIF). Ces
dernieres nécessitent en plus de charger en molécules fluorescentes les particules a analyser, ce qui n’est pas
toujours possible ou souhaitable (i.e. tension superficielle, évaporation, pollution...). Les mesures
d’intensité nécessitent par ailleurs des calibrations assez fastidieuses [64], bien que des progres significatifs

semblent avoir été récemment réalisés dans ce domaine [65].

3.21 La Technique Dual Bursts (DBT) : faisceaux laser fortement focalisés

La focalisation des faisceaux laser pose généralement probleme en granulométrie optique (§3.1.1), car
elle produit des gradients d’intensité sur la surface des particules, des fronts d’onde courbes. Cependant,
j’ai developpé le concept d’une technique originale qui tire avantage de ces gradients : la technique « Dual

Bursts» (DBT) [A4].
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Le principe de cette technigue est le suivant :

- Deux faisceaux sont utilisés pour former un volume de mesure dont les dimensions latérales sont in-
térieures a celles des particules a mesurer, voir la Figure 29. Pour un détecteur placé vers I'avant, chaque
particule transparente qui traverse la sonde optique produit deux signaux Doppler : 'un est da a la lumiere
réfléchie par la particule et I'autre, a la lumicre réfractée par cette derniere. La phase du signal réfléchi est
trés peu sensible a la nature du matériau de la particule, elle nous donne acces a son diameétre Dy. La phase
du signal réfracté est sensible a la taille D; de la particule, mais aussi a la partie réelle de son indice de ré-
fraction, 7.

De la mesure de ces deux phases ont peut donc déduire le diamétre et la partie réelle de I'indice de la par-

ticule (i.e. caractéristique de son matériau), voir la reproduction de P'article [A4] dans le Chapitre 9.
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Figure 29 Schéma de principe de la Technique Dual Bursts : mesure simultanée de la vitesse, du diametre et de
Iindice complexe de réfraction (ou de la teneur en hétérogénéités) d’une particule en écoulement.

- Les signaux Doppler sont également modulés en fréquence. Classiquement, c’est de la mesure de

cette fréquence v que 'on déduit la composante V de la vitesse de la particule, voir la Figure 29.

- Les signaux Doppler sont également décalés dans le temps, AT. La mesure de cette grandeur permet
de déduire la taille de la particule a grande échelle, D, =V /v [60]. La comparaison des trois mesures du
diameétre : D, =D, =D, , permet de caractériser ’état de sphéricité de la particule et d’étendre la dynami-
que sur les tailles mesurables. En effet, D, n’est pas soumis a 'indétermination a 27 prés et constitue une
mesure a grande échelle du diametre, contraitement 2 D, et D, qui sont des mesures tres locales, voir la
Figure 29.

Le décalage temporel des signaux résulte de la focalisation des faisceaux laser et de la différence entre la
position des parametres d’impact de la réfection et de la réfraction. Nous avons récemment monter que ce
décale peut également étre induit par un filtrage spatial. Dans ce dernier cas, le principe de la technique
Dual Burst s’approche de celui de la technique de « Shadographie Doppler » [67] ; et il semble que nous

devrions pouvoir caractériser le diametre de patticules irrégulieres [RC21].

- Contrairement au signal réfléchi, le signal réfracté est tres sensible a la partie imaginaire de 'indice de

la particule (absorption) ou a sa teneur en hétérogénéités. De ce fait, le rapport d’intensité de ces deux si-
8

gnaux nous donne acces a absorptivité du matériau de la particule, K [C10, A4], ou a sa concentration en

hétérogénéités, C,. Dans ce dernier cas, il s’agit d’extinction qui peut étre modélisée par une loi de Beer-
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Lambert ou mieux, une Méthode de type Monté Catlo (§ 2.4.3 ) [C10-20, A8], voir la reproduction de
Particle [A8] dans le Chapitre 9. Ces diagnostics sont basés sur une mesure d’un rapport d’intensité. Ils ne
nécessitent donc pas de calibration, ce qui élimine les problemes liés a la dérive du gain des détecteurs,
I’encrassement des acces optiques, la turbulence du milieu environnant la particule détectée. ..

La mesure de la partie imaginaire de 'indice k=A1/4zK , permet les mémes types de diagnostics que la
mesure de la partie réelle de I'indice, m. En effet, k, dépend également de la nature du matériau et de sa

température. Cette mesure est cependant complémentaire par bien des aspects de la mesure de m .
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Figure 30 Technique Dual Bursts avec, a gauche : le signal Doppler produit par une goutte d’eau en écoulement
(D=95um) et le résultat de I’analyse temps fréquence de sa phase; a droite : histogramme des indices mesurés pour
des gouttes d’eau, d’éthanol et d’eau sucrée (cf. reproduction de article [A4]).
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Figure 31 Technique Dual Bursts pour la caractérisation de particules hétérogenes avec, a gauche : signaux Doppler
produits par un jet liquide constitué d’une suspension aqueuse de particules de latex, de concentration Cy; a droite :
comparaison du rapport d’intensité de signaux expérimentaux et simulés (cf. reproduction de 'article [A8]).

- Lorsque I’hétérogénéité des particules est de symétrie sphérique (particule bicouche) 3 ou 4 sighaux

Doppler sont émis par celles-ci. Nous avons montré que I'analyse de la phase de ces différents signaux

HABILITATION A DIRIGER DES RECHERCHES 54



GRANULOMETRIE ET REFRACTOMETRIE DE PARTICULES FABRICE ONOFRI

permet de déterminer le diameétre externe de la particule mais aussi son diametre interne, ou de détecter la

présence d’un gradient interne §2.4.1, [A5].

Au final, la technique DBT pourrait présenter d’autres potentialités concernant la caractérisation de
particules cylindriques, de particules irrégulicres et la mesure d’un signal de fluorescence auto calibré. ..
Les possibilités offertes pat cette technique originale sont multiples. C’est d’ailleurs a ce titre qu’elle est au
cceur de PACI « Pollution Non-Pollution » VITAMA (§ 8.4.2). Ce projet de recherche, que je dirige, vise
au développement d’un systéme de mesure capable de caractériser de maniere simultanée la Vitesse, la

Taille et le Matériau de particules en écoulement.

DY A

Figure 32 Particules susceptibles d’étre caractérisées, a terme, avec la technique Dual Bursts.

3.2.2 L’Anémométrie Phase Doppler en configuration Dual Mode (DM)

L’interférométrie phase Doppler «classique» peut également permettre de mesurer la partie réelle de
I'indice m . Pour ce faire, Naqwi et Durst [68] ont proposé d’'utiliser deux optiques de collection. On me-
sure ainsi deux déphasages. Selon I'optique géométrique, ces déphasages sont des fonctions assez com-
plexes de Iindice, en revanche ils sont simplement proportionnels au diametre de la particule détectée,
voir 'Eq. (3.21). Le rapport de ces deux déphasages est donc indépendant du diameétre de la particule dé-
tectée. De la connaissance théorique de I’évolution de ce rapport avec lindice, et de sa mesure, on peut
déduire I'indice de la particule. Une fois ce dernier déterminé, le diametre est calculé a I'aide d’un des deux
déphasages mesurés. Malheureusement, cette configuration optique souffre de plusieurs problemes impot-
tants : une faible sensibilité a I'indice, une sensibilité marquée aux effets de trajectoires (§ 3.1.1) et un en-

combrement difficilement compatible avec I’étude d’écoulements complexes.

J’ai proposé une amélioration significative de cette technique [RI1, T1, C13]. Elle repose sur
Iutilisation d’une configuration optique de type « Dual Mode » (§ 3.1.1). Cette derniére est en effet tres
peu sensible aux effets de trajectoire et elle permet de mesurer directement un rapport de phase a partir
d’une seule optique de collection, d’ou un encombrement réduit et des réglages facilités. Elle est également
plus sensible a I'indice que les configurations optiques classiques.

Dans le cas d’une géométrie Dual Mode, la phase du signal produit par une particule réfractante, de
diameétre D et d’indice m, est donnée par 'Eq. (3.20) pour la géométrie Plane (détecteurs V; et V, de la
Figure 18) et par I'Eq. (3.21), pour la géométrie Standard (détecteurs U, et U, , de la Figure 18) :
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5, = 2mD sinasin (¢, ) (3.20)
7 4 \/2[1+cosacos(¢iw1))][l+mz —m\/2[1+cosacos(¢iy/p)ﬂ

4. = 27mD sinasiny (3_21)

As \/2[1 +CosQcosy cos¢][l+m2 —m\/2[1+cosacosy/5 cos¢]}

Le signe + différencie la position des détecteurs élémentaires (placés derriere une méme lentille de collec-
tion) par rapport a 'angle d’élévation moyen y ou hors axe ¢. o est I'angle entre les faisceaux de lon-

gueur d’onde 4, et A . Ces équations montrent clairement que le rapport des déphasages est indépendant
du diametre des particules :

R(m) -2 yp (3.22)
¢+ - ¢+
I’équation (3.22) ne semble pas pouvoir étre résolue analytiquement. Cependant, numériquement, on peut

montrer que, selon P'optique géométrique, R(m) décroit de maniére monotone avec Iindice (sensibilité
maximale pour les faibles indices)[69].
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Figure 33 a) Simulation de la réponse d’un systeme Dual Mode a la mesure de particules composées de différents
matériaux et b) Exemple de mesure d’indice sur un jet mono disperse de gouttes d’éthanol.

La Figure 33 a) simule la mesure de I'indice de différentes particules (D =50-300um) avec une optique
Dual Mode classique [49]. Les indices nominaux sont de m =1.35 (alcools...), m=1.40 (plastiques, poly-
meres, essences,...), m=1.50 (huiles lourdes, verres,....) et m=1.60 (liquides d’indice, latex,...). Ces simu-
lations ont été réalisées avec un code de calcul basé sur la GLMT et, pour simuler un bruit de mesure, en
introduisant une erreur aléatoire sur les phases calculées (d’écart type : £5°)[69]. Les distributions simulées

sont distinctes. Ce systeme serait donc capable de différencier ces différents types de gouttes et particules
dans un écoulement.

La Figure 33 b) montre un résultat expérimental préliminaire [T1]. 11 s’agit de la distribution d’indice
mesurée pour des gouttes d’éthanol pur, m~1.364 et D =200um . La distribution est centrée sur la valeur
attendue (m ~1.362) avec une largeur a mi-hauteur de ~0.008 . Cette derniere valeur définie la résolution
de la technique proposée. Cette dernicre est faible au regard de celle d’un réfractomeétre de laboratoire

(= £0.0001). Mais il s’agit ici d’'une mesure réalisée sur des gouttes en vol, en quelques microsecondes, et
dont on a également déterminé le diameétre et la vitesse !

Toujours a titre d’exemple, la Figure 34 montre quelques résultats expérimentaux obtenus lors de

I’étude de linteraction entre deux pulvérisations : 'une d’eau pure et 'autre, d’éthanol pur. On s’attend a
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ce que les zones de coalescence soient caractérisées par la présence de gouttes dont I'indice est intermé-
diaire entre celui de 'eau m =1.332 et celui de I’éthanol m =1.364.

Pour la zone d’écoulement considérée ici [T1, C13], on observe effectivement la présence de gouttes
d’indice intermédiaire!, Figure 34 b), méme si la résolution de ce premier systeme est encore un peu fai-

ble.

En guise de conclusion, nous dirons que la technique Dual Mode n’a pas les mémes potentialités que
la technique Dual Bursts, §3.2.1. Sa résolution est encore trop faible pour certaines applications, bien-
qu’elle soit déja suffisante pour différencier des particules composées de matériaux assez différents (i.e.
densités). De plus, la technique Dual Mode pourrait étre rapidement implantée sur un systeme commercial
déja existant [49], avec tous les avantages que cela implique du point de vue de son intégration, de son
I'industrialisation et de sa diffusion rapide dans la communauté... C’est pourquoi, dans le cadre de I’ACI-

VITAMA (§ 8.4.2), nous travaillons également a "'amélioration de la résolution de cette technique.
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Figure 34 Résultats expérimentaux préliminaires sur 'étude de linteraction entre deux pulvérisations: eau et éthanol : a)
Distribution diameétre/indice, b) distribution des indices pour des diameétres entre D=50-200um et ¢) corrélations
diamétre/vitesses.

16 Le pic de la distribution correspond a des gouttes dont la fraction de mélange est égale a2 Y=0.31 (i.e. coalescence)
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3.2.3 Mcéthode basée sur ’analyse de la diffusion critique

Le paragraphe § 2.4.2 expose le principe de cette technique de mesure simultanée de Iindice et du
diameétre de «bulles» en écoulement, par analyse de la diffusion critique [C17-18, A9].

La Figure 35 présente un schéma de principe du dispositif expérimental mis en oeuvre pour valider le
principe de cette technique et le modéle asymptotique de diffusion critique (§ 2.4.2). Fondamentalement,
le systeme optique se réduit a un laser de faible puissance, quelques lentilles et une caméra CCD. Un go-
niometre de précision est cependant nécessaire pour calibrer angulairement la caméra. L’écoulement di-
phasique, confiné dans une cuve spectrométrique, est produit par diffusion d’air a travers un poreux im-
mergé dans un liquide (eau, éthanol et huile silicone). La Figure 35 présente également le diagramme de
diffusion critique enregistré pour une bulle I'air dans de I’éthanol. L’analyse de la position angulaire des
deux premiéres franges brillantes et les équations du modele de diffusion critique (§2.4.2) permettent de
déterminer le diameétre et I'indice de la particule détectée : D=83um et m=1.361; pour plus de détails voir

la reproduction de l'article [A9] dans le Chapitre 9.

Les résultats obtenus avec ce dispositif expérimental nous ont permis d’obtenir différents résultats.
Cependant, a ce jour, fautes de moyens, cette technique n’a pas pu étre testée sur un écoulement «réel».
Pourtant, méme dans son état actuel, elle n’a pas d’équivalent. De plus, elle pourrait tres vraisemblable-
ment étre étendue a la caractérisation simultanée d’un ensemble de «bulles», par extrapolation du principe

de la technique de I'angle d’arc-en-ciel global (§ 3.2.4).

Cellule spectrométrique

Lentilles
£=250 et 150 mm

: Soutce

Diffuseur

Filtre
neutre

Laser HeNe

10 mW +0

Bubbles

Intensité diffusée [Niv. pixel]

goniometre

i70‘41° ' 77.56°
65 70 75 80 85 90
Angle de diffusion, 0 [deg]

PC.

Figure 35 Schéma de principe du dispositif expérimental d’analyse de la diffusion critique et exemple du diagramme
de diffusion critique produit par une bulle d’air en écoulement dans de ’éthanol (cf. reproduction de I'article [A9]).

3.2.4 Mcéthode basée sur le phénoméne d’arc-en-ciel

Nous développons actuellement [70] une méthode de caractérisation du diametre et de I'indice de par-
ticules en écoulement, basée sur I’analyse des caractéristiques du diagramme de diffusion dans la région de
I'angle d’arc-en-ciel. Cette approche est complémentaire a celle des techniques ponctuelles ou temporelles
(i.e. Phase Doppler), de par sa nature intégrale : spatiale et instantanée (i.e. Diffractométrie). Dans ce qui
suit, nous présentons les modeles et la technique d’inversion développés, ainsi que quelques résultats expé-

rimentaux types.
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Arc-en-ciel produit par une particule individuelle

Le phénomene d’arc-en-ciel est lié a existence d’un angle de déviation limite, d’une caustique, pour
les rayons lumineux qui ont subit une réflexion interne (p=2), Figure 11. Selon optique géométrique, le
premier arc-en-ciel produit par une particule individuelle, sphérique, est localisé précisément a I’angle de
diffusion 6, :

6, =2t, —cos™ (cosrrg /m) avec sinz,, = (m2 —1)/3 (3.23)
Cette équation indique que 6,, ne semble dépendre que de I'indice de la particule!”.

Young, Fresnel et Airy ont développé une théorie ondulatoire du phénomene d’arc-en-ciel. Cette der-
niere, qui est désormais connue sous le nom de théorie d’Airy, décrit 'arc-en-ciel comme un phénomeéne
de diffraction, dans le champ lointain, du front d’onde associé aux rayons a 'origine de I'arc-en-ciel géo-
métrique. Pour de petits angles de déviation par rapport a 6, , ce front d’onde est de forme cubique [71].

Nous ne détaillerons pas davantage les bases physiques et mathématiques de cette théorie, qui a fait
I'objet de nombreux travaux et publications. On remarquera cependant que la démarche suivie par Mars-
ton, pour développer une approximation d’optique physique (POA) du phénomene de diffusion critique
(§ 3.2.3), est tres similaire a celle de la théorie d’Airy.

La théorie d’Airy permet de prédire la dépendance de I'intensité lumineuse diffusée, par une particule

sphérique isolée, au voisinage de 6, [72]:

1(6)= 8;ER i [3f6th j [ j:cos[g(zn 7 )}JUJZ (3.24)

Ou, de maniére équivalente a la POA, » est une variable d’intégration :

n=v(4h/aD*)" (3.25)

avec V:D(cosr—cosrrg)/Z et i~ =tanz,sin’7,

rg >

R, étant la distance au point d’observation et z(6), un

angle de déviation a la position de I'arc-en-ciel géométrique :

1602 \"
z—(ﬁ—ﬁrg)( ¥ j (3.26)

L’équation (3.24) est la représentation intégrale de la fonction d’Airy’8 [73, 74], avec :
o T o T 5 7z 27 " ,_ 7’ "
IO cos{z(zn—yf)}dn:fo CO{EU —zn}dn:[ 3 J Ai —(12] z (3.27)

La distribution d’intensité au voisinage de I’angle d’arc-en-ciel 6, est donc proportionnelle a :

2 4/3 2 1/3
I(B,m,D,l)ochlfzm)(?j Aizl—(g] : (3.28)

La théorie d’Airy permet d’améliorer de maniére tres significative la description de l'arc-en-ciel.
I’équation (3.28) montre, par exemple, que les caractéristiques de ’arc-en-ciel ne dépendent pas seulement
de P'indice des particules, mais également de leur diametre (i.e. du parameétre de taille, dépendance en
D*?). Cette théotie permet également d’effectuer des calculs rapides (comparé a la LMT), ce qui est un

facteur non négligeable pour I'inversion de données expérimentales. Cependant, la qualité des prédictions

17 Pour une goutte d’eau, m o 1.332 pour A=0.5 um et T=20°C, nous avons &,, =137.8°. Les couleurs de I'arc-en-ciel viennent

de la dépendance de I'indice avec la longeur d’onde (dispersion).
18 Cette intégrale a été nommée par Airy : « Rainbow Integral »
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de la théorie d’Airy décroit assez rapidement a mesure que 'on s’éloigne de I'angle d’arc-en-ciel prédit par
Poptique géométrique, Figure 8. En fait, la théorie d’Airy tend a minimiser la décroissance de l'intensité et
la fréquence angulaire des arcs d’ordres élevés (lobes) ; et ceci, d’autant plus que la particule est petite. 11
est également important de noter que, numériquement, les séries de Debye prédisent une dépendance de
I'intensité de l'arc-en-ciel en [oc D" avec y =2.34013~7/3 [70]. A I’heure actuelle, et apres vérification de
nos calculs, nous n’avons pas d’explication précise concernant cette différence notable avec la théorie
d’Airy (les références [5, 10, 72, 75] ne s’accordent d’ailleurs pas sur ce point). Aussi, dans ce qui suit, de
facon pragmatique, nous avons choisi de reformuler I’Eq. (3.28) sous la forme :
1/3
I(Q,m,D,ﬂ)och]szm)(?jm 4z —(’lfzj : (3.29)

Cette formulation donne de trés bons résultats, voir la Figure 8 et la Figure 306.

Roth et al. [25, 61, 76] semblent avoir été les premiers a avoir utilisé le phénomene d’arc-en-ciel, et la
théorie d’Airy, pour caractériser expérimentalement des particules individuelles en écoulement. Van Beeck
[26, 77] et Sankar et al. [78] ont également été des précurseurs dans ce domaine. L analyse de Iarc-en-ciel
produit par une particule individuelle permet, en théorie, d’obtenir la corrélation entre sa taille et son in-
dice (matériau, composition, température). Cependant, en situation réelle, cet arc-en-ciel est fortement

perturbé par la présence des autres particules. De ce fait, il est difficile a analyser.

Arc-en-ciel produit par un ensemble de particules

Les arcs-en-ciel observés dans la Nature sont produits par un ensemble de gouttes : nuage, pluie... Si la
concentration en particules est faible, au sens de la diffusion simple (§ 2.4.3), on peut sommer de maniere

incohérente les arcs-en-ciel produits par chacune des particules diffusantes :

=Dy Y=y,
@)= [T 10.0.32) rexprdsay (3:30)
x=Din y=myi,

Ou f(D,m) est la fonction de répartition des diametres (bornés par les valeurs D, ,D,. ) et des indices de

min >

réfraction (bornés par les valeurs m,, ,m,, ), des particules qui forment I’arc-en-ciel.

max

Inversion du diagramme d’arc-en-ciel :

Pour caractériser un ensemble de particules, 4 partir de I'analyse du diagramme de diffusion (1(0))
(qualifié de « global » par Van Beeck [27]), il faut pouvoir déterminer le noyau de I'intégrale de ’'Eq. (3.30)
: f(D,m) et ses bornes DD, .m...m.. . Ceci requiere le développement d’une méthode d’inversion qui
nécessite de poser certaines hypothéses simplificatrices :

- Dans certaines situations physiques, on pourra supposer qu’il existe une fonction de corrélation
entre les tailles et les indices (e.g. décroissance de la température des particules en AT oc D*), les variables

D et m ne sont plus indépendantes :

|||||

(1(0))= j 1(8,m(x),x), f(x)dx (3.31)

- Dans d’autres situations physiques, on pourra supposer que les variations d’indice sont nulles ou
négligeables (i.e. écoulement diphasique isotherme), ce qui simplifie considérablement le noyau de

I'intégrale :
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x=D,

(10))= | 1(0.x),, f(x)dx (3.32)

- Dans des situations encore plus simples, on pourra également faire certaines hypothéses sur la
forme ou le nombre de modes de la distribution des tailles et/ou des indices. Dans le cas d’un écoulement
diphasique isotherme ou la répartition des tailles des particules suit une distribution de type Normale (i.e.:

pilote de lit fluidisé... voir le § 4.4), ’équation (3.30) se réduit alors a:
=D,

1 T _(x-Dy
<1(9)>_r mximz(e,x)wexp{ . }zx (3.33)

Dans ce dernier cas, la méthode d’inversion a mettre en ceuvre doit seulement permettre de déterminer 3
paramétres : /) le diamétre moyen des particules D, 7) Pécart type des diamétres o, et 7i) lindice moyen
m. Classiquement [306], les bornes de lintégrale peuvent généralement étre imposées arbitrairement, ou
non: {D,.,D,..}=D*3c,."

Nous avons développé différents codes de calcul de I'arc-en-ciel produit par un nuage de particules,
basés sur la théorie d’Airy, les séries de Debye et la Théorie de Lorenz-Mie. La Figure 36 permet de com-
parer les prédictions de la théorie d’Airy et des séries de Debye, ainsi que I'influence de différents parame-
tres sur la forme de I’Arc-en-ciel. De maniere tres synthétique nous dirons que, pour une distribution gra-
nulométrique de forme donnée :

- les variations de l'indice moyen entrainent un décalage angulaire, « une translation », de I'arc-en-

ciel.

- les variations de Iécart type jouent sur I'atténuation, la perte de contraste, plus ou moins forte, des

lobes d’otdres élevés,

- les variations du diameétre moyen controlent I’étalement angulaire, « la compression/dilatation »,

du diagramme d’arc-en-ciel.

D=100um
6,=30um

m=1.4

6,=30 um / 30%

m=1.404/+10°C

h G, =10um / 10%

Intensité diffusée

Intensité diffusée normalisée

} \J
/ —— Théortie d'Airy
fffffff Séries de Debye (p=2)
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Figure 36 Influence sur 'arc-en-ciel produit par différentes distributions granulométriques (i.e. loi normale) de parti-
cules : a) du diametre moyen, pour un écart-type de 10% et un indice constant (m=1.51); b) de I’écart type des dia-
meétre, pout un diamétre moyen et un indice constants; ¢) d’une variation d’indice/température, pour un diamétre

moyen et un écatt type constants, A=0.6328um.

Partant de ces dernicres remarques, nous avons mis au point un dispositif expérimental, un logiciel

d’acquisition et d’inversion des signaux d’Arc-en-ciel [70]. La méthode d’inversion, encore tres impatfaite,
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est, dans son principe, assez proche de celle développée pour inverser les diagrammes de diffraction (§

3.1.4).

Exemple de résultats expérimentaux

La Figure 37 présente un schéma du montage réalisé. Il se compose essentiellement d’un laser HeNe
fibré, de 10mW, d’un agrandisseur de faisceau utilisé pour contrdler les dimensions du volume de mesure
(avec le filtrage spatial Ps3, les dimensions du volume de mesure sont de 'ordre de 1cm?), quelques lentilles
utilisées en configuration de Fourier (fi=£=100mm, £3=75mm), dune caméra CCD matricielle :
1024*1024 pixels 12 bits, d’une carte d’acquisition numérique et d'un PC. Le logiciel développé : GRAS,
voir la Figure 61, permet de piloter intégralement la caméra (synchronisation externe, intégration, gain...)

et intégre les fonctions d’inversion basées sur la théorie d’Airy et les séries de Debye.

Laser HeNe

Coupleur

Fibre optique

Volume de
mesure

P

'|'.'
Particules

Figure 37 Schéma de principe et photographies du dispositif expérimental d’étude du phénomene d’arc-en-ciel.

A titre d’exemple, la Figure 38 montre : 7) une photographie type d’un arc-en-ciel produit par un jet de
billes de verre a température ambiante et #) une comparaison du profil d’intensité expérimental avec ceux
prédits par la théorie d’Airy et les séries de Debye. On constate que 'accord est globalement bon, surtout
pour les positions angulaires des maxima et minima. En revanche, sur les bords du profil (points A et E),
les variations d’intensité différent notablement entre la théorie et I'expérience. Cet écart s’explique par le
fait que le systeme optique est sujet a un phénomene de vignettage. En fait, le montage de Fourier nous
permet de conserver les angles mais pas I'intensité relative. Nous avions déja observé ce phénomeéne avec
le montage de diffraction (§ 3.1.4). L’effet est cependant plus prononcé avec larc-en-ciel, du fait de
Péclairement hors axe.

La Figure 39 montre le résultat de I'analyse de I'arc-en-ciel de la Figure 38, en terme de granulométrie
des billes de verre. Ce résultat a été obtenu en recherchant les parametres de 'Eq. (3.33) qui minimisent
I’écart entre les positions angulaires des extrema du profil théorique et du profil expérimental. Le résultat
est présenté sous la forme d’une distribution Normale, qui est comparée a une mesure obtenue avec un

diffractométre commercial.
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L’accord entre les deux systemes est bon, avec : Bdijfrac_ =95um , D(50%) 55, = 92.5um et Dipys = 92um;

O difiac. = 14um et o gpys =11um . Cet accord a ét€ trouvé pour une valeur de lindice des billes de

m=1.503, qui est tout a fait compatible avec les spécifications du fournisseur (m=1.5-1.51). Des résultats
comparables ont été trouvé pour des échantillons de billes de verre de différents diameétres moyens et
écarts type [70].

1l est a noter que la distribution brute restituée par le diffractometre fait apparaitre de trés petites particu-

les (D<50um) qui ne peuvent pas étre physiquement présentes dans le jet.

T T T = — P —pre————— o T

&S Expérience

(B) —— Théorie d Airy

;'T‘: - = = Sére de Debye (p=2)
Optique géométrique, 0
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17 point dinflexion ¢

Intensité diffusée (normalisée)

16137 163 14°

'*7 AS_\/ ‘._/ ' (C)
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Angle de diffusion, 0 [deg]

Figure 38 Photogtraphie d’un arc-en-ciel produit par un jet de billes de verre (D =92+11um ) et comparaison de son
profil d’intensité avec la théorie.
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Figure 39 Comparaison de I’analyse granulométrique d’un jet de billes de verre : arc-en-ciel (GRAS) et diffractomé-
trie (systeme SprayTech [71]). Nous avons choisi de normaliser 'intégrale des distributions a 1.

En guise de conclusion sur ces premiers travaux, nous dirons que les résultats obtenus sont déja tres
encourageants. L’analyse de I'arc-en-ciel global permet d’obtenir une caractérisation statistique instantanée
des particules (diameétre et indice) méme si, dans notre cas, nous nous sommes limités a des particules
d’indice fixé. A Davenir, nous devrons automatiser la technique d’inversion et réduire le nombre

d’hypotheses simplificatrices (i.e. forme de la distribution, corrélation taille-indice). Pour ce faire, il faudra

HABILITATION A DIRIGER DES RECHERCHES 6



GRANULOMETRIE ET REFRACTOMETRIE DE PARTICULES FABRICE ONOFRI

nécessairement augmenter le nombre de points de mesure fiables, en éliminant les effets de vignettage
et/ou en utilisant d’autres effets (dispersion, polarisation).

Dans I’état actuel de nos réflexions, la principale limite de cette technique semble étre la difficulté pré-
visible concernant la mesure absolue de la concentration en particules, C,, qui est un parametre fondamen-

tal pour I’étude des écoulements.
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Chapitre 4

COLLABORATIONS & APPLICATIONS

Ce chapitre dresse un bilan des travaux réalisés dans le cadre de collaborations universitaires et de par-

tenariats industriels, généralement interdisciplinaires ou « multi-physique ».

4.1 Biophysique

4.1.1  Pression de radiation et pincettes optiques

Les photons véhiculent une certaine quantité de mouvement. Par pression de radiation, un faisceau
laser peut donc piéger, déplacer et mettre en rotation une particule [18, 20, 79].

Les physiciens ont développé différents outils a destination des biologistes et, notamment, les pincettes
optiques («optical tweezersy). Ces dernic¢res permettent de manipuler par pression de radiation les cellules
biologiques, sans risque de les détruire [80].

Le travail sur Pextension de la GLMT aux sphéres multicouches (§2.2) a permis de réaliser différentes
simulations sur : 7) le comportement des pincettes optiques lorsque la particule est creuse ou lorsqu’elle est
composée d’un noyau ; ) les forces nécessaires (pico Newton) a la déformation mécanique de membranes
cellulaires [C9][81, 82].

La Figure 7 b) présente un exemple du calcul de I’évolution du coefficient pression de radiation trans-

verse exercée par un faisceau laser sur une vésicule.

4.1.2  Caractérisation optique des globules rouges

1l existe différents types d’hématies (globules rouges). Certaines sont sphériques mais, pour un sujet
sain, la plupart d’entre elles ont une forme ellipsoidale dont la longueur des axes est typiquement de 7.5um
et 1.8 um. Ces cellules sont transportées a travers tous le corps par le plasma. Elles fixent et libérent
'oxygene par une réaction d’oxydation/réduction d’une macromolécule, ’hémoglobine, Hb+ 0, &2 HbO, .

La salinité du plasma, ou «pression osmotique », influence fortement les caractéristiques des hématies et
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principalement leur volume et leur rapport d’aspect. Une pathologie conduisant a4 une forte pression os-
motique induit un gonflement de ces cellules. Ce phénoméne réduit la déformabilité des hématies et donc,
leur capacité a se faufiler a travers les capillaires sanguins. Il entraine également une augmentation critique
de la viscosité du sang.

La détection de certaines pathologies sanguines nécessite de pouvoir caractériser rapidement les cellu-
les contenues dans un échantillon sanguin: en volume et en nombre (=hématocrite), en forme, et en taux
d’oxygénation. Les systemes d’analyse les plus évolués, optiques, comptent les cellules une par une, a par-
tir d’un échantillon préalablement dilué et placé dans une cellule de Taylor-Counette (afin d’otienter les héma-
ties). De sorte qu’il existe actuellement une demande de la communauté médicale pour des outils rapides

d’analyse, globale et non destructive, d’échantillons sanguins non préparés.
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Figure 40 Caractérisation optique de globules rouges : photographie électronique et calcul de I'évolution de I’état de
polatisation linéaire de la lumiere diffusée par un échantillon d’hématies orientées, cf. reproduction de I’article [A15].

Suite a une demande de collaboration d’une équipe polonaise (§ 8.5.2), j’ai été amené a travailler sur la
modélisation des propriétés optiques d’échantillons sanguins. Mes collegues souhaitaient mettre au point
une méthode de diagnostic optique, la moins intrusive possible, du taux d’oxygénation des hématies et de
la pression osmotique d’un échantillon sanguin. Mais ils ne disposaient pas d’'un modéle de diffusion satis-
faisant (i.e. diffraction anormale [83]).

J’ai tout d’abord développé un modéle «biophysique», en synthétisant les rares données expérimentales
disponibles dans la littérature [84]. Ce dernier permet de simuler les caractéristiques physiques des héma-
ties (volume, rapports d’aspects, densité, absorptivité spectrale...) en fonction des parameétres physiologi-
ques (taux d’oxygénation, hématocrite, pression osmotique...). En suite, pour calculer les propriétés de
diffusion de la lumiére des hématies, j’ai adapté a notre probléme la méthode de la T-Matrice et les codes
de calculs développés par Mischenko et al. [40, 85, 86]. Ce travail a permis de concevoir un code de simu-
lation des caractéristiques optiques d’une cellule ellipsoidale d’orientation quelconque, ou d’un échantillon
sanguin d’épaisseur optique faible (hypothese de diffusion simple!?), en fonction des parametres physiolo-
giques [C28, C33, A15], voir la reproduction de I'article [A15] dans le Chapitre 9.

19 Nous aurions pu facilement lever cette hypothese en utilisant les modeéles de type Monte Catlo (2.4.3) et en remplagant les pat-
ticules de latex par des globules rouges. ..
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Ces travaux ont permis d’établir que : 7) le taux d’oxygénation peut étre déduit des différences
d’absorptivité spectrale de I’hémoglobine et de 'hémoglobine oxydée [87] ; et que 7z) état de polarisation
linéaire de la lumiere diffusée par 'échantillon est trés sensible a la pression osmotique (forme et indice de
réfaction des globules). Malheureusement, I’état de polarisation de la lumiere diffusée est également forte-
ment sensible a l'orientation spatiale des cellules dans ’échantillon... Ce dernier résultat a considérable-
ment réduit les chances de pouvoir caractériser un échantillon non préparé (sans cisaillement de
I’écoulement).

Au terme de cette premiere collaboration, I’équipe polonaise dispose désormais d’outils de simulation

adéquats. Notre collaboration a été renouvelée en 2005, sur un sujet un peu différent (§ 8.5.2).

4.2 Combustion

4.2.1 Moteur a combustion interne et choc thermique

Dans le cadre d’un programme d’échange européen?® et d’un stage doctoral (§ 8.3.2), des modeles et
des codes de calcul ont donc été élaborés afin de prédire les profils radiaux de température et de concen-
tration de gouttes en combustion, ainsi que leurs propriétés de diffusion de la lumiere [RI6].

La Figure 41 a) montre, par exemple, ’évolution simulée du profil d’indice (i.e. température) d’une
goutte de décane, D=50um, en fonction de son temps de séjour dans une chambre de combustion. La
Figure 41 b) simule la réponse d’un systeme phase Doppler lors de la mesure de ces gouttes, pour diffé-
rents diametres et temps de séjours. Cette figure indique notamment que, pour les gouttes de D =50um , le
fait de négliger les gradients internes de température, lors de I'inversion des mesures de déphasage, induit
une erreur de pres de 20% sur les diamétres mesurés... Les calculs de flux seront donc entachés d’une er-
reur importante.

Cette étude a permis de rechercher des configurations optiques moins sensibleas aux gradients inter-

nes et d’autres, capables d’estimer 'indice de gouttes multi composants (fraction de mélange, température

[88]).
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Figure 41 a) Evolution temporelle du profil d’indice (i.e. température) d’une goutte de décane passant instantané-
ment des CNTPs a des conditions de combustion T=2000K, P=10 bars, D=50um ; b) Réponse d’un interférometre
phase Doppler a la mesure de ces gouttes pour différents diametres et temps de séjours dans la chambre de combus-

tion (cf. reproduction de I'article [A5]).

20 Alain Berlemont, CORIA-UMR CNRS 6614, Rouen
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4.2.2 Moteur fusée et atomisation secondaire

Dans le cadre du GDR «moteur-fusée», j’ai participé a un projet de recherche sur les phénoménes
d’atomisation secondaire sur le banc cryogénique « Mascotte » de TONERA (§ 8.4.2 ). Ma contribution,
théorique et numérique, s’inscrivait dans le cadre d’une campagne de mesure de la vitesse de glissement
entre la phase fluide (hydrogéne gazeux) et la phase liquide (dard d’oxygene liquide), i.e. des nombres de
Weber. Cette campagne posait différents problemes métrologiques et notamment : /) la détection simulta-
née, avec un vélocimetre Doppler laser, des traceurs du fluide (ZrO; et MgO) et des gouttes d’oxygene li-
quide (LOx) ; 7) la distinction de ces deux types de particules.

Les traceurs du fluide sont de taille submicronique, d <0.5um, alors que le diameétre des gouttes de
LOx peut atteindre D ~100um . En faisant I’hypothése que les particules diffusent proportionnellement a
leur surface, il vient que la gamme des diametres des particules détectables n’excéde pas, avec vélocimeétre
Doppler laser classique : D, /D,;, ~50. A prioti, on ne peut donc pas caractériser simultanément les deux
phases. Cependant, on peut montrer (§2.4.4) quen modifiant la forme des détecteurs et en plagant
Poptique de détection vers 6=110-130°, la dynamique en intensité des signaux Doppler produits par les
deux phases est considérablement réduite du fait de la différence de sphéricité entre les traceurs du fluide
et les gouttes de LOx, voir la Figure 16 et le §2.4.4.

Pour distinguer les particules des deux phases, la solution mise en place consiste a utiliser le rapport
d’état de polarisation de la lumicre diffusée par les particules. En effet, les particules sphériques (LOx)

conservent 1’état de polarisation de 'onde incidente, ce qui n’est pas le cas des particules irrégulieres (tra-

ceurs du fluide).
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Figure 42 Photogtraphie du banc cryogénique « Mascotte » de 'ONERA et simulation de la réponse du vélocimetre
optimisé pour la détection simultanée des deux phases.

La Figure 42 montre une photographie de la tuyére du banc «Mascotte» et un résultat numérique type.
La méthode de mesure et de séparation des deux phases conduit a tracer la réponse du vélocimétrie Dop-
pler dans le plan : {intensité des signaux Doppler - rapport d’intensité chromatique (~ polarisation ici)}.
Ce calcul a été obtenu pour des gouttes de LOx (D =0.7-100um) et des traceurs en oxyde de zirconium
(d ~0.25-0.7um). On constate que, pour cette configuration optique [RC6-7], non seulement on peut dé-
tecter simultanément les deux types de particules mais on peut également les séparer (i.e. ligne rouge). La
vitesse de glissement entre les deux phases peut donc étre mesurée.

Ces résultats numériques ont été utilisés par Pierre Gicquel et ses collegues, de TONERA, pour réali-
ser une campagne de mesures sur I'atomisation secondaire du dard liquide, a froid et en combustion [C23,
A10].
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4.3 Instabilités hydrodynamiques et systémes thermiques

4.3.1 Instabilités thermo solutales et étangs solaires

Les étangs solaires font 'objet de nombreuses recherches dans la mesure ou, a terme, ils devraient
permettre la production durable et écologique d’électricité, ainsi que le dessalement en grande quantité
d’eaux saumatres. Il s’agit en fait de bassins dont le fond absorbe le rayonnement solaire (matériau absor-
bant + échangeur). L’eau chaude?! ainsi produite peut actionner une turbine, voir la Figure 43. Un des
points clé de cette technologie réside dans le remplissage du bassin : une couche d’eau saline surmontée
d’une couche d’eau douce.?? La couche saline sert a la fois de réservoir calorique (stockage et inertie ther-
mique) et a retarder le déclenchement de la convection. La couche d’eau douce isole et proteége la couche
saline de la convection a l'interface air/eau, des intempéries.

Pour ces systemes énergétiques, la stabilité de la stratification eau saline/eau douce est donc fonda-
mentale. Elle dépend tout particuliérement de la zone a gradient de concentration, ou «interface», qui sé-

pare les couches initialement homogenes.
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Figure 43 Schéma de principe et photographie d’un étang solaire utilisé pour la production d’électricité.

Surface absorbante

Dans le cadre d’une collaboration soutenue par le CNRS et son équivalent tunisien (DGRST), j’ai tra-
vaillé sur cette thématique de recherche et, plus particulierement, sur la caractérisation optique de la dy-
namique d’écoulements stratifiés modeles, de petites dimensions (voir la Figure 44). Le systeme de Vélo-
cimétrie par Images de particules mis au point (c.f. Figure 60), de méme que la bouche thermique, ont
permis d’obtenir les champs de vitesse dans ’ensemble de la cuve et au niveau de I'interface. Nous avons
ainsi pu montrer que, lorsque le chauffage est mis en place, des cellules convectives contrarotatives appa-
raissent assez rapidement dans les deux couches homogenes. Elles sont co-rotatives d’une couche a l'autre
et elles induisent un cisaillement important au niveau des bords inférieur et supérieur de l'interface. Ce
phénomene, couplé a la diffusion massique du sel, induit une érosion hydrodynamique de l'interface et le
développement d’une instabilité de type Kelvin-Helmholtz. A long terme, ces effets combinés conduisent
a la destruction de la stratification, pour plus de détails voir les références [C32, C39)].

Au terme de cette collaboration, PENIT possede désormais les outils expérimentaux nécessaires a la
compréhension détaillée de ces mécanismes de déstabilisation, et a la validation des modeles de simulation

de ces systemes. Nous recherchons actuellement un support financier pour poursuivre cette collaboration.

2l Pres de 80°C avec le chlorure du sodium et le climat tunisien. ..
22 Profondeur : plusieurs metres ; surface du bassin : quelques dizaines de metres carré a quelques dizaines d’hectares.
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Figure 44 Etude expérimentale des mécanismes de déstabilisation d’un écoulement stratifié : photographie de la cuve
d’expérimentation et champ de vitesse instantanée mesuré aprés 5 mn de chauffage (température imposée, T= 60°).

4.3.2 Instabilités de jets capillaires homogénes et bicouche

Dans le cadre de collaborations internes et financées, des études ont été conduites sur la stabilité de
jets capillaires, qu’ils soient homogenes (une seule phase) [C8] ou bicouche (a cceur, diphasiques) [C20,
Al1]. L’étude des mécanismes de déstabilisation de ces écoulements est fondamentale pour certains pro-
cédés industriels (e.g. génération de particules calibrées homogenes ou enrobées) et, de maniere plus fon-
damentale, pour améliorer notre compréhension des phénomeénes d’atomisation. Les méthodes optiques
mises en place pour caractériser la stabilité de ces jets axisymétriques sont du méme type que celles utili-
sées pour la caractérisation des fibres de renfort (§4.3.3) et des fibres optiques (§ 4.3.4).

Pour les jets homogenes, I'analyse des séries expérimentales a été réalisée a ’aide des outils de la « Dy-
namique des Systemes», par Christophe Letellier?>. Pour les jets forcés, les portraits de phase ont mis en
évidence des dynamiques différentes pour les différentes perturbations qui se développent le long du jet
[C8][89].

Pour I’étude de la stabilité d’un jet bicouche, un modéle, unidimensionnel et non linéaire, a été déve-
loppé dans le cadre d’une collaboration avec Stefan Radev (§ 8.5.2). Ce travail a mis en évidence la forte
sensibilité des mécanismes de formation des gouttes satellite au rapport des tensions superficielles des
deux fluides, voir la reproduction de larticle [A11] dans le Chapitre 9. Nous projettons de poursuivre cette

étude par des expériences basées sur I'analyse des diagrammes de diffusion (§4.3.4).

4.3.3 Etude des conditions de stabilité d’un procédé de fibrage du verre a haute température

Dans le cadre de contrats d’étude avec les groupes Saint-Gobain Recherche et Saint-Gobain Vetrotex
(§ 8.4.2), nous avons d’étudié les conditions de stabilité d’un procédé de fibrage du verre a haute tempéra-
ture [A12-14, A17, C25, C31, C36-35]. Les fibres de verre produites sont utilisées pour renforcer les pro-
priétés mécaniques de différents matériaux [90], voir la Figure 45. La stabilisation de ce procédé industriel
est cruciale en terme de qualité du produit final, de productivité et de réduction de la quantité de déchets
verriers générés (c’est d’ailleurs a ce titre que PADEME?* a cofinancé la bourse de these de Melle Lenoble
[4]). D’un point de vue académique, I’étude de ce procédé est intéressante de par la multiplicité des phé-

nomenes physiques mis en jeux (chimie, thermodynamique, rayonnement d’un milieu semi transparent,

25 CORIA, UMR n°6614 CNRS-Université de Rouen
24 Agence De I’Environnement et de la Maitrise de ’Energie
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instabilités hydrodynamiques et contraintes mécaniques, diffusion électromagnétique...), tout en restant

compatible avec des études en laboratoire, voir la Figure 46.

Figure 45 Photographie d’un jet de verre a haute température a origine de la formation d’une fibre de verre utilisée
pour les applications de renfort : textile, cartes électroniques, objets moulés. ..
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Figure 46 Schéma de principe et photographies du dispositif expérimental mis en ceuvre pour étudier la stabilité d’un
procédé de fibrage du verre a haute température .

Ces travaux ont abouti an développenment :

- De modeles de diffusion de la lumiére par différentes «fibres». Ceux-ci prennent en compte des ef-
fets comme : la biréfringence uniaxe induite par la tension de fibrage, I'inclinaison de la fibre, la dépen-
dance de l'indice de réfraction avec les conditions de refroidissement (i.e. trempage [91]), existence de fi-
bres creuses. .., voir les paragraphes : § 2.1, § 3.1.3 et § 3.1.4.
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- D’un interférométre phase Doppler [A12-13, A17] et d’un diffractometre haute résolution [A16] ca-
pables de mesurer en temps réel I’évolution du diametre d’une fibre en cours de production, voir les pata-
graphes §3.1.3 et §{3.1.4, la Figure 28, la Figure 56 et la Figure 57.

- D’un modele hydrodynamique du procédé de fibrage. Ce modele résout les équations de bilan pour

un jet visqueux a haute température (modele radiatif), 1D et axisymétrique, Figure 47 a):
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ou g, tet g représentent la coordonnée axiale, le temps et la constante de gravité; S et », la section et la vi-
tesse axiale du jet; p, W, Ta, Cp, €, O et A, la masse volumique, la viscosité dynamique, la tension supetfi-
cielle, la chaleur spécifique, I’émissivité globale, la tension superficielle et la conductivité thermique du
verre en fusion ; A, et T, la conductivité thermique et la température de ’air ambiant ; Nu, le nombre de
Nusselt; ¢/, un terme d’échange thermique et T et T, la température locale du jet et la température radia-
tive du milieu ambiant (pour plus de détails sur ce modele, et notamment les relations de fermeture et les
équations adimentionnalisées, voir les références [4] et [C31]).

Ce modele prédit 'évolution du profil axiale de température du jet, son profil de contraction et de ten-
sion... pour des régimes stationnaires et instationnaires.

A titre d’exemple, la Figure 47 b) compare, pour le profil de température du jet de verre, les prédictions de
différents codes de calculs et des points expérimentaux obtenus par spectroscopie Brillouin [92]. Les résul-
tats de notre modele (IUSTI- Modfid) sont en bon accord avec les résultats expérimentaux (erreur estimée
£5°[92]). Notre modéle a également été utilisé pour simuler I’évolution du diametre des fibres lorsque le

procédé est soumis a une rampe de vitesse, une perturbation radiative ou convective [C31][93].
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Figure 47 Etude de la stabilité d’un procédé de fibrage du verre: a) géométrie du modele hydrodynamique de
I’écoulement de verre, b) Comparaison du profil de température du jet de verre : points expérimentaux et résultats
numériques
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- Des études de stabilité sur une filicre mono téton. La Figure 46 présente un schéma de principe et
des photographies du dispositif expérimental mis en oeuvre. Il se compose d’un four a induction a haute
température et d’une armoire de commande (prétés par Saint-Gobain Vetrotex), d’un bobinoir muni d’un
dispositif de chariotage, d'une mesure de température de fibrage par pyrométrie optique, d’'un systéme
d’imagerie du jet de verre en sortie de four (bulbe), de linterférometre et du diffractomeétre. Ces systémes
de mesure et de contrdle sont synchronisés entre eux.

Cette expérience a permis de montrer que la stabilité du procédé est maximale pour des températures de
fibrage de T, =1145-1175°C et des fibres dont le diamétre est inférieur a D =15um . Cependant, méme
dans ces conditions, le diametre de la fibre produite fluctue périodiquement avec une amplitude moyenne
de lordre de 6,/D~1.8% (avec do,/dt~19um/s et do,/dL~0.07Tum/m, pour V, =20m/s ), voir la Figure
48 a). La fréquence des oscillations du diametre croit avec la température de fibrage: v, =0.5—0.9H:z
pour T, =1145-1250°C.

Selon Pearson et al [94], ces oscillations résulteraient du développement d’instabilités inertielles le long du
jet. Si 'on positionne nos points expérimentaux dans le diagramme de stabilité?> construit par ces auteurs,
Figure 48 b), on constate que nos points expérimentaux sont effectivement positionnés dans la région sta-
ble de ce diagramme. De plus, les points qui correspondent a une stabilité maximale sont bien ceux qui

sont les plus éloignés de la ligne de transition instable — stable.
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Figure 48 a) Carte expérimentale du taux de stabilité du diamétre de la fibre en fonction de la température et de la vi-
tesse de fibrage et b) Positions de nos points expérimentaux dans le diagramme de Stabilité de Pearson.

Au terme cette étude (§8.4.2), linterférometre a été cédé a Saint-Gobain Vetrotex. Le groupe Saint-
Gobain dispose désormais des données expérimentales, des moyens numériques et techniques, nécessaires
a l'optimisation de ce procédé de fibrage. Pour plus de détails sur ces travaux, le lecteur est invité a consul-

ter le manuscrit de these d’Anne Lenoble [4].

25 Ce diagramme découle d’une analyse linéaire de stabilité des équations de bilan du procédé (dont la loi de viscosité a été forte-
ment simplifiée). Un parametre de stabilité S est défini. Lorsque ce dernier est $>0.6, 'amplitude des fluctuations du diametre du
jet augmente en se propageant le long du jet. Pour S<0.6, elles sont rapidement atténuées. En fait, S est un parameétre assez com-
plexe, qui dépend notamment du nombre de Stanton (St) et du rapport de la vitesse de fibrage et de la vitesse débitante du jet, E.
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4.3.4 Caractérisation de fibres optiques et de gradients thermiques en micro fluidique

Fibres optiques

Les fibres optiques sont utilisées dans de nombreuses applications de haute technologie. Leur procédé
de fabrication est assez similaire a celui des fibres de renfort (§4.3.3). Il se distingue cependant de ce det-
nier par la qualité et le nombre des controles nécessaires a la production de fibres de gualité optigue. Ces fi-
bres sont généralement dotées d’un cceur en silice, enrobé d’une matrice polymere, «le cladding », puis
d’une gaine de protection. Le cceur de silice, dans lequel se propage la lumicére, est d’indice homogene ou,
mieux encore, a gradient radial d’indice. Le diameétre du coeur, tout comme son indice de réfraction ou ce-
lui du cladding, influencent fortement les propriétés de transmission des fibres optiques. En cours de pro-

duction, il faut donc pouvoir controler avec précision ces parametres.
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Figure 49 Simulation des propriétés de diffusion d’une fibres optique multimode : a) Profil d’indice simulé ; b) Dia-
grammes complets pour un cladding d’indice m=1.4700 ; ¢) Zoom sur les diagrammes dans la région de la diffusion

critique et de 'arc-en-ciel, pour deux valeurs de l'indice du cladding,

15 160 162

Dans le cadre d’une étude contractuelle avec la société CERSA MCI (§ 8.4.2), j’ai congu un logiciel de
simulation des propriétés de diffusion de différentes fibres optiques, voir la Figure 58. Mon expertise dans
le domaine de la diffusion de la lumiére et de la caractérisation optique de particules, a permis d’éclaircir
un certains nombres de points. A terme, cette étude, toujours en cours, devrait contribuer au développe-
ment d’un capteur optique intégré.

A titre d’exemple, la Figure 49 présente une simulation des diagrammes de diffusion d’une fibre opti-
que multimode, pour deux valeurs de 'indice de réfraction du cladding. Le profil d’indice simulé est donné
par la Figure 49 a). La Figure 49 b) et la Figure 49 ¢) montrent trés clairement que cette variation d’indice
induit un déphasage, ou une variation de fréquence, de la structure d’ondulation de la diffusion critique et
du premier arc-en-ciel. Expérimentalement, on peut donc espérer détecter cette variation de propriété du

cladding, a partir de I’analyse de ces déphasages.

Gradients thermiques en micro fluidique

La «miro fluidique» est un domaine en plein essor. Dans le cadre d’une collaboration avec David Bru-
tin (IUSTI), nous réalisons actuellement une expérience dont le but est : de valider® le modele de diffu-
sion par un cylindre multicouche (§ 2.1) et de caractériser les flux de chaleur parié¢taux dans des micro

écoulements. L’écoulement est constitué par un fluide chaud (dodécane) qui s’écoule a I'intérieur d’un ca-

26 Méme si nous sommes confiants dans la validité de notre modcle et de nos codes. .. le manque de données expérimentales reste
problématique pour la communauté (§ 2.1.3).
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pillaire en verre, de petite section (rayon interne : Ri=10-150pum). Dans cette configuration, on s’attend
ainsi a ce que la convection naturelle sur la face externe du capillaire induise des gradients thermiques ra-
diaux dans le fluide et le verre, un refroidissement du fluide.

Des simulations hydrodynamiques réalisées avec Fluent montrent que les gradients radiaux sont fai-
bles, voir la Figure 50 a). Cependant, les simulations électromagnétiques montrent que ceux-ci sont suffi-
sants pour entralner une modification de la structure du premier arc-en-ciel, voir la Figure 50 b).

A terme, nous espérons pouvoir déduire, de I’analyse de sighaux d’arc-en-ciel expérimentaux, la forme

des profils de température et donc, les flux thermiques.
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Figure 50 a) Simulation du profil de température d’un capillaire pour différentes distances au point d’injection du li-
quide chaud ; b) Simulations des diagrammes d’arc-en-ciel correspondants.

4.4 Fluidisation gaz-solides

Le procédé de fluidisation permet une accélération et le contréle facilité d’'un certain nombre de pro-
cessus d’échange de chaleur et de masse, de réactions physico-chimiques [95-97]. De ce fait, les réacteurs a
lit fluidisé, ou lit fluidisé circulant, sont largement répandus dans l'industrie.

Depuis plusieurs années maintenant, "'IUSTI développe, en partenariat avec différents industriels
(EDF, CNIM, BP...), des études expérimentales sur ’hydrodynamique des écoulements en Lit Fluidisé
Circulant (LFC) [98, 99], de méme que des modélisations Eulérienne-Lagrangienne de ces écoulements

[100]. Ma contribution a cette thématique de recherche est essentiellement expérimentale.

Amas de

particules’

S ] =] = [

|Spesd: 0.04 0.08 0.13 0.17 0.21 0.25 0.30 0.34 0.38 0.42 0.47 0.61 0.55 0.59 0.64

Figure 51 Image tomographique de la distribution des solides dans une colonne de fluidisation et champ de vitesse
instantanée obtenu par PIV.
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4.4.1 Champs dynamiques obtenus vélocimétrie par images de particules (PIV)

Les écoulements LFC sont tres turbulents. I’écart type de la vitesse de la phase dispersée est prati-
quement toujours supérieure a sa valeur moyenne, o, /V >100% , voir la vignette de la page 96. Cepen-
dant, dans la partie diluée de I’écoulement, on peut observer quelques structures de faible cohérence spa-
tiale et temporelle : amas et films de particules, poches d’air (bulles), tourbillons,... Ces hétérogénéités
dans la distribution des solides font 'objet de nombreuses études car elles influencent les mécanismes ré-
actifs (combustion, réduction des polluants) et de transfert (especes, thermiques)[97]. Par ailleurs, les co-
des de calcul Eulérien-Eulérien ont par beaucoup de mal a rendre compte de Pexistence de phénomeénes
méso échelle?’, ce qui est problématique du point de vue fondamental mais aussi industriel.

11 est impossible de décrire correctement ces structures spatio-temporelles a partir de données stricte-
ment ponctuelles (Anémométrie Phase Doppler [99]). Pour remédier a ce probléme, lors de ma premicre
année a 'IUSTI, j’ai développé un systeme complet de Vélocimétrie par Images de Particules (PIV). Ce
systeme permet d’obtenir de 25 a 180 champs de vitesse par seconde [A14, C14, C19]. 1l utilise aussi bien
un laser continu quun laser YAG double impulsion et différents types de caméras vidéo. Un logiciel
d’acquisition et de traitement des images PIV [55] a également été congu, voir la Figure 60 et le paragraphe
§ 4.3.1.

2000 T T T Y 0.6 T T T T
055
= é 0.5}
:f —g 0.45
: S 04
g ? 0.35
< 800 _§ 0.3}
£ 600 £ 025

% 400 . 02 |

Classique m =
200 Saturation @ 0.15}
Masque W
25 Y ~03 0.2 01 %45 04 “03 02 o

XD [ D[]

Figure 52 Comparaison des taux de validation des vecteurs vitesse et des profils de fluctuation de la vitesse axiale. x
est la distance a la paroi avec D=100 mm.

Les variations spatiales de la fraction volumique en particules sont treés importantes dans les écoule-
ments LFC et ceci, méme dans la zone diluée. Dans le cadre du stage doctoral de Claus Ibsen (§ 8.3.1),
nous avons développé une méthode originale qui limite les effets de ces variations de concentration sur les
mesures PIV [A14]. Celle-ci repose sur la création de masques dont la densité optique varie spatialement
de maniere inverse a la distribution d’intensité des images tomographiques (PIV). En intercalant un de ces
masques entre ’écoulement et 'objectif de la caméra, le taux de validation s’en trouve considérablement
amélioré, de méme que les statistiques sur les vitesses. A titre indicatif, la Figure 52 compare les taux de
validation des vecteurs vitesses et les profils de fluctuation de la vitesse axiale dans un LFC, lorsque 'on
utilise, ou non, un masque optique. Avec cette méthode le taux de validation des vecteurs vitesses aug-
mente de pres de 10% et il devient pratiquement constant sur tout le profil (avec un systeme PIV classi-

que, le taux de validation varie de prés de 50%). L’écart type de la vitesse axiale semble également plus

27 Quelques millimetres a quelques dizaines de centimétres
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proche de celui obtenu avec un systeme LDV, bien qu’un écart perciste (ce qui n’est pas le cas pour la vi-
tesse moyenne [Al4]). On peut attribuer cette différence a la taille des mailles de calcul utilisées et au

nombre d’échantillons limités (au plus = 1600).

La Figure 51 présente un exemple de champ de la vitesse instantanée, obtenu dans la zone diluée de la
colonne de fluidisation de 2m x0.2m x0.2m de 'TUSTI [98]. On observe différentes structures cohérentes
: amas de particules (billes de verre, D =60+10um ) et poches d’air, la présence d’un film de particules en
chute rapide pres de la paroi [C14]... L’analyse des tomographies laser (distribution spatiale des solides) et

des champs de vitesse associés, permet de caractériser spatialement ces structures.
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Figure 53 Mesure de la vitesse de glissement dans un LFC : a) Exemple de corrélation taille-vitesse obtenue par ané-
mométrie phase Doppler ; b) Distributions de la vitesse des traceurs du fluide pout trois distances a la paroi (dans le
film de particules).

4.4.2 Vitesse de glissement et vitesse eulérienne

La différence locale de vitesse entre la phase dispersée et la phase fluide est un paramétre fondamental
des écoulements diphasiques et multiphasiques. Malheureusement, la mesure de cette « vitesse de glisse-
ment » n’est pas aisée. Cette mesure nécessite d’ensemencer le gaz en microparticules qui suivent parfai-
tement les différentes échelles de la turbulence du fluide [101] (§ 8.3.2). Or, dans les écoulements LFC, du
fait de la zone dense, des nombreuses parois et des probléemes d’électricité statique, on ne peut pas utiliser
les traceurs classiques (gouttelettes d’eau, d’huile, oxydes métalliques...). Une autre difficulté réside dans le
fait que le systeme de mesure (optique) doit pouvoir détecter de maniere simultanée les traceurs du fluide
et la phase dispersée (voir a ce sujet le paragraphe § 4.2.2).

Pour palier a ces problémes, nous avons développé un protocole expérimental utilisant un ensemen-
cement du fluide en microballons de trés faible densité (60 kg/m?) et en microbilles de verre [101]. La ca-
ractérisation simultanée de la dynamique locale des deux phases est obtenue avec un systéme phase Dop-

pler.
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La Figure 53 a) présente, a titre d’exemple, une corrélation taille-vitesse mesurée prés d’une paroi de la
colonne de fluidisation de 2mx0.2mx0.2m. Les deux phases sont séparées par leur diametre. On peut
donc calculer la vitesse de glissement ou la distribution de la vitesse axiale du fluide (voir la Figure 53 b).
Cette derniére figure montre que la distribution de la vitesse axiale du fluide devient bimodale a mesure
que l'on s’approche de la paroi. On peut penser que la nature intermittente du film de particules est a
lorigine de ce phénomeéne, voir la Figure 54. En effet, il existe au moins deux vitesses limites pour le
fluide : la premicre, positive a nulle en moyenne, correspond a sa vitesse en 'absence du film de particules
(écoulement dilué & condition de glissement nul ); la seconde, négative en moyenne, correspond a sa vi-

tesse lorsqu’il est entrainé par le film de particules (écoulement dense, trainée).

Dans le cadre d’une collaboration avec 'université de Chalmers, et du stage doctoral de Tobias Ber-
genblock (§ 8.3.1), nous avons montré que les vitesses moyennes obtenues avec un systéme phase Dop-
pler sont sujettes a un biais statistique du fait de la nature dispersée de la phase solide et de
I’échantillonnage aléatoire du systeme de mesure. Cependant, ce biais peut étre en partie éliminé en post
traitant les données brutes. En effet, en pondérant la vitesse instantanée des amas de particules, par leur
masse, ont peut calculer une vitesse moyenne de la phase dispersée qui correspond mieux a celle restituée
par les modeles Eulériens [C41, A21].

Modeéle de particule isolée Mode¢le avec porosité

Trainée
Ur
Gravité |
U
i a
Tt —
Vitesse du gaz dans les zones diluées Vitesse du gaz pondérée par la concentration

locale en solides

Figure 54 Les champs PIV permettent d’interpréter "aspect bimodal des distributions de vitesse du fluide pres de la
paroi : il provient vraisemblablement de la nature intermittente du film de particules.

4.4.3 Plateforme de fluidisation

En 2000, nous avons démarré la construction d’une plate-forme de fluidisation (§ 8.4.2). Je suis co-
responsable scientifique du projet avec Lounes Tadrist, mais d’autres chercheurs participent de maniere
active a ce projet et notamment : Christophe Sierra, René Ocelli, Robert Santini et Ouamar Rahli. Cette
plateforme dispose de différents moyens de calcul (calculateurs paralleles) et moyens expérimentaux : pi-
lote atmosphérique de grandes dimensions (colonne de 5m x0.5m x0.5m , voir la Figure 55), un pilote sous
pression (15 bars, colonne de 1mx0.1mx0.1m), différents systemes de diagnostics optiques et de traite-

ment des poudres.
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Cette plateforme constitue un outil unique au niveau national. Elle doit nous permettre d’étudier, entre

autres choses, les facteurs d’échelles et les effets de la pression sur la fluidisation, de développer des parte-

nariats industriels.

Figure 55 Photographies du pilote LFC atmosphérique de la plate-forme de fluidisation développée a PIUSTI.
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Chapitre 5

ANNEXE

5.1 Cylindre Multicouche

5.1.1 Expressions des champs TE

Pour le cas d’un champ électrique incident orienté perpendicularité a I'axe z, onde Transversale Elec-
trique (TE), on procede de maniére identique au cas d’une onde incidente TM (voir le paragraphe §2.1.2) :
- Champ incident sur la surface externe :

E,, =—i i EM{
. k":’“’ R (5.1)
, — e 3 N0

ext N=—%

Soit a la surface de la particule et en remplagant par les composantes des harmoniques cylindriques :
E; (mexrxL ) = Hi (mexth) = O

i) =82L 5 5 () 652)

ext n=

E (mext ikexr i ErtJ;l (mexth)

n=-wn

- Champs diffusés:
E;‘E =1 Z EnanllM(3)
e (5.3)
a)/—len ~ nnll
Soit a la surface de la particule et en remplagant par les composantes des harmoniques cylindriques :
E'=H=0
5 kex
H: = (wﬂt:! nz_wEnanHH( )( ) (>-4)

E, = lkaxt Z Ena”,,Hl exrxL)
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- Champs internes :
(J) _ z E, [d‘”M(” _f(j)M(Z):|
(5.5
m Z E [d”)N“) —f”)N(Z)J

ext n=
.. . . (5N 1
La condition de « dimension finie » des champs impose pour la premiere couche : fn( )=

Soit pour les champs internes a la couche j et en remplacant par les composantes des harmoniques cylin-

driques :
EV =HY =0
L k& ) )
HY)= o 2 Eo [, (mx, )= £, ()| (5.6)
E,(,’(Z =k i E, [d(’)J,; (m xj)—fn(’)Yn (mjxj )}

Avec pour la derniere couche :

E(L) — H(L) =0
n,z n,p
k) &
HL=Li— E [d"J - Wy 5.7
n,z a)/JL ’; n I: n n (mLxL) fn n (mLxL ):| ( )
ES) =ik, Y E, [P, (mx,) = 1177, (myx, )]

-Coefficients de diffusion externe TE :
Les conditions de continuité entre la surface j-1 et j permettent d’introduire le quotient des coefficients de
diffusion interne (avec 4" =0):

_ ()
A(!) — jfn i (58)

)

HY = (39
a,n ( )
Jn (m].xj ) - Anj Yn (mjxl')
On obtient ainsi la forme récurrente de A,(lj )
(4-1)
) = M, (m/xf I)H o i, (mfx’ 1) (5.10)

mu; Y, (mjx] 1)H( )—m] M Y( X 1)

Au final, on obtient 'expression du coefficient de diffusion externe pour une onde TE, a,,
mext/uL‘] (mext'x )Hcf,n (mL'x ) Lﬂext‘]n (mext'x ) (5 11)

mexlluLHn(]) (mexzxL )Hin (mL'xL ) - mLILleszr(r ! (mexle )

anII =

5.1.2 Reformulations analytiques

Reformulation analytique n°1

Nous introduisons les trois dérivées logarithmiques suivantes (voir le paragraphe §2.1.2):

1 _J;z(p) 2 _Yn(p) 3
5)(p)_m’ D}E )(p)_Y,,(,O)’ D,E)(,O)

Ainsi que les deux nouveaux rapports de fonctions de Bessel suivants :

EE; (5.12)
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J J
D)=L pp ()= L) 519
1, (p) Y,(p)
- On cherche a présent a faire apparaitre ces dérivées et ces rapports dans les équations précédentes. Pour

les champs TM par exemple, on peut reformuler 'Eq. (2.24):

J, (m X, )
H( J7 i1
( J,,(m-xq) m;_ M1, m,ule (mx 1)
BY) = St Ul (5.14)
Yn(m, ,-_1) " H(jl may, ]Yn(mlx,1)
m; - (m/x, ] )
Ce qui peut se récrire sous la forme :
) ) H(j—l)_ _ D(l) X
B =D (mx,. 1) — 7 — (2)(m‘/x]_1) (5.15)
j lluijn —m :u D (mjxjfl)
En procédant de méme pour A,(,j ) on obtient:
HY —m _u.D
A =D (myx, ) i — (z)( ) (516)
Ml —m D, ( jxj—l)
- Pour le rapport H gf,} , nous partons de la forme brute :
H(/) — J” (m/'xl')_BV(’j)Y”' (mjxj) (517)
- Jn(mjxj)—B,(zj)Kz(mjxj)
On cherche a faire apparaitre les dérivées (5.12) et les rapports (5.13):
O _ J, (mlx/) ~ Bif)yn' (mjxj) (5.18)
s (m x )—B,(,’)Yn (mjxj) J, (mjxj)—B,(,j)Yn (mj.xj)
g, (m;x;) BU) Y, (m,x,)
Hf(,j,,)— n(mjxj) J, (mjxj) ~ Yn(mjxj) (5.19)
n (mjx] I (mjx./') _ g I (m]xj) _gW
Y, (m/'x.i) . (m./'xj) '
Au final on obtient pour les deux coefficients :
_ D (m x, D (m x,)BY
Hiy =D (mx,) Do (" (mj)xj Lm o ((mJX/)) P (5-20)
n mjxj - n‘ n mj'xj - n’
_ DY (m x. D( ) A(J)
H{Eln =D}5") (m X, ) (V) (n (mj)x] )A(/) _ 5 ((m x)) Y (5.21)
m.x . (mx )= Ay
En procédant de méme avec Pexpression du coefficient de diffusion externe donnée par I'Eq. (2.30), on
obtient :
7
L/ILHZE n) _mextluext M
b _ J (mext'x ) Jn (mext'xL) (5 22)
T H() H(l)' ’
n (mext'xL) n (mexth)

mL/uLHl(r,Ln) - mextluext

Soit au final :

a — D(O ( » L) extluLH( ) mL:LIextD;SI) (mexth)

nil n L 3)
exlluLH( ) mL/ue\'zD( ( xL)

(5.23)
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) Lluzthbr/ B ext/uLD (mextxl)
‘ leuextHb,n)_ ext/uLD( (mext )

Cette formulation est formellement identique a celle obtenue pour la sphére multicouches [2,3] en faisant les

b, =D (m X

ext

(5.24)

correspondances données par 'Eq. (2.38) avec u; =1,j=1...L+1 et m,, =1. .

Limplémentation de ces récurrences a mis en évidence une instabilité du calcul du rapport D et ce-
ci, méme pour des particules de faible diameétre et quelques dizaines de couches. Dans le paragraphe sui-
vant, nous reformulons les équations précédentes en transposant la modification introduite par Wu et al.

[102] pour une sphere multicouches.

Reformulation analytique n®2 :
L’instabilité¢ du calcul de D" peut étre éliminée en calculant le rapport de cette fonction pour deux argu-
ments tres proches. On essaie donc de faire apparaitre, dans les expressions précédentes, un rapport de

fonctions D'

J, (mx;) _g Y, (mjxj)
J (mx) " J (m.xj)

HY) = L (5.25)
§ 1- g Y, (mjxj)
J, (m xj)

On introduit le changement de variable :

) Y (mx)
() _ p) N7
B =B, 7, (m,) (5.26)

En appliquant ce changement de variable a I’équation (5.25) on obtient :

J, (mjx./') UL (m.fx/') Y, (m./'x.i)
- e " st
et au final :
H,S/n) = D’(’l) (mle) ﬂ'gj)D»EZ) (m].xj) (5.28)

-5

() 2 été éliminé implicitement. On opére de méme pour la fonction pY

Dans cette équation, le rapport D,

H(l N _ (
Y" (mij) J" (mij) ol s 1 ( mx;- 1)
Y (mx,)

B = (5.29)
Jn( /xj Yn(mj /1) H( J /1)
j lluj b,n —m :uj 1
Y, (mjxj 1)
On introduit alors le rapport de deux fonctions D\ a travers la nouvelle fonction RV :
o Y mx.|J mx,, D(
Rr(;j): ”( J 1) ”( ) ( 1 /1) (530)

Jn(mjxj) Y, (mx )_ D,(l)(mjx/.)

J7i-l

Au final on obtient :
ﬂ(!) _ R( J) ml’l’u/H[Sj’:l) _mf’uf*ID’('l) (mfxffl) (5 31)
no T H j 1) _ D(2)( ) ’
1 14 m],u/ 1 m]x] 1

HY) = D) =@, "D,7 mx (5.32)

l—a(’)
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(-1 (1)
o = gV mpyHy, " —mp D, (m.fx./—l) (5.33)

n = G @
mp; H T =m D (mjxj—l)

\n n

5.1.3  Calculs des dérivées logarithmiques et rapports

Dérivée : D"

Cette dérivée est calculée par récurrence descendante a partir de la relation suivante :
1

pw (p)zﬁ_— (5.34)
g n+l1
P D) (p)+
Yo,
avec n=n_, ,n. —1...0. Pour la valeur initiale on pose : Dr(llz)max (p)=0+0i,avec:
n. =Max(nmp, mjxj|+15,j=1...L) (5.35)
L’argument p peut prendre les deux séries de valeurs suivantes :
p=mx,_, j=2...L+1
J7ri-1 : (536)
p=mx, j=lL..L
Dérivées : D,Sz) , D,53)
Diz) et D,(f) sont calculées par récurrence ascendante a partir de la relation (n=0,1,---n,,, —1):
1 n+1
Dfi(p)= - (5.37)

nlp=D(p) p
Dans le cas de Diz) ces calculs sont effectués pour chaque couche ( p=myx j) et avec comme valeur ini-
tiale :
pW (p):M:M (5.38)
Y(p)  Yi(p)
Dans le cas de D,(f) ces calculs sont effectués uniquement pour linterface externe (p=m,,x,) et avec

comme valeur initiale :

‘(1) ;
D’Ei)o (mewa) — HO (mext'xL) —_ Jl (mexth ) + lYl (mexth) (539)
) HO (mexzxL) JO (m) xL)+lYO(mexle)

ext

En pratique, les fonctions de Bessel J,,J,,Y;et ¥, sont calculées a I'aide des routines proposées la réfé-

rence [74]. Des détails sur les relations de récurrence entre les fonctions de Bessel et leurs dérivées sont

disponibles dans les références [2, 73] .

Rapport : D
Ce rapport de fonctions de Bessel peut étre calculé 4 partir de la relation de récurrence ascendante :
/=D (p)
— DO ()" n 5.40

11 est calculé uniquement pour linterface externe (p =m,,x, ) a partir de la valeur initiale :

J (m X ) J. (m X )
D(O) _ 0 ext®L _ 0 ext”™ L 54‘1
n=0 (mexlxl) H(()l) (methL) JO (m X )+le0 (m xL) ( )

ext™ L ext

D(O)

n+l
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Rapport : RV

En remplacant les dérivées a 'ordre n+1 en fonction de leur valeur 4 Pordre n, RV peut se calculer par ré-

currence ascendante avec n=1,...n,, —1 et j=2,3,...,L
" —Dil)(m X 1) " —Diz)(m.x.)
) ) Lmx U mx, 7
R =R/ =—— — (5.42)

n+l1 n
{m};c =D (mx, )} {n_Dr(fl) (m,x, )}
X

mjxj

Avec comme valeurs initiales (n=0, j=2,3,...,L):

0 .

Récurrence

Toutes les dérivées logarithmiques et autres rapports des fonctions de Bessel cylindriques sont calculés au

préalable. Les coefficients externes de diffusion peuvent alors étre déterminés par récurrence ascendante :

- Etape n°1/ Couche n°1/Initialisation de la récurrence :
al! =g =0.0+i0.0 (5.44)
Hc(llzl = H1(713 = D»EI) (m,x,) (545)
- Etape n°2/ Couche n°2

o = RO mz:ulH() _m1ﬂ2D( : (mle) ,3 @) _ R(z) muqugr). 2/‘1D(1) (mle) (5.46)
n H( ) D( ) ) n H ) _ D( ) ( ’
m, —mu,L, (mle mpy L, — Myt mle)
(1) (2) H(2) 1) (2) H(2)
H(Z) — D (m X ) an Dn (mZ'xZ) H(Z) — Dn (m2x2)_ﬂn Dn (m2x2) (5 47)
an l—ﬂ(z) b.n 1— ﬂ(2) ’
- Etape n°j/ Couche n°j:
mu. H ™' —m D()( X ) H]! - pY (m x )
(j) _ gV Mg, M, X1 ,3( R(j) m;,_ K, m;u; D, X1 (5.48)
n HJ 1_ D(z)( ) n H/ -1 _ D(Z) ( ) ’
mu; m; 1L, -1 m; \K; m;u; L2, \MX;
1 () (2 U] (/) (2)
- :Dn (mjxj)—an’Dﬂ (mjxj) - :Dn (mjxj)—ﬁn’Dﬂ (mjxj) (5.49)
a.n 1 a(j) b,n 1—ﬂ(j) .
- Derniere étape/ Etape n°L/ Couche n°L:
o = R(/) myp, Hy, —m, lluLD()(mLxL—l) A = RV my_p Hy, —mypy 1D( ) (m,x,.,) (5.50)
“ mpp;_ 1H . mL 1:“LD( )(mLxL—l) ' ' my_ lluLHb w MM 1D (mLxL 1)
D)= A0 (mx,) DY ()= BDY (mx,)
a,n 1 A bn 1_ B(L) ( . )

Les Eqs (5.23) et (5.24), et la détermination des fonctions H‘Efn) et H ZSLW) , permettent de déterminer les deux

coefficients de diffusion externe : a,, et b, .
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5.2 Calcul numérique des séries de Debye

La décomposition de Debye (§ 2.3) nous permet d’obtenir les coefficients de transmission et de ré-

flexion des ondes partielles qui s’écrivent pour la sphere [22], voir également la la Figure 8:
al," (x)H,” (y)-BH," (x)H,” (¥)

R (5.52)
Dn (x’y)
1) (1) _ 1 (1)
Rﬁ“) _ aH) (x)H" (y) BH, (X)Hn (y) (5.53)
D, (x,y)
e __ 2i(m, /m,) (5.54)
D,(x,y)
702 _ _ 2 _ > (5.55)
" D,(x,y) (m,/m,)
avec
D,(x.y)=-aH," (x)H,” (v)+ BH," (x)H,” (v) (5.56)
x:ﬁ:kr yz(ﬂ]xzmkr (5.57)
A m,

Les fonctions de Hankel, qui sont souvent symbolisées par les lettres grecs «Xi» et «Dzétan : H)" (z) =

& (z)et HP (z)=¢,(2)[73] avec z=x ou z =y, peuvent étre explicitées comme suit :
H(2)=y, (2)+iz,(z) =2, () +19, (2)]

H?(2)=v,(2)=iz,(2) = [ J,(2) -1, (2)]

J,(2),¥,(z) sont les fonctions de Bessel sphériques du premier et second ordre (ou fonctions sphériques

(5.58)

de Bessel et de Neumann) avec z e C, n e N. Elles sont reliées aux fonctions de Ricatti-Bessel par :

v.(2)=7,(z) 2, (2)=2,(2) (5.59)

Avec la loi de récurrence suivante pour les dérivées des fonctions de Ricatti-Bessel :

B/(2)=B,,(2)+2B,(2) (5.60)

n
On obtient :

HO (2)= Y, (2)+ 2 H (2)
z (5.61)
n-1

' (2)= HE) (2)+ 21 (2)
z

Au final, les coefficients de diffusion externe des différents ordres de la décomposition de Debye sont
donnés par ’'Eq. (2.48).

Dans I’équivalence donnée par ’'Eq. (2.49), entre les coefficients des séries de Debye et ceux de la
théorie de la Lorenz-Mie, ces derniers sont de la forme :
UG UACIACIACY)
a =

my, (y)H" = H, "y ()

b —_ !//’l (-y)!//r’l (x)_ml//n (x)l//;z (y)
n = (1) ), 1
v, (V) H" —mH "y, (y)

(5.62)
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5.3 Copies d’écrans des logiciels développés

Les pages 89 a 94 présentent des copies d’écrans de différentes applications Windows développés sous
DELPHI :

Figure 56 Copies d’écrans du logiciel d’acquisition et de traitement du diffractometre haute résolution (HI-
REDI)

Figure 57 Copies d’écrans du logiciel d’acquisition et de traitement de l'interférometre FIBS 3.0, dévelop-

pé pour Saint-Gobain et la mesure de fibres de renfort en cours de production.

Figure 58 Copies d’écrans du logiciel de simulation des propriétés de diffusion de la lumiere de fibres op-
tiques a saut ou gradient d’indice: DELFI v1.0, développé pour CERSA-MCI.

Figure 59 Copies d’écrans du logiciel de simulation des propriétés de diffusion de la lumiere de particules
sphériques : DELPI v. 1.0. Les autres types de particules ne sont pas encore disponibles dans cette version

de démonstration développée pour ’Ecole d’Automne d’Oléron (§8.3.3).

Figure 60 Copies d’écrans du logiciel de calcul des champs de vitesse par PIV : PIVO 2.0. Ce logiciel a été
utilisé pour I'étude des écoulements en lit fluidisé circulant, les instabilités solutales et différentes collabo-
rations (ENIT, CEMAGREF, Saint-Gobain Conception Verricre...)

Figure 61 Copies d’écrans du logiciel d’acquisition et de traitement de 'arc-en-ciel, GRAS v2.0, pour la
caractérisation simultanée de la distribution des diametres et des indices d’un ensemble de particules en

écoulement.
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Figure 56 Copies d’écrans du logiciel d’acquisition et de traitement du diffractomeétre haute résolution (HIREDI)

-Univ-Pravence- May 2003
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Figure 57 Copies d’écrans du logiciel d’acquisition et de traitement de interférometre FIBS 3.0, développé pour Saint-Gobain et la mesure de fibres de renfort en cours de
production.
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Figure 58 Copies d’écrans du logiciel de simulation des propriétés de diffusion de la lumiere de fibres optiques a saut ou gradient d’indice: DELFI v1.0, développé pour
CERSA-MCL
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+ DELPi : Diffusion Electromagnetique de la Lumiére par des Particules Isolees v1.0 (Demo)
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Figure 59 Copies d’écrans du logiciel de simulation des propriétés de diffusion de la lumiere de particules sphériques : DELPI v. 1.0. Les autres types de particules ne sont
pas encore disponibles dans cette version de démonstration développée pour I'Ecole d’Automne d’Oléron (§8.3.3).
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Figure 60 Copies d’écrans du logiciel de calcul des champs de vitesse par PIV : PIVO 2.0. Ce logiciel a été utilisé pour I’étude des écoulements en lit fluidisé circulant, les ins-
tabilités solutales et différentes collaborations (ENIT, CEMAGREF, Saint-Gobain Conception Verriere...)
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Figure 61 Copies d’écrans du logiciel d’acquisition et de traitement de I'arc-en-ciel, GRAS v2.0, pour la caractérisation simultanée de la distribution des diameétres et des indi-
ces d’un ensemble de particules en écoulement.
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Chapitre 6

CONCLUSIONS & PERSPECTIVES

6.1 Conclusions

Au terme de ce mémoire d’Habilitation a Diriger des Recherches, il convient de conclure brievement
sur mes activités de recherche, d’encadrement et de gestion de projets, de transferts technologiques.

7) Les points forts de mon activité de recherche sont la modélisation de la diffusion électromagnétique de
la lumiére par des particules en écoulement (Chapitre 2), /a granulométrie optigue (au sens large, Chapitre 3) et
Létude excpérimentale, au moyen de Poutil optique, de différents systemes fluides, diphasiques et multiphasigues
(Chapitres 3 & 4). J’ai développé différentes théories électromagnétiques et modeles asymptotiques pour
simuler les propriétés de diffusion de la lumiere de particules homogenes (gouttes, bulles, fibres) (§2.1-2.4), strati-
[fies (suite a un choc thermique, un gradient de composition) (§2.1 & 2.2), hétérogenes (i.e. suspension, inclusions) (§ 2.4.3)
irrégulieres (§ 2.4.3-2.4.4, 4.1.2). Ces développements théoriques ont donné lieu a un certains nombre de
publications (§ 8.2), de méme qu’au développement du principe de techniques optiques originales pour la caractérisation
des écoulements (vitesse, taille et matériau) : technique dual burst, technique dual mode, diffractométrie haute
résolution, réfractométrie par diffusion critique et arc-en-ciel, interférométrie Doppler laser a 3 faisceaux
cohérents..., Chapitre 3. Ces travaux m’ont valu une certaine «reconnaissance scientifique», comme
Patteste ma participation a différents comseils ou comités scientitiques (§8.5).

77) Certains travaux ont été réalisés en collaboration avec d’autres équipes de recherche, dans le cadre
de projets nationaux et de collaborations internationales financées (§ 8.4.2), ou a 'occasion de Vencadrement de

doctorants ou stagiaires de DEA (§ 8.3). Parmi ces travaux on citera, par exemple, la modélisation de
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I’hydrodynamique d’un jet a haute température et des mécanismes de déstabilisation des jets capillaires, la
modélisation des propriétés de diffusion d’échantillons sanguins ou encore, ’étude expérimentale de cet-
taines instabilités thermo solutales...

7i1) Les transferts technologiques ont pris une place relativement importante dans mes activités. D’une
part, parce qu’ils valorisent trés concretement mes compétences et mes travaux, et d’autre part, parce qu’ils
sont nécessaires au financement de mes travaux de recherche a caractere plus fondamental. Cette activité de va-
lorisation a donné lieu a différents partenariats industriels qui ont pris la forme de contrats de recherche et de
consultance (§8.4.2, 8.4.3), de bourses d’étudiants, de brevers (§ 3.1.1) et de publications (§ 8.2). Son caractere plu-
ridisciplinaire apparait dans les domaines abordés . biophysique (modélisation des propriétés de diffusion de glo-
bules rouges, calcul de la pression de radiation excercées sur des vésicules, §4.1) ; combustion diphasique (me-
sures de la vitesse de glissement sur un moteur-fusée cryogénique, modélisation et diagnostics de gouttes
en combustion, § 4.2) ; caractérisation d’un procédé de fabrication de fibres de renfort (§ 4.3.3) et de fibres op-
tiques (§4.3.4) ; création d’une plate-forme de fluidisation § 4.4 ) et caractérisation de poudres (§8.4.2) ; instrumen-
tation (§ 3.1.3, 3.1.4, 3.2.1) et logiciels scientifiques (§ 8.2.4). ..

6.2 Perspectives

A Taune des résultats déja obtenus et des collaborations en cours, on peut établir des perspectives a moyen
terme sur mes activités de recherche :

i) Concernant la modélisation des propriétés de diffusion de la lumiere de particules, il reste plusieurs
problémes ardus a traiter. Le modéle statistique (§2.4.4) doit étre étendu aux champs internes, afin de si-
muler la diffusion électromagnétique de particules hétérogenes. Les prédictions de ce modele seront alors
comparées a celles du modéle basé sur la méthode de Monte Carlo (§2.4.3). La prise en compte d’un éclai-
rement par une onde de forme arbitraire, pour le calcul des champs diffusés par un ¢ylindre muiticonche (§2.2), se-
rait également intéressante. Ce travail, qui pourrait faire 'objet d’une collaboration [6, 103], serait égale-
ment profitable pour Iétude en cours sur la caractérisation des fibres optigues (§4.3.4, 8.4.2). Ces dévelop-
pements théoriques et numériques nécessiteront des validations expérimentales. Elles pourront probablement
étre obtenues avec un dispositif similaire a celui actuellement utilisé pour mesurer les flux thermigues dans
des micro écoulements (§4.3.4). La méthode d’inversion des profils d’arc-en-ciel devra étre affinée.

7) La caractérisation simultanée de la vitesse, de la taille et du matérian de particules en écoulement est
un sujet qui me tient a ceeur et dans lequel je suis engagé dans le cadre de 24CI V'TTAMA (§8.5.1), et d'un
programme Polonium (§8.5.2). Il reste cependant beaucoup de travail. Il me faut en effet développer un
prototype de systeme Dual Burst (§3.2.1) ainsi que les logiciels d’acquisition de traitement de ce systeéme et d’'un
systeme Dual mode (§3.1.1, 3.2.2). Ces travaux d’zustrumentation et d’informatique scientifiques seront suivis par
des validations expérimentales sur des écoulements modeles, puis des édonlements réels (lits fluidisés, pulvérisation,

...). Du point de vue expérimental, il me reste également a finaliser les expériences sur la technique de me-
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sure de profils de vitesse pat interférométrie Doppler laser a 3 faisceanx cobérents (§3.1.2) et développer un sys-

teme d’anlayse de l'arc-en-ciel (§3.2.4), adpaté a la caractérisatrion d’écoulements réels du laboratoire.

En matiere de recherche, établir des perspectives a long terme s’avere tres délicat. Mes travaux sur les fibres
et jets en sont d’ailleurs la parfaire illustration. En effet, c’est sous I'instigation de Saint-Gobain Recherche,
a la suite d’une discussion informelle, dans un congres, que j’ai démarré ces travaux. Une rencontre, une
demande de collaboration, peuvent donc considérablement infléchir une thématique de recherche. Ceci est
d’autant plus vrai que I'équipe de recherche est de taille réduite... et qu’elle doit faire face a des besoins
matériels, récurrents. Quoi qu’il en soit, on peut essayer de dresser quelques perspectives a long terme sur
mes activités de recherche, au regard de swjets scientifignes qui me semblent intéressants, «porteurs», aussi bien
du point de vue scientifigue que des applications pour la caractérisation d écoulements industriels :

7) Les technigues optigues «de champ» font trés certainement partie des techniques du futur. Elles ont
les avantages des techniques ponctuelles (suivi temporel, rapide, local, obtention des corrélations) et des
techniques intégrales (intégration spatiale, statistique instantanée) [C40]. Elles sont d’ores et déja en place
pour ce qui concerne I’étude de la dynamique des milieux fluides avec, notamment : la Vélocimétrie par
Images de Particules (PIV) et la Vélocimétrie Doppler Globale (DGYV). Pour les écoulements diphasiques,
multiphasiques, quelques techniques de caractérisation de la phase dispersée semblent se développer
(micro imagerie [104], interférométrie par défaut de mise au point (IILIS) ou PLIF [64, 105-108], hologra-
phie digitale [109, 110]). Cependant, ces dernieres sont encore au stade du développement et sont limitées
a des particules transparentes (i.e. IILIS, PLIF), des particules grandes devant la longueur d’onde et des
milieux d’épaisseur optique faible.

71) La caractérisation optique des milieux denses est également un sujet en plein développement et ou
il reste encore beaucoup de choses a faire. De nombreux outils existent déja pour Iétude de suspensions
de microparticules (diffusion dynamique de la lumiere, spectroscopie pat diffusion d’ondes [C40][30]). En
revanche, il n’existe pratiquement aucun outil pour caractériser les écoulements ou les particules sont gran-
des devant la longueur d’onde. Les techniques basées sur l'utilisation d’impulsions laser ultra bréves (fem-
tosecondes) sont treés prometteuses, mais elles sont également trés cotlteuses. Les techniques
d’interférométrie et d’imagerie a faible cohérence pourraient constituer une solution alternative, intéres-
sante.

A terme, je pense m’investir dans ces deux domaines de recherche, sur la base de mon expérience ac-
tuelle et de la montée en puissance, a Marseille et sur le Technopole de Chateau Gombert, du pole optique

et mécanique-énergétique.
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28 Indifféremment, congres avec sélection sur résumé ou article complet. Les communications ont été présentées par les person-
nes dont le nom est souligné.
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29 Voir les pages 89 a 93.
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[RC20] Onmofri F., Gréhan G., Cartellier A., Benech P, Blondel D., IUSTI-CORIA-LEGI-IMEP-Dantec/FNS-
DGA-CNRS, ACI 1n°47 «VITTAMA, rapport d'état d'avancement n1°2/4, 21 pages, Avril 2004.

[RC21] Onmofri F., Gréhan G., Cartellier A., Benech P, Blondel D., ITUSTI-CORIA-LEGI-IMEP-Dantec/FNS-
DGA-CNRS, ACI #°47 «VTTANA», rapport d’état d’avancement n°3/4, 3 pages, Janv. 2005.

HABILITATION A DIRIGER DES RECHERCHES 11



SEMINAIRES, RAPPORTS ET LOGICIELS FABRICE ONOFRI

Rapports internes

[RI1] Omofri F., Gréhan G., Principe d’un PDA non sujet aux effets de trajectoire permettant la mesure simultanée
de deux composantes de vitesse et du diametre de particules d’indice de réfraction inconnu, Rapport Interne,
LESP-UMR n°6614 CNRS — Univ. de Rouen, 5 pages, Sept. 1993.

[RI2] Onofri F., Modeéle de la sphére a gradient d'indice concentrique discret éclairée pat un faisceau de forme arbi-
traire, Rapport Interne, LESP-UMR n°6614 CNRS-Univ. de Rouen, 40 pages, Janv. 1995.
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Rapport Interne, IUSTI-UMR 6595 CNRS - Univ. de Provence, Marseille, 10 pages, Dec. 1997.

[RI6] Onofri F., Mesure simultanée de I'indice et du diametre par diffusion critique : méthode d’inversion des équa-
tions de ’Approximation d’Optique Physique, Rapport Interne, IUSTI-UMR 6595 CNRS - Univ. de Provence,
Marseille, 5 pages, Jan. 1998.

[RI7] Onofri F., Modele de diffusion d’un cylindre multicouche éclairé par une onde plane, Rapport Interne, TUSTI-
UMR 6595 CNRS -Univ. de Provence, Marseille, 33 pages, Nov. 2002.

[RI8] Onofri F., Calcul des séries de Debye pour la sphere et le cylindre homogenes, Rapport Interne, IUSTT-UMR
6595 CNRS-Univ. de Provence, Marseille, 23 pages, Nov. 2003.

[RI9] Onofri F., Manuel d’utilisation du logiciel de vélocimétrie par images de particules : PIVO 2.1, Rapport Interne,
TUSTI-UMR 6595 CNRS-Univ. de Provence, Marseille, 11 pages, Mai. 2004.

[RI10] Onofri F., Software and Interferometric device for the sizing of a single fibre with fix orientation: FIBS 2.1,
Rapport Interne, TIUSTI-UMR 6595 CNRS-Univ. de Provence, Marseille, 47 pages, Oct. 2004.

Séminaires et journées thématiques
[S1] Onofti F., Gréhan G. et Gouesbet G., Presentation of the news tools and numerical results from LESP, Séwi-
naire invité dans le cadre d’une collaboration, L.STM-Erlangen (Allemagne), Feb. 1993.

[S2] Onofri F., Développements récents de ’Anémométrie Phase Doppler, Séwinaire invité, IMFT, Toulouse, Janv.
1995.

[S3] Onofri F., Mesure d’indice par Anémométrie Phase Doppler, Séminaire invité, Institut Von Karman, Waterloo
(Belgique), Fev. 1995.

[S4] Onofri F. and Gréhan G., Measurements of refractive index of flying droplets with PhaseDoppler Anemom-
etry, 117 Topical meeting, Int. Flame Research Foundation, Biarritz, Oct. 1995.

[S5] Onofti F., Optical sizing of small particles, Séminaire invité dans le cadre d’une collaboration, Académie des Sciences
de Bulgarie, Sofia, 1998.

[S6] Onofri F., Diagnostics laser en mécanique des fluides, Séminaire invité dans le cadre d’une collaboration, ENIT, Tunis
(Tunisie), 2000.

[S7] Onofri F., Sur la granulométrie haute résolution de fibres de verre en cours d'étirement, Organisation et séminaire,
7 Journée thématique de I’AF1’1, Meudon, Mars 2002.

[S8] Onofri F., Diffusion de Mie et Interférométrie Phase Doppler a N-Faisceaux: cas des fibres étirées, Séminaire in-
vité, & Journée thématique de '’AFTL, Meudon, Déc. 2002.

[S9] Onofti F., Etat de l'art de la granulométrie optique en mécanique des fluides, Séminaire invité dans le cadre de la 37
Jounrnée FERMAT, Toulouse, Dec. 2004.
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8.2.5 Theése

[T1] Onofri F., Prise en compte de la dimension finie des faisceaux d'éclairage en granulométrie optique: Anémo-
métrie phase Doppler- Diagnostics des milieux diphasiques, These de I’'Université de Rouen, Nov. 1995.

8.3 Enseignement et diffusion de 'information scientifique et technique

8.3.1 Theses dirigées et encadrements ponctuels

Type : Encadrement d’un doctorant Allemand de I'université d’Aahren : S. Howmann, 1996

Supet : Influence des gradients thermiques sur la caractérisation optique de gouttelettes de fuel en cours de combus-
tion

Taux d’encadrement : 80% sur 3 mois

Type : Encadrement d’un doctorant danois de l'université d’Aalborg : C. Ibsen, 2002
Sujet : Etude des instabilités spatiales dans les écoulements en Lit fluidisé circulant
Taux d'encadrement : 80% sur 3 mois

Type : Encadrement d’un doctorant Suédois de l'université de Chalmers: T. Berggenblock
Supet : Caractérisation expérimentale d’une vitesse Eulérienne dans les écoulement en Lit fluidisé circulant »
Taux d’encadrement : 80% sur 2 mois

Type : Thése de doctorat de M Anne Lenoble, Université de Provence, Avril 2004.
Sujet : Etude Expérimentale et Modélisation Physique d’un Procédé de Fibrage du Verre
Tanx d’encadrement : 100% (dérogation obtenue pour la direction officielle)

Financement de la bourse de thése : ADEME et Saint-Gobain Recherche

8.3.2 Encadrement de stagiaires ( DEA, Ingénieurs, Maitrise)

Type: stage de DEA, Université de Rouen : D. Blondel, 1995.
Taux et durée de l'encadrement: 100%, 6 mois.
Sujet : Détection des particules a cceur en écoulement, cas des « cénospheres ».

Type: stage de DEA, Université de Rouen : J.P. Pages, 1995.
Taux et durée de I'encadrement: 50%, 6 mois.
Sujet : Particules avec gradient radial d’indice : simulation de ’évolution temporelle et diagnostic optique.

Type: Stage de DEA, Université de la Méditerranée : A. Bensallah, 1998.

Taux et durée de l'encadrement: 90%, 4 mois.

Sujet : Développement d’un protocole expérimental pour la mesure de la vitesse de glissement dans les écoulements
en Lit Fluidisé Circulant.

Type: Stage de DEA, IUSTI-Université de Provence/Saint Gobain, 2000 : A. Deroche, 2000.

Taux et durée de l'encadrement: 100%, 6 mois.

Suyet : Etude sur site des fluctuations en diamétre d’une fibre de verre en sortie de filicre et de I'origine des mécanis-
mes de déstabilisation du processus de fibrage

Type: stage de DEA, Université d’Orsay (Patis XI)/Saint-Gobain : A. Lenoble, 2001.

Taux et durée de l'encadrement. 100%, 6 mois.
Sujer : Modes d’Instabilité d’un Procédé de Fibrage du Verre
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Type: Stage de DEA, ITUSTI-Université de Provence : J-P. Bonnet, 2004.

Taux et durée de Pencadrement: 90%, 5 mois.

Suer : Amélioration du protocole expérimental pour la mesure de la vitesse de glissement dans les écoulements en Lit
Fluidisé Circulant

Type: stages de 2¢m¢ année du cycle Ingénieur ou de Maitrise
Taux et durée de lencadrement : 100%, 2 mois.
Sujets :

- Effets de la perte de charge de la grille de fluidisation sur un lit dense : A. Rothisburger, IUSTI, 1998.

- Modélisation des propriétés de diffusion d’un jet variqueux : F. Ovofen, 1999.

- Optimisation d’un systéme phase doppler rétro diffusion : X. Sylvain, Ecole de I’Air, 2003.

- Mesure de la vitesse d’une surface spéculaite par thermographie infra rouge : A. Boé, IUSTI, 2004

- Extension de 'anémométrie Phase Doppler a la mesure d’indice, M. Lecart : IUSTI-Ecole de I’Air, 2004.

- Arc-en-Ciel global: développement d'une technique non intrusive de mesure d'indices et de tailles, M. Ouedrago
go, IUSTI-Ecole de I’Air, 2005.

8.3.3 Participation a Penseignement

Type: Travaux dirigés d’électricité, électrostatique et électronique, DEUG B 1¢ année, Université de Rouen.
Volume horaire et statut: 24 heures de TD, vacataire, 1994.

Type: Travaux dirigés et pratiques de physique expérimentale (thermodynamique, électronique, statistiques...),
DEUG A 2éme année, Université de Rouen.
Volume horaire et statut: 48 heures de TD /TP, vacataire, 1994.

Type: Travaux dirigés d’optique, Licence de Physique, Université de Rouen
Volume horaire et statut. 24 heures de TD, vacataire, 1995.

Type: Travaux pratiques d’optique, Maitrise és Science, Université de Rouen
Volume horaire et statut. 36 heures de TD, vacataire, 1995.

Type: Travaux pratiques de thermique, éleves ingénieurs de 3¢m¢ année, INSA de Rouen.
Volume horaire et statut: 52 heures de TP, Attaché Temporaire d’Enseignement et Recherche (ATER), 1996.

Type: Travaux pratiques sur les méthodes de mesure en Mécanique des Fluides, éleves ingénieurs de 3¢ année,
INSA de Rouen.
Volume horaire et statut. 52 heures de TP, ATER, 1996.

Type: Cours de Traitement du Signal et Applications a la Métrologie des Ecoulements, éléves ingénieurs de 2¢™cannée,
TUSTI, Université de Provence, 2000.
Volume horaire et statut: 10 heures de cours, vacataire.

Type: Cours de Métrologie Optique des Ecoulements, DEA de Mécanique Energétique/éleves ingénieurs de
3¢megnnée, ENIT-Tunisie, 2001.
Volume horaire et statut: 18 heures de cours (dans le cadre d’un projet ce recherche).

Type: Cours de Métrologie Optique des Ecoulements, DEA de Mécanique Energétique/éléves ingénieurs de
3emeannée et MASTER, IUSTI-UMR CNRS 6595-Université de Provence, de 1998 a 2004
Volume horaire et statut: 12 2 18 heures de cours, vacataire.

Type: Cours sur la Diffusion de la lumiére et la granulométrie optique, Ecole d’automne «Vélocimétrie et Granulomé
) g ptique,

trie optique en Mécanique des Fluides», Oléron, Sep. 2003 et 2005.
Volume horaire et statut. modules de 1h30 heutes couts, zwité.
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8.4 Transferts technologiques

8.4.1 Brevets

Type: Brevet Allemand [B1], 1993
Sujet: Principe d’un granulometre phase Doppler fonctionnant suivant une géométrie plane.

Type: Brevet Européen [B2], 1994
Suyer: Principe du systéme phase Doppler « Dual Mode » pour une amélioration significative des mesures de flux.
Remargne :1a société Dantec Dynamics [49] exploite ce brevet, (§ 3.1.1).

Remarque pour 1998 :

Type: Demande d’ouverture d’un dossier de valorisation pour le dépot d’un brevet CNRS

Sujet: Réfractometre a angle d’arc-en-ciel et angle critique : « Réfractomeétre a capillaire »

Conclusion du FIST: non rentable financierement pour le CNRS, il faut chercher un partenaire industriel...

8.4.2 Contrats de recherche et projets financés

[F1]  Type : contrat d’étude, 1994
Responsable : G. Gréhan (LESP, Rouen)
Entreprise : Dantec Measurement Technology (Danemark)
Sujet : Optimisation numérique de la géométrie Dual Mode et détermination numérique du volume d’un gra-
nulometre Pgase Doppler : Dual Mode PDA.
Contribution personnelle: Prise en charge a 80% de I’étude et de la rédaction des rapports
Montant estimé : 150 kF H.'T

[F2] Type : contrat d’étude, 1994
Responsable : G. Gréhan (LESP, Rouen)
Entreprise : EDF-LNH
Sujet : Etude des fluctuations du taux de turbulence enregistrés avec le systéme phase Doppler Aeromettics
Contribution personnelle: Prise en charge a 100% de I’étude et de la rédaction du rapport final
Montant estimé : 300 kIF H.'T' (avec le matériel)

[F3] Type : Action incitative/CNRS DSP8, « Physique des phénomeénes interfaciaux: transferts thermiques et com-
bustion », 1995
Responsables : G. Gréhan - A. Garo (LESP-CORIA, Rouen)
Sujet : Détection de particules a cceur (cénospheres) et détection des particules a gradient d’indice
Contribution personnelle: Extension de la théorie de Lorenz-Mie aux particules multicouches, développement de
codes de calculs, encadrement de 2 stagaires de DEA a 50% et 100%.
Support obtenn : 100 kF H.T.

[F4] Type : contrat d’étude, 1996
Responsable : G. Gréhan (LESP, Rouen)
Entreprise : Renault & Siemens
Sujet : Développement d’une sonde rétrodiffusion miniature permettant le suivi de la granulométrie dans un
moteur 2 explosion
Contribution personnelle: définition des caractéristiques du premier prototype et rédaction de la premiére propo-
sition d’étude.
Montant estimé : 300 kF H.'T

[F5]  Type: contrat d’étude n°980006, 1998
Responsable : E. Onofri
Entreprise : Société Européenne de Propulsion (SEP-SNECMA)
Cadre : GDR « Combustion dans les moteurs fusée »
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[F6]

Sujet : Optimisation numérique du systéeme de mesure de la vitesse de glissement sur le banc cryogénique
oxygéne/hydrogene « Mascotte » de TONERA
Montant : 50 kFF H.T.

Type : contrat d’étude n°980437, 1998

Responsable : E. Onofri

Entreprise : Saint-Gobain Recherche (SGR), Aubervilliers.

Sujet : Simulation numérique des caractéristiques d’un systéme optique de contréle du diametre d’une fibre de
verre en déplacement longitudinal

Montant : 45 kF H.T.

[E7] Type : contrat d’étude n°990437 et bourse de DEA, 1999

(8]

[F9]

[F10]

[F11]

[F12]

[F13]

Responsable : F. Onofri

Entreprise : Saint-Gobain Recherche (SGR)

Sujet : Etude sur site des fluctuations en diametre d’une fibre de verre en sortie de filiere
Montant : 50 kF H.'T (hors indemnités)

Type : contrat d’étude n°000503, bourses de DEA et de these, 2000

Responsable : F. Onofri

Entreprise : Saint-Gobain Recherche (SGR)

Coninancenr des bourses : ADEME

Sujet : Développement d’un interféromeétre rétrodiffusion pour I’étude des fluctuations en diamétre d’une fi-
bre de verre en sortie de filiere : application a la réduction des déchets verriers »

Montant total: 390 kF H.T. (dont 160 kF de matériels)

Type : contrat d’étude n°200034 et financement d’une boutse de DEA, 2000
Responsables: E. Onofti et B. Dalloz

Entreprise : CTG-Italcimenti

Sujet : Evaluation de la fraction Volatile d’un échantillon de ciment
Montant total: 66 kF H.T. (hors indemnités)

Type : projet «institutionnel», 2000

Responsables : 1. Tadrist et F. Onofri

Financeurs :1e FEDER (Europe), la Région PACA et le Conseil général des Bouches du Rhone
Sujet : Création d’une plate-forme de fluidisation

Montant total: 9.5 MF H.T.

Type : contrat d’étude n°010622 et financement d’un stage de DEA, 2002
Responsable : E. Onofri

Entreprise : Saint-Gobain Recherche et Vetrotex International

Sujet : Etude des conditions de stabilité d’un procédé de fibrage du verre
Montant total: 13.8 k€ H.T.

Type : Action incitative «Pollution-Non Pollution» n°47, «VITAMA», 2004

Responsable global du projet : F. Onofri

Financenrs : FNS, CNRS et DGA

Laboratoires et industriels participants a ce projet: CORIA-Rouen, LEGI-Grenoble, IMEP-Grenoble, Dantec-
Danemark

Sujet : Caractérisation simultanée de la vitesse, de la taille et du matériau de particules en écoulement

Montant total: 125 k€ TTC (dont 55% pour 'TUSTT)

Type : contrat d’étude, 2005

Responsable : F. Onofri

Entreprise : CERSA-MCI

Sujet : Modélisation des propriétés de diffusion de fibres optiques : caractérisation des indices de réfraction.
Montant total: 3 k€ H.T.
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8.4.3 Activité de consultance

[P1]  Type : contrat de Consultant, 2000
Entreprise : Saint-Gobain Recherche, Aubervilliers
Sujet : Expertise sur la granulométrie optique de fibres homogenes

[P2]  Type: contrat de Consultant, 2004
Entreprise : Saint-Gobain Conception Verriere, Chalon sur Saéne
Sujet : Expertise sur la caractérisation optique d’écoulements modeles

[P3]  Type : contrat de Consultant, 2004-2005
Entreprise : Saint-Gobain Vetrotex International, Chambéry.
Sujet : Expertise sur le controle de la stabilité d’un procédé de fibrage du verre.

8.5 Encadrement, animation et management de la recherche

8.5.1 Animation de programmes ou de projets

Direction d’équipe ou de laboratoire
Type : Responsable d’une opération de recherche, 2000-
Sujet : Diagnostics Optiques des Milieux Multiphasiques
Remargue : Je suis actuellement 'unique chercheur titulaire a émarger dans cette opération...

Type : Responsable de I’ACI « Pollution Non —Pollution », projet n°47, 2004-

Sujet : Caractérisation simultanée de la vitesse, de la taille et du matériau de particules en écoulement (VITAMA)
Nombre de partenaires : 4 laboratoires {USTI, CORIA, LEGI, IMEP) et 1 industrie] (DANTEC Dynamics), soit pres
de 20 personnes

Participation a des conseils scientifiques et commissions, comités de lecture

Participation a des conseils scientifiques et commissions :

Membre titulaire du conseil de laboratoire de I’ TUSTI UMR 6595- CNRS-Université de Provence.
Date : 2000-2004-,mandat renouvelé pour la période 2004- 2008).

Membre suppléant de la commission de spécialistes de I'Université de Provence, section : 62.
Date : 1998-2001

Membre titulaite de la commission de spécialistes de 'Université de Rouen, sections: n°30, 60, 62.
Date : 2000-2004-,mandat renouvelé pour la période 2004- 2008).

Menmbre de sociétés savantes

Membre du conseil d’administration et trésorier de I’Association Francophone de Vélocimétrie Laser (AVFL)

Membre des Sociétés Francaise et Européenne d’Optique (SFO, EOS)
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Comités de lecture de revues scientifiques
Particle and Particle Systems Characterization, Wiky-1"CH 1 erlag, 1998-
Atomization and Sprays, Bege// House Inc., 1999-
Experiments in fluids, Springer-1erlag, 2002-
Applied Optics, OS.A-Opt. Soc. of America, 2002-
Aecrospace Science and Technology, Elsevier, 2002-
Journal of BioMedical Optics, SPIE-Int. Soc. For Opt. Eng., 2004-

Journal of Loss Prevention in the Process Industries, Elsevier, 2005-

Participation a organisation de congrés, journées thématiques, écoles...

Président de session lors du 7” Int. Symp. on Appl. of Laser Tech. to Fluid Mech., Lisbon, Portugal, 11-14t% Jul., 1994.
Président de session lotrs du 87 Int. Symp. on Appl. of Laser Tech. to Fluid Mech., Lisbon, Portugal, 8-11% Jul., 1996.
Président de session lors du 97 Int. Symp. on Appl. of Laser Tech. to Fluid Mech., Lisbon, Portugal, 13-16% Jul., 1998.
Président de session lors du 5” Int. Cong. on Optical Particle Sizing, Minneapolis, USA, 10-14% Aug., 1998.

Membre du comité scientifique du Int. Conf. on Optical technology and Image processing in Fluid, Thermal and Contbus
tion Flow-17S]-SPIE, Yokohama, Japon, 6-10% Dec., 1998.

Membre du comité local d’organisation du 7" Congrés Francophone de 1 élocimeétrie Laser, Marseille, 19-22 Sept., 2000.

Organisateur de la 97 journée thématigne de 'AFV1. «Granulométrie et vélocimétrie d’écoulement 2 basses vitesse,
Meudon, Fev. 2002.

Président de session lors du 8 Congres Francophone de V élocimétrie 1aser, Orsay, 17-20 Sept., 2002.
Président de session lors du 72 Int. Symp. on Appl. of Laser Tech. to Fluid Mech., Lisbon, Portugal, 12-15% Jul., 2004.
Membre du comité scientifique du 97 Congres Francophone de Vélocimétrie Laser, Bruxelles, 14-17 Sept., 2004-

Coorganisateur de I’école d’automne «1 élocimetrie et Granulométrie Optique en Mécanique des Fluides », Oléron, Sept.
2005 (Responsables : J.M. Most, F. Onofti)

8.5.2  Collaborations académiques, sé¢jours, ou missions sur le terrain

Programme PROCOPE, 1992-1995.
Laboratoire : LSTM, Professeur F. Durst, Unversité d’Erlangen-Nuremberg, Allemagne.
Programme : PROCOPE, du Ministere des Affaires Etrangeres
Responsable frangais : G. Gréhan.
Financeur : Ministere des Afffaires Etrangeéres (séjours et transport)
Sujets : Elimination des effets de trajectoire
Séjonrs personnels: 17 semaines

Programme AMADEUS, projet n°99006, 1998-1999.
Responsables frangais: 1.. Tadrist et F. Onofri
Partenaire : TTW, Prof. Linzer, Université Technique de Vienne (Autriche).
Financenr : Ministere des Afffaires Etrangeres (séjours et transport)
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Sujet : Lits fluidisés pressurisés et modeles du type coeur-anneau
Séjours personnels : 1 semaine

Convention d’échange CNRS-Acad. Bulgate des Sciences, projet PECO/NEI n°6617, 1999-2001.
Responsables francais: F. Onofri et L. Tadrist
Partenaire : IMech, Pr. S. Radev, ABS, Bulgarie
Financeur : CNRS-DGRST (séjours et transport)
Sujet : Instabilité des écoulements de films de particules et jets
Séjours personnels: 3 semaines

Programme POLONIUM, projet n° 03276XD, 2001-2002.
Responsable frangais: F. Onofri
Partenaire : CEM, Prof. J. Mroczka, Université de Wroclaw (Pologne).
Financenr : Ministére des Afffaires Etrangeres (séjours et transport)
Sujet : Caractérisation des propriétés de diffusion de la lumiére d’échantillons sanguins
Séjours personnels : 3 semaines

Convention d’échange CNRS-Acad. Bulgate des Sciences, projet PECO/NEI n°12560, 2001-2003.
Responsables francais: F. Onofri
Partenaire : IMech, Pr. S. Radev, ABS, Bulgarie
Financeur : CNRS-DGRST (séjours et transport)
Sujet : Instabilité des jets visqueux isothermes et non isothermes. Application au fibrage des fibres de verre.
Séjours personnels: 3 semaines

Convention d’échange CNRS-DGRST, projet n° 8684, 2000-2002.
Responsables francais: F. Onofri
Partenaire : Laboratoire d’Energétique, Pr. M. Safi et Dr. R. Abdeljabar, ENIT (Tunisie).
Financenr : CNRS-DGRST (séjours et transport)
Sujet : Analyse par PIV des instabilités thermo solutales dans un milieu stratifié.
Séjonrs personnels : 3 semaines

Convention d’échange CNRS-Acad. Bulgate des Sciences, projet PECO/NEI n°16939, 2004-2005.
Responsables francais: F. Onofri
Partenaire : IMech, Pr. S. Radev, ABS, Bulgarie
Financenr : CNRS-DGRST (séjours et transport)
Sujet : Diagnostic laser et modélisation des contraintes de torsion, des champs radiaux de température et de
concentration, dans les fibres et les jets capillaires.
Séjonrs personnels: 1 semaine en 2004

Programme POLONIUM, projet n® 82/239590, 2005-2007
Responsable frangais: F. Onofri
Partenaire : CEM, Prof. J. Mroczka, Université de Wroclaw, Pologne.
Financeur : Ministere des Afffaires Etrangeéres (séjours et transport)
Sujet : Caractérisation du matériau de particules par réfractométrie Arc-en-ciel et diffusion critique
S¢jours personnels : 2 semaines prévues en 2005

8.5.3 Diffusion de 'information scientifique et technique

Présentation de activité Diffusion de la lumiére, UMR CNRS 6614-LESP
Cadre : Science en féte, 1994-1996.

Présentation de 'activité Lits fluidisés gaz-solides du laboratoire, UMR CNRS 6595-IUSTI
Cadre : Science en féte, 1997-1998.
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Chapitre 9

réflexion
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REPRODUCTIONS D’ARTICLES

Les pages qui suivent présentent les reproductions de dix articles classés par ordre chronologique :

[A2] “Electromagnetic scattering from a multilayered sphere located in an arbitrary beam”

[A4] “Phase-Doppler Anemometry with Dual Burst Technique for Measurement of Refractive Index and
Absorption Coefficient Simultaneous with Size and Velocity”

[A5] “On the Optical Diagnosis and Sizing of Coated and Multilayered Particles with Phase Doppler
Anemometry”

[A8] “Velocity, size and concentration measurements of optically inhomogeneous cylindrical and spheri-
cal particles”

[A9] “Critical Angle Refractometry: for simultaneous measurement of particles in flow size and relative
refractive index”

[A11] “Numerical Analysis of the Nonlinear Instability of One-Dimensional Compound Capillary Jet”
[A12] “Superimposed Non Interfering Probes to extend the Phase Doppler Anemometry capabilities”
[A13] “Interferometric sizing of single-axis birefringent glass fibres”

[A15] “Optical parameters and scattering properties of red blood cells”

[A16] “High-resolution laser diffractometry for the on-line sizing of small transparent fibres
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Article A2

Electromagnetic scattering from a
multilayered sphere located in an arbitrary beam

F. Onofri, G. Gréhan, and G. Gouesbet

A solution is given for the problem of scattering of an arbitrary shaped beam by a multilayered
sphere. Starting from Bromwich potentials and using the appropriate boundary conditions, we give
expressions for the external and the internal fields. It is shown that the scattering coefficients can be
generated from those established for a plane-wave illumination. Some numerical results that describe
the scattering patterns and the radiation-pressure behavior when an incident Gaussian beam or a plane
wave impinges on a multilayered sphere are presented. © 1995 Optical Society of America

1. Introduction

The theory of scattering of plane electromagnetic
waves by spheres with isotropic and homogeneous
material was first given by Lorenz! and Mie? and was
further developed by Debye.? The theory is now
referred as the Lorenz—Mie theory (LMT) and has
been concisely presented by Stratton,* van de Hulst,5
Kerker, and Bohren and Huffman,” among others.
During nearly one century, in spite of difficulties in
the handling of numerical computations (progres-
sively relaxed by the advent of computers and their
increased efficiency and by algorithmic improve-
ments), the LMT has been one of the most famous
basic theories of the light-scattering topic.

However, with the advent of lasers and their grow-
ing use as sources for particle characterization, the
LMT met one of its fundamental limitations, i.e., the
assumption that the incident wave must be a plane
wave. Thislimitation was circumvented in the eight-
ies thanks to the advent of the generalized LMT
(GLMT) that deals with the interaction between
spheres and arbitrary incident beams (Refs. 8 and 9
and references therein). Although earlier develop-
ments of GLMT were concerned with the interaction
between a sphere and a Gaussian beam, the case in
which the incident beam is a laser sheet has been also
considered.1%1 Examples of applications are the use
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of radiation pressure to manipulate biological cells!?
or the analysis of the phase Doppler technique.13.14

Another limiting assumption of the LMT is the
homogeneity of the particle material, this assump-
tion’s being shared by the GLMT. In particular,
when studying two-phase phenomena in combustion,
we may have to deal with nonhomogeneous particles
such as heated droplets, cenospheres, or ashes.1®
In the field of biology, we may be faced with cells that
are roughly spherical but nonhomogeneous, being
essentially composed of a nucleus surrounded by a
liquid solution and a shell.!2

Indeed, such more complex scatterers may be inves-
tigated by the use of an extension of the LMT to
multilayered spheres with many applications.!6:17
Such an extension, however, still assumes that the
incident wave is a plane wave, which limits applica-
tions to the case in which the scatterer is small with
respect to some characteristic dimensions of the inci-
dent beam. Recently Khaled et al.18 have treated the
case of light scattering by a coated sphere illuminated
by an angular spectrum of plane waves used to
describe a Gaussian intensity profile. This approach
to describing the impinging beam has been shown1? to
be extremely time consuming and limited for practical
applications.

This paper is therefore devoted to a new extension
(GLMT for multilayered spheres) that allows us to
deal simultaneously with arbitrary incident beams
and with a class of nonhomogeneous particles. This
paper is organized as follows. Section 2 introduces
the Bromwich scalar potentials (BSP’s) that we use to
solve the problem. Section 3 defines the scattering
problem and solves it, except for the set of unknown
coefficients that may be determined by the use of the
boundary conditions introduced in Section 4. The
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formulation is fully completed in Section 5. Section
6 is devoted to the discussion of numerical algorithms
and to the presentation of exemplifying results con-
cerning scattering diagrams and radiation pressure
forces. Section 7 is a conclusion.

2. Bromwich Scalar Potentials

The incident electromagnetic beam is assumed to be
monochromatic and linearly polarized, varying in
time as exp(iwt), where o is the angular frequency.

The Bromwich formulation enables us to obtain
special solutions for Maxwell’s equations in spherical
coordinate systems (r, 0, ¢). The general solution to
Maxwell’s equations is written as the sum of two
special solutions with the proviso that the boundary
conditions must be satisfied. These special solutions
are the transverse-magnetic (TM) wave, for which
H, = 0, and the transverse-electric (TE) wave, for
which E, = 0, where H, and E, are the radial
components of the magnetic and the electric fields
respectively. They are generated by two BSP’s, Uty
and Urg, for the TM and the TE waves, respectively,
for which both of them satisfy the same partial
differential equation:

02U - 1 o0 6 ou 1
— + + —smo— +
or? r2 sin 6 99 90

9?U B

r2sin? 0 9¢?

1)

in which % is the wave number of the wave in the
considered medium and is given by

k= w(pe)?, 2)

in which p and € are the permeability and the
permittivity of the medium, respectively. For an
expliot) time dependence, we need to consider only
BSP’s of the form

+

5o ViR ;
Ulr,8,¢)= >, %[ ; (k:))}an(cos flexplime),

n=lm=-n

3)

which indeed are solutions of Eq. (1. The Ricatti—
Bessel functions W, (kr) and &,(kr) may be expressed as

W, (kr) = krVkr), (4)
Elkr) = krv tkr), 5)

in which Wlkr) and W*kr) are spherical Bessel
functions given by

| T \1/2

Vkr) = (%) Jyr1/2kr), 6)
w2

i) = | b 7
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in which 112 and HZ,, , are ordinary Bessel func-
tions of half-integer order and Hankel functions of the
second kind, respectively. In this paper, the associ-
ated Legendre polynomials P}(cos 6) are defined by

d™P,(cos 0)

Pcos 6) = (—1)"(sin 6 dcos O )

8)

in which P,(cos 6) is the Legendre polynomial of order
n and d is the derivative function.

From the definition of the TM and the TE waves, we
have

Hr,TM = Er,TE = 0. (9)

Once the BSP’s are known, the other field compo-
nents may be obtained according to the following
relations®:

*Urm 9
»TM = 92 + k*Ury, (10)
1 02Upy
== ) 11
OTM ™ 1 5100 (11)
1 9?Upy
E = — s 12
™™ 1 5in 0 arae (12)
_i(.l)e 6UTM
H = ) 13
OTM ™ 1 sin 0 [B1o) 13)
LWE GUTM
Hgo,TM = T 20 ’ (14)
E = ) 15
OTE ™ 1 sin 0 dp (15)
Eore =709 16)
PUrg
H, g = Py + k*Urg, (17)
102Uy
orE = e (18)
1 0%Urg
H =— . 1
®TE ™ 1 gin 0 9rog (19)

3. Scattering Problem

This paper is devoted to the interaction between an
arbitrary incident field and a multilayered sphere, in
which the material of each layer is isotropic and
homogeneous. This scattering problem is essen-
tially solved when we know, in Eq. (3), the expansion
coefficients ¢” for the incident wave (superscript i),



the scattered wave (superscript s), and the waves
inside the sphere or internal waves (subscript j for
the jth layer).

A. Scatterer

The sphere is divided into L concentric layers from
j = 1 for the core to j = L for the outer layer (see
Fig. 1. The jthlayer has an outer diameterr;. The
material of this jth layer is characterized by magnetic
and electric capacities p; and e, respectively, a com-
plex refractive index m;, and a local wave number ;.
The external medium, denoted by a subscript 0, is
assumed to be nonabsorbing.

B. Incident Wave

In the BSP expression [Eq. (3)|, we have to choose the
Ricatti-Bessel functions W,(kr), which are the only
ones to be defined at the coordinate center r =
0. Furthermore, the description of the incident wave
in spherical coordinate systems is the same as in the
GLMT, as it does not depend on whether the sphere is
stratified or not. In particular, the expansion coeffi-
cients ¢! may be expressed in terms of beam-shape
coefficients (BSC’s) gi'ry and gi'rp.  Then the BSP’s
read as8

E E prgnTM alkor)

n=1m=-n

Uty =
X P""‘(cos 0lexplime),

E E chgnre¥alkor)

n=1m=-n

X P,‘l’" (cos Blexplime), (20)

in which the coefficients ¢ are specific to the plane-
wave case and read as

1 . 2n +1
nin + 1)

21)

Incident
wave

Fig. 1.

Geometry of the stratified sphere.

according to

. <2n+1> n—\m\ jf f r, 0, ¢)
a1 = 2m2n(n + 1)c¥ (n + |m|)!
X r¥Ner)P ‘m‘(cos 8lexp(—imeo)
X sin 0doded(kr), (22)
. (2n + 1) n—\m\ ff fH‘recp
Enre = 2m2n(n + 1)c¥ (n+|m|)!

X r¥ N Er|P,™ (cos 0)exp(—ime)
X sin 0d6ded(kr). (23)

The BSC’s may also be evaluated by the use of more
efficient approaches: the finite-series method?® and
the localized approximation,?! the latter’s having
recently receiving a rigorous formal derivation.?2-23
Between these different methods, the localized ap-
proximation is the most efficient to carry out numeri-
cal computations on desktops computers.

Applying Egs. (919) to Eq. (20) and adding the
expressions for the TM and the TE waves, we find the
whole set of incident-field components:

© +n
E; = koEO E 2 CEWgZTMl\P’r,L(kOr) + ‘l’n(ko’”)l

n=1m=-n

X P ™ (cos Blexplime), (24)
By - 2 E g ko)™ (cos 6)
n=1m=-n
+ mg gV, (korIL™ (cos 6)lexplime), (25)
EO o] +n

Ei=i—2 > clmglmnWilker/" (cos 0)

' n=1m=-n

+ g, (kor)r,™ (cos 8)lexplime), (26)

©

H = koH, >, 2 Vg Walkor) + W, (kor]

n=1m=-n

X P (cos 0lexplime), (27)
Hi = W, (kor)I1 ™ cos 6)
n=1m=-n
— &nme¥ilkor)t, Jr," (cos 6)lexplim), (28)
. —iHy & &
H, = Z Z P g (kor)r,™ (cos 8)

— mgypeWylkor/lL™ (cos 6)lexplime), (29)
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in which the generalized Legendre functions are

d
™(cos 0) = EPk(cos 0) (30)
P*(cos 0) ,
T(cos 0) = ——— - (31)
sin 6

C. Scattered Wave

BSP’s for the scattered wave are built by the use of the
function &,(kr)in Eq. (3) because they are the only ones
that generate an outgoing spherical wave. These
BSP’s may then be rewritten in the form

E E CRVAIE, )

n=1m=-n

X P,‘l’"‘(cos 0explime), (32)

P B™E (kr)

n=1m=-n

X P,‘lm‘('cos Oexplimao). (33)

Similar to above, we apply Egs. (9-19) to Egs. (32)
and (33) to obtain the scattered-field components:

&
|

= —koEy >, D, clAM[ENker) + &,lkor]

n=1m=-n

X P,™(cos Blexplime), (34)

E E CPVA™E (Ror)T,™ (cos 0)

n=1m=-n

+ mBE,[kor)IL™ (cos 0)lexplime), (35)

lE +n
0 2 2 P ImAE kor)IT,™ (cos 0)

n=1m=-n

+ B¢, (kor)t,™ (cos 0)lexplimo), (36)

H: = —kOHOE E B Er(kor) + &,(kor]]

n=1m=-n

X P,™(cos 0lexplime), (37)

H +n
H; = - E E P mA™E, (korI1™ (cos 6)

I n=1m=-n

— BRg)(kor)r," (cos 6]lexplime), 38

ZH +n
H; = 9 E 2 cPVATE, (ko™ (cos 6)

n=1m=—-n

- mB;"é;<kor>HLm (cos 6]lexplim). (39)
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D. Internal Waves

For the internal wave that corresponds to the
core (j = 1), we must use only V¥,(kr) in Eq. (3) as for
the incident wave, &,(kr) not being defined for
r = 0. Conversely, for the other internal waves
(j=2,...,L), both ¥,(kr) and &,kr) are allowed.
Therefore, BSP’s for the internal waves may be rewrit-
ten as

+n
J+1E0

> 2 ek + el

n=1m=-n
X P,‘l’" (cos Blexplime),
J+1H0 -

Ujre = > D AW k) + fuxkr)

n=1m=-n

X P,‘l’” (cos 0)explime), (40)

in which we introduce, from future numerical consid-
erations, the functions x,(kr) instead of &,(kr), where
the functions y,(kr) are related to the previous Ricatti—
Bessel functions by

W (kr) = &,(kr) — ix,kr). (41)
Furthermore, for the core,
el = =0. (42)

The internal-field components are then found to be

o0 +n
E, =kinEy >, >, Ben(Wilky) + W, (k)

n=1m=-1

+ el xnlkr) + Xxalk r)LP""‘(cos 0)lexplime),

(43)
EO j+1 -
E;, = 2 E e kr) + enxnlkir)]
n=1m=-n
k
X 7,™(cos 0) + m ety dpW, ki) + fixakir)]
kjuj+1
X TI™ (cos b)lexplime), (44)
iEgk 1 &
B, =Bl S S i + ity
J n=1m=-n
|m| kj+1uj m
X I1,™(cos ) + AV, (ki) + frxakir)
juj+1
X 7,™(cos 0)lexplime), (45)



H, = J+1H02 E cMdn|Whlkr) + W, kr)]

n=1m=-n

+ [hlXalkir) + Xalkjr [P, (cos 6)lexplime),

46)
“H, & +n 11/+
Hy=— S ovim [cm‘I' ki) + epxqlkr|
n=1m=-n
m| k]+1 MATp!
X 1™ (cos 0) — 3 [ Valkir) + frxalkir
X 1™ (cos 0)lexplimo), (47)
lH() X pﬁrl
H;, = E E A — |Cm\1’ (kjr) + efxalk; ul
n=1m=-n
k]+1]-1]
X1, cos 6) = m—[d7 W, kjr) + fToxalkyr)]
k]u]+1
X T1™ (cos B)jexplimo). (48)

BSP’s and field components for the scattered and the
internal waves involve sets of unknown coefficients,
in particular the scattering coefficients A" and B.
All these coefficients may be determined by the invok-
ing of boundary conditions.

4. Boundary Conditions

We first consider boundary conditions at the surface
of the sphere, i.e., the tangential continuity of the

electric and the magnetics fields at (r = rz). These
conditions are expressed by
VLB,X(kLr L) = Vfax(.kor L)+ V%,X(kor L) (49)

in which V stands for E or H and X stands for TM or
TE. Only the 6 components are considered, as ¢
components lead to the same set of relations as 6
components do, as already checked above. From the
field components derived in Section 3, we then obtain,
with j =

k_o el W (kprr) + el xnlkrrs))
L
= [ngTM‘I’fz(ko’” 1) — AVE ko), (50)

110

I — e, W, lkprr) + el xalkrry)]

- Ai’fén(korL)\,
(51)

=g T,TM‘I’n(kor L)

PLo

— = ALY krrr) + floXalkirs)]
Wo k7
= ‘gﬁTEq’n(korL) — Byg,kory ),
(52)
ko ,
k_L ALY olkrrr) + [Lxnlkrro)]
= ‘gﬁTE\I,;L(kOrL) — BYg, (ko). (53)

Furtherrnore, the internal-scattering coefficients
Cins Ains €y fins J=1,..., L, are related by internal
boundary conditions. We can determine them by
writing the tangential continuity of the electric and
the magnetic fields at the surfaces separating the jth
layer and the j — 1th layer, j = 2,..., L. In
particular, at the surface that separates the core
(7 = 1) and the first layer (j = 2), we have

V1ex(k17° = Vze,X(kﬂ' 1) (54)

which, based on Eq. (42), leads to

ks ks
5 Vilkary) = = [e5,Wilkory) + €5, (kora), - (55)
2

k1
He 2]
— W lkyry) = — [c5,Wlkary) + €5, xalkor)l,
H1 2
(56)
k3ns , k3, ~
; Ay, W,lkyry) = z_ A5V, (kory) + [ Xnlkar)l,
kiny kony
(57)
k ! k3 !
—dT W lkyry) = = [d5, Wilkory) + foxnlkory)|
ky ko
(58)
More generally, the boundary conditions between the
Jjth layer and the j — 1th layer, j = 3,..., L, are
expressed as
Vijflﬂ\e,X(kjflr -1 ‘/je,X(kjrj—l)’ (59)
which leads to
k; : ,
r lcr’}q:‘n‘l’n(kjfl"j—ﬂ + e\n}‘—l')an(kjflrjfl)‘
j—1
it v e
= k_ {Cjnq’n(kj"j—ﬂ + eann(kj"j—ﬂL (60)

J
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11.
ﬁ e, Volkiiri—1) + e[ty XalRj—17j—1)
_
W1, o m ;
= [Cjnq,n(kjr 1) T emXalkir 1)l (61)
v
Wik «
122 J A"y, Walki 1) + 1 XnlRj—17-1)]
wk; ,
= 11] J;: A, ki 1) + FrXalkri-1, (62)
J—1%j
k; ; ’
k_ Al 1, Yl ar1) + Xk ary 1)
k‘/+1 m ! m.,/

J

5. Solving Boundary Conditions

A. Scattering Coefficients

Let us solve the set of boundary conditions to deter-
mine unknown expansion coefficients of the BSP’s.
To this purpose, we introduce new quantities:

ki Hj+1
M =" U=-"> x=Fkr, (64
J kj J uj J 7 J
which, for the special cases in which j = L and j =1,
become

ko ky Ho Ha
ML:E’ 1:k_1’ UL:;L’ U1:E' 65)

We also introduce two ratios of internal coefficients,
R;, and Q),, which are defined by

e, 4
Rjn:__m’ an:_ m7 (66)
Chn d;,

and lead to the following useful relations:

m m m m
R Clij—tn _ €lj-1n d!j—nn _ (j—1n
-1 . = " n Qw:j—lm ar - = an
in Cin Jn n
67)

The whole set of boundary conditions can then be
rewritten as

= 2{\1’;L(M1x1) - RZnX;L(Mlxl)L (68)

= U2[\Iln(M1x1) - RZan(Mlxl)L (69)
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2 drlnn
MiU, d_g; W, (x,)
= M§U1|\I’n(M1x1> - QZan(Mlxl)L (70)
dZn |\11’ <x1
= Mz[ M1x1) @2, X (M1x1ﬂ’ (71)
C\T;—l}n , ,/
]Wj—1 o [q,n(xj—l) - R‘:\ j—l‘,an(xj—lﬂ
jn
= %{Wﬁ(ijj—ﬂ - Ran;L(ijj—lﬂ, (72)
C(y}fl\n \
l]j—l C—m [\I,n(xjfl) - R\j*l}an(xjflﬂ
jn
= U][\I,n(M j—1) - Rann(ijjqﬂ, (73)
2 d\rsl‘flln
Mj—lUjd—m [\I,n(xj—ﬂ - ij—uan(xj—lﬂ
= M?Ujﬂ[q’n(M‘ j—1) - anXn(ijj—ﬂL (74)
d!] 1 , ,
M; dm |‘P Qi(jfl\an(xjfln
j[\P;L(ijjfl) - anX;L(ijj—l)L (75)
ML{‘I’Z@CL) - RLnX;L(xLﬂ
1
= o lgn oW Mpxr) — Are (Mixr), (76)
Ln
UL{‘Pn(xL) - RLan(xLﬂ
1 ,
= m [ngM\Pn(MLxL) - Azgn(MLxL)L (77>
Ln
M%,[\Pn(xL) - QLan(xLﬂ
U
d — |gr TEq’ (Myx) — Byré, (M), (78)
Ln
ML{\I};(xL) - QLan’z(xLH
1
[gn eV Myxr) — By, Mixg)|. (79)

~dy,

n

Manipulating the ratios of the above equations, e.g.,

Egs. (68)/(69), (72)/(73), and (76)/(77) and introducing
two new functions, H,(x;) and K,,(x;), where
_ \I’;’L(xj) Ranf"L(x_]>
Hn(xj) \Pn(xj) - Rann(xj) ’
\I’;L(x]) - anx;z(x])
K ) = ’ 80
n(x]) \Pn(xj) - anXn(xj) ( )

we obtain two sets of recurrent relations for the
determination of the scattering coefficients A" and



m T m
B, which are, for A7,

m_ 0 R er, 0 H (x] W, (x,)
€ =Y n= T = s n\X1) = ’
1n ! crln ! Wn(xl)
Mleq’ (xl) Wl M1x1) — MU W00 W, (Myxq)
2 MU, xl)XnM1x1> M2 (xl)Xn(Mlxl)
:M IU\P ijj I)Hn(xj 1) MU I\P (M]x_] ) (81)
" M] 1 Xn(ijJ IHn(xj 1) MU IXn(ijJ )
\I,,( ) ]an ) .
anj:ﬁ j=2,...,L,
_]n n
Am = gn My, MLxL)Hn( UL‘PZ(MLxL) (83)
" M M &, (Mixp H,(xp) — Uré,(Mx;p)
and for B;; are,
m \I,r(x )
ln n\W1
= ’ n = = 0’ Knx = ’
1n Ql dm ( 1) \Iln(xl)
MUY, (xﬂ oM 1301) M,U. \I'n(le‘I';L(M %)
2= M2U1‘I’ (x1 Xanx ) M1 \I’ (xl)Xn(M1x1>
an = MU 1Xn(ijJ I)K (x ) an(\ijjfl)
n(xj=—a ]:2,...,L,
Uuw, M, - M,V M
Br L LxL)Kn LVl LxL) ) (84)

= &nms ULk, (Mpxp K, (xr) — Mpg,(Mpx;)

Starting from the core of the sphere at which the two
ratios of internal coefficients and the functions H,(x1)
and K,,(x,) are known, we can now use these recurrent
relations to evaluate the scattering coefficients.
Furthermore, Egs. (82) and (84) may be rewritten as

AZ% = gﬁTMam (85)

where the scattering coefficients a, and b, are actu-
ally those which appear in the case in which the
incident wave is a plane wave (see, for instance, Wu
and Wang?4). Equations (85) and (86) are also for-
mally identical with those obtained within the frame-
work of the GLMT for homogeneous spheres, in which
a, and b, are the scattering coefficients of the LMT.
This remark leads to two important consequences.
First, from a formal point of view, all the GLMT
expressions that concern external waves, i.e., scat-
tered intensities and cross sections, including radia-
tion-pressure cross sections, remain valid. The only
difference is the change of the meaning of the scatter-

ing coefficients a, and b,. Second, to adapt any
GLMT code to the present case under study, it is
required that only the evaluation of these scattering
coefficients be modified.

In particular, the scattered electrio-field compo-
nents in the far-field region are

iEy

E, = — exp(—ikr) %, (87)
kor

E L ik 88

¢~ " ko exp|—ikr) 4, (88)

in which the generalized amplitude functions 4 and
% are given by

2n + 1

X [mangﬁTMHnm (cos 0) + ib,gM g7, (cos 0)
X explimo), (89)
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moon+1

:ni :E nin + 1)

X |a,gy maTh" (cos 8) + imb, g7 rgll,™ (cos 6|
X explime). (90)

These expressions are indeed formally identical to
those established within the framework of the GLMT
for the homogeneous sphere.??

B. Internal-Scattering Coefficients

From Subsection 5.A, we know the scattering coeffi-
cients A7’ and B and also all the internal coefficients
ratios denoted by R}, and Qj,. Then, it is shown that
we can evaluate the internal coefficients for each
internal TM wave by using Egs. (78) and (77) and,
starting from the outer surface of the sphere, with the
aid of the following recurrent relations:

o - grom [ValMpx) — a,&,(Mpx;)
" UL W,lxz) — RppXaler)
e, = ~Rp.chy
o = U; [‘I’n(M‘ jfl) - Rann(ijjl})} ,
S " Uj—l \Pn(xjfl) - R\j*l’han(xjfl)
€1y = ~R ;115 j=L,...,2. (91)

Similarly, for the internal TE waves, we start from
Eqgs. (74) and (78) and obtain the following recurrent
relations:

q’n(MLxL) -
q’n(xL) -

bngn(MLxL)

qn — &neUL
L QLan(xL)

n MIZJ

dm M2U [ (M j—l) - anXn(ijj—lj} ,
=1n » M2 Ui L Wlaj—) = Q- 12 Xnl%;-1)
o= =Qundl e J=L,...,2.  (92)

As we may have expected, BSC’s appear in the
expressions for cj, and dJ, but not in the expressions
for the other coefficients, as the outer layer is the only
one that owns a boundary with an external surround-
ing space. It is then readily established that Egs.
(91) can be rewritten as

m m

Crn = 8n,T™MCLn>
m _ m
er, = —Rp.cr,

m J— m
c\j—l’hn - Cjncjn,

el 1n = ~Rj-1nli 1 J=L,...,2 93]

in which ¢z, and c;, are the internal coefficients for
the plane-wave case, which can be established, start-
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ing from Ref. 24, as

W, (Mxr) — a,§,(Mrxr)
Cin = 77 ’ (94)
ULl Y,lxr) — Rr,Xxalxr)
. _ UJ \I,n(:ijj—l) - Rann<ijj—l) ] (95)
o []j_l \Ifn(xj—l) - R\j—lknx n(xj—l) )

Equations (93) furthermore show that coefficients
¢}_1 can be rewritten in an iterative form:
Cm

(j—1n C(j+1nCin> (96)

= &uTMCLACL-1n "
which is identical to the case of plane-wave illumina-
tion except for the appearance of a multiplicative
factor g7'ry.  Equations (92) can be easily processed in
a similar way.

6. Numerical Results

This section is devoted to the discussion of the pro-
gramming strategy to compute the scattering coeffi-
cients A7'B", followed by exemplifying results con-
cerning (1) scattering diagrams and (2) radiation
pressure.

A. Programming Strategy

Various programming strategies for computing the
scattering coefficients of a multilayered sphere illumi-
nated by a plane wave have been developed. In this
paper we follow the technique of Wu and Wang.?*
Other strategies are possible, e.g., those developed by
Bhandari?® and Kai et al.1726  We do, however, insist
that it is not the purpose of this paper to compare the
advantages and the limitations of each strategy exten-
sively. In particular, the choice of a numerical strat-
egy to compute the scattering coefficients does not
have any influence on the main part of the work
presented in this paper, which is to extend the GLMT
to the case of multilayered spheres.

The Riccatti—-Bessel functions have asymptotic be-
havior, even for a reasonably sized parameter; their
module can overflow the capacity of any computer.
This behavior is well known from people who have
worked on the homogeneous model. Nevertheless
the stratified model requires a recurrent algorithm on
these functions. Then great attention should be
paid to overcoming any numerical source of error.
For this task Eqgs. (81)—84) can be reformulated in a
form compatible with their numerical calculation.
Following Wu and Wang,?* rather than directly com-
puting the Ricatti-Bessel functions, we can introduce
their logarithmic derivative and ratios, computed by
recurrent relations. The logarithmic derivatives are
denoted as

&lx)

Xalxl _
Enlx)

Xol%) Diix) =

 Dilx) =

(97)

The recurrent relations (81)—(84) for evaluating the



scattering coefficients A’ and B]' then become, for
AT,

em
1n
m — —
en =0, Ry=-—=
Cin

_ \Pn(ijj— 1) ij—lUan

O’ Hn(x ) = Drlz(xl)y

(xj— )= M]U]— 1D}1<ijj— 1)

" XM My UH ;) — MU, DMy )

ki

W,lx) D) R;.D;x)
Hn(: ! L - : - .:2$""La 98
‘xj) Xn(xj) qfn(’x]) _p \Pn(xj) _n J ( )
Xa) T xala)
\I’n(MLxL) M H,x;) — ULDrlL(.ijL)
Al = gﬁTM 3 ’ (99)
EMxr) My H, (x;) — U D3Myx;)
and, for B,
frlnn = 0’ an = - d% = O’ Kn(x ) = Drll(xl)a
1n
o V(M 1) MiU; 1K\ 1) — ]‘4]—1Uij11(ijj—1) )
" Xl M) MU;_\Kjx; ) — M;_JUD> Mg, ,)
‘I’n(xj) Dyll(xj) anD,zl(xj)
K, x)= - =2, . L 100
n(xj) Xn(xj) \Pn(xj) s ,\Pn(‘x‘]) } Q J ) s Lay ( )
X)) T Xalag)
v, (M U,K,lx;) — M D} M;:
Bm — (Mxp) UK, lay) D, (M) ) 101)

n =

gn,TM gn(MLxL) ULKn(xL) - MLD?z(MLxL)

Efficient algorithms for computing the functions
D,z), D2z), Diz), V,z)/xu2), and W,z)/£,z) are
available from Refs. 7 and 24. On the basis of the
above algorithms, a FORTRAN subroutine has been
written to compute the a, and b, coefficients for the
stratified sphere and to incorporate them into a
GLMT code. Some tests have been made for the
plane-wave case, to compare with the literature, a
good agreement has been found with Refs. 6, 7, 17,
and 24.

B. Scattering Diagrams

Figure 2 displays scattering diagrams, in the case of
an electric field’s vibrating in the plane (XOZ) along
(OX), for a water droplet (m; = 1.33 — 0.0i), a carbon
sphere (m; = 1.6 — 0.59i), and a carbon sphere sur-
rounded by a water coating with a ratio of its inner to
outer radius equal to ¢ = 1/2. The particle outer
diameter is 10 pm. Two kinds of incident beam are
considered, a plane wave and a Gaussian beam with a
beam-waist diameter of 20 pum, i.e., the beam diam-
eter is twice the outer particle diameter. The imping-

+—+ Coated sphere, Plane Wave
. & ©-+©Coated Sphere, Gaus. Beam
10" & @—=a Carbon Sphere, Gaus. Beam
|8 *Ss #- —% Water Droplet, Gaus. Beam
10° I O
. o 1071
v,
mﬂ
10' |
10° b
1
10"k i
. . i
0 30 150 180

Fig. 2. Scattering diagrams for parallel polarization by a water
droplet, a carbon sphere, a water-coated sphere (¢ = 1/2) by
plane-wave and Gaussian-beam illuminations: N\ = 0.6328 um,
2wp =20 pm, d = 10 pm, X = 0,Y = 0,Z = 0, my; = 1.33 + 0.0i,
mg = 1.6 — 0.59i.
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ing beams have a wavelength of 0.6328 pym. The
particle center is located at the beam-waist center.

In this case the Gaussian-beam illumination coin-
cides with the plane-wave predictions. On the other
hand, coated-sphere patterns are intermediary be-
tween the two homogeneous-sphere patterns. How-
ever, for a scattering angle smaller than approxi-
mately 20°-25°, the scattering patterns of the coated
particle are close to those of the homogeneous carbon-
particle scattering diagram, whereas, conversely, for
a scattering angle larger than 45°, they are close to
the homogeneous water-droplet case. The behavior
can be explained as follows:

 In the forward direction (6 < 20°), the contribu-
tion of diffraction does not depend on the particle
material, and the refracted contribution is due to the
rays with the smallest impact parameter, i.e., to the
rays impinging on the carbon core.

+ For large scattering angles (6 > 45°), the main
contribution is due to the rays with a large impact
parameter, i.e., to the rays traveling through the
water coating or being reflected by this shell.

Figure 3 shows the evolution of the scattering
diagrams of the coated particle in the Gaussian-beam
case for three locations along the (OX) axis in the
beam-waist plane, i.e., one at the beam-waist center
(X =0) and the two others at off-axis locations
(X = =10 um), exhibiting the influence of the Gaussian-
beam character.

Figure 4 displays scattering diagrams for parallel
polarization of a multilayered sphere described by
m; = m; + 0.5(my —my)1l—cosmt), t = (j—1)/
L-1,5j=1,...,L,m; =143 +i0.0, my = 1.33 +
i0.0, and x; = x; + (xz —x1)j — 1)/(L — 1), where
x1 = 0.001x;, x;, = 59.4, L = 100. Two kinds of
incident beam are considered: (1) a plane wave and
(2) a Gaussian beam with a beam-waist diameter
equal to the particle outer diameter. The impinging

10°
&--& Coated Sphere, Gaus. Beam, X= —10 um
4 6—o Coated Sphere, Gaus. Beam, X= 0 pm
10 r— —23 Coated Sphere, Gaus. Beam, X= +10 pm

60 9% 20180 180
Scattering Angle [deg]

Fig. 3. Scattering diagrams for parallel polarization by a water-
coated carbon sphere (g = 1/2) for a Gaussian-beam illumination
versus its position along the (OX) axis: \ = 0.6328 um, 2wy = 20
mm,d =10pum,Y =0,Z =0, m; = 1.33 + 0.0i, mg = 1.6 — 0.59i.
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—— Plane Wave
—ees Gaussian Beam

! i

0 30

60 90 120 150 180
Scattering Angle [deg]
Fig.4. Scattering diagrams for parallel polarization by a multilay-
ered sphere: m; = m; + 0.5(my — mq|1 — cos(wt)], t = (j — 1)/
[L - 1), X1 = 0.0001, Xr, and xXj = X1 + (xL - xl)(_] - 1‘],//
(L—-1),j=1,...,L, wherex; = 0.001 xz, x;, = 59.4, m; = 1.43 +
10.0, my, = 1.33 + i0.0, L = 100. Plane-wave and Gaussian-beam
illuminations A = 0.5145 pym. The beam-waist diameter is equal
to the particle outer diameter, with X =0,Y = 0,Z = 0.

beams have a wavelength of 0.5145 ym. The particle
center is located at the beam-waist center.

For the plane-wave illumination, the scattering
diagram obtained here with L = 100 is similar to the
one obtained by Kai et al. in Fig. 7 of Ref. 17, with L =
6000. Note that the case considered here already
leads to a radius increment for the stratification of
less than \/10.

C. Radiation Pressure

Figure 5 displays radiation-pressure cross section in
the (OZ) direction, Cy, versus particle locations
along (OX) in the beam-waist plane. Several two-
layered particles with a carbon core and a water
coating are considered (@ = 0.5, ..., 0.9). The limit
case of a pure water (g = 0) or carbon (g = 1) particle
is also displayed (to check the results of our new
GLMT code for multilayered spheres, we obtained

o——e Carbon, g=1.0

o—a Carbon core, q=0.9
Be~11 [-&~—= Carbon core, q=0.8
w—= Carbon core, q=0.7

+— Carbon core, 4=0.6
+—= Carbon core, q=0.5
+—+ Water, g=0.0 ¥

2011

1605 26-05

Fig. 5. Radiation-pressure cross sections Cp.z versus particle
locations along (OX) for several ratios of the water-coating radius
to the carbon-core radius, with Gaussian-beam illumination.
Parameters are the same as those of Fig. 3.



them by using a classical GLMT program for a
homogeneous sphere?’). The other parameters are
the same as for the scattering diagrams of Figs. 2
and 3.

The scattering cross sections Cp, 7 are maximum for
X =0, i.e., for a central position of the particle with
respect to the beam axis. The scattering cross sec-
tions roughly increase with increasing absorbing core
diameter. These behaviors can be explained as fol-
lows:

+ For particles with a small absorbing core, the
rays impinging on the particle with a small impact
parameter are essentially refracted through the par-
ticle, giving a small amount of momentum quality to
the particle in the (OZ) direction, or are reflected.
Figure 2 shows that the water coating increases the
backward scattering (reflection), which corresponds
to a higher momentum transfer efficiency. Thus
here we can distinguish two competitive effects for
decreasing or increasing the radiation cross section
Cprz.

* For particles with a large absorbing core, the
rays impinging on the particle with a small impact
parameter are not refracted in forward scattering but
essentially are absorbed, giving a high momentum
quantity to the particle in the (OZ)direction. Further-
more, the water coating still increases the backward
scattering and then the radiation pressure in the OZ
direction.

The above explanation is qualitative and has to be
extended more carefully in a future work. Neverthe-
less, it may explain why, in Fig. 5, Cy,z is higher for
the particle defined by ¢ = 0.9 than for the carbon
sphere; the thin water coating seems to enhance the
radiation pressure in the OZ direction more than if it
were a carbon outer surface. To ensure that it was
not a numerical problem, we checked this effect by
comparing the results obtained for a particle defined
with ¢ = 0.999 and from the pure carbon particle.
Indeed the two data sets fitted very well.

8e—12 T
e—e Carbon, g=1.0

e—= Carbon core, q= 0.9
&—= Carbon core, q=0.8
v—> Carbon core, 4=0.7375
4e-12 F o—=o Carbon core, q=0.7
+— Carbon core, g=0.6
+——+ Carbon core, g=0.5

cnr.x

—4e-12

-8e-12
—2e-05

Tie05 0 Te-05 2e-05
X, [m]

Fig. 6. Radiation-pressure cross sections Cp.x versus particle
locations along (OX) for several ratios of the water-coating radius
to the carbon-core radius with Gaussian beam illumination.

Parameters are the same as those of Fig. 3.
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- \_/
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16105 —1e-05 ) 16-05 26-05
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Fig. 7. Radiation-pressure cross sections Cp, x for a two-layered
particle (g = 0.95) versus its location along X with Gaussian-beam
illumination. Parameters are the same as those of Fig. 3, except
mq = 1.0+ 0.0i, my = 1.2 + 0.0i.

Figure 6 displays radiation-pressure cross section
Cyprx, versus particle location along (OX) for the same
conditions as above. Here the transverse radiation-
pressure cross-section patterns show that, for the
carbon sphere, radiation-pressure forces drive the
particle out of the beam. Conversely, for a water
droplet, the transverse radiation-pressure forces drive
the particle to the position X = 0. These effects for
homogeneous particles are now classical.2’28 The
radiation-pressure cross sections for the two-layered
sphere are intermediary between those of the carbon
and the water spheres. Thus, with ¢ = 0.7375 for
instance, the radiation-pressure cross-section pat-
terns become very flat when compared with the other
behaviors, i.e., there is almost no more transverse
radiation-pressure effects in this direction.

Figure 7, as a last example of Gaussian-beam
effects on the radiation-pressure patterns of a strati-
fied sphere, displays radiation-pressure cross section
Corx versus particle location along X for a sphere
(m = 1.2), with an air core (g = 0.95), in air. The
Gaussian beam, particle outer radius, and location
are the same as in the cases studied above.

The radiation-pressure pattern is that of a reflect-
ing particle for 2.107® m < |X| < 4.10® m and
corresponds to the radiation-pressure pattern of a
refractive particle for —4.107* m < X < 4.107¢ m.
The beam center is highly unstable for the particle,
i.e., the transverse radiation-pressure forces in the
(OX) direction drive the particle out of this position.
Conversely, the radiation-pressure forces tend to main-
tain the particle at X = =8.107% m, i.e., there are two
symmetrical stable positions for the particle accord-
ing to the radiation-pressure cross section in the (0OX)
direction.

7. Conclusion

We have established the theory of interaction be-
tween a multilayered sphere and an incident arbi-
trary beam by generalizing both (1) the theory of
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interaction between a multilayered sphere and a
plane wave and (2) the theory of interaction between a
homogeneous sphere and an arbitrary beam (GLMT).
We take the incident beam shape into account by

introducing beam-shape coefficients g'x

which are

identical with those of the GLMT. Exemplifying
numerical results have been presented concerning (1)
scattering diagrams and (2) radiation-pressure forces.
It is believed that the theory will allow many applica-
tions, for instance, in the field of optical particle sizing
and characterization.
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Abstract

The principle of the dual burst technique (DBT) based on
phase-Doppler anemometry (PDA) is proposed for simulta-
neous particle refractive index, size and velocity measurements.
This technique uses the trajectory effects in PDA systems to
separate the two contributions of the different scattering
processes. In the case of forward scattering and refracting
particles, it is shown that from the phase of the reflected
contribution, the particle diameter can be deduced. whereas

from the refracted contribution the particle refractive index
and velocity can be obtained. Furthermore, the intensity ratio
of these two scattering processes can be used for absorption
measurements. Simulations based on generalized Lorenz-Mie
theory and experimental tests using monodispersed droplets of
different refractive indices and absorption coefficients have
validated this technique.

1 Introduction

Phase-Doppler anemometry is now a well established particle
sizing technique in laboratories and industries for studying
two-phase flows and sprays. It can provide a particle size
distribution correlated with up to three particle velocity
components, with high resolution in time and space, without
being intrusive. The principle, which is now about 20 vears old
[1-3], is that, when a particle passes through an optical
measuring volume defined by the intersection of two laser
beams, the phase of the light scattered by the particle carries
information about the particle diameter, whereas its frequency
provides information about its velocity. To collect scattered
light, a scattering angle should be chosen to ensure that the
phase-diameter relationship for each detector pair is linear.
This condition can be met when the detectors collect light
scattered by the particle mainly due to a single scattering
process, i.e. reflection or first- or second-order refraction. It is
well known that the scattering angle must be carefully chosen
according to the particle refractive index.

As many experimental investigations in the field of two-phase
flow, multiphase flow and combustion require simultaneous
measurements of individual particle size, velocity and also
refractive index, several systems, based on the phase-Doppler
technique, have been proposed for this purpose [4. 5].
However. these systems are generally not suitable for a
large measuring range of particle refractive indices. When

* Dr. F. Onofri, Dr. T. Girasole, Dr. G. Gréhan, Prof. G. Goueshet,
Laboratoire d’Energétique des Systémes et Procédés, URA CNRS
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(France).
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Tropea. Lehrstuhl fiir Strémungsmechanik, Universitdt Erlan-
gen-Niirnberg, Cauerstr. 4, D-91058 Erlangen (Germany).

measurements are performed in a complex flow field, e.g. in
sprays, the influence of trajectory effects (TE) on refractive index
measurements must also be considered [6—8]. This inevitably
leads to extra receiving units for the refractive index measure-
ments, which increases alignment requirements and costs.

Based on previous work to eliminate the TE in PDA systems
[9-11], an innovative PDA technique, called the dual burst
technique (DBT), is proposed in this paper for refractive index
measurements, in addition to particle size and velocity measure-
ments, using a single receiving unit [12]. A less obvious feature of
the technique is that it can also provide absorption measurements.
After a short review of the newly proposed technique for TE
elimination, the principle of DBT for refractive index

- measurements is introduced in Sections 2.1 and 2.2. Section

2.3 presents some simulation results using a program based on
the generalized Lorenz-Mie theory (GLMT) [13, 14], and
Section 2.4 gives some useful equations from geometrical optics
(GO). Section 2.6 reports on preliminary experimental results
of the DBT. In Section 2.7, these experimental results are
further discussed and points for the future development of
DBT are proposed. The principle of the absorption coefficient
measurements is then introduced in Section 3. Section 3.1
introduces the principle and Section 3.2 presents results of
numerical investigations using GLMT. The preliminary
experimental results obtained with monodispersed water-ink
droplets are presented in Section 3.3. Section 4 gives some
concluding remarks.

2 Development of the DBT for Refractive Index

Measurements

2.1 Elimination of Trajectory Effects

Recently, two PDA optical geometries and a signal processing
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Fig. 1. Simplified scattering processes of a refractive particle in
forward scattering, outside the diffraction zone.

procedure have been proposed for TE elimination. The first
geometry is a planar PDA arrangement [9], and the second has
been referred to as the modified standard geometry [10]. The
principle used in these geometries to eliminate TE is briefly
reviewed as a basis for introducing the DBT.

Referring to Figure 1, the scattering of a laser beam with a
Gaussian intensity distribution from a relatively large particle
is pictured. In this and for further discussions, scattering in the
forward direction and refractive-dominated scattering is
considered. Since the scattering angle usually exceeds 20°,
diffraction can be neglected. Depending on the trajectory of the
particle through the probe volume, the incident light for
reflection may greatly exceed that for refraction due to the
Gaussian intensity profile 7(y), thus altering the phase of the
received light. This is the cause of the TE. For a given receiving
angle, the point of the incident light impinging on the particle
for the reflection (y,) is different from the point of that for the
refraction (), as shown in Figure 1. Therefore, when the
particle passes through the probe volume along the y axis, there
will be a time delay between the intensity maxima of the
reflected ray and the refracted ray. In the proposals to eliminate
the TE, this time delay is used to separate the refracted light
contribution from the reflected contribution. Moreover, the
signal received from the refractive scattering is much larger in
amplitude, allowing a positioning within the burst to ensure
phase determination corresponding to refractive scattering.

The experimental illustration of this effect in the PDA-

technique was first used and reported by Aizu et al. [9], and
subsequently by Xu and Tropea [10].

2.2 Principle of the DBT

In previous work on PDA, the time delay between the different
scattering contributions reaching the detectors was used to
suppress the TE by processing only the portion of the burst
originating from refractive scattering. However, further
information can be extracted by using all portions of the
signal. Of the two scattering contributions, i.e. reflection
(p=0) and refraction (p =1), only the refracted light is
influenced by the material properties of the particle. The phase
of the refracted light from a particle is a function of the optical

set-up, particle size and particle refractive index. The phase of .

the reflected light is, however, only a function of optical set-up
and particle size and does not depend on the particle refractive
index. From the reflected burst, the particle diameter can be
deduced. Knowing this diameter and the optical parameters of
the phase-Doppler set-up, the particle refractive index can be
determined from the phase of the refracted burst.

To use the DBT, the beam waist diameter must be reduced
compared with typical values in PDA, in order to differentiate
more clearly between the reflected and refracted contributions.
Indeed, for a dominant refractive particle, the reflected

‘contribution is low in amplitude compared with the refracted

contribution. Therefore, any mixing between the two scattering
processes must be avoided. Furthermore, with a small
measuring volume, the laser power is focused on a smaller
area, which also increases the intensity of the incident light
and hence the signal-to-noise ratio (SNR) of the received
signals.

2.3 GLMT Simulations

Numerical simulations using a phase-Doppler code based on
GLMT were carried out to investigate the DBT. Water
droplets were assumed to pass through a 54 pm measurement
volume (A = 0.6328 um) of a modified standard PDA with
three detectors (see Figure 2). Nevertheless, only two detectors

Main flow direction

Receiving unit

Fig. 2: Optical geometry of a modified standard PDA for implement-
ing the DBT.

are considered for these simulations: detectors D and D;. The
off-axis angle, and half-beam angle and the detector elevation
angles ¢, a, ¥ are equal to 30°, 1.7° and +3.69° respectively.
The detector aperture shape is rectangular, with an angular
aperture defined by éx = £0.277°, §y = £2.77°. Figure 3a
displays the simulated phases when water droplets are moving
along (OY) and Figure 3b displays the corresponding signal
intensity.

In both Figures 3a and 3b, the two scattering processes (p = 0

“for Y <0,p=1for Y > 0) are evident, characterized in Figure

3a by the two plateaux of the phase evolution, and in Fig. 3b by
local maxima for the signal intensity. For a 108 um water
droplet, for instance, two intensity maxima located at
y== —=50pm and y ~ 40pm can be distinguished. These two
locations of intensity maxima correspond to two phase values
in the two flat parts of the phase diagrams: ®; =~ 269° and
@, ~ 1° (with phase jump over 360°). Using these two phases
and relations from geometrical optics (see next section), the
particle diameter and refractive index are determined as
107.7 pm and 1.333, respectively. The time delay, expressed
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Fig 3: Dual burst technique: (a) simulated phase difference and (b)
signal intensity versus droplet location and diameter. Measuring
volume diameter 2w, = 54 um, off-axis angle ¢ = 30°, refractive index
m = 1.333 (water droplets).

here as a spatial separation between the maxima, decreases
with the particle diameter. For the 27um droplet, the two
scattering processes are not well separated, i.e. the first
intensity maximum is not clear. Furthermore, the phase
difference continues to evolve in the reflected signal (as for
the TE), demonstrating that there is a mixing of the scattered
contributions. The diameter/refractive index deduced as above
for the 27, 54 and 162 um water droplets are 24.5um/1.300,
53.9um/1.328 and 159.9 pm/1.330, respectively.

Figure 4 displays the evolution of the simulated phase
difference and the signal intensity for the 54 pm droplet when
its trajectory is parallel to the fringes as in Figure 3, but at
different x locations. In the phase patterns, only the mixing
region evolves with the particle trajectory distance from the
probe volume center. The two flat parts are independent of the
particle trajectory, i.e. the DBT is free of TE for particles
moving parallel to the y axis.

330
aco | @

270 f ---- x=0

240 | ¥~ *X=—27 um
o- — © X=+27um

A3 A—a X==54 pm

180 1s o x=+54um
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Fig.4: DBT s free of TE: (a) simulated phase difference and (b) signal
intensity versus droplet y location for different x locations. Droplet
diameter D = 54 um, refractive index m = 1.333.

2.4 Analytic Formulation of Refractive Inﬂex_ Measurements

Detectors Dy, D, and D, are used to measure the particle size
and the transverse velocity component Fyy. In order to obtain
simultaneously the particle velocity in the direction of the main
flow, a two-color PDA system has to be used.

From the signals from detectors D; and D,, a phase difference
‘IJ;Z is obtained (p stands for reflection (p = 0) or refraction
(p = 1)), and from D, and D5 one obtains the phase difference
@11,3. Since the detector spacing between D; and D, is smaller
than that between D; and Ds;, the corresponding phase/
diameter conversion factors follow: |Cpl'3| > 1C_;2 ,forp=0o0r
p = 1. For a particle of diameter D and refractive index m > 1,
we have with C}' < 0 and C* > 0:

For the reflected signals:

(@ —360°) = Ci*-D (1)

(@ —360°) —ng+360° = C* - D (2)

1 13 12 Céa
n0=INT %65 @0 7(@0 7360)6‘—(]]'2 —1 +05}

Thus, from the phase of reflected bursts, the particle diameter
D is deduced using the above expression for ny from

(3)

B — 360°(ng + 1)

D= C013 (4)

For the refracted signals:

31 = c*p - 360°m, (5)

=D (6)
L (cPon i

ny =INT %0 (C—]lzq)l -7 | +0.5]. (7)

The phase conversion factors C}% and C}* are both a function
of the particle refractive index, hence n; cannot be deduced
directly. To solve this problem, an approximation is made. The
approximation is that the ratio C'P/C%2 in Eq. (7) is only a very
weak function of the refractive index and can therefore be
determined independent of m for a given optical geometry.
Thus, n; can be calculated for any one particle. One therefore
obtains the quantity

O +360%,

cP = >

S (m) (8)

which is a function of the particle refractive index. The validity
of this approximation can be briefly examined using geome-

- trical optics.

According to Nagwi and Durst [15], the phase conversion
factors for reflected light (C{) and for refracted light (C}) can
be expressed for a point detector as a function of the off-axis
angle ¢, the half-beam angle o, the elevation angle ¢ and the
real particle refractive index m in the following form (note that
the sign convention for the two scattering processes are
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reversed compared with Nagwi and Durst [15]):
- u,‘
2(1 — v?)

) mu
Ci = “ (10)

V2L + )1+ 2 — /2T + 0]

with

{ui=ksina sin o' (11)

v' = cosa cos? cosg
where i =1, 2, 3 stands for the detector considered, and

k = 2z /X for the wavenumber. For phase difference measure-
ments, the useful parameters are (with p =0, 1)

C/=C,—Cl, j=2,3. (12)

Thus, the particle refractive index can be deduced by reversing
Eq. (10) with Eq. (12), yielding

V2(1+ 0" +/2(1 +ol) — 4w

m= 2w (13)
with
o 2(”1)2
(1 +Ul)(C{3)2I (14)
o _ 1 +n, 360°
1 D

To verify that C1'3 /C1? is a very weak function of i, this ratio
was computed using Eq. (10) for the PDA geometry used for
the GLMT simulations. The results are shown in Figure 5 and
the PDA geometry is given in Table 1. The dependence of
C13/C1? on the particle refractive index is extremely weak (less
than 1% over a wide range). This influence on the computation
of the discrete parameter »; can thus be neglected.

2.5 Considerations Concerning the Expected Sensitivity

Knowing the basic formulations to extract the particle
refractive index and diameter from the measured phase
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Fig. 51 Evolution of the phase conversion factors of the refracted light
and their ratio versus particle refractive index.

Table 1: PDA set-up used for refractive index measurements with the
DBT. :

Wavelength 632.8nm  Detector aperture 297°
Half-beam angle 1.7¢ (rectangular) height

Polarization Orthog. Detector width 277°
Off-axis angle 30° Beam waist 54 pm
Elevation angle D, +3.69° Elevation angle D —3.69°

difference, a compromise must be found for the PDA optical
parameters. The main conditions were selected:
e The intensity ratio between the two scattering processes has
to be close to unity for easy signal processing.
e The phase sensitivity to the particle refractive index has to be
maximized. :
e The size and refractive index dynamic range has to be
maximized.
The intensity ratio between the scattering processes is
essentially a function of the off-axis angle, as demonstrated
in Figure 6, where the intensity of reflected and refracted light
versus the scattering angle is predicted by geometric optics for
parallel‘and perpendicular polarization, and for m = 1.33, 1.34
and 1.35. In forward scattering p =0 and p = 1 both exist.
Nevertheless, differences between the reflected and refracted
light for parallel polarization are much larger than for
perpendicular polarization. The perpendicular polarization is
therefore more suitable for the DBT.
The phase conversion factors depend on the refractive index,
according to Eq. (10), but also on «, 9, ¢ and X. Nevertheless,
we are interested in the phase sensitivity to the refractive index
expressed by (dC}* /dm). In Eq. (10), the half-beam angle & and
the elevation angle v’ play an equivalent role in the
approximation of small angles. Their product can therefore
be considered as the significant parameter. Figure 7a shows the
evolution of the calculated conversion factor C; versus the particle
refractive index m for a-¢ = 6.27°°, with ¢ as a parameter.

Geometric optics: scattering diagrams
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Fig. 6: Scattered intensity by reflection (p = 0) and refraction (p = 1),
for m = 1.33, 1.34 and 1.35, calculated using geometric optics.
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Evolution of the phase conversion factor Cj° versus the particle
refractive index and the product of the half-beam angle and the detector
elevation angle for ¢ = 30°. The wavelength is A = 0.6328 um.

Figure 7b shows the conversion factor €}° as a function of m, for
¢ = 30° with the product « - 4 as a parameter. The wavelength has
the constant value A = 0.6328 um. . .

For given m, the slope (4C}* /dm),,) is an increasing function of
a - 1p. Conversely, for a constant value of the parameter, it is a
decreasing function of the particle refractive index. The off-axis
angle also plays an important role in the phase sensitivity to the
refractive index.

As an example of the quantification of this sensitivity for
¢ =130° a=17° 1¥=3.69°, and a particle diameter of
100 pm, a calculation yields that qSP varies by 10° for a
change in refractive index from m = 1.33 to 1.34.

2.6 Experimental Investigations

The PDA geometry used in the experiments was the same as in
the GLMT simulations, except that the detector aperture shape

was circular with a cone half-angle equal to 2.77°. The particle
stream was directed in the negative y direction, in contrast to
the illustration in Figure 2. Monodispersed droplets were used
for the tests. Water (m = 1.333), ethanol (m = 1.361) and a
sugar-water solution (45% sucrose by weight, m = 1.410), were
used for achieving different particle refractive indices. The
nominal sizes of the droplets, according to the set-up of the
droplet generator, were 95-98 um for water, 89-91, 100 and
125um for the sugar-water solution and 25-34, 38-45 and
54—64um for ethanol. The bursts were stored in a digital
oscilloscope and read out to a PC. A zero-crossing procedure
and a cross-spectral density algorithm with sliding window
[16, 17] were used to compute the phase difference between the
burst coming from the two detectors Dy and D;. A shift fre-
quency of 5MHz was applied to the laser beams to obtain a
sufficient number of cycles in the signal bursts for signal
processing.

As an example of typical dual bursts, Figure 8 shows three
signals produced by D; and the measured phase evolution
between signals of the two channels. They were produced by (a)
a 25 pm ethanol droplet, (b) a 75 um ethanol droplet and (c) a
95 um water droplet, passing through the measuring volume
along (OY). For the large particles (b) and (c), the phase
diagrams show two flat zones, separated by a transition zone
with a phase jump. These zones correspond to two maxima in
the signal amplitude: the refracted burst (with the higher
amplitude) and the reflected burst (with the lower amplitude).
By measuring the phase difference around these maxima, and
using Egs. (9)—(14) with ny = n; = 2, the droplet size/refractive
index deduced are 74.2 pm/1.354 and 93.8 pm/1.316.

In Figure 8a, a separation of the bursts due to the two
scattering processes is observed but not as clear as in Figures 8b
and 8c. In the phase difference curve, the transition between the
two flat parts is smoother compared with cases (b) and (c) and
the flatness of the curve in the reflection-dominated part is
reduced. In this case, the droplet size is too small, compared with
the beam waist diameter, to avoid mixing of the two scattering
processes. In other words, the Gaussian intensity profile with the
S54pm waist diameter is too smooth to separate the two
contributions with a sufficient time delay. This phenomenon has
already been predicted by simulation in Figure 3, where the
behaviour of the 27 um droplet is equivalent to case (a) in Figure 8.
Thus, for this droplet size (about half of the probe volume size)
and obviously for smaller droplets, the problem is where to
extract the phase information for the reflection process in the
signal burst in order to obtain the best accuracy, and how to
find the required position during signal processing. This is an
open problem. Nevertheless, some solutions are possible, for
example to make an estimate of the time delay between the
maxima of the two contributions, thus enabling the right
position in the reflected burst to be found according to the
amplitude maximum of the burst [18]. In the current
experimental investigations, when the reflected burst from a
small particle could not be detected from its amplitude due to
the mixing of the two contributions, the phase difference for the
reflection was measured at the position where d°®§°/dr* = 0.
Using this method, the droplet size/refractive index for case (a)
were estimated as 25 pm/1.358. Measurements were carried out

* for different droplet sizes. The accuracy of the size measure-

ments with the DBT can thus be checked over a wide size range.
With the DBT, reflected bursts yield the particle diameter
directly. Figure 9 displays the measured diameters from the
reflected burst versus the nominal droplet diameter according
to the monodispersed droplet generator. Good agreement
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(within 10%) is found for large particles, even for particles
larger than twice the probe volume diameter. For small
droplets (below 50pm), the diameter estimation is not as
good. This point will be discussed later.

In the present experiments, the particle refractive index is
known beforehand. Thus, the droplet diameter can be deduced
from the refracted bursts. Figure 10 shows a comparison of the
droplet diameters obtained from the reflected burst and from
the refracted burst. The consistency of the information
extracted from the two scattering processes is clear: droplet
diameters measured from the refracted light and the reflected
light agree with an accuracy of better than 10% over all the
sizes. Note that here for small particles (below 50 um), the
agreement is much better than in Figure 9. It may be doubtful
whether the nominal diameters of the small droplets are very
accurate, because in the operation of the TSI-3450 droplet
generator for producing very small droplets, the flow-rate/
operating pressure took a long time to become stable, while the
operating frequency range in which droplets are mono-
dispersed depends strongly on the flow-rate. Simultaneous
measurements of droplet diameter and refractive index are
displayed in Figure 11. In this plot, six groups can be
distinguished, as given in Table 2. The results of the
measurements of groups A60, S100 and W95 are concentrated
around the expected value for size and refractive index. The

75 pm ethanol droplet and (c) a 95 pm water droplet.

mean refractive index and the standard deviation of the
measurements are given in Table 2.

For groups A30 and A40, the results fluctuate strongly, leading
to unreliable refractive index measurements. The errors may be
due to the low SNR and the selection of the portion of the
signal for phase estimation.

The errors in measurements of groups A30 and A40 are much
higher than those of group A60. Apart from the reasons
described above, errors also arose because the distance between
droplets was too small in this case. The reflected light from one
droplet was thus mixed with the refracted light from another
droplet behind it. This was clearly seen in the recorded signals
(and partially in Figure 8a). For the measurements of group
S125, a discussion is given in the next section. Figure 12 plots

Table 2:  Summary of results of refractive index measurements.

Group Material Nominal Mean refractive Standard

diameter (um) index, m deviation of m
A30 Ethanol 25-34 1.382 0.0636
Ad0 Ethanol © 38-45 1.382 0.0441
A60 Ethanol 54-64 1.360 0.0147
S100  Sugar-water 100 1.407 0.0146
S125  Sugar-water 125 1.378 0.0168
W95 Water 95-98 1.331 0.0112
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the data of group W95, groups A40 and A60, and group S100
as a histogram.

2.7 Discussion

From conventional PDA, it is well known that the receiving
aperture size and shape are of great importance to obtain
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accurate size measurements [19]. The aperture size influences
the signal intensity directly, whereas the aperture shape mainly
determines the signal visibility. In DBT, the influence of this
last parameter is even more important, because an unsuitable
receiving aperture shape may lead to non-linearity of the
calibration curve, especially for large particle sizes, and the
tolerance to this deviation for a satisfactory refractive index
measurement is much smaller than that for a size measurement.
Figure 13 displays the simulated phase and signal evolution for
a sugar-water droplet of 125 pm diameter for different receiving
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Fig. 12: Distribl_ltién of measured refractive index in groups W95,
A40-A60 and S100.
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apertures. The experimental conditions for group S125 in
Figure 11 were used, with the exception that the receiving
apertures were replaced by narrow rectangular apertures
(6x = £0.277°, by = £2.77°). According to GO, the phases in
this case should be 160.0° and 24.8° (with a jump of 360°) for
reflection and refraction, respectively. From GLMT simu-
lations for the rectangular aperture, using the phases around
the intensity maxima, the droplet size/refractive index are
predicted to be 125.4pm/1.413. With the exact optical
parameters of group S125, however, including the circular
receiving aperture, the results were 115.9 pm/1.363. Regardless
of the exact value, this simulation predicted that the use of a
circular aperture will result in a negative error in the refractive
index measurement. Very good agreement is found with the
measured diameter and refractive index for the corresponding
particles in Figure 11 and Table 2.

Note that in Figure 13, although the area of the circular
receiving aperture is eight times larger than the rectangular
aperture, the signal intensities of the reflected contribution in
both cases are about the same. ]
As shown in Figure 8, the cross-spectral density algorithm with
sliding window can be successfully used in DBT to trace the
phase difference evolution. The question is, however, where to
extract the phase information for the reflection process in the
signal burst to obtain the best accuracy for small particles and
how to find the required position during signal processing.
For each particle passing through the measuring volume, the
phase of the corresponding burst can be analyzed continuously
by the DBT signal processor. With the present electronics/
computer, it is already possible to implement such a kind of
signal processor. The main advantage is that, by tracing the
phase evolution inside the dual bursts with DBT, some of the
particle non-homogeneities (e.g. cenospheres) can be recog-
nized [20-22].

3 Absorption Coefficient Measurements

3.1 Principle

Further information on the scattering particles can be deduced
from the signals when the ratio of the two intensity maxima is

considered. This ratio contains information on the absorption
coefficient of the particle, as one of the bursts is produced by
reflection and the other by refraction, and is therefore
influenced by the absorption in the particle.

The principle of this extension of the DBT is explained briefly.
The scattered intensity from refraction can be approximated by
an exponential function of the particle diameter and absorp-
tion coefficient, which reads for the maxima

I =I5 (13)

max

where I is the collected maximum of the refracted rays for a
given absorbing particle and /{g" is the collected maximum
intensity of the same particle but without absorption. X is the
absorption coefficient related to the complex part k of the
particle refractive index by k = K - A/4. L is the optical path
of the refracted rays through the particle, which can be
expressed as a product of particle diameter D and a constant 4
which is to be determined, L = 4-D. Generally, from the
previous relation it is straightforward to deduce that by
measuring I{’¥", absorption measurements can be performed if
the terms I;f"* and A are known. Nevertheless, this requires
calibration experiments, as at least I{';" is a function of the
laser power, the optics alignment, the gain of detectors, etc.
In the case of the DBT, the values of I"§¥" and I, the
corresponding maximum of the scattered light by reflection, are
provided. This second term can be used as a reference value.
Thus, the problem is reduced to finding an expression relating
the maximum of the reflected and refracted light intensity and
the constant A, for a given particle and for a given PDA
configuration.

For large particles (D > 1)), it can be shown that without
absorption, the intensity ratio of reflected light and refracted
light is a function of the scattering angle and the polarization of
the incident light. This ratio does not depend on the particle
diameter. Let B = In([{("™/I{"). Then, the absorption coef-
ficient is

—L N (HEY g 1
w55 (=) 1] o
According to this equation, only the ratio 7"¢*/I{™ and the
particle diameter D are to be measured in order to determine
experimentally the absorption coefficient with the DBT. The
constants 4 and B can be computed using GLMT or GO.
The constant 4 can be considered as the non-dimensional

optical path of the refracted rays through the particle. Thus,
GO gives

A = sin(7") (17)

where 7' is defined in Figure | as a function of the particle
refractive index and the scattering angle (& off-axis angle) [23].

3.2 GLMT Simulations

A PDA geometry with the same parameters as in Table 1 was
used to simulate absorption measurements with the DBT;
however, the off-axis angle here is 60°. This last parameter was
increased to obtain a compromise between the sensitivity of the
ratio In(7yg™ /Ig™*) to particle absorption and the correspond-
ing dynamic range. The total laser power for the computations
1s 46mW. The particles considered are droplets of a water-ink
solution, for which the complex refractive index has been found
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Table 3: Complex refractive index data used for the water-ink
solutions [24].

Concentration of ink in
water (wt.%)

Complex refractive index
(A =0.488 pm) at T = 20°C

0 1336 —1 0.0

2 1337-i0.78-107*

4 1337-1643-107*

7 1.338-19.03-107*
12 1.34—i128.1073
25 1.34—1i249.1073

by Manasse et al. [24], and is reported in Table 3. In this table,
the complex refractive index is given versus the weight
percentage of ink in water.

In order to simulate absorption measurements, simulations
using GLMT for three droplet diameters, D = (a) 54, (b) 108
and (c) 216 um, and different concentrations of ink, 0, 2, 4, 7, 12
and 25%, were performed. The droplet trajectory in the probe
volume is along (OY). In Figure 14, the evolution of the signal
intensity from D, and the phase difference between D, and D4
are presented versus the particle location along (QY), with
X=Z=0.

The distinction between the reflective (¥ < 0) and refractive
(Y > 0) processes is clearly apparent. The effect of the
absorption is to decrease the maximum of the refracted light,
as expected. Refracted light becomes very weak after 25% of
ink by weight is reached, i.e. k = 2.5-10°. The reflected light
intensity is almost constant, as assumed previously. The
absorption seems to have almost no influence on the phase
difference around the signal maximum, except of course for
large absorption and large particles, for which the refractive
process has almost totally disappeared, leading to signals with
low SNR.

In order to verify the validity of Eq. (16), the following relation
is plotted in Figure 15:

In G}fi ) = f(KD) (18)

where I /I;"* is deduced from Figures 14a, l14c and 14e by

fitting a three-point exponential to the maximum of the

reflected peak I;"*, and to that of the refracted peak I/

Note that the function f(KD), according to Eq. (16), is

expected to be of the form f(KD) = B— 4. KD.

From Figure 15 it is clear that the relation is linear in spite of

some fluctuations for small values of KD. If we make a linear

regression over the whole set of data, the slope of f is found to

be equal to —0.6898 (= A4), and the intercept is 0.8289 (= B).

In Figure 16, the results of the inversion of Eq. (16) using

coefficients 4 and B deduced from Figure 15.are shown. Thus

each intensity ratio and the reflected phase from Figure 14 were

used to simulate measurements. In Figure 16,

e Fork <7.8.107%, the intensity ratio evolves linearly except
for the small particle (D = 54 um). This could be expected, as
the linear regression in Figure 15, does not fit this group of
values very well.

e For 7.8-107* <k < 1.28-107, k is determined with an
accuracy of better than 10% for particles between 54 and
216 pm. 3

e For 1.28-107% <k <249. 10'3, k is also correctly esti-
mated ‘except for the largest particle (D = 216 pm). This last
case can be easily explained, as the collected refracted light
intensity from this particle is extremely weak (see Figure 14).

Thus, any uncertainty in its deterrninaﬁon induces large
deviations from the expected value. This phenomenon is a
common limiting point of any absorption measurement
technique, :

3.3 Experimental Results

The PDA geometry used for this preliminary test is identical
with that described in Table 1, except that the off-axis angle has
been set to 60° in order to increase the available absorption
range and the intensity of the reflected contribution (see Figure
6). The experimental procedure used was similar to that
for refractive index measurements. Monodispersed droplets
with different water-ink concentrations were produced by a
drop-on-demand generator.

As an example, Figure 17 presents typical signal bursts
recorded during the experiments for water droplets of 87 um
nominal diameter. These signals were digitally filtered in order
to suppress the Doppler frequency and to make the signal
intensity maxima clearly apparent.

Figure 18 presents the histograms obtained using both of the
two scattering processes to deduce the size of droplets of a 16%
ink solution, with a nominal size of 87 um.

The two histograms are centered around the expected value.
Nevertheless, the standard deviation of the size measurements
based on the refracted process is much greater than that for the
reflected process. This may be attributed to the weakness of the
refracted contributions for this ink concentration, which leads
to a low SNR and errors in the phase estimation. Another
reason may be the influence on the physical heterogeneity of
the ink solutions. Further experimental tests will be made in the
future to investigate this effect.

Figure 19 presents (i) on-line absorption measurements

7 obtained for different ink concentrations with the DBT,

simultaneously with the droplet size and velocity, and (i)
absorption measurements with a static photometer with the
solutions used to produce the droplets. Note that the
photometer measurements could only be carried out up to a
concentration of 2% ink in water. The values for higher
concentrations were then computed by linear extrapolation,
referring to Table 3, taking into account the wavelength of
A = 0.6328 pm used for the DBT measurements.

There are some fluctuations of the absorption measurements
with DBT versus the ink concentration. Nevertheless, a linear
trend can be found. Furthermore, this linear evolution (linear
regression over the measurements) deviates only slightly from
the extrapolated line obtained with the photometer. These
deviations can be explained by the wavelength used in the
computations of 4 and B, which was different from the
wavelength used in the experiments.

4 Conclusions

The principle of an innovative technique, the phase-Doppler

- method with the dual burst technique (DBT), has been
‘examined. Using this technique, a phase-Doppler anemometer

(PDA) with a single receiving optics can be used to perform
refractive index or absorption coefficient measurements simul-
taneously with particle size and velocity. The results from
preliminary experimental investigations and simulations are
promising. The different ink solutions in Figure 19 could
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clearly be distinguished on the basis of measurements of the
quantity In({¢* /Ig"™). It should be mentioned that, in order
to compensate for effects of different x locations of the droplet
trajectory parallel to the y axis, the arithmetic mean of
In(Z\"¢* /1"*) from the two photodetectors D, and Dj is used
for the measurements. It could be shown theoretically that this
method totally eliminates the influence of different droplet
trajectories. For treating droplets with trajectories which are not
parallel to the y axis, however, there is still more work to be done.
As mentioned previously, a physically heterogeneous water-ink
solution has been ecxamined. However, in order to make a
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Fig. 16: Derived value for the imaginary part of the particle refractive
index versus the nominal value, with the particle diameter as parameter.
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Fig. 17: Typical signal bursts recorded experimentally for water
droplets of 87 um in diameter. These signals were low-pass filtered to
suppress the Doppler frequency.

comparison with the GLMT simulations, an optically
homogeneous solution would be more appropriate. This may
be the source of observed discrepancies.

The next steps will be to design an optimized DBT system
based on the points discussed in this paper. This will include
also considerations of the receiving aperture shape. As shown
in this paper, the optimization of the DBT for refractive index
or absorption coefficient measurements leads to different
arrangements.
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6 Symbols and Abbreviations

constant

ratio of maximum intensities of refracted light and
reflected light without absorption
phase/diameter conversion factor
particle diameter

light intensity

wavenumber 27/ A

imaginary part of the refractive index
absorption coefficient

optical path length

real part of the refractive index

ng, np  integer numbers (phase jump over 27)
D scattering order

T temperature

V velocity component

x, y,z cartesian coordinates

oo

ICxRE®™NOO

@ half-beam angle

ox, 8y  aperture half-angles

A wavelength of light

7 angle between refracted ray and surface tangent
o] off-axis angle of detectors

P phase shift

b elevation angle of detector

Wy radius of beam waist -

Sub- and superscripts

0,1 scattering order

12, 13 detector pairs

I j sub- and superscripts for detector numbers
perp  perpendicular

parall parallel
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Abstract

After having recalled basic theoretical results concerning the
extension of generalized Lorenz-Mie theory to the case of
multilayered spheres, results connected with phase-Doppler
anemometry are considered. showing the influence of Gaussian
beam intensity profiles on the light scattering properties of
these particles. Particular emphasis is placed on the case of
waler-coated carbon core particles, for which the possibility

of obtaining simultancous size measurements of the core and
outer diameters is discussed. The sensitivity of the technique to
particles with a refractive index profile is also considered,
showing that this technique is more sensitive to changes in the
average refractive index of the particles than to refractive index
profiles, such as produced by high pressure and temperature
stresses, at least {or the studied geometry.

1 Introduction

Optical sizing of optically inhomogencous particles is a field
ol current interest [1, 2]. The present paper deals with the
restricted case of spherical particles in which inhomogencity
exhibits a radial symmetry.

There exists a large literature devoted to the study of the
scallering properties of coated particles following earlier
pionecring works [3-5]. The carlier work was essentially
devoted to meteorological problems or Lo the propagation
of radar waves, and consequently were mainly restricted to
particles with small size parameters. One current research
interest is in coated and multilayered particles [4, 6-9] in
connection with the development of optical techniques to
investigated multiphase flows, spray combustion, clc., in
laboratories or industry [10-12]. In such cases, focused laser
beams are generally used and particles cannot be considered as
small with respect to the light wavelength or to the beam radial
dimension. Typical cxamples of coated and mululayered
particles encountered in various field are, for instance

e In combustion and spray drying:

Cenosphere particles, which are produced during the com-
bustion of some heavy fuels and which constitute a source
of pollution [13, 14]. In the earlier stage of their formation
process, they appear as liquid particles with a carbon core.
Droplets under a high temperature stress and/or with a strong
evaporation rate for which a refractive index profile may occur
[10, 15].

e In biology:

Microencapsulated particles which have pharmaceutical appli-
cations [16].

Cells, for which optical tweezers based on radiation ressur:
forces are under development [17-19]. Such cells may be

* Dr. F. Onofri, D. Blondel, Dr. G. Gréhan, Prof. G. Goueshet,
Laboratoire d’Energétique des Systémes et Procédés, INSA de
ROUEN, URA CNRS 230-CORIA, BP08, 76131 Mont-Saint-
Aignan Cédex (France).

modelled as simple coated particles, including the shell and the
nucleus [20]. or as mululayered particles.

Several approaches have already been developed to extend
optical sizing techniques for such particles and in particular
phase-Doppler anemometry (PDA) [11, 15, 21]. Nevertheless,
as far as we are aware, such studies were carried out under the
assumption of plane wave illumination with the restricted aim
ol reducing the influence of particle inhomogencitics on outer
diameter size measurements.

Regarding the success of PDA for optical particle sizing of
spherical homogeneous particles, in academic rescarch and for
industrial development, the approach developed in this paper
is essentially based on this technique. Qur aim is to obtain
relevant mformation on particle inhomogeneitics by taking
advantage of non-uniform illumination of the particles [12, 22].
The theoretical analysis relies on the extension ol the gen-
cralized Lorenz-Mie theory (GLMT) [23, 24] to the case of
multilayered particles [9].

The paper is organized as follows. Section 2 recalls some basic
features of the GLMT extended to the case of multilayered
particles. Section 3 discusses diagnosis and measurements from
scattering diagrams and PDA signals from particles with an
absorbing core. Section 4 considers the influence of refractive
index profiles. created inside droplets by high pressure and high
temperature stresses, on size measurements by using a classical
PDA system. Section 5 is a conclusion with perspectives.

2 GLMT and Multilayered Particles

One lundamental theoretical step in extending PDA or other
optical technigues to the characterization of coated and multi-
layered particles is the description of the interaction between a
shaped beam and a multilayered particle. When compared with
the Lorenz-Mie Theory (LMT) framework, GLMT [23, 24]
introduces two new sets of coefficients, the so-called beam
shape coeflicients g’y and g 74, describing the incident beam
in a partial wave representation. In the far field, the generalized

) VCH Verlagsgesellschaft mbH, D-69469 Weinheim, 1996

0934-0866/96/0204-0104 $10.00+.25/0
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scattering amplitudes S; and S, are then given by the following
expressions:

s 4n

s 2n + 1 " n
S = L Z PP (16,2 rag 7 (cos )

n=1m=-n ”(H +

_|m|

+ ib, g e 7" (cos )] exp(imp) (1

Si= 30 Y0 2L gl deoso)
Q2 = 7 |9u&n, 1M Tn (COS
) n=1 m=-n H‘(ﬂ' + I) St

" ||

+ imb, g ey (cos 6)] exp(imyp) (2)

where a, and b, are the classical scattering coefficients of LMT
which depend on the particle diameter, the complex refractive
index of the particle material and the wavelength of the illu-
minating light. The scattering geometry is taken into account
by the harmonic functions exp(in) and by the Legendre
functions 7™ and 71", which invalve the azimuthal angle ¢
and the scattering angle 6 [23, 24].

When a multilayered sphere is considered, boundary condi-
tions must be written (7) at the {rontiers of consecutive internal
layers. then involving internal fields, and (if) at the frontier
of the outer layer, then involving the external field and the
internal field in this layer, leading to an iterative problem.
There, cach layer is defined by its complex refractive index
m;, its magnetic permeability p, and its outer size parameter
X; = 2mr; /A fromj = | for the core to j = L for the outer layer
while we have j = 0 for the external medium (Figure 1).
Using the GLMT formalism, it can be shown [9] that the
scattering coeflicients of a multilayered sphere illuminated
by an arbitrary shaped beari can be rewritten simply in the
following form:

ff::' - g:;f'."M A, (?)
By = gurir By (4)

where A4, and B, designate the scattering coeflicients of the

Incident
wave

(A) —
[
>

Fig. 1. Geometry of the stratified sphere theory.

multilayered sphere for a plane wave illumination, reading

4 = MW, (Mpx ) Halxp) = ULY(Mox) (5)

o M (M pxp)Hy(xp) — Ur&n(Mpxy) i

B - UpU, (Mpxp)K(xp) = M (M px,) ()
" U (MoK (x ) = Mi&L (M x,)

where U, &,, and ¥, &, are Ricatti-Bessel functions and the
corresponding derivative, respectively, with M; = mjg/m; and
Uy = pz /ua [9]. Functions H,(x.) and K,(x.) are deduced
from recursive algorithms starting from the core of the sphere
to its outer layer [9, 25].

As a consequence, GLMT codes for homogeneous spheres can
readily be extended to the multilayer case by changing the
subroutine which computes the scattering coefficients to a new
one established for the case under study. Such subroutines are
available from the literature. Let us also mention that light
scattering by a coated sphere illuminated with Gaussian beam.
described by using an angular spectrum of plane waves, has
been considered by Khaled et al. [26]. Nevertheless, it has been
shown that the angular spectrum approach to the beam des-
cription 1s several orders of magnitude more time consuming
[27] than the localized approximation we use in GLMT. A code
based on GLMT has been modified to simulate the response of
a PDA device when multilayered particles are under study. The
next sections are devoted to the presentation of results obtained
by using this code.

3 On the Detection of Particles with an Absorbing
Core

Within the cases of coated particles (L =2), one may
distinguish four major subclasses:

(1) particles with an absorbing core and a transparent shell,
(2) particles with absorbing core and shell,

(3) particles with a transparent core and an absorbing shell and
(4) particles with a transparent core and shell.
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While cases 1 and 2. for instance, are good models for
cenospheres [13]. coated oil droplets [28] or biological cells
[19. 20]. case 4 is a model for glass micro-balloons [21]. In
the following, only case 1 is considered.

In many cases, PDA mecasurements are carricd out for
dominantly refracting homogeneous particles, leading to the
usual near-forward detection at 30°. The refraction scatlering
process is obviously influenced by both the particle size and the
particle material. In particular, the so-called dual burst tech-
nique takes advantage of this lact to measure particle refractive
indices [29, 30]. In the extreme case of perfectly absorbing
(reflective) particles. however. only size measurements using
reflected light are allowed.

In the presence of a core inside the particle, refracted rays
which normally (without any core) are scattered in direction ¢
(assumed (o be the detector direction) may impinge on the core.
The reflected rays in the detector direction, defined by an
impact parameter Y, 4. (Figure 2), are collected whatever the
core size whereas. for the refracted rays, there exists a size
maximum limit for the core radius /1 which can be deduced
from simple geometrical considerations. In Figure 2. these
refracted rays are defined by the impact parameter Vg The
evolution of the maximum core radius versus the scattering
angle, with the refractive index of the shell material as a
parameter, is displayed in Figure 3. For a water droplet
(mr = 1.333) and a 30" scattering angle. this maximum radius
is equal 1o 0.57 with the outer radius as unity. i.c. there is
no interaction with the core when the core diameter is smaller
than 57% of the outer particle diameter,

t

Y
Main velocity Reflected ray

Nominal refracted ray
Gaussian probe

Fig. 2: Scheme of the path of the main rays (refracted and refiected)
scattered in direction ¢ by a coated particle. Note that the correspond-
ing refracted ray impinges on the core only when the core radius is
larger than /.
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3.1 Scattering Diagrams

GLMT for multilayered spheres enables us to obtain scattering
diagrams for multilayered particles and then to discuss more
deeply the previous comments based on simple geometrical
considerations. Figure 4(a) presents the scattering diagrams for
parallel polarization of a water-coated carbon core illuminated
by a plane wave, for various ratios of the particle outer radius
(r; = 30 um) over the core radius. ¢ = r| /r;. The incident light
wavelength is A = 0.6328 pm and the refractive indices are
my = 1.59 —i0.66 and n, = 1.333.
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Fig. 4: Scattering diagrams for parallel polarization of water-coated
carbon core spheres (L =2): my = 1.59 — i0.66, ni, = 1.333, A =
0.6328 um, ry = 30pm, (a) plane illumination versus parameters
g =0....,1.0, (b) Gaussian beam illumination with 2wy, = 20 um,
versus the particle location: Z = ¥ = 0. ¥ = —30,..., 430 um, ¢ =0.5.

For¢<0.3, no significant difference in the scattering patterns is
observed excepted a slight decrease of the intensity for 6 < 15,
which may be attributed to the absorption/reflection through
the particle of the refracted rays having a small impact
parameter.

Forg =0.5—0.7, this last feature extends up to 30/60", which
corresponds to /1 = 0.57/0.77.

For ¢ =09 —1.0, the high-frequency oscillations in the
scattering diagrams, which are usually attributed to inter-
ference phenomena between different scattering orders, are no
longer present. The scattering diagrams become typical of
those observed for an absorbing/reflecting particle.
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The influence of a Gaussian beam illumination on the
scattering pattern of the same particle as above with ¢ = 0.5
is considered in Figure 4(b) for parallel polarization. The beam
waist diameter is 20 um and the particle location along the O.X
axis in the beam waist plane (see Figure 1) is the parameter.
For X <0, the refraction process is amplified [29, 30]. The
scattering intensity in near forward directions (6 <15°/30°)
decreases in a similar way as for ¢<0.3 in Figure 4(a). The
refracted rays with small impact parameters are more and more
deviated/absorbed.

For X = 0, the laser beam which is smaller in diameter than the
particle absorbing core appears to be significantly absorbed/
deviated in forward directions. Outside the diffraction zone
(6> 5°), there is a strong decrease in the scattered light intensity.
For X >0, the reflected process is amplified [29. 30].

From Figure 4(a) and (b) it is clear that the presence of an
absorbing core has a strong influence on the scattering pattern
of a particle, particularly significant in the forward region. The
strong decay in scattered intensity, observed in this region in
Figure 4(b), when the particle is at the beam waist center,
indicates that focused laser beams enhance this phenomenon
and thus amplify the signature of the presence of a core. Core
characterization from scattering diagrams should therefore be
casier with laser beams which act as local probes.

3.2 PDA Signals and Coated Particles

The signature of the previously discussed particles with phase-
Doppler anemometry is now considered. The evolution of the
signal intensity and phase difference of simulated PDA signals,
is considered in Figure 5(a) and (b), respectively, when particles
travel through the center of the optical probe volume parallel
to the fringes as in a modified standard PDA geometry [29, 31]
(as sketched in Figure 2). The optical parameters are identical
with those used by Gréhan et al. [32]. The off-axis angle is
set to 30” and the beam diameter has been reduced to 20 pm.
According to geometrical optics (GO) [33], these parameters
lead to a slope in the phase-diameter relationship for the
detector pair (D1, D3) of 1.96°/um for refraction (p = 1) and
—2.45% /um for reflection (p = 0).

The intensity evolutions of the phase Doppler signals are
different depending on the particle considered. For the water
droplet (q =0) and the carbon particle (q = 1), the signal
intensity presents two maxima. For the water droplet. the
reflection maximum occurs for Y = —30um whereas the
refraction is maximum for Y = 25um. The same pattern
essentially occurs for the carbon particle except that the
refracted signal is extremely weak owing to the absorption,
When there is a core inside the particles, additional intensity
maxima occur. They have intermediate positions between those
of the external reflection and refraction. For ¢ = 0.3, there
are four maxima occurring at ¥ = =30, —10, 10 and 23 uym,
referred as (A), (B), (C) and (D), respectively in Figure 5(a).
These positions evolve with the particle core size. For the
second maximum with ¥ <0, for instance, which is referred as

(B) in Figure 5(a), the position becomes closer (o the pezitton of

the maximum for the reflection as ¢ increases. More precisely,
for ¢ =0.1, 0.3, 0.5, 0.7, 0.9, the position evolves from
Y = 0pm to = —10, —15, =23, —27 un, respectively.

The signal phase evolution (Figure 5(b)) also depends on the
particles considered. For the water droplet and the carbon
particles, two fiat parts in the phase diagrams are observed.
They can be attributed to reflection for ¥ <0 and to refraction
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Fig. 5: Simulated PDA signals produced by water-coated carbon
spheres for various values of ¢(= ry/r(), with r; = 30 pm, 2wy = 20 pum,
A = 0.6328 pm: (a) signal intensity; (b) phase difference.

for ¥ >0. Let us note the agreement between phase differences
predicted by GLMT and those predicted by GO which are
represented in the figure as segments on the edges.

When there is a core inside the particles, additional flat parts
in the phase diagrams occur. As an example, for the particle
defined by ¢ = 0.5, four flat parts are present in the phase
diagram, with labels (A) for Y < —40pm with ¢ = 217°,
(B) for YV = (=27,-3)um with ¢3 =270 - 290", (C) for
Y = (5,17)um with ¢3 =~ 72° and (D) for ¥ >30pum with
¢13 == 112°. The level of some of these phases also depends on
the particle considered. For instance, the height of the flat part
(B) decreases monotically when g increases. whereas its length
increases with increase in ¢. The phase for flat parts (A) and (B)
1s above 1807 whereas for flat parts (C) and (D) it 1s below 180",
In fact, the phase sign for the former is negative, thus leading in
Figure 5(b) to a phase (¢3) reading of (360 — ¢,3).

In order to improve the understanding of the previous results,
we can track, using simple geometrical optics considerations,
the path of different rays scattered in the detector direction.
This is displayed in Figure 6, for a single detector location at
¢ = 30° with an aperture of Af = £4.39 n the off-axis plane.
The previously discussed particle with ¢ = 0.5 is considered in
cases (a)—(/) and the particle with ¢ = 0.9 in case (7).

Cases (a)—(h) correspond to all collected rays ordered accord-
ing to their impact parameter. The series actually represents
different scattering processes acting when the particle crosses
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Fig. 61 Ray tracings of scattered rays in direction = 30" by a coated particle defined by niy = 1.333, 1, = 1.59 — 0.66/. #, = 30 pm, with ¢ =0.5for
(a)-(h) and ¢ = 0.9 for (/). The detector aperture is in the ofl-axis plane with ¢ = 30 + 4.39”. Cases («) (/1) are ordered to simulate a particle trajectory

along (QY) as in a PDA modified standard geometry.

the probe volume along (O} ). as in a PDA modilicd stancard
geometry (sce Figure 2).

In Figure 6(a), the external reflection on the shell is clearly
apparent. This scattering mechanism occurs first. The mmpact
parameter of the rays (Y = —28.9um) corresponds to the
middle of the transition zone between the flat parts (A) and (B3)
i Figure 5.

This scattering mechanism picks up information on the outer
particle diameter via a reflective mechanism.

In Figure 6(b), a fourth internal reflection appears. The
intensity generated by the corresponding rays may be very
weak compared with those of case (@) [34]. The beam intensity
profile cannot increase this contribution significantly owing to
the proximity ol the impact parameter with the one ol external
reflection (Figure 6(a)).

In Figure 6(c), (d) and (c¢), internal reflections with one,
two and threc interactions with the core occur. The impact
parameters of these rays correspond in Figure 5(a) to an
intensity maximum and in Figure 5(b) to the middle of the flat
part with label (B). The slight evolution of the slope of this
flat part may be attributed to a slow transition between the
three types of internal reflection weighted by the beam intensity
profile (2wy = 20 um).

These scattering processes pick up information on the core size
via a reflective mechanism.

In Figure 6(f) and (g). the rays lollow the same kind of path as
in the three previous cases, but with posilive inipact paramelers.
These impact parameters correspond in Figure 5(a) to a signal
maximum and in Figure 5(b) to the end of the flat part (C).
These scattering processes pick up information on the core size
via a reflective mechanism.

In Figure 6(h), simple refraction occurs. The reduced critical
distance /115 0.57 for the refractive index of water al a scallering
angle of 30°. Since ¢ = 0.5 is smaller than 4 in the present case.

the refracted rays do not impinge on the core. In Figure 5(a),

“this case does not correspond to a significant signal maximum.

In Figure 5(b) it corresponds to a transition zone from flat part
(C) to flat part (D).

This scattering process picks up information on the particle
outer diameter via a relractive mechanism.

Based on the previous comments, it is possible to interpret the
successive parts (A), (B), (C) and (D) observed in Figure 5 in
terms of diameter by using the phase conversion factor
corresponding to the PDA geometry. In Table I, the deduced
diameters are summarized for cach coated particle.

The value of the particle outer diameter deduced from flat
part (A) is good, except when ¢ = 0.9. From flat part (B). the
core size determination is very encouraging, excepl maybe for
¢ = 0.1. The signal intensity for the corresponding phenom-
enon ensures good detectability: see Figure 5(a). From flat part
(C), the core size determination is also good except for ¢ = 0.9.
The signal intensity also ensures good detectability of this
scattering mechanism. From flat part (D), the outer particle
diameter can also be deduced with good accuracy, except
for ¢ =0.7 and 09 (h>gq). There, the signal intensity is

Table 11 Comparison between nominal size values and those deduced
from the flat parts in the phase diagrams of phase-Doppler signals. The
outer particle radius is 1, = 30 pm.

Nominal value Flat (A) Flat (B) Flat (C)

Flat (D)
q=D/D; D, Y <0, V<0, Y =0, Y >0,
(pum) (pm) D D, D, D,
0.1 6.0 58.0 2.0 4.5 57.3
0.3 18.0 58.0 18.3 20.0 57.3
0.5 30.0 58.0 319 29.6 57.3
0.7 42.0 58.0 449 37.0 679 ()

0.9 54.0 509 () 57.4 885(=) 679()
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nevertheless extremely weak. limiting the possibility of
extracting simultancously this size mformaton with that
deduced from flat part (B) or (C). Note in Figure 6(1) that
the water shell for ¢ = 0.9 seems to induce a “wave guide
effect™.

Finally, to conclude this section. we emphasize that there exists
a possibility with PDA of extracting simultaneous information
on the core and outer size of coated particles. by taking
advantage of the influence of an illuminating intensity profile.
Future work will be necessary to reveal the best optical param-
cters for signal detectability and phase linearity. Associated
experimental investigations are under development.

4 PDA and Multilayered Particles

4.1 Effect of Temperature and Evaporation on Particle
Refractive Index

Refractive index profiles inside particles may occur during a
heating or drying process due to a temperature or concentra-
tion gradient. Such a phenomenon depends on the thermal
propertics of particles, the initial conditions and the conditions
imposed by the external medium.

As an example. Figure 7 shows the evolution of the refractive
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Fig. 7. Temporal evolution of the internal refractive index field for a
S0 pm diameter decane droplet during two droplet-heating scenarios
predicted using a conducting-limit model: (a) heating and evaporating
take place in a high-temperature and -pressure environment, 7, =
2000K, P = 10bar: (b) in a low-temperature and -pressure environ-
ment, 7, =400K, P = Ibar. The initial droplet temperature is
Ty = 300K.

index profile inside a droplet of decane versus its normalized
radius, with time as a parameter. These profiles were obtained
by using a condition limit code for an initial droplet diameter of
S0pm and a droplet initial temperature of 7, = 300K. In
Figure 7(a). the temperature and pressure of the external
medium is 2000 K and 10 bar. respectively. Large evolutions of
the refractive index profiles and of the average values are
abserved versus time. In Figure 7(b) the external temperature
and pressure are set to 400K and 1bar, respectively. The
refractive index profiles are flat, but the evolution of the
average refractive index is significant.

Actually, numerical computations of the scattering coefficients
A, and B, for a multilayered sphere are in practice only feasible
in limited domains, as extensively described by Kai and Massoli
[10]. According to these authors. the maximum number of
layers for a 60pm diameter particle is typically about 10.
Therefore, from now on, we must keep this limitation in mind.
As an example, Figure 8 presents the ways of discretization,
introduced to approach the previous refractive index profiles in
12 steps. applied to the case corresponding to time 7 = .1 ms
in Figure 7(a). They are denoted “profile (I)” and “*profile (II)".
The latter more finely discretizes the outer part of the particle
by considering a single average value of the refractive index for
D <0.46, whereas the former 1s more homogencous.
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Fig. 8: Discretization of the refractive index profiles in 12 steps. The
case for 1 = I.I ms is considered with two discretizations: profile (I)
and profile (11).

4.2 Evolution of the Phase-Diameter Relationship

Figure 9 presents the phase-diameter relationship computed
for the previous PDA geometry and the discretization “profile
(1)". The beam waist diameter has been increased to 500 um in
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Fig. 9: Phase-diameter relationship for the various refractive index
profiles inside droplets of decane considered in Figure 7(a).
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order to decrease Gaussian beam effects on particle inhomo-
geneity effects. In Figure 9 each case from Figure 7(a) is
considered.

According to Figure 9, the influence of refractive index profiles
on the phase-diameter relationship is weak. For instance, the
curves for cases corresponding to 1 =0 and 7= |.I ms are
nearly the same. Nevertheless, significant differences occur for
the curves corresponding to 1 =0 and ¢ = 14.0ms, lor which
the difference in the average refractive index is the largest. The
considered classical PDA geometry seems to be more sensitive
to a change in the particle average refractive index than to the
existence ol refractive index profiles like those displayed in
Figure 7(a). In this case, a particle of 54 pum diameter can
be erroneously measured as a 45um diameter particle. The
increase of oscillation amplitudes in the phase-diameter relation-
ship with ume, i.e. with decreasing refractive index. may be
attributed to a relative decrease in refracted intensity for this
scattering angle compared to reflection. Thercfore, the refrac-
tion mechamsm, which in the present case is the dominant
scattering mechanism assumed for size determination, is more
disturbed by reflection, leading to increased interferences.
The influence of the discretization ol the refractive index
profiles can be evaluated from Figure 10, where the phase-
diameter relationship corresponding to the refractive index
profile 7 = .1 ms 1s presented for the discreuzations: “profile
(1) and “profile (11)”. The two curves arc almost the same and
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Fig. 10:  Comparison of the influence on the phase-diameter relation-
ship of the two ways (o discretize the refractive index profile
corresponding to 7 = |.I ms.

actually cannot be distinguished. The measured phase differ-
ence for this scattering angle scems not to be sensitive to the
internal particle material. Note from Figure 3 that for m = 1.41
and 1.33, /1 evolves from = 0.5 to 0.56, which correspond in
Figure 8 to a region where the refractive index profile is almost
flat. This explains why the influence of the way of discretizing
the refractive index profiles seem not to be significant, at least
for the conventional geometry considered here.

5 Conclusion

A new numerical tool to ivestigate light scattering by
multilayered spheres illuminated by arbitrarily shaped beams
has been briefly introduced. Its application to phase-Doppler
anemometry (PDA) for the case ol water-coated carbon
spheres has been considered by using focused laser beams,

therefore extending the principle of the dual burst technique.
Information on the core and outer particle diameters seems to
be reachable by carefully analyzing the temporal structure of
individual phase-Doppler signals.

The influence of refractive index profiles inside droplets,
induced by temperature and pressure stresses. on PDA
phase-diameter relationships was investigated. It was shown
that the simulated conventional PDA geometry appears Lo be
more sensitive (o variations in the absolute value of the
refractive index than in the refractive index profile.
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7 Symbols and Abbreviations

A, B, scattering coceflicients for multilayered spheres
and plane wave illumimation

GLMT Generialized Lorenz-Mie Theory

H,(xp). K,(x;) reeursive [unctions

L number ol layers

LMT Lorenz-Mie Theory

M, ratio of refractive indices: ngy/ni;

PDA Phase-Doppler Anemometry

S S generalized  scattering  amplitudes, perpen-
dicular and parallel polarizations, respectively

U, ratio of magnetic permeabilities: pg /i,

ay. b, scattering  coefficients  for  homogencous

spheres and plane wave illumination
beam shape coefficients for transverse clec-
tric waves and transverse magnetic waves,

m n
EnTE> En, 1M

respectively

h maximum core size before interaction with
simple refracted rays

m; refractive index of the ith layer

q ratio of the inner particle radius to outer
particle radius for coated particles

ry radius of the jih layer

X size parameter of the jih layer

o€, Ricatu-Bessel functions

A incident wavelength

Wy beam waist radius

H, magnetic permeability of the ith layer

0] azimuthal angle

il ol generalized Legendre functions

0 scattering angle
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Article A8

Size, velocity, and concentration in suspension
measurements of spherical droplets and cylindrical jets

Fabrice Onofri, Laurence Bergougnoux, Jean-Luc Firpo, and Jacqueline Misguich-Ripault

The principle of an optical technique for simultaneous velocity, size, and concentration in suspension
measurements of spherical droplets and cylindrical jets is proposed. This technique is based on phase
Doppler anemometry working in the dual burst technique configuration. The particle size and velocity
are deduced from the reflected signal phase and frequency, whereas the amplitude ratio between the
refracted and the reflected signals is used for measuring the concentration of small scatterers inside the
particles. Numerical simulations, based on geometrical optics and a Monte Carlo model, and an exper-
imental validation test on cylindrical jets made of various suspensions, are used to validate the principle
of the proposed technique. It is believed that this new technique could be useful in investigating
processes in which liquid suspensions are sprayed for surface coating, drying, or combustion applications.
© 1999 Optical Society of America

OCIS codes: 290.4210, 120.3180, 120.5820, 280.2490, 290.7050.

1. Introduction

Numerous industrial processes use transport pow-
ders as liquid suspensions before spraying them for
surface-coating, drying, or combustion applications.
Among the most important parameters suitable for
controlling these processes, conventionally we find
droplet size, velocity distributions, and also droplet
concentration in suspension (i.e., a liquid containing
small scatterers). Experimentally an optical tech-
nique such as phase Doppler anemometry (PDA),
which is now a well-established particle-sizing and
velocity technique for studying two-phase flows,
seems to be a good candidate for obtaining the first
two characteristics. Nevertheless some previous re-
search on sizing paint sprays! or food-drying process-
es? has shown there are undesirable effects from the
presence of scatterers inside a droplet, such as a
spread in the size distributions of measured droplets
or totally irrelevant size measurements for a high
concentration of droplets in scatterers. Some solu-
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tions with severe limitations have been proposed for
this problem: (1) collection angles in which addi-
tional scattering from scatterers is expected to be
insignificant,! (2) near IR laser beams to reduce the
size parameter of scatterers,? (3) off-line reconstruc-
tion algorithms and calibration experiments.? Mea-
suring the droplet concentration in scatterers was
beyond the scope of these contributions, which were
focused on improvements in heterogeneous droplet-
size measurement.

The purpose of this research is to introduce a new
approach based on PDA for accurate on-line sizing of
optically heterogeneous spherical and cylindrical
particles in addition to measurement of the particle
concentration in scatterers. For convenience we
consider here only heterogeneous particles made of a
liquid suspension of solid particles (scatterers) of
known diameter and refractive index. Nevertheless
the principle of the proposed technique could also be
applied to the diagnosis of various kinds of heteroge-
neous particle (solid particles with small solid inclu-
sions as well as liquid droplets with gaseous or liquid
inclusions).

In Section 2 we introduce the basic principle of the
proposed technique. In Section 3 we present the two
models developed to evaluate the expected perfor-
mance of this technique based on geometrical optics
and a Monte Carlo approach. Three ways to elimi-
nate particle trajectory effects on the concentration
measurements occurring for spherical particles are
proposed. In Section 4 we present the experimental
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Fig. 1. Schematic of the principle of the DBT for simultaneous
measurement of the complex refractive index, size, and velocity of
spherical particles in flow. D, m, and K are the particle diameter,
the real part of the particle material refractive index, and the
particle material absorption coefficient at the laser wavelength,
respectively.

setup developed to validate the principle of this tech-
nique and the models. In Section 5 we present nu-
merical and experimental results. Section 6
contains a discussion of the application range of this
technique and of future improvements. Our conclu-
sion is given in Section 7.

2. Principle

A. Basic Principle of the Dual Burst Technique

When PDA works in a dual burst operating mode
(i.e., the optical probe volume is reduced to a size
smaller than the mean particle size) two Doppler
signals are detected for each particle that crosses the
probe volume: a refracted and a reflected signal.4
In such conditions the real part of the particle refrac-
tive index® can be deduced from the phase of the
reflected signal, and the imaginary part,® from the
amplitude ratio between the two signals. The par-
ticle diameter and velocity are deduced from the
phase and the Doppler frequency of the reflected sig-
nal (see Fig. 1). In this figure, following van de
Hulst notations,” reflected rays are referenced as rays
with p = 0 and refracted rays as rays with p = 1.
See the references cited by Onofri et al.5-6:8 to obtain
a full description of this technique including some
experimental applications for particle-material rec-
ognition, particle-mixing fraction measurements, or
the diagnosis of coated particles.?

B. Diagnosis of Heterogeneous Particles

In the PDA principle, for homogeneous particles and
for a plane-wave illumination, one can easily opti-
mize the optical setup parameters to select a domi-
nant scattering mode,’® mainly refraction or
reflection. This step is fundamental in obtaining
linear phase—diameter relationships and in limiting
trajectory effects (TE’s).11.12  According to geometri-
cal optics (GO) the rays refracted and reflected by a
particle that reaches the detectors are well defined
mainly according to the particle’s refractive index
and the detectors’ location and solid aperture angle.

When the particles are no longer homogeneous,
additional scattering processes occur inside the par-
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Fig. 2. Attenuation of the refracted signal, by internal scattering
by small scatterers, used to deduce the suspension volume concen-
tration C,.

ticles. The selection of a dominant scattering mode
becomes almost impossible with a conventional sys-
tem. One major feature of the operating mode of the
dual burst technique (DBT) is that during the parti-
cle trajectory in the probe volume the different scat-
tering processes are delayed in time owing to the
successive illumination of the different impact pa-
rameters (y, and y; in Fig. 1). Thus, owing to the
small size of the optical probe volume, one can expect
the phase and the amplitude of the reflected signal to
be unperturbed by additional internal scattering and
accurate size measurements to be possible. Con-
versely, one can expect the initial refracted rays by
the particle to be sensitive to the presence of any
scatterers inside the particle (see Fig. 2). The prin-
ciple of the proposed technique, for the scatterer con-
centration measurement, is to attribute the
attenuation of the refracted signal amplitude, com-
pared with the reflected signal, to an apparent ex-
tinction phenomenon’ that can be related to the
concentration of the scatterers inside the particle.

Intensity-measuring-based techniques are not usu-
ally considered convenient for diagnosing local struc-
tures in two-phase flows. The light intensity that is
collected by the detectors is affected at the same time
by the phenomenon being studied and a great many
external factors (laser beam attenuation, deviation of
the optical detector gain, etc.) that could vary in a
complex way in time and space. A second major
feature of the DBT is that the reflected and the re-
fracted signals experience almost the same external
perturbations. Thus the amplitude ratio of these
two signals is almost equivalent to an on-line ampli-
tude calibration. The reference signal, the reflected
signal, is delayed in time by only a few microseconds
or milliseconds, depending on droplet velocity and
size. This feature leads to significant improvement
in the reliability of intensity-based measurements®
compared with the previous techniques that were de-
veloped in the 1970’s to deduce the particle size from
the Doppler signal’s pedestal (see Ref. 13 for a de-
tailed review).



3. Models

A. Geometrical Optics with Apparent Extinction

Assuming a suspension of low concentration inside
the particle, and thus a single-scattering mode, the
attenuation of the refracted rays or apparent extinc-
tion follows the Beer—Lambert law, which, for a max-
imum of the refracted Doppler signal, reads

I " = 1,," exp(—KL) = I, " exp(—NCjL)
max 60”
= Il,O exp| — @ CscaL ) (D

where I, ;™% is the maximum of the refracted signal
when the concentration in scatterers is equal to zero.
K, for absorbing particles,® corresponds to an absorp-
tion term (related to the refractive-index imaginary
part £ as K = 4wk/\), which corresponds here to an
apparent extinction efficiency factor,” K = NC,_, - N
is the number of scatterers in the suspension per
volume unit, and C, corresponds to the volume con-
centration in scatterers. C,., is the scattering cross
section of individual scatterers in suspension with
diameter d and real refractive index m’ for wave-
length \/m, where m is the refractive index of the
liquid in which the scatterers are in suspension; it is
assumed to be real (although an absorption term
could be taken into account). L isthe path inside the
particle of the refracted rays that are scattered in the
detector’s direction® with L = D sin(7,’). D is the
particle diameter. 7,’, the angle defined in Fig. 1,
depends mainly on the particle refractive index and
the detector’s direction 6. The validity of Eq. (1) is
limited in two ways: The optical thickness of the
particle must be small (typically NC,.,L = 1 or 2,
depending on the author considered) to be in the
single-scattering mode, and the term I, x™** must be
due only to refracted rays that have followed a direct
path through the particle without scattering by sus-
pension. The first condition limits the refracted ray
attenuation to less than ~63-90% (see Fig. 10 in our
case). Thus, because the attenuation mainly de-
pends simultaneously on the particle and the scat-
terer diameters and on the suspension concentration
in scatterers, the application range of this equation is
expected to be severely limited. To satisfy the sec-
ond condition, the optical thickness of the suspension
must be small and the refracted rays must be col-
lected into the smallest possible solid angle around
the nominal refracted ray direction. Note that this
last condition is better satisfied when one is consid-
ering suspensions of small scatterers? (compared
with the laser wavelength) because the light dif-
fracted by these scatterers is not as strongly concen-
trated in the forward direction as it is by scatterers
with large parameters.

In Eq. (1) the amplitude of the nominal refracted
rays, which cannot be obtained directly for a particle
in flow, can be calculated from measuring the maxi-
mum amplitude of the reflected signal. With GO,
the relationship between these two quantities can be

Main flow direction

&=

Som
S

Collection unit

Fig. 3. Phase Doppler modified standard geometry. Three de-
tectors D® are considered with i = 1-3. The polarization of the
laser beams is parallel. (The electric vector E is parallel to OY.)

calculated. For a point detector, if we use Fresnel’s
amplitude coefficients,” €, and €,, and include a di-
vergence term to account for the curvature of the
particle surface, the interrelation is

max 2
L™ g

Imax -
0

tan(t,’)

(2)

g2 tan(t,’) — tan(r,)

Thus, with Egs. (1) and (2), the particle concentration
in small scatterers can be deduced, provided that we
know the size and relative refractive index of the
scatterers, from

T d3 Il Kmax
C,=— ; In|—
6D sin(t,")Cl, I,

tan(t,’) ” 3)

2
&
—in— ’
Lo tan(t,’) — tan(,)

B. Correction for Trajectory Effects on the Amplitude
Ratio

In the so-called modified standard (see Fig. 3) or pla-
nar phase Doppler geometries (see Refs. 8, 14, and 15,
for a detailed review), TE’s have negligible effects on
phase and thus on diameter measurements when the
particles move along the expected main direction.®
But the ratio of the refracted to the reflected signal
amplitude changes significantly with particle loca-
tions perpendicularly to the expected main direction®
(these TE’s occur for positions along the OX axis in
the case of a modified standard geometry) (see Fig. 3,
where o, ¢, and |y are the so-called half-beam, off-
axis, and elevation angles). In the following the cor-
rection for these TE’s is discussed.

Let us consider that, for a modified standard ge-
ometry (that we recommend for use with the DBT
and spherical particles when possible), the intensity
profile in the optical probe volume along the OX axis
is of the form

I(x) = I(0)exp[ —2(x/w,)?], (4)
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Fig. 4. For a modified standard geometry two symmetrical detec-
tors can be used to eliminate trajectory effects on the signal am-
plitude ratio occurring for spherical particles, depending on their
position along the OX axis.

where w, is the radius of the laser beam waist (almost
equivalent to the probe volume diameter) in the OX
direction and 1(0) is the maximum probe volume in-
tensity along the beams’ axis. If we assume a col-
lection wunit with two symmetrical detectors
[superscript (i), with i = 1 and 3; see Fig. 3], the
amplitude of the low-pass filtered Doppler signals for
refraction and reflection are

L x"(x) = 1(0)g"T, ™ exp[ —2(x £ x1)*/w,], (5)
1,"(x) = 1(0)g"I,™™ exp[ —2(x = x)*/w,”],  (6)

where = indicates that in Eq. (5) the sign is positive
for detector 3 and negative for detector 1 and in Eq.
(6) negative for detector 3 and positive for detector 1
(see Fig. 4). The term g corresponds to the elec-
tronic gain of each detector, which is expected to be
linear. The terms x; and x, are the lateral impact
parameters defined in Fig. 4 with x; = D cos(t,) and
x9 = D cos(l5/2), where 1, is deduced by solving the
transcendental equation

§ = 27, — 2 cos [cos(t,)/m]. (7

We assume here that the variation of the Fresnel
coefficients with the particle trajectory is negligible
because, in conventional PDA systems, the displace-
ment of the particle in the optical probe volume is
small compared with the distance between the detec-
tors and the optical probe volume. To obtain expres-
sions independent of the gain of each detector and the
laser beam intensity, we can calculate the ratio of the
maximum amplitude R® of the refracted and the
reflected signal for each detector:

max

RO =0 expl=2l(x = 5 — (e = 502} (®)
0

Now we sum the logarithm of the amplitude ratio
measured from each detector:

In[R7] + InlRT]_ 1n[11'ﬁn;ix] - 2{’“2 _fOT )
2 IO W,
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Finally, for the particle-volume concentration in scat-
terers, we found an expression independent of the
particle position along the OX axis:

c - —md? (ln[R(” + In[R"?]
* 6D sin(1,)Cy, 2
€2 tan(t,’)
[812 tan(t,’) — tan(Ty)]

N 2[[0082(Tx) — cos*(yy/ 2)]D2}> ‘

(10)

2
W,

Finally, three ways to eliminate trajectory effects on
the amplitude ratio can be identified:

(1) When the logarithm of the amplitude ratio of
the refracted to the reflected signal from two sym-
metrical detectors (as they are usually in common
PDA systems) is summed, Eq. (10) can be used to
deduce the particle concentration in suspension di-
rectly whatever the particle position along the OX
axis, the gain of each detector (provided that it is
linear), and the attenuation of the laser beams.

(2) When the amplitude ratio of the refracted to the
reflected signal from a single detector located in the
scattering plane (y = 0) is used, provided that the
detector aperture along OX can be considered small,
the last term in Eq. (10) (i.e., the correction term for
TE) is equal to zero (1, = 7,' = 7/2, %, = x, = 0, RV =
R®). Equation (10) is equivalent to Eq. (3) and the
particle concentration in suspension can be deduced
simply from Eq. (3).

(3) When w,, — o, the correction term in Eq. (10)
vanishes. This condition is equivalent to using an
elliptical probe volume (a longer axis along OX)
rather than the usual Gaussian probe volume. This
can be done by using laser sheets to form the probe
volume.® In such conditions Eq. (10) is equivalent to
Eq. (3) and the scatterer concentration can be de-
duced simply from measuring the particle diameter D
from the phase of the reflected signal and the ampli-
tude ratio I; ™**/1,™* (from a single detector).

C. Monte Carlo Model and Multiple Scattering

When the concentration of scatterers increases inside
the particle, multiple scattering may become a dom-
inant phenomenon and the Beer—-Lambert approach
developed above is expected to decline. Thus, to
take this effect into account, a Monte Carlo!¢ ap-
proach has been developed. This approach has been
developed to predict the scattering properties of a
slab, a cylindrical (with infinite length) particle, and
a spherical particle composed of a liquid suspension
of small scatterers. Owing to experimental consid-
erations (see Section 4) and to save space, the model
described here is only for a cylindrical particle and a
planar geometry. (In Fig. 3 the jet axis is along OY,
its trajectory is along OX, and the elevation angle s is
almost equivalent to a scattering angle, ¢ = 0.)

To describe the suspension, we consider a collection
of randomly distributed scatterers inside the particle.



Table 1.

Optical Characteristics of Various Latex Suspensions®

Latex Particles’ Diameter d (um)

Parameters 0.06 0.35 0.61 1.6 3.3
N (m™9) 6.97 X 10%° 4.26 X 108 7.90 x 10Y7 4.46 X 106 5.09 x 10'®
Cyco (m?) 2.74 X 10718 3.17 X101 3.27 X 1013 7.36 X 10712 1.68 x 1011
Quca 9.70 X 10~* 0.0329 1.12 3.66 1.97
[ (m) 827 74 3.9 3.1 12
K(m?Y 1.91 x 10® 1.35 x 10* 2.85 X 10° 3.28 X 10° 8.55 x 10*

“N, number of polystyrene particles with diameter d and per unit volume; C,,, scattering cross section of the considered particles; @, =
4C,.,/7d,? the corresponding scattering cross-section coefficient; /, mean free path for a ray between two scattering processes; K, apparent

extinction coefficient.

Thus the mean free path [ for a ray (a pencil of light?)
between two scatterers is given by [ = 1/NC,.,. Ta-
ble 1 gives an overview of the evolution of this last
parameter with the scatterers’ size. The probability
density when a ray goes a distance [ between two
scatterersis P(l) = exp(—[/l)/l. The simulation pro-
cedure is then divided into four steps:

(1) The scattering diagram of one scatterer inside
the suspension is calculated by use of the Lorenz—Mie
theory with parameters \/m, m’, d and for a partic-
ular polarization. A monodisperse size distribution
is assumed here for the scatterers. (A polydisperse
size distribution could also be taken into account.) A
look-up table of the probability for an incident ray to
be scattered in the direction s is then created.

(2) Along the OX axis from —D/2 to D/2 more than
n;impact parameters are defined and the paths of the
corresponding rays impinging on the particle are fol-
lowed until they leave the particle, or until they ex-
perience n, internal reflections with the particle—air
interface. Fresnel’s coefficients are used to calculate
the intensity of reflected and refracted rays at the
particle interface for a particular polarization. After
a path [ given by the probability density P(l) the ray
is scattered by a scatterer in the direction deduced
from the look-up table. For each impact parameter,
we consider more than n, rays to obtain a represen-
tative sample. At this step the particle (with inter-
nal scatterers) scattering diagram is obtained for
n;n,n, initial rays.

(3) A table is created with ray-impact parameters
as inputs and the scattering directions, the number of
collisions, the total path length of each ray, etc. as
outputs. This table is used to provide various sub-
sequent statistical and integrated quantities. Inthe
present case a rectangular aperture is simulated for
the PDA detectors by integration of the intensity of
the different rays across the defined solid aperture
angles. The half-angle a between the two laser
beams is also taken into account by adding the col-
lected rays at the two equivalent scattering angles
(for the planar geometry ¢ * «).

(4) To simulate the Gaussian intensity profile in
the probe volume and a particle trajectory along the
OX axis, the intensity of each ray collected by the
detector is weighted by a sliding Gaussian function.

The parameters are determined for the laser wavelength \/m’ and for a volume concentration of C, = 10%.

Each signal is then fitted by a Gaussian interpolating
function to find its maximum.

4. Experimental Setup and Procedure

For precise control of the suspension concentration
and the experimental facilities, tests of the proposed
technique were carried out on cylindrical jets (one
circular cross section) rather than spherical particles.
Note that the principle of absorption measurements
of flying droplets has been validated previously.® In
addition, it has been shown that PDA can be used
with no particular problem to size smalll? or larges
cylindrical particles with axes perpendicular to the
beam planes. The only modification necessary is the
use of planar geometry for the optical setup.

In the experimental setup the jet was fixed. To
simulate a particle trajectory, and thus produce the
required two signals, a rotating mirror was used to
shift the probe volume (see Fig. 5). The trajectory
radius described by the probe volume was sufficiently
large to ensure that the particle trajectory deviation
was less than 0.05° from the direction perpendicular
to the fringes. The raw Doppler signal output from
a one-component Aerometrics, Inc.1® system (based
on a 10-mW He-Ne laser) was stored in an 8-bit
digital oscilloscope and read out to a PC for further
analysis (see Fig. 8). To reduce the solid detector
angles a mask was placed in front of the receiving
aperture. The optical parameters of the phase
Doppler system are summarized in Table 2.

The cylindrical jet was made of suspensions of
spherical polystyrene particles in water (latex). The
initial solutions, with 10% volume concentration,
from Bangs Laboratories, Inc.1® were diluted with
distilled and microfiltered water to obtain solutions of
lower concentrations. Five latex particle sizes were
used, d = 0.06, 0.35, 0.61, 1.60, 3.30 pm. Polysty-
rene has a refractive index of 1.588 for N = 0.6328
pm. In an ambient temperature its relative refrac-
tive index to water is 1.192. Owing to the latex den-
sity, p = 1.050 g/ml, and agglomerating internal
forces, solutions were put in an ultrasonic system
before use. To produce the jet, the liquid suspen-
sions were ejected from a syringe through a needle
with known internal diameter (see Fig. 6). The
length of the needles was a least 100 times their
diameter, which was expected to be sufficient to ob-
tain a fully developed flow at the needle output. The
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Fig. 5. Schematic of the experimental setup.

stability and the diameter of the liquid jet were con-
trolled and measured with a classical video imaging
and acquisition board system. Figure 7 presents
typical experimental Doppler signals obtained with
this setup from detector 1. The cylindrical jet diam-
eter was measured at 120 pum and was made of a
mixture of 0.35-pum latex particles. From Figs. 7(a)
to 7(f) the volume concentration varies, C,, = 0.049,
0.31, 0.75, 1.25, 2.5, and 5%. In Fig. 7(a) the re-
flected signal is shown at left and the refracted signal
is shown at right. As expected, for all concentra-
tions, the amplitude of the reflected signal remains
almost constant, whereas at the same time a strong
decay is observed for the amplitude of the refracted
signal. Note also the appearance of a plateau be-
tween the two signals as the concentration in sus-
pension increases. The refracted signal is almost
unobservable for concentrations of more than 2.5%
in volume.

5. Numerical and Experimental Results

The Monte Carlo simulation procedure was used in
Fig. 8 to calculate the scattered-light intensity by a

Table 2. Optical particles of the Phase Doppler System used in the
Experiment and for the Numerical Simulations

Laser wavelength, \ (um) 0.6328
Laser power (mW) 10
Beam-waist diameter, 2 o, (nm) 52
Half-beam angle, o (deg) 2.27
Polarization Perpendicular
Detectors Mean elevation Off-axis angle,
angle, ¢ deg ¢ deg

1 54.0 0

2 55.3 0

3 58.2 0

Detectors angular Detectors angular
width, &y [°] height, 8¢ [°]
0.57 0.57
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Fig. 6. Outline of the region under study along the jet axis.

110-pm cylindrical jet, which is collected by detector
3 versus the elevation angle s (here strictly equiva-
lent to a scattering angle, { = 6, since the half-beam
angle « is set to zero here). Different suspension
concentrations are considered in this figure for d =
0.35 pm. The calculations are performed for an in-
cident Gaussian beam (the jet axis is perpendicular to
the beam axis and the scattering plane) with a 54-pm
diameter, n, = 5000, n, = 7, n, = 500. Several
interesting features may be notecf in this figure:

(1) The total scattered intensity seems to decrease
as the suspension increases. In fact, the rays that
are scattered by the suspension out of the scattering
plane (OXZ) have little chance of being scattered
later in the scattering plane and then of being col-
lected by the detector. The finite beam dimension
and the cylindrical shape of the jet also amplify this
effect significantly, since scattered rays tend more

biaarey

Amplitude
I—,Time

Fig. 7. Typical raw Doppler signals recorded for a 120-pm liquid
jet with various concentrations in suspension: The C, is = (a)
0.0049%, (b) 0.31%, (c) 0.75%, (d) 1.25%, () 2.5%, and (f) 5%. The
suspension is a mixture of 0.35-um spherical polystyrene particles
in water (latex).
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Fig. 8. Monte Carlo simulations for the light intensity that is
scattered in the OXZ plane by a 110-pm cylindrical particle with
an axis along OY; various scatterer concentrations, d = 0.35 pm,
n; = 5000, n, = 7, n,, = 500.

and more to propagate along the jet axis. For a
plane-wave illumination this phenomenon would not
be visible.

(2) The scattered intensity varies in different
ways with increased suspension concentration,
depending on the scattering angle considered:
strong attenuation in the forward (¢ = 30°) and
rainbow (120° = = 150°) regions and small atten-
uation for 60° = y = 120°. Thus, from a practical
point of view, to increase the sensitivity of the pro-
posed technique to small concentrations, it is better
to collect the scattered light in the forward region or
in the rainbow region. Conversely, to extend the
dynamic range to higher concentrations, it is better
to collect the scattered light sideways. Note that
these remarks are partial because, to optimize the
proposed technique, the absolute value of the re-
fracted to the reflected signal amplitude as well as
the linearity of the phase diameter relationship
must also be considered.

(3) For the pure water droplet there is qualitative
agreement between the generalized Lorenz—Mie the-
ory (the Lorenz—Mie theory for Gaussian beam?2-20
illumination), GO, and Monte Carlo predictions.
The proposed models do not take into account diffrac-
tion effects and the phase of the scattered rays.
Thus major discrepancies occur conventionally in the
pure forward, backward, and rainbow regions. They
also underestimate the ripple structure of the scat-
tering diagram predicted by the Lorenz—Mie theory,
which is classically attributed to interference and res-
onance phenomena.

The Monte Carlo simulation is used in Fig. 9 to
simulate the evolution of the Doppler signals when
the jet travels through the probe volume. For a bet-
ter understanding, we have limited the number of
rays in this calculation, i.e., n; = 3000, n, = 7, n, =
50. The detector considered here is detector 3; other
optical parameters are equivalent to those used in

" {
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Fig. 9. Monte Carlo simulations for the evolution of the low-pass
filtered amplitude of the phase Doppler signals versus the particle
trajectory in the optical probe volume and for various scatterers
concentrations: C, is (a) 0%, (b) 0.0125%, (c) 1.25%, (d) 2.5%,
(e) 5%, (f) 10%. D =110 pm,d = 0.35 um, n; = 3000,n,="7,n, =
50.

Fig. 7. The vertical bars correspond to the collected
rays before the application of the Gaussian sliding
window and the continuous curves to the signal am-
plitude that is obtained later. The evolution of the
amplitude ratio of the reflected and the refracted sig-
nal is in qualitative agreement with that observed
from Fig. 7. The refracted signal attenuation is nev-
ertheless stronger than the one observed in Fig. 7.
This can be simply explained from Fig. 8 by the lower
elevation angle of detector 1 compared with detector
3.

In Fig. 10 the evolution of the amplitude ratio ver-
sus the jet concentration in suspension, which is pre-
dicted by Eq. (3) and the Monte Carlo model, is
compared with experimental results for detector 1.
The diameter of the latex particles is 3.3 wm, and the
diameter measured for the jet is 120 pm. For low
concentrations (C, < 2.5%) the amplitude ratio de-
creases exponentially with increasing concentration
(linear-logarithm scale). After a transition zone
(2.5 < C, < 5%) the decay is significantly reduced for
C, > 5%. Error bars on experimental results repre-
sent the standard deviation measured on the ampli-
tude ratio of more than 1000 signals. Predictions
from Eq. (3) are in good agreement with experimental
data for C, < 2.5% (which corresponds to an optical
thickness of NC,.,L < 1.8 and a refracted signal at-
tenuation of 84%). As expected, this equation is
valid only for particles of small optical thickness, al-
though the value obtained here is rather high. The
qualitative agreement found by comparing Figs. 7
and 9 is confirmed here quantitatively and has been
observed for all experiments. The Monte Carlo ap-
proach is valid over all the concentrations and the
particle diameter considered here.

Figure 11 presents the evolution of the amplitude
ratio between the refracted and the reflected sig-
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Fig. 10. Comparison of the Monte Carlo and the geometric model
predictions with experimental data for the evolution of the ampli-
tude ratio with increasing scatterer concentrations. D = 120 pm,
d = 0.35 pm.

nals measured for a 120-um jet with increasing
volume concentration. Five scatterer diameters
are considered. In all cases the evolution is linear
up to and including a given concentration. This
limit concentration depends strongly on the scat-
terer sizes: more than 10% for the scatterers of
0.06 pm and ~1.25% for the scatterers of 1.6 pm.
This linear evolution corresponds to an exponential
decay of the refracted signal amplitude, in agree-
ment with the law predicted by the GO model, as-
suming a dominant single-scattering process for
particles of small optical thickness. The evolution
of the slopes is also in qualitative agreement with
the apparent extinction coefficients K calculated in
Table 1 (for a concentration of 10% in volume). For
higher concentrations the decrease in the ampli-
tude ratio is reduced. Thus the sensitivity at high
concentrations is more limited. In all cases, except
for the smallest scatterers, the amplitude ratio
seems to tend to a limit value. This limit can prob-
ably be attributed to the resolution limit of our
experimental setup, which is a function of the de-
tectors’ sensitivity, the level of digitization, and the
signal-processing efficiency for extracting the re-
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Fig. 11. Experimental evolution for the amplitude ratio versus
the suspension concentration. Five scatterer sizes are consid-
ered. D = 120 pm, detector 3.
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Fig. 12. Comparison between size measurements obtained from
the reflected signals (diameter deduced, D,) and the refracted
signals (diameter deduced, D). The expected diameter is D ~
220 pm.

fracted signal amplitude from signals with low
signal-to-noise ratios [see Figs. 7(e) and 7(f)].

According to the principle of the proposed tech-
nique, a significant improvement in the size measure-
ments of heterogeneous particles is expected with the
DBT, because it avoids the detectors’ collecting simul-
taneously the light that is reflected by the particle
and the light that is refracted by the particle and
scattered by the suspension. To illustrate this fea-
ture, Fig. 12 presents a comparison between the mea-
sured diameter, for a jet of 220 wm, from the phase of
the refracted signals and from the phase of the re-
flected signals. Various scatterer sizes and concen-
trations are considered. The evolution of the
corresponding standard deviations is also plotted.
For this jet diameter the reflected signals provide size
measurements with deviations of less than 3% for all
concentrations (0—-10%). For the refracted signals
this low deviation is obtained only for concentrations
of less than 0.2%; it goes as high as ~10-50% for
concentrations of more than ~0.75%. Note that the
standard deviation obtained with the refracted sig-
nals would be higher if phase measurements were not
limited in the 0 and 27 range. This last effect limits
artificially the amplitude of the largest standard-
deviation error. (The refracted signal phase oscil-
lates randomly in a fixed range.) When the phase
oscillates around zero, the measured particle diame-
ter tends to zero (in Fig. 12, d = 1.6 and 3.3 pm);
when it oscillates around 27, the measured diameter
reaches the maximum diameter authorized by the
phase—diameter relationship (in Fig. 12, d = 0.61
pm). (The mean diameter measured from the re-
fracted signals goes as high as ~600 pm.)

6. Discussion

A. Optical Parameters and Measurement Range

For the experimental setup we chose the optical pa-
rameters mainly to obtain an optical probe volume



with a sharp intensity profile and a good compromise
between the sensitivity and the dynamic range on
particle-size and scatterer-concentration measure-
ments. The reduction of the probe volume diameter
leads to a better separation between the two signals
and to a reduction of internal scattering effects on the
phase of the reflected signals. Unfortunately, this
also leads to a decrease in the particle transit time in
the probe volume (and then the accuracy on phase
determination) and an increase in the need for an ac-
curate correction of trajectory effects. For detectors
located in the near-forward direction (i.e., rays p = 1
and p = 0 mainly collected), a compromise is found
when the probe volume diameter is approximately one-
half of the minimum particle diameter.6 Intensity-
measuring-based techniques are limited in resolution
and dynamic range by the digitization of the signal
amplitude (an 8-bit oscilloscope was used here) and by
the dynamic range of the optical detectors, so that the
optical parameters are optimized to obtain a nominal
amplitude ratio that is not too high and a moderate
refracted signal attenuation with increasing concen-
tration in scatterers.

The evolution of the amplitude ratio, for a given
suspension concentration and particle size, depends
strongly on the collection angle (through distance L).
Figure 8 shows a qualitative overview of this depen-
dence. One simple solution for increasing the sen-
sitivity of the proposed technique to particles of small
optical thickness is, for example, to collect the scat-
tered light in the rainbow angle region. Some pre-
liminary simulations for ¢ ~ 139° and a parallel
polarization not reported here have shown that the
reflected and the refracted signals have approxi-
mately the same amplitude for a pure water jet and
that the refracted signal attenuation, with increasing
concentration in scatterers, is four times as high as
that obtained in Fig. 10.

The laser wavelength also plays an important role,
through the factor C,.,, on the sensitivity and the
dynamic range of the proposed technique. For the
diagnosis of particles with a large optical thickness
(large size and/or suspension concentration) the la-
ser wavelength can be increased to decrease the fac-
tor Cy.,. This well-known feature has been used for
particle-size improvements by Manasse et al.2 Sim-
ilarly, several laser wavelengths may be used to ob-
tain an estimation of the scatterer sizes in addition to
their concentration since C,. depends on both of
these parameters (provided that the scatterers’ size is
of the order of magnitude of the laser wavelength).
This procedure would be only an extrapolation of the
so-called multiwavelength extinction technique that
has already been developed for aerosol or spray con-
centration measurements.

B. Signal Processing

With a classical PDA setup, as well as for the re-
fracted and reflected signals obtained with the DBT,
the Doppler signals have the following form?1°:

S(t) = Pg[1 + V cos(2mupt + d)], (11)

where P, V, v, b are, respectively, the signal ped-
estal, visibility, frequency, and phase. From all
these terms only P, cannot be clearly attributed to an
interference phenomenon. The scatterers inside the
suspension induce some perturbations on the scat-
tered ray coherence and thus on the signal visibility
and phase. Thus the amplitude of high-pass filtered
Doppler signals, S(¢) = PgV cos(ot + &), which is
classically used for Doppler signal processing, may be
sensitive to the scatterer concentration through the
pedestal and the visibility (which is a complex pa-
rameter). Consequently, and also for a better com-
parison with model predictions, the amplitude ratio
was calculated from the signal pedestal by use of the
raw output signals from the PDA system rather than
the filtered and the logarithm amplified signals.

7. Conclusion

The principle of an optical technique for simulta-
neous velocity, size, and concentration in suspension
measurements of spherical droplets and cylindrical
jets has been proposed. It is based on PDA working
in the DBT configuration. Two models have been
developed to evaluate its application range and sen-
sitivity. An experimental test on cylindrical jets of
various suspension concentrations has demonstrated
the applicability of this technique. Several solutions
that extend the dynamic range or sensibility of this
technique have been proposed. It is believed that
this new technique could be a useful tool for investi-
gating processes in which liquid suspensions are
sprayed for surface-coating, drying, or combustion
applications.
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Abstract

The principle of the optical technique critical angle refractometry,
used to determine the size and refractive index of spherical par-
ticles (with relative refractive index below unity) in liquid flows,
was investigated. This technique is based on the observation of
the particle scattering pattern around the critical angle. Similarly
to the recent technique developed for rainbow scattering pattern
analysis for droplet temperature and size measurements, it is
shown that the relative particle refractive index (m, <1) and size
can be determined from the position of the primary diffraction
fringe and from the angular spacing between two fringes. Explicit

equations for refractive index and particle size measurement were
derived from the first-order term of the physical optics approx-
imation. An experimental validation test and numerical compu-
tations based on the Lorenz-Mie theory were used to validate the
principle of the proposed technique and to estimate its sensitivity,
which was shown to be of the same order as that of the rainbow
technique. This technique is considered to be useful for various
applications in liquid multiphase flows where the particles size
and material are to be characterized.

1 Introduction

The experimental characterization or investigation of multiphase
flows essentially requires the determination of three kinds of data
giving access to: (i) the flow dynamics (velocities of the different
phases, velocity fluctuations, vortices, number flux of the parti-
cles, etc.), (if) the disperse phase size, shape, concentration and
mass flux and (iif) material properties of the different phases
(particle material recognition, particle and fluid temperature,
chemical composition, etc.). Optical techniques, or laser tech-
niques, are largely used to obtain these various properties as they
are mainly non-intrusive, well adapted to the diagnosis of reactive
flows and, in most cases, highly resolved in time and/or space.
For disperse phase characterization, which we only consider here,
and for the determination of parameters (7) and (if), the optical
techniques used are essentially based on elastic or quasi-elastic
light scattering properties whereas material or physico-chemical
property investigations (i/) are mainly based on inelastic light
scattering properties. Thus the simultaneous determination of the
disperse phase extrinsic and intrinsic properties requires multiple,
complex and hence costly experiments.

These last remarks may explain the increasing number of research
work on the development of laser diagnosis techniques, based on
elastic light scattering, providing simultancously the three kinds
of parameters for the disperse phase. All this work is based on the
measurement of the particle refractive index, which is a natural

* Dr. F Onofri, IUSTI-CNRS UMR 6595-Universit¢ de Provence, Tech-
nopdle de Chéteau-Gombert, 5 ruc Enrico Fermi, 13008 Marseille
(France).

marker of particle material properties. Up to now, three methods
have been successfully proposed to measure the refractive index
and size of spherical flowing particles with sizes in the micro-
metric range:

— Rainbow Angle Refractometry: Roth et al. [1] proposed in 1989
the use of the position of the rainbow to deduce the refractive
index of spherical droplets. This technique, known as rainbow
angle refractometry, has more recently been extended to per-
form additional size measurements [2—4] and also velocity and
siz¢ measurements combined with a phase Doppler anem-
ometer [5]. This technique has been applied, for instance, to the
analysis of droplet combustion [5, 6] and liquid jets instability
[71.

— Phase Doppler Anemometry: in 1989 Nagwi et al. [8] proposed,
followed by Brenn et al. [9] the use of an extended phase
Doppler anemometer (EPDA) to perform simultaneous mea-
surements of particle velocity, size and refractive index. The
reduction of the sensitivity of this technique owing to the so-
called “trajectory effects” and its applicability for confined
flows have been greatly improved by the development of dual
mode phase Doppler anemometer (DM-PDA) for refractive
index measurements [10]. Onof#i et al. [11] proposed in 1994
the use a dual burst technique (DBT) to obtain the same
parameters with in addition the possibility of measuring the
imaginary part of the particle refractive index (i.e. absorption,
which may be useful for droplet evaporation studies, and
material recognition) [12] or the measurement of coated [13]
and heterogeneous particles [14]. These techniques have been
applied to particle material recognition [11-14] and the study
of spray interaction [9, 10].
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— Polarization ratio: Massoli et al. [15] proposed in 1990 the use
of the polarization ratio (measurement of the scattered light
intensity for two perpendicular polarizations) to obtain the
particle refractive index and size. This technique has been used
for burning oil droplet temperature measurements. It is mainly
limited to small particles (D < 20 um), whereas the rainbow and
the phase Doppler techniques (except the extended system) are
recommended for large particles (D> 20 pm).

All of these techniques have been proposed for the diagnosis of
spherical particles with a refractive index higher than that of the
surrounding flow (i.e. liquid or solid particles in gas). Never-
theless, for some applications, and particularly in liquid flows, the
particles may have a relative refractive index below unity. In this
last case, one may predict that the techniques based on phase
Doppler anemometry and the polarization ratio will be applicable,
although no experimental data or simulations have verified this
assumption yet, whereas the rainbow refractometry technique,
which is the most sensitive to particle refractive index, is clearly
not applicable for this kind of particle.

In this work, the principle of an optical technique for the simul-
taneous size and refractive index measurement of spherical par-
ticles in flows, with a relative index below unity, was investigated.
This technique, referenced here as critical angle refractometry
(CAR), is based on the analysis of the critical scattering pattern
produced by a single particle illuminated by a laser beam. This
technique could be useful for particles in flow characterization
with possible applications for size distribution measurements,
material recognition or the study of coalescent phenomena in
liquid/liquid systems. The paper is organized as follows. Section
2 recalls some basic features of the critical scattering of light by
spherical particles. The physical optics approximation (POA)
introduced by Marston and Kingsbury [16, 17] is developed to
obtain analytical expressions to predict the dependence of the
angular position of the diffraction fringes on particles size and
refractive index. Section 3 compares predictions from POA and
from the Lorenz-Mie Theory (LMT). Section 4 describes the
optical set-up used to validate the principle of CAR and presents
the experimental results obtained. Section 5 is a conclusion.

2 Scattering of Light by a Spherical Particle Near
the Critical Angle

From Descartes’ refraction optics laws, we know that in the case
of light rays passing from a medium of higher refractive index
(m') to a medium with a iower refractive index (m, relative
refractive index m, = m/m’ < 1), there exist an angle of incidence
¢.(m,) = arcsin(m;'), leading to an abrupt transition to total
reflection for ¢ > ¢ (m,). In the case of light rays incident on a
spherical particle, with radius a and with refractive index m,
located in a liquid flow with refractive index m’ with
m, =m/m'<1 (these particles are commonly referred to as
“bubbles™), the same phenomenon occurs but for a curved surface
[19], giving rise, near the so-called “critical angle”, to a complex
scattering pattern, Figure 1, presents the typical scatteiing pattern
that is produced, in the critical angle region, by an air bubble in
water (m, = 0.751) with a diameter D = 100 um. Numerical
calculations with the Lorenz-Mie Theory have been performed for
the parallel polarization and an incident planec with a wavelength
of A. This scattering diagram is characterized by strong oscilla-
tions: a coarse structure (large fringes) superimposed on a fine
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Fig. 1: Lorenz-Mie theory for scattering near the critical angle by a
100 pm diameter air bubble in water, m, = 0.751.

structure (small amplitude and high-frequency fringes). This
pattern is qualitatively very similar to that observed in the rainbow
angle region [3].

Note in Figure | that there exists a shift of several degrees
between the location of the first maximum in the scattering pattern
(from right to left) and the critical angle location predicted by
geometrical optics, 0.(m,) = n — 2¢_(m,).

Numerous efforts have been made to propose models giving more
insight than the exact solution provided by the Lorenz-Mie theory
(LMT) into the roles of parameters such as a, m, and 1 in the
production of the aforementioned scattering structures [16-22].
Marston and Kingsbury [16, 17] developed a so-called “physical
optics approximation” (POA) where the contribution from surface
reflection is treated by a procedure similar to Airy’s theory of the
rainbow: a Kirchhoff-type approximation is applied to the
amplitude distribution along a virtual reflected wavefront. The
reflection contribution (p = 0 in the Fan de Hulst [23] terminol-
ogy) is approximated as a step function: this “edge reflectivity”
[21] gives rise to an angular distribution of scattered intensity
similar to a Fresnel straight-edge pattern, which accounts for the
diffraction fringes of low angular frequency. Similarly to the
corresponding phenomena observed for the rainbow phenom-
enon, the fine structure is shown [17] to be unrelated to the critical
scattering and is concerned with an interference phenomenon
occurring between near-side and far-side refracted rays (rays with
p = 2 of opposite impact parameters (x >0 and x <0 as illustrated
in Figure 2).

In the following, to obtain analytical expressions for the coarse
structure dependence on particle size and relative refractive index,
we neglect contributions from internal reflections (p>1) and
direct transmission (p = 1). Thus, for a 3> 4, the angular dis-
tribution of the coarse structure is as follows [16]:

Iw) = I (%)25@85'_(_“’_) %)

where @ is the lateral angular displacement of the obscrvation
point from the critical angle predicted by geometrical optics (GO),
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0., and depends on the various parameters of the scattering Fig. 3: Evolution of Fresnel’s integral based function, H(a).
problem:
Table 1: Tabulated solutions of function H(a).
(8, my, a, ) = sin(6,(m,) — 0)\/(a/2) cos(0.(m,)). @ Location of the jth
extremum, &;
0 is the scattering angle considered in the scattering plane | 1.2171982507
((OXZ)), see Figure 2), Iy is the incident intensity and R is the 2pd 1.8725190624
observation distance from the particle center. The function 3rd 2.3448538242
ga(w) = [C(w) + 1/2]* + [S(w) + 1/2]* is similar in form to the ~ 4th 2.7390080864
well-known Fresnel (near-ficld) diffraction by a straight edge [24]. Sth 3.0881958234
R . . . . 6th 3.3913355077
It is used to predict the far-field intensity of a particle because of 5, 3.6741104772

the abrupt variation in amplitude of the virtual wave front near the
critical angle and because of the curvature of this wave front [17,
22]. C(w) and S(w) are Fresnel’s cosine and sine integrals, defined
as

F(w) = C(w) + iS(w) = J:' cos(%)dz +1i .E' sin (%)dz

3)

Determining the dependence of the angular position and spacing
of the diffraction fringes with respect to the particle radius and
relative refractive index is equivalent to looking for the extremum
of the following general function:

H(o) = (Cla) + 1/2)* + (S(e0) + 1/2)? (4)

and then looking for the solutions of its derivative:
no’? . [ma?
(C(er) + 1/2) cos - + (S(ex) + 1/2) sin -5 )= 0. (5)

No exact solutions have been found for Eq. (5) so a classical
numerical iterative procedure has been used to find them. Figure 3
shows the evolution of H(x). Table 1 gives tabulated solutions
found for Eq. (5). They are ordered with the index j, with max-
imum occurring for odd values of j and minimum for even values
of j. H(e) being equivalent to /(w) with the change of variabl:
o = w(0, m,, a, 2), the locations of the extrema (0;, i.e. bright and
dark diffraction fringes) of the function /(0), versus the particle
radius a and relative refractive index m,, can be deduced by
solving the following equation:

o = sin(0c(m,) — 0;)\/(a/2) cos(0c(m,)). (6)

The dependence of the angular location (in degrees) of the jth
fringe versus the particle diameter and relative refractive index is
then found to be given by

m,Afa

180
0; = — | n—arcsin| o [——
T N fm =1

For a fixed refractive index and for a 3> A, the angular deviation
from the critical angle of the diffraction fringes versus the particle
radius evolves as (0. — 0) « 1/./a. This dependence on size is
stronger than that predicted by Airy’s theory for the rainbow
phenomenon and an equivalent particle: (0, — 0) o 1/a*? (6, is
the angle predicted by geometrical optics for the rainbow angle).
For a flow and particles of known refractive index, the particle
radius can be determined by measuring the location of any
extrema in the critical scattering pattern (provided that we know
its numbering order, j):

-2 arcsin(m:l):l ) (7

2
o Am,

®

a(m,) =
) sin’[0; — = + 2 arcsin(m; 1)) /m? — 1

a is denoted here as a;(m,) as it is relative to the jth fringe and to a
fixed relative refractive index. It comes out also from Eq. (8) that
several estimations of the particle diameter can be performed by
measuring the angular positions of several fringes.

To avoid the dependence of the radius estimation on a prior
knowledge of the local flow refractive index and particle refractive
index, the positions of at least two fringes, j = p and j = g (with
P <g), have to be measured (experimentally it may be convenient
to use the first two bright fringes, i.e. p = 1 and ¢ = 3). Finally,
afier some rearranging [25], the particle size and relative refrac-
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tive index can be determined simultancously, from the first-order
term of the POA with the following expressions:

24 .2
o, + oy — 2° cos(ly — Op)opatg

e = sin’(0, — 0y)
A
0, 1 .
1 —cos >~ 5arctan sin(@, — 6,)
2
- %
oy — ap cos(ly — 0p) )}
9)
1
Mpg = (10)

sin(0, — 0,)

1 1
sin| =(m — 0,) — —arctan
72 cos(0, — 0,) — -2
%p

2

3 Lorenz-Mie Theory Predictions and Comparison
with the Diffraction Model

3.1 Lorenz-Mie Theory Predictions

Figure 4 presents the scattering pattern in the critical angle region
that is predicted by the Lorenz-Mie Theory, for a spherical particle
with m, = 0.751 (which may correspond to an air bubble (m = 1)
in water (m’ = 1.332)), versus its diameter. Note that throughout
the numerical study the wavelength is set to A = 0.6328 pum and
the electric vector to be parallel to the scattering plane (parallel
polarization), the contrast of the critical scattering pattern being
maximum for this polarization. When the particle size increases,
the position of the different maximum tends asymptotically to a
limit angle (which is significantly different from the critical angle
predicted by geometrical optics, 0.). The asymptotic evolution is
close to that predicted by Eq. (7): (6. — 6) o« 1/./a (see Figure 8).
When the particle size decreases, apart from the scattering pattern
decreasing in intensity, we can see that the fringe widths increase
drastically. The critical scattering pattern is also shifted further
and further away from 6. in the forward direction. From a
metrological point of view, we may conclude from this evolution
that the investigation of two-phase flows with large particles size
distributions (particularly for small particles with diameter
D <100 um) requires the observation of a large angular domain
(at least 30° for particles between 50 and 200 pm), which may
introduce difficulties in determining accurately the position of the
fringes on such a wide angular range.

Lorenz-Mie calculations are used in Figures 5 and 6 to illustrate
the strong dependence of the angular position of the first dif-
fraction bright fringes on the relative particle refractive index m,.
In Figure 5, the particle diameter and refractive index are fixed at
D = 100 pm and m = 1. The refractive index of the surrounding
medium m' evolves slightly from 1.335 to 1.3157 (m, = 0.751—
0.760). For this refractive index range, the effect of the decreasing
relative refractive index on the critical scattering pattern is an
almost lincar shift of the whole pattern in the forward direction.
For this particle size and relative refractive index range the sen-
sitivity of the position of the first critical fringe is about 75° for
Am = 1, whercas for the rainbow angle the corresponding sen-
sitivity is 140° for an equivalent particle, i.e. water droplet in air).

5e+05

40405

Scattered Intensity, S,.S,
20405 3e+05

1e+05

Scattering angle, 6 [deg]

Fig. 4: Lorenz-Mie theory for the evolution of the critical scattering
pattern versus the particle diameter, m, = 0.751.

In Figure 6 the particle diameter is also fixed at D = 100 pm. The
relative refractive index mi, evolves in a large range, from 0.67 to
0.979. Figures 6(a) and (b) correspond, for instance, to an air
bubble in water or in oil (m’ = 1.5), Figure 6(c) corresponds to a
water droplet in oil and Figure 6(d) and (e) correspond to a gly-
cerine (m' = 1.41) droplet in oil and in a fuel (m' = 1.44),
respectively. As already mentioned regarding Figure 5, the critical
scattering pattern is extremely sensitive to the particle relative
index. For the considered refractive index range, 0; evolves from
~87.4° to ~4.02°. This evolution is strongly nonlinear for
m, > 0.75. The sensitivity of the critical angle to the particle size
and relative index is maximum when n, — 1 (see Figure 10). The
intensities of the first fringes also increase drastically as the
relative refractive index increases (the intensity scale in Figure
6(e) has been increased by a factor of 100 compared with other
cases). The shape of the critical scattering pattern is also greatly
modified as m, — 1. In case Figure 6(e), for which the relative
refractive index is close to unity, the critical scatiering pattern and
the diffraction lobe merge.

i

D=100 um, m=1
m'=1.315,1.317,...,1.335
o
o
&
&
s
£
o
2
o
5
350 62 64 66 68 70 72 74 76 78 80
Scattering angle, 6 [deg]
Fig. 5: Lorenz-Mie theory for the evolution of the critical scattering

pattern versus a small variation of the relative particle refractive index,
D = 100 um.
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m=0.890
843,46

m=0.940

Be+05

46405
]
o407
4407
]

8,%24.49

Scattered Intensity, S,.S"

m=0.679

0 10 20 30 40 50 60 70 80 20 100
Scattering angle, 6 (deg]

Fig. 6: Lorenz-Mie theory for the evolution of the critical scattering
pattern versus a large variation of the relative particle refractive index,
D = 100 um. Cases (a) and (b) correspond to an air (m = 1) bubble in oil
(m' = 1.5) and in water (m' = 1.332), cases (c) and (d) to a glycerine
(m = 1.41 droplet in oil and water and case (¢) to a glycerine droplet in a
liquid fuel (m = 1.44).

It may be thought from Figure 1 that the critical scattering pattern
has a periodic component. The existence of a periodicity would be
an interesting feature, from an experimental point of view, as it
would facilitate the critical angle signal detection and filtering (to
~remove the fine structure). However, this is not the case. Figure 7
presents the amplitude of the Fourier transform of the critical
scattering pattern obtained in Figure 1, for 0 = 20 — 100°. The
spectrum exhibits weak peaks (related to high-order fringes) with
their related harmonics. The angular frequency of the first fringe
is lost in the contribution of the signal continuous component. The
contribution to the spectrum of the fine structure is also not clear.
The lower visibility of the diffraction fringes and the dis-
appearance of the fine structure for high-order fringes (j > 5)
probably explain why the spectrum does not exhibits clear peaks
such as thosc observed in the rainbow scattering pattern [3].

24g° {214 186

148°:12-15" fringes |

N,

e han'nonicﬂ
8.89 :1"1dnge

0 32 64 96 128 160 182 224 256
Angular frequency, 1°60 [deg™)

0.54° : Fine
struclure

0.39°
0.38°

Amplitude of the Fourier transform

u:\_\

~

Fig. 7:
Figure 1.

Angular frequency spectrum of the critical scattering signal of

3.2 Comparisons Between LMT and POA Predictions

In order to compare predictions from Eq. (7) and LMT for the
coarse structure dependence on the particle size, the evolution of
the angular position of the first fringe was calculated, for both
approaches, versus the particle diameter and with the relative
refractive index as a parameter. A low-pass filtering procedure was
applied to LMT predictions to remove the fine structure. For a
better comparison, owing to the large range of variation of 6,
Figure 8 presents the evolution of (6; — &0,) rather than 0,, where
60, corresponds to the particular angular shift introduced for each
relative refractive index. Qualitative agreement is found between
the diffraction model and LMT predictions. Careful examination
of this figure shows nevertheless that POA underestimates @, for
particles with diameter D > 100 pm. For particles with diameter
D <100 pum, three typical cases can be distinguished according to
the considered relative refractive index range:

(i) 0.751 > m, > 0.667 (this relative refractive index range
corresponds typically to gas bubbles in liquids (i.e.
m(air/water) = 1/1.332, m.(air/oil) = 1/1.5: POA pre-
dictions are significantly improved when the particle diameter
decreases. This may be attributed to a better validation, as the
particle radius curvature decreases, of the basic edge reflec-
tivity assumption made in the diffraction model (note that for
the rainbow angle the validity of Airy’s theory decreases with
decreasing particle size [4]). From Fresnel's coefficients it can
be easily shown that a decreasing relative refractive index
increases the contribution of reflected light (p = 0) to the
total particle scattering compared with the contribution from
other scattering processes (p < 1) which improved, for this
-refractive index range, our choice to consider only the first-
order term of the POA.

0.945>m, > 0.888 (this relative refractive index range cor-
responds typically to liquid or solid particles in liquids, i.c.
m.(glycerine/oil) = 1.41/1.5, m,(water/oil) = 1.332/1.5):
the discrepancy between the two approaches decreases more
slowly with decreasing particle diameter. The increasing
contribution to the total scattering of refracted and internally
reflected rays is assumed to be responsible for this effect.

(i)

20 50,=+77.885" o -~
a_ -
PR 80,=162.782° x __k_ -
o ——_——
- * -

-
(2]
N

N

+LMT, m,=0.667
X LMT, m=0.751
#* LMT, m=0.888
o LMT, m,=0.945
— POA, m=0.667
--- POA, m=0.751
—— POA, m=0.888
—-- POA, m=0.845

@

Normalized engular position of the 1% fringe, (8,~86,) [deg]
IS

25 100 175 250 325 400
Panticle diameter [um]

Fig. 8: Lorenz-Mie theory and physical optics approximation predic-
tions for the first diffraction fringe maximum location versus the particle
diameter. The particle refractive index is fixed (m = 1) and the liquid fiow
refractive index (m') acts as a parameter.
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(iii) 1 = m, > 0.945 (this relative refractive index range corre-
sponds typically to liquid or solid particles in liquids with
close relative refractive indexes (i.e. m,(fiel/oil): 1.44/1.5):
the discrepancy is significant and POA overestimates the
angular position of the first fringes. This discrepancy may be
attributed to the so-called “anomalous diffraction™ (see Van
de Hulst [23]) which occurs for particles with relative index
close to unity (m, — 1). In this case it is known that the
interference between the diffracted light and the reflected/
transmitted light becomes a dominant phenomenon (see
Figure 6).

Figure 9 compares predictions from Eq. (7) and LMT for the
evolution of the position of the first two bright fringes, 6; and 03,
and the angular spacing, Af;; =0; — @,, versus the refractive
index of the surrounding medium m’ with m = 1, We calculated
21 and 200 data points for the POA and LMT curves, respectively.
The particle diameter is fixed at 75 and 150 um. The small
oscillations observed with LMT come from the fine structure of
the critical scattering pattern (see Figure 1) which was not totally,
and then successfully, removed by the filtering procedure. For the
considered refractive index range, the position of the first two
fringes increases almost linearly with decreasing relative particle
refractive index. POA and LMT give almost the same slope for all
the corresponding cases so that we can conclude that the dif-
fraction model gives a correct estimation for the evolution of 8,
and 03 with the relative refractive index. Nevertheless, an angular
shift of about 1° is observed between POA and LMT predictions
and for both particle sizes. This discrepancy is also evident from
the evolution of the angular spacing, A0s;.

Figure 10 compares both predictions for an extremely large range
of variation of m, and for five particle sizes. Region (A) corre-
sponds to gas bubbles in common liquids. In this case, as already
mentioned with regard to Figure 9, the angular position of the first
diffraction fringe evolves almost “lincarly” with m,. POA pre-
dictions are slightly shifted from those of LMT. Region (B)
corresponds to liquid or solid particles in liquids (or solids). In
this case, the discrepancy between POA and LMT predictions
increases significantly as m, — 1 when, at the same time, the
critical angle sensitivity to the relative refractive index increases.

&—a [MT, 48, D=150 pm -
©——0 LMT, 48, D=75 um

& - = POA, 48, D=150 um

o - 0 POA, 46, D=T5

8

®—= LMT, 8,, D=150 jum
G—0 LMT, 8,, D=150 pm
4 LMT, 8,, D=75 pm
&2 LMT, 8,, D=75 jim
@ - @ POA 0, D=150 pm
G - OPOA, 8, D=150 pm
~-—|& - 4 POA, 8, D=75 ym

& - 6 POA, 8, D=T5um | (m)
—Wt Rl P S
R =Tt S VAN

&

4

8

P
&

2 3
b
[%ap] v 'Buroeds seynBus seBuuy
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Angular position of the 1% and 2™ bright tringes, 9, (deg)

1.325
Refractive index, m'

Fig. 9: Comparison of the Lorenz-Mie theory and the physical optics
approximation for the location of the first two diffraction fringe maximum
and the corresponding angular spacing versus the inverse of the refractive
index (m'/m). This figure has been partly deduced from Figure 5.

[ I LMT.D=50m |
X LMT, D=100 pm |
% LMT, D=200 pm
9 LMT, D=300 um
4 LMT, D=400 pm

— POA,D=50pm

~ - POA, D=300 yim
—- POA, D=400 pm

e —

Angular position of the 1 fringe, 8, [deg]

‘
:
) :

O s 080 TE—TiD

Relative refractive index, m=mv/m'

0.95 1.00

Fig. 10: Comparison of the Lorenz-Mie theory and the physical optics
approximation for the location of the first diffraction fringe maximum
versus a large variation of the particle relative refractive index (m/m’).
Five particle diameters arc considered. This figure has been partly
deduced from Figure 6.

3.3 Discussion

The CAR sensitivity to the relative particle refractive index is of
the same order as (slightly inferior to) that obtain with the rainbow
technique, whereas for the particle size its sensitivity is higher
(but nevertheless comparable). It is thought that this technique
could be useful for various applications in liquid multiphase flows
where the particle size and material are to be characterized. This
technique could be an alternative to or be used in combination
with existing techniques such as those based on phase Doppler
anemometry [8—12], which are known to provide reliable size and
velocity measurements but a weak resolution in refractive index
measurements. One major difference with PDA for size mea-
surement is in the nonlinearity of the function 8 = f(D) (Figure
8), which may induce an increasing measurement error with
increasing particle size, if the absolute uncertainty in the angle
measurement is assumed to be constant. This could be considered
as a limiting point compared with PDA, which uses a linear
phase-diameter relationship. However, this also means that the
CAR is more adapted to size fluctuation measurements and thus
for applications where an extreme precision on size measurement
is required.

From the numerical simulations we may conclude that if the first-
order term of the POA (p = 0) accounts well for the roles of
parameters such as a, m, and A in the coarse structure of the
critical scattering pattern, it may not be with sufficient precision
for applications requiring extreme accuracy on particles size and
refractive index determination. From a practical point of view and
to improve this model, two solutions may be adopted:

(i) To take into account contributions from refracted rays
through the particles (p = 1) and those which have exper:
cnced one internal reflection (p =2). Nevertheless, this
approach would lead to complex expressions without analy-
tical solutions [25] and decreases the interest of the POA
compared with the use of direct LMT or complex angular
momentum theory (CAM) [22] calculations, for an hypo-
thetical enhancement of the predictions (physical effects such
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as the Goos-Hénchen [26] effect will still not be taken into
account).

(ii) To use LMT predictions to create a look-up table in order to
correct the angular shift which is observed with the POA
predictions, at least for the two first fringes. For a given
refractive index range (i, < 0.751), this could be done only
versus the particle size as from Figures 9 and 10 it appears
that the angular shift is very weakly dependent on the relative
refractive index. In all cases, the procedure for the size and
refractive estimation would be, for instance, (a) to use Eq. (8)
to obtain a first estimation of the particle diameter by
assuming a mean relative refractive index, (b) to look up in
the table the correction introduced by LMT to the POA
predictions for the corresponding size, (c) to use this new
estimation of the particle diameter to estimate the particle
refractive index from Eq. (10), (d) to iterate operations (b)-
(d) to obtain the correct particle diameter and relative
refractive index by using a convergence criterion. Note that a
similar procedure has been used by Corbin et al. [27] for the
rainbow technique.

4 Experimental Validation

4.1 Optical Set up and Procedure

Figure 11 illustrates the apparatus used to validate the principle of
the proposed technique. Rising air bubbles were produced by
injecting air into a porous medium immersed in a spectro-
photometric cell (40 x 40 x 120mm) filled with a liquid, i.e.
demineralized water (m' = 1.332), ethanol (m' = 1.364) or a
silicone oil (m' = 1.458). The incident light was produced by a
10 mW horizontally polarized helium-neon laser, 2 = 0.6328/m’

Variable neutral
density filter

10 mW He-Ne laser p-

Fig. 11:
the critical angle refractometry.

Top view of the optical set-up used to validate the principle of

pm. Before entering the cell the laser beam was collimated with
two lenses. The beam waist diameter at the measurement point
was approximately 410 pm. The laser beam polarization angle and
its intensity were controlled with a half-wavelength plate and a
variable neutral density filter. The scattering pattern was recorded
with a Jai M30 video camera which allows 360 images per second
in a 752 x 66 pixels format. The video signal was directed to a
video board for digitization and for processing on a personal
computer. The camera lens was focused at infinity. It had a focal
length of 50 mm with f'/d = 1.6 so that angle of view was limited
in water, ethanol and the silicone oil to 28.6°, 27.67° and 22.73°,
respectively. A macro lens was also used to measure the size
(referred to here as the “photographic diameter”) of the rising
bubbles from their image obtained under backscattering illumi-
nation (white light source and a diffuser). The cell and the camera
were placed on a rotating plate to which a precise goniometer was
attached. This set-up was found very convenient to take into
account, for each liquid, refraction effects at the viewing window.
During the calibration procedure a mirror was immersed in the
cell at the measurement point location. The laser beam defiection
was measured with the goniometer and the camera in order to
calibrate the camera angle view scale. To match the bubble
positions with the optical probe volume, defined by the laser beam
waist location and the camera lens object plane, the cell was
moved with micro displacements to scan most of the photo-
spectrometric cell volume. During the experiments the camera
shutter was used to adjust the camera time exposure.

4.2 Preliminary Experimental Results

Figure 12 shows three typical images recorded near the critical
angle of rising bubbles with different sizes and relative refractive
indices: (a) air bubble in water, D = 115 pm, m’' = 1.332; (b) air
bubble in ethanol, D = 130 um, m' = 1.364; (c) air bubble in
silicone oil, D = 88 um, m’ = 1.458. These nominal refractive
indices were measured, at ambient temperature, with a classical
Abbé refractometer. The diameter reported here is the photo-
graphic diameter (it cannot be considered as an absolute reference
owing to the difficulties in identifying bubble edges with the
imaging system).

The previous images have been corrected (with a resampling
algorithm) for refraction effects at the glass/air interface so that
the scale given at the bottom of these figures indicates the true
scattering angles. In all three cases the coarse structure is present
(broad vertical light and darks bands) in addition to the super-
imposed fine-structure lines. Reflections on glass cell walls and on
other bubbles are responsible for the background noise.

Fig. 12: Images of the scattering pattern

observed in the critical angle region for a
rising (a) air bubble in water, D = 115 pm,
m' =1.332, (b) air bubble in ethanol,
D = 130 um, m’ = 1.364 and (¢) air bubble
in silicone oil, D = 88 um, m’ = 1.458. The

80
Scatlerdng angle [deg]

angular scale indicates the true scattering
angles.
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Figures 13-15 show the intensity profiles corresponding to the
images from Figure 12. They have been obtained by adding the
video signal from all of the 66 camera lines. This procedure is
commonly used to improve the signal-to-noise ratio. The average
curves correspond to the evolution of the intensity profiles when a
Fourier filter smoothing algorithm is applied (window width = 2°.

Air bubble in water

o
R
=
=
3
&
(7]
69.76° 76.04°
0 IS FTRw ds4aa " 1 e n [ R EE
53] n el ;4] &8 €
Scattering angle [deg]
Fig. 13: Intensity profile of the scattering pattern corresponding to case

(a) in Figure 12. The average curve corresponds to the intensity profile
when a Fourier filter smoothing algorithm is used to remove the fine
structure (window width = 2°).

Signal intensity [pixels]

Scattering angle [deg]

Fig. 14:

As Figure 13 for case (b) in Figure 12.

20 +

Signal intensity [pixels]
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Fig. 15:  As Figure 13 for case (c) in Figure 12.

Table 2:  Summary of the experimental data and results obtained for the
different bubbles.

Water Ethanol Silicone
oil
Photographic diameter (um) 115 130 88
Nominal refractive index, m' 1.332 1.364 1.458
Position of the 1st bright 76.04 78.45 85.9
diffraction fringe, ¢,(°)
Position of the 2nd bright 69.76 71.85 78.35
diffraction fringe, ¢;(°)
Diameter with Eq. (8), ¢, 105.9 122.5 90.5
and m’ (um)
Diameter with Eq. (8), ¢; 105.2 123.8 92.7
and m' (um) :
Diameter with Eq. (9), ¢, 104.5 125.2 95.0
and ¢; (um) only
Refractive index m” with Eq. 1.3324 1.3633 1.4558

(10), ¢, and ¢; only

Finally, from the filtered intensity profiles the position of the first
two bright diffraction fringes (¢; and ¢,) can be measured.
Table 2 gives the values obtained for the bubble diameter and
relative refractive index when Egs (8), (9) and (10) are used with
the measured values for ¢, and ¢;. Good agreement is found
between the photographic diameter and those deduced from the
critical scattering pattern analysis and the POA. The deviation
between the different values is less than 10, 5 and 8% for the
water, ethanol and silicone oil bubbles, respectively. For refractive
index measurements the deviation from the Abbé refractometer
measurements is less than 0.03, 0.05 and 0.2%, respectively,
which is already sufficient for most applications requiring particle
material recognition. Results obtained with LMT are not reported
here and will be the subject of a future publication.

5 Conclusion

The principle of an optical technique for determining the size and
relative refractive index of spherical particles in flows (with par-
ticle relative refractive index below unity), by observing their
scattering pattern around the critical angle, was investigated. It is
thought that this technique, referenced here as critical angle
refractometry, could be useful for the characterization of the size
and material of spherical particles in flow size and material, and
more particularly in applications requiring high precision in the
determination of these parameters.
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7 Symbols and Abbreviations

CAR Critical angle refractometry

C(x), S(x) Fresnel’s integrals

D particle diameter

H(x) function describing the diffraction angular pattern
versus the dimensionless parameter o

GO geometrical optics
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LMT Lorenz-Mic theory

POA Physical optics approximation

S,.5%F scattered light intensity for parallel polarization

a particle radius

i complex number

J,pq index of the jth, pth, gth diffraction fringes observed
in the critical scattering pattern

m refractive index of the particle material for the laser
wavelength

m' refractive index of the surrounding medium for the
laser wavelength

m, particle refractive index relative, m, = m/m'

o solutions of function H(«)

A laser wavelength in air

0 scattering angle

0, critical angle position predicted geometrical optics

0, rainbow angle position predicted by geometrical
optics

0, angular position of the jth diffraction fringe
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Abstract. The nonlinear instability of a compound jet consisting of a
liquid core and immiscible coaxial liquid layer is studied. The equations
of motion for both liquids (phases) are used in one-dimensional (1-D) ap-
proximation similar to that known for one-layer jet.A numerical method
is proposed for calculation the radiuses of both interfaces and axial ve-
locities of the core and outer layer. The method is tested for determining
the typical forms of compound jet disintegration.

1 Introduction

The compound jet generation principles and a qualitative deseription of the hy-
drodynamic of the jet have been given by Hertz and Hermanrud [1]. In their
experiments they observed three different types of compound jet instability,
namely capillary, sinuous and varicose instability depending on the jet velocity.
The present paper is restricted to the analysis of the capillary instability only.
The latter manifests itself into disintegration of the jet into drops of different
configurations and sizes.

The first models developed to study this kind of compound jet instability
are based on the one-dimensional approximation of the Navier-Stokes equations.
Based on this approximation in Radev and Shkadov [2] a linear analysis of the jet
instability is performed which reveals three different break-up regimes, namely
breaking as a single jet, breaking of the core and disintegration by meeting of
the interfaces. (Further on for brevity these regimes will be referred as First,
Second and Third break-up regimes, respectively). Similar analysis is proposed
by Sanz and Meseguer [3].

As it could be expected the above linear models are well suited to the initial
evolution of the perturbations along the jet but failed to predict the final break-
up configuration, which is strongly controlled by the nonlinear effects. The latter
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are taken into account in Epikhin et al.[4] and Radev et al. [5] in which the jet
flow is assumed of uniform velocity profile and approximated by one-dimensional
equations of motion. The disturbances are considered periodical in space of a
given wave length, whose amplitude increases in time. The analysis in Epikhin
et al. [4] is made by a decomposition of the disturbances in a Fourier series
with unknown amplitudes, while in Radev et al. [5] a spline-difference numerical
method is proposed. The experimental observations that the jet break-up gives
rise of both main and satellite drops are confirmed numerically as well. Moreover
it is shown that the satellites for the First disintegration regime are formed from
the core liquid only and are entrained by the layer flow. In the Second regime
the compound satellite drops appear consisting of a core and concentric layer
formed from the jet core and surrounding layer respectively.

For completeness it should be mentioned that 2-D models of the compound
jet instability are proposed in Tchavdarov and Radev[6] and Tchavdarov et al.
[7]. In the former a linear analysis is performed while the latter is concerned
with a direct numerical simulation.

The present paper deals with the nonlinear instability of a one-dimensional
compound jet. A numerical method is proposed for calculating the evolution
in time of both the interface radiuses and core and layer velocities. It allows
accounting for a stepwise profile of the undisturbed velocity. The method is
illustrated by the typical disintegration forms of the jet.

2 Statement of the Problem

The compound jet shown in Fig. 1 consists of an axisymmetrical liquid core
of (undisturbed) radius H; and density p; and a surrounding coaxial layer of
another immiscible liquid of outer radius H> and density po . Both liquids are
assumed incompressible and nonviscous. Hereafter the subscript j = 1 is set for
the core, whereas j = 2 is used for the layer.

The jet flow is related to a cylindrical coordinate system (r, z), whose z -
axis is directed along the jet axis. By using H, and U, as respectively linear
and velocity scales the 1-D equations of motion of the jet could be written in
the following nondimensional form (for more details see Radev and Shkadov
(1985)(2]) e
U u dp;

E’—Jruja—;:——é%’, j=1,2, )
where the axial velocities u; = u;(t,z) and the pressures p; = p;(t,z) are un-
known functions of the time and axial coordinate.

Partial differential equations for the unknown radiuses r = h;(t, z) of the in-
ner and outer interfaces are derived from the mass-conservation equation written
simultaneously for the core and layer

dhy dh; 1 _
E"‘ulg“fzhlaz =0, (2)
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Fig. 1. Compound jet section of length ) related to a cylindrical coordinate
system. The undisturbed core and jet are assumed of constant radiuses (H;
and Hj respectively) and of uniform axial velocities ( U; and Uy ), the latter
allowing for a velocity jump (discontinuity) AU = U; — Uz > 0; A stands for the
wave length of the imposed disturbances

8hy Gha 1 hy 2 dus 1hy, Gu hy 8hy _
ot 3 T2 [1 - (hg) e g T oM ez Ty 5 =0 ()
The pressure terms in eq. (1) are given in the form
pi = %pm +oiK8;, =12 (4)
T

where k; are the mean curvature of the interfaces

-1/2 o1 -1
8h;\* 1 8h; &2hy
"i{”(x)] {h—,.—{“(a; 922 ( (5)
while o; = T} /(p;H.U?) denote the corresponding inverse Weber numbers re-
lated to the inner and outer surface tensions T}.
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In the absence of gravity it is convenient to seek spatially periodical solutions
of the above system of partial differential equations, that is

h.f(:‘z+/\) =h.f(tlz)1 : uj(t!z+A) =u.f(t! Z)‘

th- _ ah_, 3u,— _ %

'3?(352 +A)= a(ts z), g(trz +A) = 32 (t,2), (6)
32}1_1 ?h;

522 (ts 2+ A) = w(t: z):

where ) represents the wave length.

3 Linear Instability Analysis of a Compound Jet

In the context of the linear instability analysis the jet flow is decomposed into
a steady and nonsteady (disturbed) part. In the steady case the system (1)-(5)
allows a simple solution of the form

h_f(f, 2] = Hj u_.,.-(t, z) = UJ' y {7)

representing a compound jet of constant radiuses and uniform axial velocities of
the core and coaxial layer.

The perturbed flow is given in the form
hjt,2) = Hj + hj(t,2), wujt,2) = Uj +15(t,2), pi(t,2) = Pj +5;(t,2) (8)

assuming that the nonlinear terms in respect to the disturbances are small
enough to be neglected. The solution of the linearized boundary value problem
(1)-(8) appears in an analytical form

(R, 5, B5)(t, 2) = (Ry, W5, B5) explia(z — b)), 9)

where & = 27/ is a given wave number while the complex amplitudes h;, @}, 5;
and complex phase velocity of the perturbations

ce=% 44l (10)

a o«

are unknown. In equation (10) w denotes the angular frequency, while ¢, =
w/a stands for the phase velocity and ac; = g - for the growth rate of the
disturbances. The complex phase velocity and the wave number are connected
in the following (usually called dispersion) equation

(h — o) —2(Uy — U2)(Uy —)*+
[T - U2)? + J02(1 - 82)(1 — 0?) + Ay | (Uy — )%
2A1(Uy = Ug)(Uy = c)+

[A1 (U1 = U2)? + La102671(1 = 62)(1 - 6%0%)(1 - a?)] =0,

(11)
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where

A; = % [016_1(1 —6202) + 0'252'0—2(1 —{12)] . (12)
P1

In principle the initial conditions for the system (1)-(5) should satisfy the equa-
tion (6), otherwise they could be chosen arbitrary. However from a physical
point of view it will be of interest to have a possibility to study the evolution
of initially small disturbances up to the break-up point. Following the linear
instability theory in Radev and Shkadov (2] the form of the jet perturbations of
sufficiently small amplitudes is derived from the linearized equations (1)-(5). Be-
low on we briefly present some details concerning the linear instability analysis
of a compound jet, which will be used in the formulation of initial conditions for
the equations (1)-(5) fitted to the linear solution. For our further considerations
we will need some details concerning the solutions of the dispersion equation.

0.18 4 0.80 5
2
q q z
0.50

! &
0.00 0.50 1.00 1.50 200 250

Fig. 2. Amplification rate of the disturbances versus wave number a at a zero
undisturbed velocity Jump AU =0,0y =0.015,8 = 0.5, p2/p1 = 1; Curves 1
and 1” 1 o1/ = 100, 2" and 2": o1/o2 = 0.1. The superscript " and " above
denote the first and second linear modes respectively. The maximum growth rate
within the curve 1' is controlled by the inner surface tension. When the outer
surface tension increases this maximum moves into the range of the long waves
(curve 2')

Fig. 3. The effect of the undisturbed velocity jump on the growth rate. AU =
0.5,01 = 0.015,8 = 0.5, pg/p1 = 1. Curves 1, 1 and 1”: g1 /09 = 100, 2, 2"
and 2" oy Joa =0.1. The superscripts , and " above denote the first, second
and third linear modes respectively. In the interval of the very short waves a
third mode is burned (curve 1”'). When the outer surface tension increases this
mode moves into the range of the long waves with the highest growth rate inside
it (curve 2"'}. Simultaneously the second mode (curve 2”) tends to move above
the first mode (curve 2') at the begining of long wave interval
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This is an algebraic equation of fourth order for calculating the complex phase
velocity ¢ as a function of the wave number at given values of the nondimen-
sional parameters Ty, U_{, d=H; ;"Hg, Po = pg;!p], . After determining the complex
phase velocity the unknown complex amplitudes f;,%; could be found from the
linearized equations (1)-(8) provided that the value of one of these amplitudes
is given.

In the particular case when the undisturbed velocity profile is uniform in the
both phases (U; = Us) eq. (11) is reduced to a biguadratic equation. It is easily
seen that in general this equation has two pairs of complex conjugate roots:
the first one is defined within the wave number interval 0 < a < &%, while
the second - in 0 < @ < 1. The two branches (further on called modes) with
positive imaginary parts ¢; define two families of disturbances which grow with
amplification rates equal to ¢ = ac; and propagate with one and the same phase
velocity ¢, = Uy. In Fig. 2 the "¢ —a" curves for both modes are illustrated for
two characteristic values of the ratio o2 /0 of the surface tensions. If as usually
we assume that in natural conditions the jet is disintegrated by the disturbances
of a higher amplification rate then in Fig. 2 they correspond to the maximum
of "g — @" curve related to the first mode. However in the case of g3/0; >> 1
this maximum (g}) is attached to the wave number close to the Rayleigh one
a* & v/2/2 and is controlled by the outer surface tension. In the case g3 /01 << 1
the maximum (g}) moves to the range of the shorter waves (a** & v/2/26) being
controlled by the inner interface.

The "¢ — &” curves in the case of a stepwise velocity profile are shown in
Fig. 3 for a given value of the velocity jump AU = U; — Uy > 0. The main
difference in respect to the case of a continuous velocity profile manifests itself
in the appearance in the range of the short waves of a new unstable mode,
resulting in a third family of growing disturbances. The maximum growth rate
of the disturbances g}, ; and the corresponding wave number a*** depends on the
value of the velocity jump AU: when the latter increases the maximum growth
rate increases as well, while the wave number a*** moves into the direction of
the longer waves. Looking at Fig. 3 it should be mentioned that at sufficiently
high values of AU the maximum growth rate corresponding to the second mode
(g7;) may become higher than to the first mode (g})).

Coming back to the nonlinear boundary-value problem (1)-(6), it is quit
natural to apply equations (8) and (9) as initial conditions for this problem.
It is important to note that in the conditions (8) and (9) one of the complex
amplitudes say f-zj must be considered as an additional input parameter of the
nonlinear problem. It will be denoted by Rjg to point out that this is the initial
amplitude of the corresponding interface radius at time t = 0 . As far as the
complex phase velocity is explicitly involved in the linearized form of equations
(1)-(5) (not written in the paper) the number of the selected mode will act as a
second input parameter in the initial conditions (8) and (9).
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4 Numerical Method
In order to eliminate the disturbance translation along the jet axis it is conve-

nient to introduce new independent variables (£, 7) and new dependent variables
(wy, IT;) as follows

E=oaz—wt, T=oo/o.t, 0<£<2m (13)
u; =Uj + oww;, II;=07'p;. (14)

In these expresstions w = ac, and o, stands for o3 (or a1).

Following (8], for solving the nonlinear boundary value problem (1)-(6), writ-
ten in new variables, we use the Continuous Analog of Newton Method (CANM).
A finite difference method of second order for discretization the obtained CANM
problem is applied. All results, shown in figures, are obtained using the Crank-
Nikolson difference scheme with steps he = 7/200, h, = 0.01. The CAMN needs
2-3 iterations to solve the problem in each layer 7 = kh.

The jet disintegration time 7, is determined when one of the following con-
ditions is satisfied

n.'l‘ein hl(ﬁ!f) < 10_2! or mgﬂ(hz(fb, E] - hl(m:{)) < 10_2-

5 Results and Discussion

Due to the fact that the above described problem appears as multiparametric
one, it is rather difficult to illustrate the effect of all entering parameters. For
that we will limit our discussion to the case of zero velocity jump AU. In these
conditions the jet instability is mainly controlled by the ratio o3 /o2 of the sur-
face tensions, whose effect will be analysied below. The values of the remaining
nondimensional parameters will be fixed as follows:

o1 = 0.015,6 = 0.5, p2/p1 = 1, hag = 0.01. (15)

Moreover we will concentrate our attention to the cases when the jet is ini-
tially excited by the perturbations (8) and (9) related to the first mode of the
dispersion equation. In general the calculations will be performed for the wave
number of the highest amplification rate. The effect of the second and third
mode remains to be studied additionally.

5.1 Compound Jet Disintegration at o /o2 €< 1

In this case the jet instability is controlled by the outer surface tension. The
jet disintegration behaves like one-layer jet break-up, as shown in Fig.4, whose
parameters correspond to the curve 2’ in Fig.2. The resulting main and satellite
drops are compound as well and consist of a core and concentric layer formed
by the inner and outer liquid respectively.
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5.2 Compound Jet Disintegration at oy /o2 3> 1

When the inner surface tension prevaluates the jet instability appears as a core
disintegration resulting into main and satellite drop, which after breaking are
entrained by the surrounding liquid. This disintegration regime of the compound
jet is demonstrated in Fig.5, whose parameters correspond to curve 1 in Fig.2. It
should be mentioned that after the core break-up the jet still remains continuous
up to the breaking of the outer interface. However this break-up regime is out
of the scope of our model.

5.3 Compound Jet Disintegration at p, < py

A new type of jet disintegration appears if in the range g1 /e2 < 1 the density of
the outer liquid is decreased below the density of the core. As shown in Fig.6 the
minimum distance between the interfaces becomes zero, while the inner interface
is still far from the jet axis. This form of a jet disintegration is admissible in the
numerical experiments only if p < p;. However in contrast to the disintegration
regimes shown in Fig.4 and Fig.5, this in Fig.6 remains to be demonstrated
experimentally.

200 9 1.60 o
n2
n2
1.50 3 1.20 3
i W
1 L}
00 4 0.80 3
050 4 0.40 5
0.00 E 0.00 Y Y T ‘ 1
=2.00 -0.00 200 400 5.00 -100 -0.00 200 400 600
Fig. 4. Fig. 5

Fig. 4. Compound jet break-up as one-layer jet, o;1/o2 = 0.1, = 0.707, AU =
0,7 = 8.24, The remaining input parameters are given in (15). The jet is ampli-
fied by the corresponding first mode (curve 2” in Fig.2). Both interfaces break-up
simultaneously at the same points forming one main and one satellite compound
drop within one wave length

Fig. 5. Compound jet disintegration due to the core break-up. a1 /g2 = 100, a =
1.41, AU = 0,7, = 0.41. The remaining input parameters are given in (15). The
jet is amplified by the corresponding first mode (curve 1" in Fig.2). The core
breaks-up the first while the layer still exists as a coherent portion. The main
and satellite drops detached from the core are entrained by outer flow
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Fig.6. Compound jet disintegration due to the meeting of the interfaces.
o1/o2 = 0.1,a = 0.73, 1, = 9.06, p2/pz = 0.5 The values of oy, and hyg are
given in (15), The jet is amplified by the corresponding first mode. The outer
interface approaches the inner one faster than the latter reaches the jet axis

6 Conclusion

The nonlincar instability of a compound jet is studied as a solution of initially
small disturbances up to the jet desintesration. It is shown that the nonlinear
effects significantly affect the final stages of the jet desintegration. The type of
the latter as well as the type of satellite formation is mainly controlled by the
ratio of the inner and outer surface tensions. The numerical method developed
on the basis of one-dimensional equations of motion accounts for discontinuity
(jump) of the velocity in both phases. However the effect of the velocity jump
on the jet instability remains to be studied separately.
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Superimposed noninterfering probes to extend the
capabilities of phase Doppler anemometry

Fabrice Onofri, Anne Lenoble, and Stefan Radev

We propose using multiple superimposed noninterfering probes (SNIPs) of the same wavelength but
different beam angles to extend the capabilities of phase Doppler anemometry. When a particle is
moving in a SNIP the Doppler signals that are produced exhibit multiple Doppler frequencies and phase
shifts. The resolution of the measurements of particle size (i.e., by fringe spacing and Doppler frequen-
cy) increases with beam angle. Then, with the solution proposed, even with only two detectors several
measurements of size can be obtained for the same particle with increasing resolution if we consider
higher frequencies in the signal. Several optical solutions to produce SNIPs as well as a signal-
processing algorithm to treat the multiple-frequency Doppler signals are proposed. Experimental val-
idations of the sizing of spherical and cylindrical particles demonstrate the applicability of this technique
for particle measurement. We believe that this new technique can be of great interest when high
resolution of size, velocity, and even refractive index is required. © 2002 Optical Society of America

OCIS codes:

1. Introduction

Phase Doppler anemometry'—4 (PDA) is now a well-
established interferometric technique for measure-
ment of particle size and velocity in two-phase flows.
Two types of model are used to explain the working
principle of this technique. The first model, usually
referred to as the scattered fields addition model, is a
rigorous approach based on exact calculation of the
interference field produced on the aperture of a pho-
todetector by the net field scattered by a particle
located at the crossing of two laser beams. The
particle-scattering properties as well as the optical
parameters of the PDA geometry are taken into ac-
count through intensive calculations that use either
geometrical optics or the Lorenz—Mie theory.56

The second model, called the heuristic fringe
model, was introduced to explain the basis of laser
Doppler anemometry (LDA); see Ref. 7 and 8. Af-
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terward it was used to explain the principle of PDA,
as this technique is an extension of LDA. In the
heuristic fringe model it is considered that at the
crossing of two incident coherent laser beams there
exists a fringe pattern whose characteristics depend
only on the properties (mainly wavelength and cross-
ing angle) of the laser beams. The particle is as-
sumed to be perfectly spherical and to act as a
microspherical lens that projects the probe volume
fringe pattern onto the aperture of the photodetector
[Fig. 1(a)]. Inthe paraxial approximation the spher-
ical particle’s focal length is f =~ mR/[2(m — 1)] (we
restrict our analysis to the refracted rays), where R,
m, and \ are the radius and the relative refractive
index of the particle and the laser wavelength, re-
spectively. Inthe probe volume the fringe pattern is
defined by fringe spacing i, = N\/[2 sin(a)], where « is
the beam’s half-angle. For a projection plane located
a distance L from the particle’s focal point the pro-
jected fringe spacing is i, = i, L/f. For two identical
point detectors D' and D that are symmetrical to the
Oz axis with elevation angles /! = —{? = {, the dis-
tance between the detectors is {'? = L tan(2y). When
the particle crosses the probe volume fringes with a
velocity component V. along the Ox axis the signal
output from the two detectors exhibits the same het-
erodyne Doppler frequency, namely, v. LDA uses this
feature to deduce from the measurement of this Dopp-
ler frequency® the particle velocity component V,, = vi,,.
The Doppler signals emerging from the two detectors
are phase shifted in relation to each other by the



Fig. 1.

quantity Ad'? = 2mw(1'2/i ) = 2w (1'%/i,L). The mea-
surement of this phase shift is used by PDA to deduce
the particle diameter. A phase-diameter conversion
factor C'2 = A$'2/2R is usually defined by

Cl2zf
Am-—1

a[rad/pm]. (1)

Expression (1) is limited to the paraxial approxima-
tion (y << 1), and it does not take into account many
effects such as diffraction, polarization, and internal
reflections inside the particle as well as the off-axis
location of the detectors. Nevertheless this simple
expression gives a good estimation of the dependence
of C'? on parameters , o, and m. We found by
comparison with the predictions of a geometrical op-
tics interference model that C'? is estimated to a
greater accuracy than 2.5% for the parameter ranges
a, € [0-5°]and m € [1.1-1.7]. One important point
to note is that the beam’s half-angle and the elevation
angle are equivalent in expression (1). This inter-
esting property forms the basis of the proposed tech-
nique, which is detailed below.

By using expression (1), one can simply deduce
particle diameter D from measurement of phase shift
A2, where D = Ad'?/C*.  More precisely, because
of the 2w ambiguity in any measurement of phase
shift Ad'?, the particle diameter reads as D = (A2 +
2n)/C12, where n is a natural integer that remains
to be determined. To determine n, classic PDA sys-
tems use a third detector, D®. This additional detec-
tor permits the measurement of two phase shifts,
namely, Ad'? and Adp'2, for each particle. The eleva-
tion angle of detector D? is chosen from the condition
C'?/C* ~ 3 (i.e., '?/1'® ~ 3). With this well-known
solution, reasonable accuracy can be maintained in

(L>>f) 3

Schematics of (a) PDA and (b) SNIP PDA techniques according to the heuristic fringe model.

particle-size determination without severe reduction
of the dynamics of the measurable size range.

Here we propose an alternative solution to obviate
the need for a third detector. It consists in using
multiple superimposed probe volumes with different
fringe spacings (i.e., beam half-angles). Figure 1(b)
is a schematic of the proposed technique, although for
clarity only two probes, with fringe spacings i,,; and
i,9, are superimposed in this figure. In this case the
particle still acts as a projection system, but now the
fringe pattern projected onto the detectors is the re-
sult of the superimposition of two fringe patterns
with fringe spacing i,,; and i, as shown in Fig. 1(b).
When the particle crosses this probe volume the sig-
nal output from detectors D! and D? exhibits multiple
frequencies and a multiple-phase-shift structure.
Lower Doppler frequency corresponds to larger fringe
spacing, which leads to a smaller phase-diameter
conversion factor C,;'2, which ensures the size range
dynamics of the system; see expression (1). Higher
Doppler frequency corresponds to smaller fringe
spacing and thus to a higher conversion factor C,,2,
which ensures the resolution of the system for
particle-size determination. Two key issues in this
technique have to be considered: first, the way to
avoid mutual interference in each pair of laser beams
that is used to produce the probe volumes, and sec-
ond, the signal-processing scheme for treating exper-
imental signals. Reflecting the first issues this
technique is referred to subsequently as the super-
imposed noninterfering probes (SNIP) PDA.

This paper is organized as follows: In Section 2
we review various possibilities and conditions for pro-
ducing SNIP PDA probe volumes. In Section 3 we
present the signal-processing scheme developed to
recover the multiple phase shifts and Doppler fre-
quencies from SNIP PDA signals. In Section 4 we
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present the experimental setups and results that we
carried out to demonstrate the applicability of the
proposed technique. Section 5 contains a discussion
of the most interesting features of SNIP PDA com-
pared with those of some classic systems, including
perspectives for future improvements.

2. Methods for Obtaining Noninterfering
Superimposed Probes

A. Superimposition of Multiple Coherent Pairs of Beams

We are interested in calculating the interference field
produced by the superimposition of N pairs of coher-
ent beams that propagate in the Oxz plane and cross
at point O, as shown in Fig. 2. To simplify this
analysis we treat the beams as coherent harmonic
and linearly polarized plane waves, each in the same
polarization state, so the expression for the electric
field vector that corresponds to beam n is reduced to

E,(r, t) = E, exp[—j(Kk, T + ¢,)Jexp(—j2mvt), (2)

where r is the position vector in the coordinate sys-
tem Oxyz and k,,, ¢,,, and v are the wave vector, the
phase, and the frequency, respectively, of beam n, see
Fig.2. Wavevectorswithn =2/ —landm =2[( =
1) are symmetrical with respect to the Oz axis. The
angle between wave vectors k,, and reference direc-
tion Oz is denoted «,. The net field amplitude is a
sum of all of the component fields, and the resultant
field intensity is proportional to the time average
(over a period much longer than 1/v) of the squared
modulus of the total amplitude:

2N 2 2N 2N
(I(r)) < E E, > = <E EmZ E*> 3)

Using relation (3) yields the field intensity within the

probe volume where K, ,, = k, — k,, and ¢,,,, = ¢,, —
Pt
2N 2N
I(r)) o 2E02[N + > D cos(K,, T+ cpnm):| . @)
n=1 m>n
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coherent pairs of beams are superimposed with i,/i, = 3.

The general expression for the scalar productK,,, - r
reads as

_ 2w |cos(a,) —cos(a,,) | (2
Ko 1 = N | sin(a,) —sin(am)] <x> 5)

The phase delay between beams n and m, o,,,, is
compared to the reference plane (P) a distance f from
the coordinate system’s center O, where all beams are
considered to be in phase. Then

Prm = 2)\110 [1/cos(a,) — 1/cos(a,,)]. (6)

In relation (4) the cosine term corresponds formally to
the classic fringe pattern observed in a PDA probe
volume when two coherent beams cross each other.
For symmetrical beams with respect to Oz the scalar
product in Eq. (5) is only a function of x (i.e.n = m —
1). In this case, as in classic PDA probes, the fringes
are parallel to Oz. Inthe other case (i.e.,n # m — 1)
the scalar product in relation (4) depends on both x
and z, so the fringe pattern is expected to be much
more complex than the one observed for a classic
LDA-PDA system. Figure 3 illustrates this behav-
ior when expressions (4)—(6) are used to compute the
fringe pattern produced by the interference of two
coherent pairs of beams (2N = 4) for A = 0.6328 pm
and f = 0.5 m, with beam half-angles a; = —ay =
a3/3 = —a,/3 = 0.9°. In Fig. 3(b) the contour levels
show that the fringes are still parallel to Oz but with
an unusual amplitude modulation along this axis.
In Fig. 3(a) the fringe intensity profile I(x, 0, 0) is
plotted; it corresponds to the vertical white line in
Fig. 3(b). From our simulations, not reported here,
it appears that the fringe pattern depends strongly on
the ratio of beam angles «;/a; as well as on phase
delay ¢,,,,,. The latter tends to shift the whole fringe
pattern along Oz.

Thus interference between nonsymmetrical beams
with respect to Oz induces a complex fringe pattern
whose use in the usual LDA-PDA applications pre-
viously seemed to be awkward.



B. Superimposition of Multiple Incoherent Pairs of Beams

We are interested in calculating the interference field
pattern produced by the superimposition of NV pairs of
symmetrical beams with respect to Oz that originate
from the same laser source but with a time delay (n —
1)t. For the nth pair of coherent beams the general
expressions for the electric field vectors, (E,,,_; and
E,,), where ¢y, 1 = ¢q,, read as

E;, 1 (v, 1) = E; exp[ —j(Ky, 1" T + ¢3,)]
X exp{—j2mv[t — (n — 1)7]},
E,, (r, t) = Ej exp[ —j(ky, ' T + ¢3,)]
X exp{—j2mv[t — (n — D)7]}. (7)

Two fields, E,, and E,,, are phase shifted in relation to
each other by the quantity A,,,, = 2wvN,,,, T, provided
that m > n, where for odd values of (m — n) the
number of time delays N,,,,, is equal to (m — n — 1)/2
and for even values it is equal to (m — n)/2. In
stationary conditions the time-averaged intensity at
the beam crossing (over a period much longer than
1/v) has the general form

2N 2N

(@) = 2B N + 2, X WumN7))|

n=1 m>n

X cos(K,p T+ @ + Ay) | - 8)

A time-dependent function |y,,,(t)| is introduced
here to take into account the temporal limited-laser-
source coherence. This function is classically known
as the degree of coherence or the coherence function
of the laser source.? It is a function of time delay
N,,,, 7 between the two beams n and m. For a quasi-
monochromatic source (Av/v << 1) and beams of
equal intensity, the coherence function is equal to the
fringe contrast function [y(#)| = ([ 0x — Lin)/ Tmax +
L), where I .. and L, are the local intensity ex-
trema of the fringes observed at the beam’s crossing.
Typically, the coherence function decreases exponen-
tially with the time delay,° |y(¢)] ~ exp(—vt) and a
coherence time 1, and a coherence length L, are usu-
ally defined as |y(1,)] = 1/e and L. = ct,. c is the
speed of light in the medium. For a laser source the
evolution of |y,,,,(t)| is more complex. Classic lasers
used in PDA-LDA operate simultaneously in more
than one longitudinal mode. If the modes have ran-
dom phases, the coherence function (i.e., the Fourier
transform of a few spectral lines separated by Av =
¢/L,, where L is the laser cavity length), has succes-
sive maxima and minima with a temporal periodicity
of L,y/c and a spatial periodicity such that L, ~ L, (see
Section 4 below).

Note that, if all the initial pairs of beams are suc-
cessively delayed in time with respect to one another
from the laser coherence time (1t = 7,.), in expression
(8) all the interference terms that correspond to non-
symmetrical pairs of beams vanish (i.e., |y,,,(#)| = 0 if

Y=Z=0

-750 -500 -250 . 0 250
Z [micrometers]

Fig. 4. The same as in Figs. 3(a) and 3(b) but for two incoherent
pairs of beams superimposed.

n#m—1landly,,, ()| =1ifn =m —1). Finally the
average intensity at the beam crossing reduces to

N
I(r)) = ZEOZ[N + >, cos[Ki, 12, 1‘]] )
n=1

The net fringe pattern reduces simply to the addi-
tion or the superimposition of the fringe pattern pro-
duced by each pair of symmetrical beams. Figure 4
shows the fringe patterns obtained for the same pa-
rameters as in Fig. 3 but for two mutually incoherent
pairs of beams. The fringes are now parallel and
without amplitude dependency along Oz; the
multiple-frequency structure of the SNIP is now
clear.

C. Superimposition of Cross-Polarized Coherent

Pairs of Beams

For only two crossed linearly polarized pairs of coher-
ent beams (i.e., n = 1, 2) the general expression for
the electric field vectors of the pair n of symmetrical
beams (E,, , and E,,) is

cos 9, .
E2n71(r9 t) = EO(Sin Bn)exp[_J(anl ‘r+ ('P2n):|
X exp (—j2mv,t),
cos o, .
EZn (r7 t) = EO(Sin Sn)exp[ _.](k2n ‘r+ cPQn):l

X exp(—j2mv,t), (10)

where 3, is the angle of the electric field vectors of the
pair of beams n with Oy. For 2 cross-polarized
SNIP, |5, — 85| = m/2. In this case the average
intensity at the beam crossing reduces to

(I(r)) = 2E,’

2
N+ cos(K(z,Ll)Qn-r)} NGR))

n=1

Like the solution in Subsection 2.B, the net fringe
pattern is equal to the superimposition of the fringe
patterns produced by both pairs of symmetrical
beams.
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3. Signal Processing

The signal-processing scheme used here to recover
the multiple Doppler frequencies and the correspond-
ing phase shifts is based on the calculation of cross-
spectral density!! (CSD) as a function of time series
SY(t), S%(t) that comes from detectors D' and D? when
a particle is inside the probe volume. The signal
output from each detector is considered to be linear
with respect to the intensity of light collected by the
detectors.

As a first step we consider the SNIP PDA signals as
multiple-frequency and multiply phase-shifted sig-
nals of infinite duration and without low-frequency
amplitude modulation. Note that in fact this type of
perfect signal is not too different from the experimen-
tal signals observed for fixed particles in the probe
volume (see Fig. 11 below) or for liquid jets or fibers
moving along the Oz axis.1213 The SNIP is assumed
to be composed of n mutually noninterfering pairs of
beams with beams’ half-angle «,,, so for each detector
the high-pass filtered SNIP PDA signals reduce to
SY2(¢) o« SN cos(2mv,t + ¢, %), where v, is the
Doppler frequency that is due to the beams’ frequency
shift and ¢,'? is the signal phase shift, which de-
pends on both the particle-scattering properties (size,
refractive index, and shape) and the optical setup of
the PDA system. For v > 0 the Fourier transforms
of these signals are reduced to S™*(v) = =3, 8(v
— v,)exp(—jd,"?), where 8(v — v,) is the Dirac delta
function. The CSD function reads as

S (v)S*(v)*= |G*(v)|exp[ /6" (v)]

N
= 28" (v — v)exp(—jAd, ). (12)
n=1
From Eq. (12) it follows that CSD modulus spectrum
|G*(v)| is composed of N Dirac functions, each of
which identifies a Doppler frequency v = v,, presented
in the SNIP PDA signals. For each of these frequen-
cies the phase-shift difference between the two sig-
nals can be determined in the CSD phase spectrum
6'%(v) through A, = b,' — ¢, = 6"%(v,).
A more general form for a SNIP PDA signal is

N
S(t) = >, P,[1+V, cos(2mv,t + d,)], (13)

n=1
where, as in any classic phase Doppler system, P,
and V,, are the signal pedestal and visibility, respec-
tively.1* These functions depend on a large number
of parameters: the particle-scattering properties,
the detector aperture’s collection angle and shape,
particle trajectory in the probe volume, etc. A good
approximation for the evolution of P, is given by P,, =
I, exp[—m(t/7,)?], assuming the same Gaussian in-
tensity distribution for all SNIPs and that the parti-
cles are small compared with the probe volume with
trajectories not too far from the probe volume’s cen-
ter. Transit time 7, depends on all the parameters
cited above. It is nevertheless independent of the
pair of beams that we consider here. However, the
signal’s visibility can depend strongly on the beam’s
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half-angle and therefore on the SNIP. Thus forn =
1...N SNIP the CSD of the high-pass filtered SNIP
PDA signals is given for v > 0 as

|G (v)|exp[ —j0"*(v)]

Ioz"'o2 s P L1
= 4 Z (Vn exp{_'“' [(V - vn)TO:l }exp(_.]d)n ))

N
X 2 (Vn exp{—m[(v — vn)To]Q}eXp(+j¢n2))- (14)

Letv = (v, +v,,)/2 and Av = (v,, — v,,)/2, then Eq.

(14) can be rewritten as

2.2 N N

0TS S [V,2 exp(—2mr,?

4 n=1m>n

|G*(v)|exp[ —j6™*(v)] =

X (v —v,)? exp(—jAd,'?) + 2V, V,, exp{—2mT,>

X [(v = Vpn)? + (Av,,) Trexpl —j(d," + b)) DI.
(15)

The first term on the right-hand side of Eq. (15) indi-
cates that in the CSD modulus spectrum the Doppler
frequencies are identified as Gaussian peaks with a
frequency bandwidth controlled by transit time 7,. At
the maximum of these peaks, v = v,, the signal’s
phase-shift difference can be directly determined from
the phase of the CSD function as Ad,'? = 62 (v,).
The second term may be considered a perturbation of
the first term. When the Doppler frequencies of the
pair of beams n and m tend to overlap [(Av,,,)* — 0],
the phase-shift differences of the two signals cannot be
so simply related to the phase of the CSD function.
Figure 5(a) shows two SNIP PDA signals simulated
for n = 5 superimposed probe volumes. In this ex-
ample, instead of imposing a particle velocity, a par-
ticle size, and a fringe spacing, we directly impose
To =150 ws, V,, = 1, v,/v; = n, and Ad'%(v,,)/Ad *(v,)
= n, with v; = 20 kHz and Ad'%(v;) = 20°, so the
Doppler frequencies and the phase shifts are in the
range 20—320 kHz and 20°-320°, respectively. Fig-
ure 5(b) shows a zoom of a part of Fig. 5(a). For Fig.
5(c), white noise has been added to the previous sig-
nals (with a signal-to-noise ratio of 5 dB). The CSD
phase spectra and moduli of these noise-added sig-
nals are shown in Fig. 6. These spectra were com-
puted with the same software that we used for our
research described below in the experimental part of
this paper to treat experimental signals. In the
modulus spectrum the five Doppler frequencies can
easily be identified by large peaks. In the phase
spectrum the corresponding phase shifts are identi-
fied as plateaus. By using a three-point Gaussian fit
for the modulus peaks and a linear fit for the phase
spectrum,!! we determined the Doppler frequencies
and phase shifts. They were found to be in good
agreement with the nominal values, as shown in
Figs. 6(a) and 6(b). One important point to note here
is that the relative error of the phase-shift estimation
decreases as we consider higher Doppler frequencies;
for n = 1...5 we found successive shifts of 3.5%,
1.0%, 0.65%, 0.5%, and 0.28%. To some extent this
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fact justifies the acceptability of the present tech-
nique.

In the working principle of the SNIP PDA tech-
nique the two successive Doppler frequencies v,, and
v,, in the signal are assumed to be clearly distinct, in
as much as in the opposite case there is no difference
between the two phase-diameter conversion factors.
Nevertheless, as the Doppler frequencies are propor-
tional to one component of the particle velocity, it
follows that, when the particle velocity decreases, the

two frequencies tend to overlap. In such a case it
could become increasingly more difficult to distin-
guish between the two frequencies and as a conse-
quence to extract the two phase shifts. In classic
PDA systems the laser beams are frequency shifted
by use of Bragg cells or by rotation of the transmis-
sion gratings.® Within the framework of the heuris-
tic fringe model this well-known solution tends to
impose a velocity shift on the probe volume fringes.
In this case the sign of the direction of motion of the
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Fig. 6. (a) Phase and (b) modulus spectra of the CSD of signals from Fig. 5 with noise added.
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Fig. 7. Optical setups to produce a SNIP: (a) system (A) with a
retardation line, (b) system (B) with two independent laser sources,
(c) system (C) with cross-polarized probes. (1) He-Ne laser, (2)
focusing lens, (3) transmission diffraction gratings, (4) collimating
lens, (5) beam stop, (6) mirrors, (7) neutral-density filter, (8) half-
wave retardation plate, (9) transmitting lens, and (10) SNIPs.

particle can be determined and motionless particles
located in the probe volume can be characterized.8
The SNIP PDA technique may also take advantage of
this solution, but the laser beam’s frequency shift
must be different for each pair of beams. This solu-
tion is not so restricting, as is demonstrated in what
follows.

4. Experimental Validation

A. Optical Setups to Produce Superimposed
Noninterfering Probes

On the basis of the considerations above, three
systems for producing SNIP volumes were tested
with two types of reception unit. Note that in the
present study the laser wavelength is always
N = 0.6328 pm.

1. System (A):

Retardation Line
System (A) [Fig. 7(a)] takes advantage of the lim-
ited coherence time of a 2.5-mW He-Ne laser with
cavity length L, = 200 mm to produce two pairs of
beams, labeled I and II in what follows. The laser
beam output is focused onto a rotating transmission
diffraction grating. The diffracted beams are then
collimated with a spherical lens. A beam stop is
used to stop all the diffracted beams that are not of

Single Laser Source with a
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Fig. 8. Measurement with system (A) of the coherence length of a
2.5-mW He-Ne laser with a cavity length of L. = 200 mm and A =
0.6328 pm.

order *1 or 2. A beam splitter separates beams
+1into two pairs of beams. One pair is directed to
a beam stop and the other one is directed to a re-
tardation line, which controls the additional path
length L and maintains the beam divergence (two
lenses of equal focal length are used for this pur-
pose). At the output of the retardation line the two
beams (i.e., pair I) are redirected to be parallel to the
two beams *2 (i.e., pair II). A transmission lens is
then used to focus the four laser beams and to pro-
duce the SNIP volume. The frequency shift of the
two pairs of beams is controlled through the trans-
mission diffraction grating’s rotating velocity.®

One can also use this setup to determine the laser’s
coherence length and so distance L. For this pur-
pose we blocked one beam from each pair such that in
the probe volume only the closest beams from each
pair interfere (n = 1 and m = 3). The probe volume
fringe pattern (Oxy plane) was then projected on to a
screen by a microscope objective and recorded with a
CCD camera. Thus the coherence function of the
laser source could be deduced from measurement of
the fringe contrast versus normalized distance L/L..
On the right-hand side of Fig. 8 two recorded fringe
patterns are shown that correspond to a maximum
coherence (|y;5(L/L. ~ 2)| ~ 0.93) and a minimum
coherence (|y;5(L/L,. ~ 1) ~ 0.01). Note that here
we did not find exactly the theoretically expected val-
ues for the extrema of the coherence function (i.e.,
[v15™*| = 1 and |y;3™"| = 0). In our opinion this
discrepancy is caused by difficulty in measuring pre-
cisely the contrast of the probe volume fringes. On
the left-hand side of Fig. 8 the second maximum has
almost the same amplitude as the first one, which
means that this laser operates with only two longi-
tudinal modes. Finally we can conclude here that,
as expected, the coherence length of this laser is al-
most equal to the laser’s cavity length. Then, in



Fig. 9. Image of the projection (Oxy plane) of the fringe pattern of
system (B). The pair of beams I (left) and II (middle) is shown
individually. Right, the two pairs of beams are superimposed.
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what follows, the retardation line of system A is set to
fulfill the condition L = L, = 200 mm.

2. System (B): Two Independent Laser Sources

A second optical system [Fig. 7(b)] was developed by
utilization of two different laser sources and two ro-
tating transmission diffraction gratings. For this
purpose the beam output from two He—Ne lasers (2.5
and 10 mW) was focused onto two different transmis-
sion diffraction gratings. In both cases the dif-
fracted beams of order *1 (i.e., pairs of beams I and
IT) were aligned by a single transmission lens to be
parallel and focused at the same location. Figure 9
shows images of the projected fringe patterns ob-
tained as described above. On the left and in the
middle of Fig. 9 the fringe patterns of beam pair I and
11, respectively, are shown individually. The fringe
spacing ratio is ~3. At the right in Fig. 9 the corre-
sponding superimposed fringe pattern is shown.
There no evidence of any interference between the
two pairs of beams.

One can also use this setup to estimate the effect of
the overlap of the two SNIP frequency shifts on the
phase-shift estimation. In Fig. 10 the phase-shift
measurement for a copper fiber is presented as it
relates to the ratio between the frequency shifts of the
two pairs of beams. In this experiment one fre-
quency shift (v; ~ 159 kHz) was kept essentially
constant, whereas the other one was varied to yield a
frequency shift ratio v;/vy; in the range 0.96-32. The
expected phase shift is Ad, ;' ~ 44.6°. For a fre-
quency shift ratio in the range 1.15-6.2 [zone (B) in
Fig. 10] there is almost no effect from overlap of the
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(¢) CSD modulus spectrum.

(a) Typical experimental SNIP signals obtained for Fig. 10 when the frequency shift ratio is 1.3, (b) corresponding CSD phase,
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two frequencies. The deviation of the phase-shift
measurements is less than 1%. Nevertheless, for a
frequency ratio below 1.2 [zone (A)] and above 6.2
[zone (C)] the error increases drastically. For zone
(A) the errors clearly come from difficulty in distin-
guishing between the two frequencies presented in
the signal, whereas for zone (C) the errors may be
attributed to decreasing quality of signal digitiza-
tion as the frequency shift increases. Figure 11(a)
shows a typical signal recorded during this experi-
ment as well as the CSD spectra [Figs. 11(b) and
11(c) for v;/vy; = 1.3. Even if the two peaks of the
CSD modulus begin to overlap, they can neverthe-
less be clearly distinguished from each other. In
the CSD phase spectrum the corresponding phase
shifts can be clearly identified by two plateaus.
Note that the high quality (high signal-to-noise ra-
tio) of the two SNIP signals presented in Fig. 11(a)
always appears when fixed fibers or fibers with a
longitudinal displacement2:13 in the probe volume
are considered.

3. System (C): Single Laser Source with a
Cross-Polarized Beam Pair

Our third experimental setup is based on the su-
perimposition of two cross-polarized pairs of beams
[Fig. 7(c)]. The output of a 10-mW linearly polar-
ized He—Ne laser is directed onto a rotating trans-
mission diffraction grating. The diffracted beams
are collimated by a spherical lens. A beam stop is
used to stop all diffracted beams except the one with
orders of £1 and *+3 to form the pairs of beams I and
II, respectively. Note that, from the drawing re-
quirements in Fig. 7(c), pair II is associated with
the beams with diffraction order =2. The inten-
sity of the diffracted beams decreases significantly
relative to their diffraction order. Thus a variable
neutral-density filter is used to decrease the inten-
sity of beams =1 to the intensity of the other pair of
beams. Afterward a single half-wave retardation
plate is used to turn the polarization plane of pair of
beams I by 90° with respect to the polarization
plane of pair of beams II. Finally, the probe is a
summation of the two cross-polarized probes of dif-
ferent fringe spacings and frequency shifts.

B. Particle-Size Measurements

The principle of the proposed technique was vali-
dated by sizing of both spherical glass beads and
cylindrical metallic wires.

1. Systems (A) and (B) for Sizing Flowing

Glass Beads

Figure 12 presents typical experimental results ob-
tained by measurement of the size distribution of
glass beads falling out of a vibrating tank. The glass
beads (refractive index m = 1.51) were previously
sieved to be within the nominal size range 100—160
pm. At the probe volume location the beads velocity
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was ~0.5 m/s.
in this figure:

Three kinds of result are presented

Figure 12(a) shows the size distribution obtained
with a classic phase Doppler system from Aeromet-
rics Inc.15> This system uses a 10-mW He—Ne laser
to produce a 320-um (at 1/e%) probe volume at 500
mm from the transmission lens. The beams’ half-
angle was set to o = 2.71°. The collection unit was
composed of three detectors of elevation angles "% =
+4.1° and ® = +1.27°. This unit was located in the
forward-scattering domain at an off-axis angle of 30°.
By using the Lorenz—Mie theory (LMT) we found that
the phase-shift diameter conversion factors of this
system are C'2 ~ 1.72°/um and C*® ~ 4.97°/um.

Figure 12(b) shows the size distribution obtained
by system (B) and the collection unit and the elec-
tronics of the Aerometrics system (detectors 1 and 3
only) for detection of the Doppler signals. The
beams’ half-angles were o; = 0.45°/pm and o =
2.71°/pm. The phase-shift diameter conversion fac-
tors of the corresponding SNIP PDA were found to be
C/'? =~ 0.83°/pm and C;,'2 ~ 4.973°/pum.

Figure 12(c) shows the size distribution obtained
by system (A) and, as for system (B), with the collec-
tion unit and the electronics of the Aerometrics sys-
tem. The beams’ half-angles were o; = 0.76°/pum
and oy = 1.52°/pm. The phase-shift diameter con-
version factors of the corresponding SNIP PDA were
found to be C;'*? ~ 1.40° and C;'? ~ 2.79°/pm. The



probe volume diameter of the two SNIP systems was
~300 pm.

For the three cases the Doppler signals (classic and
SNIP signals) were recorded by a digital oscilloscope
and treated with a processing software developed by
us. That hardware was required for the processing of
the SNIP PDA signals, as was shown in Section 3. It
was also necessary for the treatment of classic Dopp-
ler signals because we are interested here in valida-
tion of the principle of the proposed technique and not
in validation of the signal-processing scheme used for
the correction of trajectory effects or the probe vol-
ume’s size.’® The two last-named effects are known
to have a strong influence on PDA results. This is
the reason why, for a better comparison, we avoided
using the Aerometrics Inc.’s software to process the
classic Doppler signals. For each system the statis-
tics were obtained for 10,000 validated samples.
Figure 12 shows that there are no significant differ-
ences among the shapes and the statistical moments
of the three size distributions, a result that demon-
strates that use of the SNIP technique is highly ap-
propriate for correction of the 2w ambiguity in the
phase-shift estimation.

2. System (C) for the Sizing of Metallic Fibers

An emission unit based on system (C) with two single
backward collection units was tested to measure
small-diameter metallic fibers. The two collection
units were built by us and were placed at elevation
angles ' = —? = 170°.13 The probe volume was
located 200 mm from the optics and had a diameter of
600 pm. The beams’ half-angles were o; =
0.45°/pm and o = 1.835°/um. The metallic fibers
were made from pure copper and were fixed in the
probe volume. Their nominal diameter was con-
trolled with a precision micrometer of =1-pm resolu-
tion. Copper has a complex refractive index in the
visible domain of m = 0.88 — 0.46j, so the main
scattering process in the near-backward direction is
essentially reflection. The phase-shift diameter con-
version factors of the corresponding SNIP PDA were
found to be C;'? ~ 0.81°/pm and Cy'? ~ 3.29°/um.
Figure 13 compares the diameters of several fibers
measured with the SNIP PDA system (statistics from
5000 samples) and the diameters measured with a
micrometer. The correction for the 2 ambiguity in
the phase shift, Ad)lez is sketched in this figure.
Note that over the entire size range the two size
measurement are in good agreement.

5. Discussion

In this paper the concept of a superimposed nonin-
terfering probe phase Doppler anemometry tech-
nique for particle-size measurement has been
introduced by means of a heuristic model rather than
by a rigorous model based on the Lorenz—Mie theo-
ry.56.13.17 The reason for this is that, in the LMT
framework, the scattering of super-imposed pairs of
mutually incoherent beams is strictly equal to the
addition of the scattering of each pair of beams taken
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Fig. 13. Comparison of the size measurements of small copper
fibers with a precision micrometer and with system (C).

individually. This means for instance that the
phase-diameter calibration curve that corresponds to
each SNIP (at each Doppler frequency) is the same as
it would be if it were a single-phase Doppler probe.
In our opinion LMT calculations would be interesting
only when the two pairs of beams were only partially
mutually incoherent. From Fig. 3, this seems to be
of no practical interest. The same conclusion holds
only partially for a cross-polarized pair of beams. In
fact, in classic phase Doppler systems the polariza-
tion state of the laser beams is either in the scattering
plane or perpendicular to the scattering plane, so the
development of a particular LMT-based model to cal-
culate the corresponding SNIP PDA calibration
curves would be necessary only when irregular par-
ticles,8 birefringent cylinders, or cylinders at oblique
incidence,!® which tend to modify the polarization
state of the incoming beams, were considered. Such
is not the case for homogeneous spherical particles or
homogeneous cylinders at normal incidence.

For practical considerations, systems (A) and (C)
seem to be most interesting for future developments.
It is rather straightforward to realize system (C),
which nevertheless, has a limited number of SNIPs.
System (A) is thought to have great potential, pro-
vided that a laser of a shorter coherence length is
used to build a compact system, which could be
achieved with a laser diode or a YAG laser with a
coherence length of a few tens of millimeters. Note
that this kind of laser is already used in some LDA
systems and could significantly reduce the bulky de-
sign of the system presented in this paper, which was
the result mainly of our limited experimental facili-
ties.

In our opinion the SNIP PDA technique may have
several additional advantages when it is compared
with the usual PDA technique for the following ap-
plications:

The sizing of small particles with classic PDA sys-
tems requires the use of a planar geometry in which
the collection of the Doppler signals is obtained from

20 June 2002 / Vol. 41, No. 18 / APPLIED OPTICS 3599



two separate collection units located in the near-
forward scattering domain.’® With this optical con-
figuration and because of alignment considerations,
it is almost impossible to use a third collection unit to
limit the 2 ambiguity in the phase-shift measure-
ments. If we now consider a SNIP PDA system
working in a planar configuration, such as system
(C), this problem can easily be solved by use of an
additional pair of beams.

The size distribution of irregular particles can be
determined to some extent with a classic PDA sys-
tem, as was shown by Naqwi.2® One of the main
conclusions of that paper2° is that, unlike for spher-
ical particles, for irregular particles the probe vol-
ume; fringe spacing has a strong influence on the
statistical moments of the measured size distribu-
tion. This means that the SNIP PDA technique
could have great potential for the detection of irreg-
ular particles.2!

The detection of internal constraints in glass fibers
could be also an interesting use of the SNIP PDA
technique. Two of the present authors have already
shown theoretically!? that the PDA technique can
detect mechanically induced birefringence inside
glass fibers with diameters of a few tens of microme-
ters. We believe that a SNIP PDA based on system
(C), which allows two phase shifts, each of which
corresponds to two cross-polarized pairs of beams, to
be measured will be suitable for detection of the pres-
ence of one ordinary and one extraordinary refractive
index inside the fiber.

Two velocity components could be obtained with
the proposed technique without any requirement for
use of a multiline laser, as is usually done with classic
LDA-PDA systems. This requires that one of the
pairs of beams in system (A), (B), or (C) be rotated 90°
such that the particle velocity component along Oy
can be determined at the same time as the particle
velocity component along Ox. In addition, this effec-
tive low-cost solution could offer the possibility that
the SNIP PDA system could be used in a dual-mode
configuration for improving mass flux measure-
ments?2 or for particle refractive-index measure-
ments.16

The authors are grateful to the French National
Center for Scientific Research and the Bulgarian

Academy of Sciences for providing financial support
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Abstract

This paper deals with the on-line sizing of small
diameter glass fibers (i.e. d <30 um) produced for
textiles and reinforcement applications. Two models
based on the Lorenz-Mie Theory are introduced to
predict the basic light scattering properties and the
response of a phase Doppler interferometer (PDI) to
the sizing of infinite glass fibers. Among other param-
eters, these models take into account particular effects
such as the fiber’s single-axis birefringence and the
fiber’s refractive index dependence on its cooling rate
(i.e. diameter). Both effects have a weak influence on

the mean response of the PDI but a strong influence on
the resonance structures of its phase-diameter relation-
ship. Two optical set-ups were selected from a numer-
ical optimization procedure and tested experimentally.
Experimental results are presented demonstrating the
validity of the models and the ability of the developed
PDI set-ups to study some features of the fiber
drawing-process: fluctuations of the fiber diameter
when the nozzle is submitted to a convective perturba-
tion and, when the fiber take-up velocity is modulated,
the detection of hollow fibers.

Keywords: birefringence, fibers, interferometry, Lorenz-Mie theory

1 Introduction

The glass fibers used for textiles or for reinforcing plastic
matrices are produced by a continuous formation
process where a vertical jet is generated by a flow of
molten glass through a cylindrical nozzle [1]. The jet is
simultaneously cooled and attenuated under mechanical
tension. The solidified jet is wound around a rotating
wheel which provides the required tension. The forma-
tion process is clearly axi-symmetric. The jet, after a
contraction factor of 250-500, reaches a constant
diameter D for a distance from the nozzle exceeding 15
to 20 times the nozzle diameter (D,~2 mm). For con-
tinuous fiber formation and a given chemical melt glass
composition, the fiber diameter is mainly controlled
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through the adjustment of the melt glass fiberising
temperature and the fiber take-up velocity V, (imposed
by the wheel rotation frequency). For commercial E-
glass fibers, typical values for the fibersising temperature
and the take-up velocity are in the range 7,=1200-
1300°C and V,=10-50 m/s. For a distance from the
nozzle above ~ 500 times the nozzle diameter, the fiber
temperature is only a few degrees above the ambient
temperature.

In the manufacturing process, several hundred fibers are
produced at the same time to form a bundle (i.e. strand).
The distribution of the diameter of the fibers plays an
important role in the physical performance of the final
product. Thus, the ability to monitor the characteristics
of small fibers is important from both manufacturing
efficiency and quality control viewpoint. It is also
suitable for the validation of basic models [2, 3] on the
stability of the drawing process in respect to various
perturbation sources: heterogeneity of the melt glass
composition and temperature, fluctuations in the take-
up velocity or in the hydrodynamic conditions of the
drawing process (turbulence, radiative heat transfer,
etc.). Consequently, there is actually a strong need for
highly time-resolved measurements of the size of the
fibers during the formation process.
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Fig. 1: Geometry for the scattering model.

The measurement methods for the diameter of the fibers
currently in use in the fiberglass industry are mainly off-
line techniques: weighting techniques (the mean diam-
eter is deduced from a mass balance and the measure-
ment of the length of the sample), air permeability
experiments or scanning electron microscopy (SEM)[1].
The first two techniques give access only to average
quantities whereas the last gives detailed information
(shape, surface roughness and size) but on a very small
scale, which limits its practical interest for the study of
the stability of the process to various temporal pertur-
bations. On-line optical techniques such as diffraction [4]
or micro-video imaging techniques [2] are mostly used
for basic research. Their resolution on the size of a single
fiber is nevertheless limited, particularly when consider-
ing that, owing to the temperature and the dirty environ-
ment of the formation process, the receiving optics
cannot be positioned close to the fiber to be measured.

It has been shown more recently [5—7] that, in the case of
fibers with a circular cross-section and an isotropic
material, the phase Doppler interferometric (PDI)
technique has the potential to provide real-time meas-
urements of the distribution of the diameter of single
fibers. Mignon et al. [6] described the light-scattering
properties of fibers using geometric optics, with special
emphasis on the influence on the size measurement of
the fiber’s tilt angle compared with the plane of the laser
beams. One limiting point in this earlier work is that,
owing to the simple scattering model used, there is no
prediction of the resonance structure and of the other
non-linearities of the phase-diameter relationship
(PDRS). Schaub et al. [7] developed a more rigorous
model, based on the Lorenz-Mie theory (LMT), for the

prediction of the PDI response to the sizing of infinite
fibers with a possible tilt angle. Various optical config-
urations for the design of a PDI system dedicated to the
sizing of glass fibers are also presented. This work was
nevertheless mainly dedicated to the sizing of fibers used
for thermal insulation. Consequently, their work does
not take into account some effects characteristic of the
formation process of reinforcement fibers: the high
refractive index of E-glass, the mechanically induced
birefringence of the fibers due to the high tension stress,
the refractive index dependence of glass fibers on their
size, etc.

In this paper, a rigorous light-scattering model and an
optimization procedure taking into account all of the
previously listed effects are introduced [8]. Section 2
presents the theoretical model developed to predict the
basic light-scattering properties of a single fiber. Sec-
tion 3 presents the model for the response of a PDI
system when sizing an infinite birefringent fiber. Numer-
ical results concerning the influence of various param-
eters on the PDI response are presented in Section 4.
Section 5 presents the experimental set-ups and results
carried out to validate the models. Section 6 gives the
conclusions.

2 Scattering Model

2.1 Light Scattering by an Infinite Right Circular
Homogeneous Cylinder

In the laboratory coordinate system (Oxyz), the fiber is
considered as an infinite and homogeneous right circular
cylinder with axis z and diameter D (see Figure 1). A
local Cartesian coordinate system (Ox,y,z) is defined as
the incident wave 1 with wavevector k,; propagates along
(Ox,), i.e. ky=—k;e,. (Ox,y,z) can be deduced from
(Oxyz) by a rotation around the z-axis of the angle — a.
The incident wave is considered as a linearly polarized
harmonic plane wave with frequency v; and wavelength
A. The electric field vector E, of the incident wave can be
divided into a component E e, parallel to the (x,z) plane
and a component L-E e, perpendicular to the (x,z)
plane. The polarization angle of the incident electrical
field is referred to the angle §; between the z-axis and the
direction of the incident electric field vector E; that is, we
write the incident field as

E,=(E cos 0,e,— E; sin 0,e,)exp[i(k; - 1, — 27v1)].(1)

A cylindrical coordinate system (Or¢z) is introduced
where the scattering angle ¢ is the angle between the x;-
axis and the scattering direction e,. The scattered field,
subscript s, is the sum of two perpendicular components:
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Es = EHsez + ELsecb. (2)
Following Bohren and Huffman [9], under normal
incidence (the light is only scattered in the plane z =0)

and in the far field, with 0 =m — ¢, the asymptotic
expressions for the scattered field are given by

EHA‘("? 07 t) — ex @ i
E.r0,0) " P4 |\ akr
T, 0 Ej; cos 0, B
x( 0 T2(9)> <EL1 Sin o, explkr — 2mvyt]. (3)

The two terms T,(0) and T,(0) of the amplitude scatter-
ing matrix read

n=+ 00 —+ o0

T,(0) = Z b,; exp[—inB] = by + 22 b, cos(n0).
n=-—oo n=1
n=-+o0o + 00

T,(0) = Z a,y exp[—inb] =ag; +2 A,y cos(nb). (4)
n=—o00 n=1

where b,;and a,; are the external scattering coefficients for
an infinite and homogeneous right circular cylinder and for
the incident beam components E|; and E ;, respectively.
These functions, which describe the particle properties
(shape, diameter and refractive index), are complex
functions which require calculations of the Hankel and
Bessel functions of the first kind with their derivatives [9].
It can be useful to study the degree of linear polarization
of the light scattered by the fiber, particularly for the
diagnosis of birefringent fibers. To do so, part of the light
that is scattered by the fiber is collected by a detector
composed of a collimating lens, passed through a linear
polarizer, and finally focused on to a photodetector. In
Figure 1 and for detector D,, the polarizer axis P makes
an angle J, with e,. Finally, the scattered field after the

linear polarizer reads as
E\ cos? 9, sind, cos 9, \ [ E|s (5)
E. ), \sind,cosd, sin® 9, E.)

The scattered energy at position (r0z), over the time
duration 1/v,, may be calculated with the help of the
Poynting vector:

1 .
(1= 5 Re{E, x H ). ©)
In a free homogeneous and non-magnetic medium with

magnetic permeability |, the Poynting vector reduces to

1

k
D1, = ——Re{E; x (k x E|)'} = ——EE.
<Ss>l/vl 4‘”;”01/1 C{ s X ( X b) } 4”,”01/1 s (7)

2.2 Refractive Index Dependence on the Cooling Rate

There have been several reports [1, 10] that the
mechanical and optical properties of the fibers depend
not only on the chemical composition of the initial melt
glass but also on their formation conditions and mainly
on their cooling rate. In fact, during the drawing process,
the cooling rate can be as high as — 100000 °C/s for the
smallest fibers. This phenomenon has a great influence
on the structural relaxation of the fiber material.
Corpus and Gupta [10] developed a simple model to
predict the refractive index dependence on the fiber’s
cooling rate. It is based on the following three consid-
erations: (i) m depends on the fictive temperature of a
glass T, (if) Tyof a glass depends on its cooling rate ¢, and
(iii) the maximum ¢ experienced by a fiber is inversely
proportional to D?. Corpus et al. [10] found good agree-
ment between their model and experimental data
obtained for a soda-lime-silica melt of NBS-170 compo-
sition.

From this work, we derived the following analytical
relation for the dependence of the refractive index of the
fiber on its cooling rate (which reduces to a dependence
on its diameter):

m(D), = Br(0r +2)In(D) + ar(6r +2) — 1
"\ Br(07 —1)In(D) + ar (67 —1) =1 (8)

To estimate the coefficients o, Brand 0y for E-glass, we
used the experimental results of Clementin-de-Leusse
[11]. A non-linear curve-fitting procedure was used to fit
the raw data points with Eq. (8) and we have found
ar=119.68047, B, =—82.49331 and 6,=3.10733.
Figure 3 (a) shows the corresponding evolution. A strong
increase in the refractive index is observed for small
fibers (D <15 um), with Am =+ 0.0143 over the size
range D =5-45 um. Note that in this paper, owing to the
high cooling rate of reinforcement fibers, the fiber is
considered to be at ambient temperature at the measure-
ment location (see Section 1). If it is not the case, the
coefficients of Eq. (8) should be recalculated to take into
account the bulk glass refractive index dependence on
temperature.

2.3 Refractive Index Dependence on Drawing Stress

During the formation process, the fiber is subjected to a
high mechanical tension, F. This tension, or drawing
stress, is typically 0.497 and 0.36 g for fibers of 5 and
10 um, respectively (i.e. a tension of 632 and 115 kg/cm?).
It can be significantly higher according to the drawing
conditions and the fiber path between the nozzle and the
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Fig.2: Geometry for the single-axis birefringent fiber model.

rotating wheel. Under such stress, the fiber material may
be birefringent. As sketched in Figure 2, it is expected to
be single-axis (optical axis along the fiber axis) owing to
the symmetry of the drawing process. The fiber’s
birefringence, which is likely to vanish when it is cut,
but not completely [1], has to be taken into account to
predict the light-scattering properties of the fiber during
the process. Following the previous remarks the fiber
material permittivity tensor is

D, e, 0 0\ [E,
D,|=(0 & 0][E 9)

z z

where ¢, and ¢ are the two electrical permittivity
constants and D,, D,, D,, the three components of the
electrical displacement vector.

Neglecting absorption of glass in the visible range, the
fiber’s extraordinary refractive index, m, and the fiber’s
ordinary refractive index, m,, can be related to the
electrical permittivity constants with

€
I I
Ho&o Ho€o
Assuming that the fiber birefringence (mj—m,) is

proportional to the tension F applied to the fiber, we
find that

(10)

(11)

1.29-10*F
my—m,; = -m,o(T)) (T)

where F is the drawing tension applied to the fiber in
grams, o(T,) the optical stress coefficient of the fiber
material and D the diameter of the fiber in micrometers.
0(T,) and F depend on the formation process conditions,

and mainly on the nozzle temperature, T,, which has a
strong influence on the melt glass viscosity. For the
drawing of E-glass, with a nozzle temperature of 7,=
1200°C, the optical stress coefficient is o(7})-6.1-
10-7 MPa~!. By using Eq. (11) we find that the difference
between the two refractive indices, m;—m, is 2.4- 10—
and 4.3-107° for a fiber of diameter 5 and 10 um,
respectively.

Figure 3 (b) presents the evolution of the extraordinary
refractive index, m, versus the diameter of the fiber (i.e.
tension). For this purpose, Eq. (11) was used and the
fiber’s tension was deduced from the measurement of the
oscillation frequency of the fiber when it is perturbed
during the formation process (this last procedure will be
detailed in future work). In Figure 3(b) the effect of
tension on the fiber refractive index is more pronounced
for small fibers (D <15 um). The change in the fiber’s
refractive index is nevertheless small, i.e. Am =+ 0.0008
over the size range D=5-45 um. Note that here, this
measured tension includes that attributed to the melt
glass viscosity, the drag force, the surface tension, etc., as
well in addition to that introduced by the mechanical
friction of the fiber along its path up to the measuring
point.

In Eq. (3), the scattered field component E|; depends
only on the external scattering coefficients b,; and E |
depends only on the external scattering coefficients a,,;.
In fact, the scattering coefficients themselves depend on
the laser wavelength, the fiber size and refractive index
(relative to the external medium refractive index).
Therefore, to predict the scattered field by a single-axis
birefringent fiber, we only have to use Egs. (3) and (5) (if
a linear polarizer is used) with b,; (A,D,m =m) and a,,
(A,D,m=m,) (see Section 4).

3 Model for the Phase Doppler Response

Tomodel the response of a PDI system when measuring a
single-axis birefringent fiber under normal incidence,
one has to compute the interference field pattern
produced on the detector aperture when the fiber is
located at the crossing of two TMOO laser beams, 1 and 2.
Itis assumed that the waist of each beam is located at the
beams’ crossing, with a diameter far larger than that of
the fiber. These conditions being fulfilled, we can use the
previous results obtained for incident plane waves [12].

The fiber is assumed to have only small displacements in
the (Oxy) plane. This condition is necessary to be under
the remote detector approximation (i.e. small displace-
ments of the fiber do not change the scattering angles). It
may have a high velocity along the z-axis (as usual in the
drawing process). To take into account beam 2, we
introduce an additional local Cartesian coordinate



Part. Part. Syst. Charact. 20 (2003) 1-12

1.556 —— [ ) 1.5550
a) b) :

1554 1.55573 155497/7 1.5549

T 15529 F Am=+0.0143 Am =+0.0008 11.5548

(=1

5 1550 11,5547

=08

g 1,548—§ —O—m={T) £ - &—m=f(F) 11.5546

£ 5460 i m =1.5550 11.5545

o :l A

Z ol A

515047 £ 11.5544

E 1 5427i 154071 | Lssanl 11.5543
i Aﬁi-ﬁ, 15542

5 10 15 20 25 30 35 40 455

Diameter, D [um]

10 15 20 25 30 35 40 45
Diameter, D [um]

Fig.3: Evolution of the fiber refractive index with (a) the cooling rate and (b) the mechanical tension.

system (Ox,y,z) as previously done for beam 1. Each
beam has a given polarization angle, 6, and J,, and a
given frequency v, and v,. Note that in the principle of the
PDI technique, the two laser beams are frequency shifted
in relation to each other with Bragg cells or with a
rotating transmission grating [13-14]. Among other
features, this allows one to obtain frequency-modulated
signals although the particle is fixed in the probe volume.
We now consider a point detector D, with a polarizer
angle J,, located in the (Oxy) plane, distant by  from the
fiber and positioned at elevation angle v, (see Fig-
ure 1(a)). In this configuration detector D, is located at
the following scattering angles: for beam I, 6,=vy,+a
and for beam 2, 6, =1, — a. Using Eq. (2) the scattered
field collected by the detector D, reads

Es(wa) = [EHsl(wa + (Z) + EHSZ(wa - a)]ez

HEL (Yat o)+ Eo(p,— ale. (12)

For the case where v,/v, ~ I and with a mean frequency
v=(v; +v,)/2, the Poynting vector reduces to

2
HE g +HE o

S, y |EHX2

ST 2mu,v

+2R8{E\\51Eﬁsz +EWE, }] :

“lihl

(13)

The previous expression can be reformulated in a more
convenient form:

S, = T (G + Re{H exp[—2invy(1)]}) (14)
with
G:|EHA’1|2+|E\|S2|2+|ELS1|2+‘EL32|2 (15)

(16)

(17)

H= EHle\‘\:Z + EL:lElsZ

vp(t) = (k; — Ky) ¥+ v, = — 47 sin av,(t) + v,

In Egs. (15) and (16), expressions for the scattered-field
components must be replaced by their proper expres-
sions deduced from Egs. (3) and (5) with, for instance, for
beam 7 and detector D,:

3mi| | 2
E”ﬂ = eXp |:4:| %[COSZ éa Tl (wa -+ a)EHl COS 61

+sind, cos 0, T, (y, + a)E ; sind;]

E., =exp [%] \ /%[sin 0,¢0890,T,(y, + a)E; cos o,

+sin® 0, T,(y, + a)E  sind,]. (18)
In Eq. (17), the scalar product (k; —k,)-r has been
reformulated in a time-dependent form. When the fiber
moves slightly in the (Oxy) plane the previous term
depends on the fiber velocity component along the y-
axis, V,(t) . This term is responsible for a frequency shift
of the collected signal, the so-called “heterodyne Dop-
pler frequency”. During the formation process, any
fluctuation in the position of the fiber in respect to the y-
axis may be detected from the fluctuation of vp.

For a physical detector, Eq. (14) has to be integrated over
the receiving aperture £2. As sketched in Figure 1, under
normal illumination, the integrating angle reduces to
[p, — 72, P, + Q/2]. Thus, assuming a detector with a
linear aperture and with a linear response (electrical
signal proportional to the intensity of the light collected),
the electrical signal output from this detector is

I(t) = Q/ S (1)]dy. (19)
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Using Eq. (14) the previous expression can be reformu-
lated in the following form [15]:

1(1)=(G)g +2+/(H)a + (H,)%

x cos[tan™' ((H,)q/(H,)q) — 27vpt (20)

where the terms in brackets mean integrated quantities
over the detector-receiving aperture of the functions
introduced in Egs. (15) and (16), with

(Ga= [ Gay(H)o= [ Re(titay

Q Q

(Hyo= [ Im{Hydy. 1)

Q
We now introduce the new quantities P, V,®, usually
known as the Doppler signal pedestal, visibility and
phase, respectively, with

P={(G),/2muyvr) (22)
V=2(H)a+ (H,)% /(G)g (23)
@ =tan"'((H;)q + (H;)o). (24)

Finally, Eq. (20) can be reformulated to obtain the
equation of a phase Doppler signal:

I(f) = P[1 4+ Vcos(2avpt + P)]. (25)
The phase @in Eq. (25) is an absolute phase which, in the
remote detector approximation and for plane wave
illumination, depends only on the optical setup and the
properties of the fiber. As an absolute phase, it cannot be
measured directly. As a result, in the principle of the PDI
technique, two detectors D, and D, or more are used to
measure the phase difference between the two Doppler
signals. An alternative solution is proposed in [16]. From
the two detectors, subscripts a and b, positioned at
elevation angles v, and vy, we obtain two Doppler
signals: I,(t) and I, (t). The phase difference between I,(t)
and I,(t), ie. ®,=PD,— D, can be measured, for
instance, with the help of the cross-spectral density
function. The dependence of ®,, on the diameter of the
fiber, @, =f(D), is usually referred as the theoretical
phase-diameter relationship (PDRS). According to the
principle of the PDI technique, the size of the measured
particle (sphere or fiber in the present case) is deduced
from the measurement of the phase difference ®,, and
from the knowledge of the PDRS.

The validation of the previous models is performed in
three ways. First, we compare our predictions with the
predictions of a code devoted to homogeneous and
inhomogeneous spherical particles [5, 15-18]. Figure 4
shows a comparison between the PDRS and the pedestal
calculated for cylindrical and spherical particles and that
for an optical set-up working in the forward scattering
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domain and for an optical set-up working in the back-
ward scattering domain. The results are in good agree-
ment for the forward optical set-up and in rather poor
agreement for the backward set-up. Consequently, in the
backward scattering region, PDI codes devoted to
spheres should be used carefully when they are used
for cylinders even when considering normal illumina-
tion. Note that in Figure 4, for cylindrical particles, the
signal pedestal increases proportionally with the particle
diameter, whereas for spheres, it increases proportion-
ally with the square of the diameter. Second, we
compared our results with the results found in the
literature for homogeneous fibers with a lower refractive
index based on geometrical optics [5, 6] and on the
Lorenz-Mie theory [7]. Perfect agreement is found
between the results. Third, we made comparisons with
experimental data, as will be detailed in Section 5.

4 Numerical Results

4.1 Refractive Index Dependence on the Cooling Rate

The influence of the fiber refractive index dependence
on its size (i.e. the cooling rate) can be estimated from
Figure 5. In this figure the theoretical PDRS is calculated
for a PDI type (D) (see below for details) when Eq. (8) is
used, ®1,(D) or not, ®Y, (D) (constant refractive index,
m = 1.5550). The difference between these two respons-
es, @I, (D) — @Y (D), is also shown. Eq. (8) introduces a
change in the refractive index from 1.5407 to 1.55573 for
a fiber in the size range D =5-45 pm. In both cases the
PDRS is almost linear, except for a break in the slope for
diameters around D &30 um, which can be explained by
the presence of a local minimum of the signal visibility
[15]. The refractive index dependence on the fiber size
seems to have no significant influence on the mean
PDRS. It nevertheless has some influence on its reso-
nance structure: a frequency shift (which appears to be a
phase shift) is observed for small diameters D <12 um
and large diameters D > 30 um (see the top left corner of
Figure 5). This last remark is confirmed by the evolution
of the amplitude of the phase difference, ®L (D) —
®N (D). For small diameters, this behavior can be
understood from the sharp evolution of the refractive
index up to D =12 pum. For larger diameters, this can be
understood by the increase of the total optical thickness
of the fiber. For intermediate diameters the difference is
weaker. This behavior may be attributed to the fact that,
in this region, the two resonance structures appear to be
almost in-phase, although they have different frequen-
cies. For all the size range D =5-43 um, the standard
deviation of the phase difference ®%,(D)— N (D) is
3.99°. This means that, by neglecting the refractive index

dependence on the fiber cooling rate, we introduce an
additional mean error of Aok ;=024 pm to the
estimation of the mean diameter of the fiber (see below
for details). Observe that for this particular geometry, the
resonance structure of the PDRS, which is characteristic
of the morphological dependent resonances (MDRs) [9],
has a frequency of about 0.205 um/um. This last fre-
quency is determined from the Fourier spectrum of the
PDRS, not presented here, which exhibits a large
frequency peak for this particular frequency.

The influence of the fiber’s axial tension on the PDRS
can be estimated from Figure 6. The difference between
the PDRSs is plotted when Eq. (11) is used (fiber under
tension, i.e. during the formation process) and the PDRS
when Eq. (11) is not used (cut fiber, i.e. off-line measure-
ments). For this purpose, the refractive index depend-
ence on tension presented in Figure 3 (b) is used for the
size range 5—7 um. Large peaks can be observed in this
figure. They correspond to sharp resonances (between
+24° and —45°), which occur for different diameters
and refractive indices (i.e. axial stress in the present
case). The mean standard deviation between the two
relationships is about 3.29°. As previously, this means
that by neglecting the effect of tension on the fiber
optical properties, we introduce a mean error of
Aok 5 =0.20 um to the estimation of the fiber’s mean
diameter. For the size range, D =5-43 um, this addition
mean error is only of AoL" , =0.06 um (i.e. standard
deviation in the phase: 0.94°). Nevertheless for some
particular diameters, the error can be significantly higher
(up to 1.43 and —2.69 pm) for diameters corresponding
to sharp resonances in Figure 6.
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Fig.5: Comparison of the PDRS of set-up (D) when the effect of
the refractive index dependence with the cooling rate is taken into
account or not.
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4.2 Optimization of the PDI Set-up

The objective of the numerical optimization of the
optical set-up of a PDI system has two key points: (i) the
reduction of the oscillatory behavior of the PDRS, to
ensure a higher accuracy in the measurement of the fiber
size; and (ii) the reduction of the bulky design of the
optical set-up to fulfil constraints imposed by the
industrial environment. This optimization is clearly a
multi-parameter study as the phase difference ®,,(D),
and also the signal pedestal and visibility, depend on the
optical parameters of the IPD, 4, §;, 05, @, ¥, ¥, 2,0,,0,
and the properties of the fiber, D, composition, F, T, etc.
Obviously, not all of these parameters are of the same
importance, so we need to define a criterion to quantify
the relative importance of each one. There are many
ways to do so. In the present work, we used the following
procedure:

— The phase Doppler LMT based code is used to
compute the theoretical PDRS, @,,(D), for the set of
parameters under study and for a fiber within the size
range D =5-30 um or D =5-45 pum.

— A fitting procedure is used to obtain a one to one
PDRS which fits the theoretical PDRSs. Three fitting
functions were tested for this purpose: (i) a linear
relationship with slope b and ordinate a, ¢5"(D) =a +
bD; (ii) a polynomial function of degree n with

coefficients 4, ¢Zb(D):Z A,D%; (iii) a low-pass
0

filtered PDRS calculated with a Fourier transform
with a cut-off frequency slightly below that of the
resonance structures, ¢pZf7(D)=TF [ TF[®,(D)]* |
H(Vp — Vpeuop) | ]. Figure 5 shows a comparison be-
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Fig. 7: Iso-level map of the estimated mean error in the fiber
diameter versus the elevation angle of the two detectors and the
polarization state of the incident beams. Top left corner:
perpendicular to the scattering plane. Bottom right corner:
parallel to the scattering plane.

tween the theoretical PDRS, ®,(D), and the fitted
PDRSs, ¢ZIT(D), ¢, (D) and ¢L*(D). The first two
fitted PDRSs follow the large-scale fluctuations of the
theoretical one whereas the linear one does not take
into account such evolutions. The linearized PDRS is
clearly a poor estimator of the real evolution of the
theoretical PDRS. In Figure 5 the cut-off frequency is
set toV o= 1/0.210.

— The standard deviation between the theoretical PDRS
and the fitted ones is calculated with, for the linear
fitting, ofi" ,=f P, (D) — ¢Li"(D)). This standard
deviation takes account of the deviation from linearity
of the PDRS and also the amplitude of the resonance
structure. For calculations presented in Figure 5, we
found 04" ,=9.03°, 0%°,=5.60° and o%/T ; =5.51°.

— Finally, this standard deviation in the phase difference
can be used to estimate the mean error in the size of the
fiber that is introduced when the fitted PDRSs are
used instead of the real one (i.e. we neglect the
resonance structure), with for the linear fitting case
Oub—p = Ogy—y/b. For calculations presented in Figure 5,
we find o4 ,=0.541 ym (a=-27.67°, b=16.75°/
um), 0%°,=0.354 um and offT,=0.352 um. The
filtered PDRS gives the best results.

Figure 7 presents an iso-level map of the estimated mean
size error o4" p, for fibers in the size range 5-30 pm,
versus the elevation angle of both detectors. The top left



Part. Part. Syst. Charact. 20 (2003) 1-12

9

e |
540
3 4
b .
o 4
E B
el | FFT H
b= | Tub 1y |
= 24E 0.80 | |
Co 0.50
Eup il B
fa ! | 35 | |
2 |8 =
= |8 0.30
IS 0.26 |+
i 022 | |
E 0.18 [
g% [um]| |
&l |1 'C:.BU A i L A A i i i i A |
6 9 12 15 I8 21 24 27 30 33 36 39 42
Minimum diameter [pm]
Fig. 8: Iso-level map of the estimated mean error on the fiber

diameter for set-up (D) versus the boundary of the fibers size
range: minimum and maximum diameter.

corner corresponds to incident beams with polarization
perpendicular to the scattering plane (Oxy) and the
bottom right corner corresponds to incident beams with
polarization parallel to the scattering plane. In all
calculations in this paper and also for the experimental
set-ups, the half-beam angle is fixed at o =1.11°, with
A=0.6328 um, to give a reasonable dynamic on the
measured diameter. For the detector half-beam aper-
ture, there exists an optimum aperture angle [19] which is
about ©2/2=6°. Nevertheless, for experimental consid-
erations (spherical aberrations) it is fixed here at
Q/2=5.15°.

Four zones (A -D), corresponding to a minimum size
error, can be identified in this map. They correspond to
four types of optical set-ups. Observe that here, for
drawing considerations, the estimated error is set neg-
ative when the slope of the PDRS is negative (dominant
reflective scattering process) and it is set positive when
the corresponding slope is positive (dominant refractive
scattering process), with:

— Set-up (A), for parallel polarization, the two detectors
are located in the forward scattering region in a more
or less symmetrical way with respect to the (Ox) axis,
ie. y,=75.8° and y,=—72.8°. In this region, the
dominant scattering process is a refraction process
with of" ;= 0.091 um and b =22.09 °/um.

— Set-up (B), one detector is located in the so-called
rainbow regions ¥, =163.0° (refracted rays with one
or two internal reflections) and the other one in the
forward region ¥, = —33.0° (single refraction proc-
ess). For this geometry, with a bulky design, we find
that o4j" , =0.37 um and b=19.33°/um.

— Set-up (C), the two detectors are on both sides of the
optical axis and more precisely in the so-called
Alexander dark band (the dominant scattering process
is reflection), y,=125.61° and vy, =—115.3°. This
scattering mode is “usually considered” as the least
sensitive to any change in the fiber material homoge-
neity. Nevertheless, in addition to its bulky design, this
arrangement provides the lowest accuracy in the fiber
size, oL , =0.75 ym with b =—15.27°/um.

— Set-up (D), the two detectors are on both sides of the
optical axis, in the near-backward region and more
particularly in the rainbows region. This optical
arrangement is clearly the most compact one, y,=
162.5° and 9, = —166.7°, and provides an acceptable
accuracy in the size of the fiber, o" , =0.37 um,
ol 5 =0.54 um with b=16.75°/um.

Owing to the resonances, the size resolution depends also
on the size range considered. Figure 8 presents an iso-
level map of the estimated error in the fiber diameter,
ofFT ,, for an IPD of type (D), versus the boundary of the
fibers size range: minimum and maximum diameter. The
maximum size range is D =5-45 pm. As an example, the
estimated mean error is off”,=0.30, 0.26, 0.30 and
0.35 pm for a fiber whose diameter evolves in the size
ranges D=12-14, 12-17, 12-30 and 12-42 pm, re-
spectively.

5 Experimental Set-up and Results

5.1 Experimental Set-up

The optical set-ups (A) and (D) were tested experimen-
tally. The output of 2.5 mW linearly polarized helium-
neon laser (4 =0.6328 um) is focused on to a rotating
transmission diffraction grating. The diffracted beams
are collimated with a spherical lens and a beam stop is
used to stop all the diffracted beams with an order
differing from +1. The two out-coming beams are
collimated and focused by a transmission lens with a
focal length of 400 mm. The probe volume diameter is
~300 pm. The use of a half-wave retardation plate and
the selection of the diffraction gratings rotating velocity
allow the control of the laser beam polarization and the
laser beam frequency shift v,. The light scattered by the
fiber, when it is in the probe volume, is collected by two
receiving optics composed of a set of two achromatic
lenses, with a collection angle €2/2=5.15° and a focal
length of 400 mm. The collected light is focused on two
multimode polymer fibers. Two pre-amplified avalanche
photo diodes (APDs), with 0.1 kHz-10 MHz band-
width, are used for the conversion of optical signals
into electrical signals. Figure 9 shows a photograph of
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Fig. 9: Photograph of the system FIBS. All the optics and the
hardware are included in the head.

system (D), referred to further on as “FIBS”. All the
optics and the hardware are included in the head. This
system can operate in a three-coherent beam mode
(diffracted beams with an order of +1 and 0 are used)
[20]. As a result of this configuration, close to that
presented in [16], the practical size dynamic range of this
PDI system is extended from D=5-22 pym to D=5-
44 pum.

The electrical output of the two APDs is digitized with a
PC data acquisition board. Data acquisition and proc-
essing software, using a sliding cross-spectral density
function algorithm, were developed to measure the
phase difference between the raw Doppler signals. For
the results presented above, the diffraction grating
velocity was set to obtain a typical frequency shift of
v~ 250 kHz. With a sampling acquisition rate of 1 MHz,
and calculation windows of 32 samples for the CSD
calculations, this ensures 38500 measurements per
second (i.e. a longitudinal resolution of 1.3 mm) for a
fiber take-up velocity of 50 m/s.

Experiments were carried out on a laboratory-scale
single-fiber drawing bench developed by Saint-Gobain
Vetrotex Int. and also on fixed fibers.

5.2 Experimental Results

Figure 10 shows a comparison between the diameter of
the fiber (measured during the drawing process under
stationary conditions) with (i) the near-backward inter-
ferometer FIBS (over 9 min, i.e. fiber length 4—27 km);
(i) results from hydrodynamic calculations (based on the
mass flow rate and the molten glass initial temperature);
versus (iif) the size measured with a scanning electron
microscope (SEM) for several samples of fibers. The raw
phase-measurements obtained are converted into diam-
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Fig. 10: Comparison between the fiber’s mean diameter meas-
ured during the formation process with FIBS, and from hydro-
dynamic calculations, versus off-line SEM measurements on fixed
fibers.

eter time series with the FFT-filtered PDRS taking
account of tension and the cooling rate. All the measure-
ments are in good agreement, better than that obtained
previously [8] when only the linearly fitted PDRS was
used. Nearly all the measurements are in the range £+ 5%
of the diameter measured with the SEM. According to
the authors, the small discrepancies observed come from
two major sources (i) some uncertainties in the calibra-
tion of the SEM and in its video image resolution and (if)
we are comparing punctual measurements (SEM) with
mean measurements (FIBS and hydrodynamic calcula-
tions), which may differ if the process is not perfectly
stable (which is usually the case for small diameters, for
instance).

Figure 11 (a) presents the evolution of the diameter of
the fiber, measured with FIBS, when the take-up velocity
is decreased by steps from 33 down to 3 m/s. The fiber’s
diameter evolves inversely with the take-up velocity. The
diameter of the fiber is measured continuously from 11 to
32 um without any sign of a jump of 2w in the measured
phase. This last behavior is obtained with the three-
coherent beam operating mode. Figure 10 (b) presents
the corresponding histogram.

Figure 12 presents the response of system (A) when the
nozzle is submitted to a short convective perturbation
(one blows on the nozzle). Strong fluctuations in fiber’s
diameter are observed. After a few seconds (i.e. more
than 160 m) the fiber returns to its nominal size D =~
8.3 um, without breaking.

Figure 13 presents the response of system (A) when a
hollow fiber is measured (gas bubbles were generated in
the melt glass composition). A fiber with a gas core
induces sharp oscillations in the measured phase differ-
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Fig. 13: Evolution of the fiber’s diameter measured with set-up
(A) when gas bubbles are generated in the melt glass composition
(hollow fiber).

ence, which in fact cannot, for the moment, be correctly
related to the fiber outer diameter. Nevertheless, these
sharp oscillations are a good indicator of the presence of
gas bubbles in the melt glass composition and in the rate
of hollow fibers, which are important pieces of informa-
tion. In Figure 13, the fiber’s initial and final diameter are
about D =8.2 um. From the time duration of the sharp
resonances, we can estimate the length of the hollow
fiber: L ~2 m for the first and L ~ 0.6 m for the second.

6 Conclusion

Two models based on the Lorenz-Mie theory have been
introduced. They predict the basic light scattering
properties and the response of a PDI to the sizing of
infinite glass fibers used mainly for reinforcement
applications. Among other parameters, they take into
account the fiber’s single-axis birefringence and the
fiber’s refractive index dependence on its cooling rates.
Numerical results have shown that these two effects have
a weak influence on the mean response of the PDI but a
strong influence on the resonance structures of the
PDRS (i.e. morphological dependant resonances). By
neglecting the resonances, and for fibers in the size range
5-45 pum, the achievable resolution of the fiber size is
0.35 um for an optical set-up working in the backward
scattering region at 350 mm from the fiber. For an optical
set-up working in the forward scattering region, the
corresponding resolution is typically 0.09 um. Experi-
mental results obtained for both set-ups have demon-
strated the validity of the models developed and also the
ability of the PDI set-ups developed to study some
features of the fiber-drawing process.

Perspectives of this work will be in the deconvolution of
the resonance structures of the PDRS to increase the
achievable resolution by a factor of 10 (at least).
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8 Nomenclature
D fiber diameter

D, nozzle diameter
detectors
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The results of investigation of the scattering properties of red blood cells (RBC or erythrocyte)
modelled as a spheroid for fixed and random orientations versus osmotic pressure and
oxygenation have been presented. We investigate the scattering properties of a single RBC for fixed
and random orientations versus the osmotic pressure and oxygenation. The final goal of this study
istod ine whether it is possible to infer the previous blood characteristics from a whole blood
sample under single or multiple scattering. .

1. Introduction

An erythrocyte has a round shape a biconcave disc of 7.5+ 0.3 pm in diameter and
thickness of (1.4—2.1)+04 pm. The mean concentration of haemoglobin in an
erythrocyte is HC = 350425 g/l. Haemoglobin is responsible for the spectral
absorption of RBCs. Under normal conditions the RBCs are oblate in shape
and their volume equals ¥, =90 um® for the osmotic pressure P, = 300 mosm
(see Fig. la). The shape of unhealthy RBCs can significantly differ from

Fig. 1. View of real human RBCs for normal osmotic pressure P, = 300 mosm (a). Models of RBC (b).
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the one presented in the figure. It also strongly depends on the osmotic pressure. So
that one can expect to diagnose RBCs oxygenation rate and the osmotic pressure
from RBCs shape analysis and absorption diagnosis.

The whole blood (non-diluted and non-hemolyzed) is a disperse system in which
RBCs form the major part of a dispersed phase with plasma as a dispersing medium.

In clinical haematology, there is a need for accurate and precise measurement of
the RBC geometrical (size and shape) and mechanical (deformability) properties, as
well as oxygenation. Haemoglobin in a RBC takes mainly two forms: an oxidised
form (HbO,, responsible for the transport of oxygen) and unoxygenated form (Hb).
Haemoglobin is responsible for light absorption properties of the erythrocyte
(oxygenated blood appears to be light red and non-oxydated — dark red). Thus the
measurement of the RBC light absorption may be a measurement of the blood cell
haemoglobin concentration and oxygenation and thus, its efficiency in oxygen
transport.

There exist several clinical laboratory instruments which employ flow-cytometric
methods in counting RBCs and measuring their volume distribution. Most of them
use forward light scattering at one or two angles, or an electronic resistive pulse
sizing method for the RBCs volume distribution measurements. There is nevertheless
a need to improve the techniques which estimate the RBC geometrical properties
only from effective volume measurements and give no information about the
oxygenation and shape of RBCs.

There are many reports in the literature on the computation of the scattering
properties of a RBC. The earlier works were based on the Lorenz-Mie theory
assuming a RBC as homogenous spherical particles. Nevertheless, due to the
complex shape of these particles, this approach cannot be of real practical use. Latter
works were based on the assumption of an oblate form (axi-symmetric ellipsoid
with symmetrical axis radius g, like a/b > 1) for the RBC and their optically “soft
nature” [1] /

m—1]«1,
kd|m—1| « 1 (1)

where m, k, d are the RBC relative refractive index in the medium considered
(m= mgge/m,,), the wave vector (k = 2mm,,/4, where A is the laser wavelength in free
space) and an equivalent diameter of the RBC, respectively.

The previous conditions make it possible to obtain a solution of the scattering
problem that is quite simple and physically obvious analytical form usually referred
to as the anomalous diffraction approximation [2]—[6]. The first condition is
usually fulfilled as, in the visible range, the RBCs have a proper refractive index
about mype = 1.4 and the surrounding medium (plasma) about m_, = 1.335, ie.,
m = 1.4/1.335 = 1.05. Nevertheless, the second condition is always violated. For
instance, for the previous parameters with 4 = 0.6328 ym and d = 4.9 um, we found
that kd|m—1| = L.6. This introduces some limitations as regards the accuracy of this
approach and it also limits the prediction of the RBC scattering properties in the
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small angle range. In spite of the strong limitations of this approach it has recently
been used in [7] to predict the light scattering properties of RBC with their shape
approaching natural one (Fig. 1b) within the spherical co-ordinate system

R(0.¢) = a,sin®0+bg @

where d = (2a,+by) is the diameter and 2by, is the thickness in the centre. As typical
parameters for erythrocytes they have chosen d=7.5 pm, corresponding to
ap =3 pm and by = 0.75 pm and the exponent is estimated at g = 5. They have also
assumed that the osmolarity of the suspension medium causes “isovolumetric
sphering” of the cell, where the case g =0 corresponds to the sphere. This last
hypothesis seems to be invalidated by some experimental studies [8], [9].

The T-matrix method (or extended boundary condition method) has also been
previously used to compute the scattering properties of a RBC for the fixed
orientation. This accurate method does not require any particular assumption on the
optical parameters of the scattering particles, i.e, RBC in the present case. It is
nevertheless limited to simple geometrical shapes and also, due to numerical
instabilities, in the maximum size parameter that can be calculated. The T-matrix
method allows us to compute scattering coefficients as well as the phase function, the
degree of linear or circular polarisation for arbitrary scattering angles [6], [10], [11].

2. Simulation strategy and procedure

To compute the light scattering properties of RBCs we have chosen the T-matrix
method, for obtaining accurate predictions on the scattering coefficients and angular
scattering dependences which are supposed to be necessary to infer statistical
properties of RBC from a blood sample and not only from single RBCs. For this
purpose we used the T-matrix code from [107, [11] available from the web site [12].
The RBC shape will be modelled by an oblate ellipsoid (see Fig. 1b) with the
2 2
equation: x?,a-l;y %5 =1, where a is a symmetrical axis. This particle has the same
projection area along Z axis as the form given in Eq. (2), when a = ap+bgand b = by,
It has a comparable volume but a smaller projected surface along X or Y axes.
The haemoglobin, Hb (0% oxygenation) and HbO, (100% oxygenation),
complex refractive index dependence on wavelength [13], [14] is presented in
Fig. 2a. At the first sight, it appears from the figure that the major difference in the
spectral absorption between Hb and HbO, is in the range of 600—750 nm. Never-
theless, if we consider a simple intensity ratio experiment to distinguish the two types
of haemoglobin from the intensity transmission through blood samples (width L),

the relevant parameter is the difference in the two spectral absorptions: Y =
HbO,

= exp [ — (kyy, — kyppo,) L]. Figure 2b presents the difference in the spectral absorption

of the two types of haemoglobin. The difference in the blood sample transmission is
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Fig. 2 Spectral absorption of RBC for oxygenated (HbO;) and non-oxygenated haemoglobin (Hb):

a — imaginary part of refractive index vs. wavelength, b — difference between the imaginary parts of
fractive index vs. length for non-oxy d and oxygenated blood.

expected to be a maximum for wavelength about 380-450 nm. The refractive index
inside a RBC is

Higpe = Mgpc ik, €]
Mggc is expected to depend on the RBC haemoglobin concentration, the concen-

tration being varied for different people (typical value: HC = 350 g/dm?). The linear
dependence upon HC is known [1]

mgpc(HC) = mipc+aHC )

where for the constant we use: o = 0.0019 g/dm*® and mfpc = 1.335.

The real part of the refractive index dependence on the wavelength is neglected.
This is justified by the following arguments:

i) in the light scattering calculations we use the relative refractive index
m = mgge/m,, so that for some part the wavelength dependence is cancelled out,

ii) as the best of authors’ knowledge, there are no reliable data in the literature
on this dependence.

There are also very scarce reliable data in the literature about the RBC shape
dependence on osmotic pressure, so we use the following experimental results and
procedure.

The aspect ratio a/b is deduced from the experimental data [8] giving the
evolution of the volume of RBCs in terms of a cylinder with the length 2b and
radius a. Note that this way of defining the RBCs volume is common in the clinical
practice.

The evolution of parameter a is deduced from a linear fit of a few pieces of
experimental data on the shape of RBCs [9]. As a result, using these data we derive
shape dependence on osmotic pressure for the RBCs:
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Vo (P,) = 339—1.88P, +0.00491 P2 —4.46-10~ P,
a = [0.00310(P,— 150)+3.210],

V. (P,)

= eyl\” o
Y 2na® ©
In terms of volume, the RBC is equivalent to a sphere with radius

13
Top = (5”2’(??‘-’—)) . When the osmotic pressure decreases from 300 to 111 mosm the

RBC geometrical aspect ratio decreases from ¢ =a/b =328 (oblate shape) to
£ =1.002 (spherical shape), see Fig. 3. In the opposite case, the RBC volume

35
"r";.-""./_:
- &
- & -
30
8 25
3 e
z -
o 20 &
L e
1.36835 P 140182
1% -
A A &.ATE A A BB B-A-Bob BB & &
&
-
e
{ 1.03' P
s
120 150 180 210 240 i) 300

PP [mosm)

Fig. 3. Evolution of the RBC geometrical and optical properties vs. the osmotic pressure: © — sphero-
idal aspect ratio, { = a/b,-0- — radius volume equivalent sphere, %~ — refractive index, real part,
B — refractive index, imaginary part x 500/Hb,-0- — refractive index, imaginary part x 500/HbO,.

increases (the equivalent sphere radius increases). This causes a dilution
of the haemoglobin inside the RBC: HC(P,) = HC(300)¥,,(300)/V,,,(P,) and thus
a change in the RBC refractive index mgyo(HC) and absorption k(P,)=
= k(300)V,,,(300)/V,,,(P,). In Figure 3 the evolution of the spectral absorption and
refractive index with the osmotic pressure is given for 1= 100 nm and
HC(300) = 350 g/l

3. Numerical results and discussion

First, we consider the case where the RBC is in fixed orientation: the incident laser
beam propagates along the RBC symmetrical axis, and we analyse the scattering in
the azimuthal plane. Under such geometry, Fig. 4 presents an iso-level map for the
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Fig. 4. Iso-level map of the scattering phase function vs. the scattering angle and the osmotic pressure,
RBC in fixed orientation.

Fig. 5. Iso-level map of the scattering degree of linear polarisation vs. the scattering angle and the osmotic
pressure, RBC in fixed oriantation.

evolution of the phase function (scattering element F ) for a non-oxygenated RBC
vs. the osmotic pressure (change in absorption, refractive index and shape) and the
scattering angle. Figure 5 presents the same kind of map but for the degree of linear
polarisation of the scattered light (ratio of two scattering elements: —F,,/F,,).
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Fig. 6. Iso-level map of the scattering phase function vs. the scattering angle and the osomotic pressure,
RBC in random orientation (integration over all directions).

Fig. 7. Iso-level map of the scattering degree of linear polarisation vs. the scattering angle and the osmotic
pressure, RBC in random orientation.
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In both cases there is the evolution of the scattering elements vs. the osmotic
pressure and obviously with the scattering angle. This dependence seems nevert-
heless to be weaker and weaker as the RBC osmotic pressure tends to 300 mosm
(spherical shape).

We now consider the case of randomly oriented RBC. This case is expected to be
of greater interest to infer RBCs properties from a whole blood sample.

Figures 6 and 7 are equivalent to Figs. 4 and S but for randomly oriented RBC.
It appears from Fig. 6 that there is still the evolution of the phase function vs. the
osmotic pressure, however, it is more confusing. From Fig. 7, it appears, surprisingly
to some extent, that the degree of linear polarisation is no more a good parameter
for the diagnosis of RBCs osmotic pressure or shape.
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Fig. 8. Phase function vs. the scattering angle for various osmotic pressures, two types of spectral
absorption (at 440 and 1000 nm) and for oxygenated and non-oxygenated haemoglobin.

Figures 8 and 9 show the evolution of the phase function and the degree of linear
polarisation vs. the scattering angle for two cases of spectral absorption (correspond-
ing to a laser wavelength of 1 = 440 nm and 4 = 1000 nm), for oxygenated (100%)
and non oxygenated (0%) haemoglobin, and for three osmotic pressures (P, = 111,
201 and 291 mosm). For low osmotic pressure the evolution of the phase function
and the degree of linear polarisation are characteristic for those obtained with the
Lorenz—Mie theory for spherical particles: strong resonance structures are observed.
When the osmotic pressure increases, ie, the RBC geometrical aspect ratio
increases, the previous evolution tends to be smoothed. In Fig. 8 increasing osmotic
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Fig. 2 Spectral absorption of RBC for oxygenated (HbO;) and non-oxygenated haemoglobin (Hb):

a — imaginary part of refractive index vs. wavelength, b — difference between the imaginary parts of
fractive index vs. length for non-oxy d and oxygenated blood.

expected to be a maximum for wavelength about 380-450 nm. The refractive index
inside a RBC is

Higpe = Mgpc ik, €]
Mggc is expected to depend on the RBC haemoglobin concentration, the concen-

tration being varied for different people (typical value: HC = 350 g/dm?). The linear
dependence upon HC is known [1]

mgpc(HC) = mipc+aHC )

where for the constant we use: o = 0.0019 g/dm*® and mfpc = 1.335.

The real part of the refractive index dependence on the wavelength is neglected.
This is justified by the following arguments:

i) in the light scattering calculations we use the relative refractive index
m = mgge/m,, so that for some part the wavelength dependence is cancelled out,

ii) as the best of authors’ knowledge, there are no reliable data in the literature
on this dependence.

There are also very scarce reliable data in the literature about the RBC shape
dependence on osmotic pressure, so we use the following experimental results and
procedure.

The aspect ratio a/b is deduced from the experimental data [8] giving the
evolution of the volume of RBCs in terms of a cylinder with the length 2b and
radius a. Note that this way of defining the RBCs volume is common in the clinical
practice.

The evolution of parameter a is deduced from a linear fit of a few pieces of
experimental data on the shape of RBCs [9]. As a result, using these data we derive
shape dependence on osmotic pressure for the RBCs:
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pressure from 202 to 291 induces the onset of the phase function, it has nevertheless
no significant influence on the linear degree of polarisation, see Fig. 9. The influence
of the spectral absorption in Figs. 8 and 9 is extremely weak, so we may have some
doubt about the possibility of diagnosing the RBC oxygenation from the analyses of
the phase function and the degree of linear polarisation.

Figure 10 presents the evolution of the corresponding extinction scattering
coefficients Q,,,. For wavelength 1 = 1000 nm the extinction coefficient dependence
on RBC oxygenation is almost null. For 2 =440 nm this dependence is not
negligible, the ratio Q_(Hb)/Q_,(HbO,), k., evolves about 4 — 5% which could be
measurable, it is nevertheless not a one-to-one relation with the osmotic pressure, see
the curve in Fig. 10. This behaviour can be explained based on Fig. 11, where the
evolution of the scattering coefficients (extinction, scattering, and absorption) versus
the wavelength is given for the two types of haemoglobin. Note that in these
calculations the size parameter « is kept constant (independent of the laser
wavelength), only the absorption coefficient dependence on wavelength is taken into
account. This procedure was found to be convenient for reducing our analysis of the
influence of the absorption coefficient on the scattering pattern and coefficients to
one parameter analysis.
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Fig. 11. Scattering coefficients (extinction, scattering and absorption) vs. the incident light wavelength and
for oxygenated and non-oxygenated haemoglobin. Note that the RBC size parameter is taken
o dent of the wavelength
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It appears from Figs. 6 — 11 that contrary to fixed oriented RBCs the diagnosis of
the osmotic pressure of randomly oriented RBC is expected to be rather difficult.
The osmotic pressure has some influence on the phase function and on the extinction
scattering coefficient which is not a one-to-one relation. The diagnosis of the
oxygenation rate of RBCs seems to be an even more difficult task. The influence of
the haemoglobin absorption on the basic scattering parameters and functions, which
is rather large, seems to be too small to be detected experimentally.

4. Conclusions

Finally, one can expect that in the case of a whole blood sample with a polydisperse
size distribution for RBCs and obviously under multiple scattering conditions,
it would not be possible to infer reliable statistical properties of 2 RBC. We claim
that one solution to this problem would be to fix the orientation of all RBCs present
in the blood sample (as is done for a single RBC in flow-cytometric methods)
under single or multiple light scattering conditions [15]—[17].
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Abstract

A simple and robust method for the inversion of the laser diffraction diagrams of small transparent fibres is in-
troduced. Based on Lorenz-Mie theory (LMT) calculations and the definition of a correlation estimator, it allows the
particle diameter to be determined without the classical size ambiguity problem due to morphological-dependent
resonances (MDRs). Experimentally, when sizing single reinforcement glass fibres during their forming process, the
typical resolution obtained is about ¢ =~ 0.02 um for the size range D = 7-42 pm. This inversion method is thought to
be also applicable for the diagnosis of other highly symmetrical and transparent particles as well as other particle

characteristics.
© 2004 Elsevier B.V. All rights reserved.

PACS: 42.25.Fx; 42.30.Sy; 42.81.Cn; 81.05.Kf

Keywords: Laser diffractometry; Inversion; Lorenz-Mie theory; Sizing; Glass fibres

1. Introduction

The on-line sizing of small glass fibres used for
reinforcement applications is necessary from both
manufacturing efficiency and quality control
viewpoints [1]. Highly resolved measurements (in
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Henri.Guering@saint-gobain.com (P.-H. Guéring).

size and time) are also suitable for the validation of
hydrodynamical models [2,3] on the stability of the
drawing process with respect to various perturba-
tion sources: heterogeneity of the melt glass com-
position and temperature, fluctuations in the melt
glass jet cooling rate (radiative heat transfer, tur-
bulence, etc.), the take-up velocity, etc.

For a long time the laser diffractometry tech-
nique has been thought to be an appropriate tool
for the on-line sizing of small glass fibres [4-6]: the
optical setup is rather simple, the measurement is
almost instantaneous and can be easily performed
at a high frequency rate, the fibre can move in a

0030-4018/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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large probe volume without any influence on the
measurement, etc. In fact, this technique is largely
used for the sizing of a wide variety of single
particles (absorbing or metallic wires, spherical or
irregular particles) or clouds of particles (suspen-
sions, two-phase flows). In most cases, the Fra-
unhofer theory is used for the inversion of the laser
diffraction diagrams and to recover the particle
size or the particle size distribution. The main in-
terest of this theory lies in its relative simplicity
when it is applied to predict the scattering prop-
erties of particles with a complex shape.

In the scattering diagram of transparent and
highly symmetrical particles (spheres, cylinders,
ellipsoids, etc.) strong non-linearities, or reso-
nances, are observed (see for instance Fig. 2).
Known as the morphological-dependent reso-
nances (MDRs) [7], they are attributed to the in-
ternally reflected rays and they are not predicted
by the Fraunhofer theory. Experimentally these
resonances are not usually observed for absorbing
particles (internal reflected rays are absorbed), for
irregular particles (internal reflected rays are more
or less randomly phase shifted by each other) or a
cloud of polydisperse particles (the different con-
tributions are smoothed). So that most of the work
published in the literature about the inversion of
laser diffraction diagrams are not relevant to our
problem. The inversion of the diffraction pattern
of transparent and highly symmetrical particles
requires a particular treatment.

In this paper, we introduce the principle of a
simple and robust method for the inversion of the
laser diffraction diagrams of small transparent fi-
bres. It allows the determination of the diameter of
a single homogeneous fibre without the classical
size ambiguity problem due to the above-men-
tioned effects. This method is thought to be easily
extended for the sizing of other type of fibres (ab-
sorbing, coated, with a refractive index profile) as
the inversion procedure is totally decoupled from
the input parameters of the scattering model.
Section 2 briefly presents the model used to predict
the light scattering properties of glass reinforce-
ment fibres; it is based on the Lorenz-Mie theory.
Section 3 presents the method for the inversion of
the experimental scattering diagrams. Section 4
presents some experimental results and comparisons

demonstrating the robustness and efficiency of the
proposed method. Section 5 is a conclusion with
some perspectives for future extensions.

2. Scattering model and numerical examples

The light scattering properties of an infinite ho-
mogeneous right circular cylinder, with axis Z,
illuminated under normal incidence by a time-
harmonic plane wave, has been extensively dis-
cussed in [8]. In this work, the problem is treated
rigorously by solving the wave equation in the cir-
cular coordinate system (r,6,Z). A separation
method (i.e. Lorenz-Mie theory) is used for that
purpose. Fig. 1 sketches the drawing process as well
as the scattering model geometry under study. The
fibre’s shape is modeled by a right circular infinite
cylinder. In the drawing process the fibre orienta-
tion is fixed. Therefore, in the following, there is no
need to consider the effect of the fibre’s inclination.
Following Bohren and Huffman [8] the electrical
field scattered by the fibre, in the direction 6 and in
the far field &» > 1, can be split in two independent
components, one parallel E£j(r,0) and one perpen-
dicular £ (r, 0) to the scattering plane (XOY)

(o) == [T a8 aio)
x (EF> expfikr — 2mve)], (1)

where classically, Eﬁ, EY are the amplitude of the
incident electrical field components, k = 2n// is
the wave number and v the incident field fre-
quency. The two terms 71(0) and 7>(0) of the
amplitude scattering matrix read as

n=+o00 n=+o00

Ty(0) = > buexp[—ind] = by +2 Y _ b cos(nd),
n=—oco n=1
n=-+oo n=+o00

Tz(e) = Z aunn exp[—in@] = agy + 2 Z a,n COS(I’!H)7

n=-—00 n=1
2
where b,; and a,;; are the external scattering co-
efficients for a homogeneous cylinder [8] or a
multilayered cylinder (coated or finely stratified)
[9]. For a homogeneous cylinder these coefficients
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Fig. 1. Sketches of the glass fibre drawing process and the geometry of the scattering model.

takes into account the diameter D, its refractive
index m (constant or radial profile), the incident
wavelength 1 and the external medium refractive
index (equal to unity in this study).

From the calculation of the external scattering
coefficients, and with the help of the Poynting’s
vector, the time-averaged scattering diagrams or
“diffraction diagrams™ (if limited to the forward
region, i.e. 0 ~ 0°) can be calculated. For the an-
gular intensity distribution we obtain

i = [Em0)] /e,
10 = [0 /e,

For the case of glass reinforcement fibres two
additional effects have to be taken into account in
this model: the fibre single axis-birefringence due
to the drawing stress (i.e. the mechanical tension,
F, see Fig. 1), and the effect of the glass melt
cooling rate (and not simply the residual temper-
ature [10]). Practically, both effects induce a re-
fractive index dependence with the fibre size and
the initial glass melt temperature, 7y. In fact, for
the drawing stress, two refractive indexes have to
be considered for the fibre: one along the fibre axis
m, and one transverse to the fibre axis, m, as
sketched in Fig. 1. The reader is referred to [3,11]

3)

to obtain more details about the modeling of these
effects and their influence on the scattering prop-
erties of transparent fibres. In subsequent compu-
tations these effects have been taken into account
and all numerical and experimental results are gi-
ven for Ty = 1200 °C, 2 = 0.6328 pum, perpendic-
ular polarisation and for m(Composition, 7y, D) =
1.555 [3,11].

As an example of the increasing complexity of
the scattering diagrams due to MDRs, Fig. 2
shows an iso-level map of the logarithm of the
scattered intensity log,1%(0), on the left, for re-
inforcement fibres (transparent, m = 1.555), and
on the right, for metallic fibres (reflecting,
m = 1.555 — 2i). The left-axis corresponds to the
fibre’s diameter which evolves in the range D = 5,
5.01,...,45 ym. The bottom-axis represents the
scattering angle with 6 = 0°,0.01°,...,15°. For the
metallic fibres, the scattering patterns are rather
simple. They exhibit only a few extremes (bright
“fringes”” and dark “fringes”). For the transparent
fibres, a dense and high-frequency pattern seems to
be superimposed to the one obtain for the metallic
fibres.

The angular position of the extremes corre-
sponding to Fig. 2 (the case of glass fibres) is
plotted in Fig. 3. Note that for drawing consider-
ations, the position of only one extreme in five is
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Fig. 2. Iso-level maps of the logarithm of the intensity scattered by fibres versus, bottom-axis, the scattering angle,
0 =0°,0.01°...,15° and left-axis, the fibre diameter D = 5,5.01,...,45 pum. Left: reinforcement E-glass fibres; right: metallic fibres.
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Fig. 3. Angular position of the extremes (minima and maxima) of the scattering pattern corresponding to Fig. 2 (the case of the glass

fibres).

drawn in the left part of Fig. 3. These extremes
have been extracted automatically with the same
software as the one used in Section 4 to analyse
experimental scattering diagrams. In Fig. 3, the
pattern obtained exhibits periodicities with the fi-
bre’s size (~1 pum). At this step, the complexity of
this pattern rends questionable the possibility of
obtaining a one-to-one relation between one scat-
tering diagram and one fibre diameter. However,
minor differences exist between two ‘‘similar”
scattering diagrams and the scattering pattern is
not purely periodic. Hence we can expect to de-
velop an inversion method to relate a scattering
diagram to a single fibre’s diameter, like the one we
propose below.

3. Inversion method

We first start with the calculation of nr theo-
retical scattering diagrams corresponding to the
fibres size range that we expect to measure
Dr(i) =5,5.01,...,45 pm, and for an angular
range of 6 =0°,0.01°,...,15° These calculations
are performed only once, with the scattering model
introduced above plus the refractive index depen-
dence m(E — glass, Ty, D, F) [3,11]. A lookup table
is then created, summarising two kinds of prop-
erties of the scattering diagrams for each diameter
(as in Fig. 3): the number of local maxima & (i)
and local minima /7 (7); and the angular position
of each of these extremes 05 (i, j+) and 05 (i, j1)
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. {H"IJz(le'Jfr)ﬂ J?Zlazaklf(l)a
DT(Z) —
0’?(1.7/.%); sr=L2... ,k{(i),
where the superscript + stands for local maxima
and the superscript — for local minima. No in-
formation on the relative intensity of the ex-
tremes is used here as, from an experimental
point of view, intensity criteria were found to be
unreliable.
For a given experiment, ng scattering diagrams
are registered in time from which the position of

0,
5k(i7 n) = { 1

if [kg (n)
if |k (n)

ke (i)] > (i)

the extremes 0g(n,jz) and 0g(n,j;) can be
extracted

{ QE(VIJE), ]E =12,... akg(n),
Dg(n) — 5
Og(n,jg), Je=12,... kg (n),
here Dg(n) represents the size of the fibre that we
want to determine, with n =1,2,...,ng. We as-
sume here that the temporal resolution of the ac-
quisition system is high enough for there to be no
smoothing of the scattering diagrams in time (i.e.
with the fibre size). The problem is now to asso-
ciate the theoretical diagram, i, with the experi-
mental one, n, so we have Dg(n) = Dr(i).
Comparing the measured diagrams and refer-

ence diagrams the absolute angular deviations
between each of their maxima and minima are

AO* (iyn, jit,ji) = 05 (i, 75) = 0% (n, i) |;
A0 (i,m, jr,jz) = |03 (i, 7r) — Op (n,2)]-
For each of these couples, a correlation estimator
can be associated

(6)

R o9 (i)

AP+ l’ n’ +7 i = ;
(I JE) = R i g ) +1

_ a9 (i)
AO™(iyn, jr,jg) + 17
where 0y (i) is a control parameter which represents
the maximum angular deviation to consider that a
theoretical and an experimental extreme could be
identical. AP"(i,n, j+,ji) and AP~ (i,n, jy,jg) are
maximum if the absolute angular deviations are

(7)
AP~ (i,n, j7,jg)

or |kg (n) — k7 (i)| > 8)
ke (i) < oi(i)  and [k (n) — &y ()] < 0u (i),

null. They decrease linearly as the angular devia-
tion increases.

For the case of Dg(n) = Dr(i), the number of
maxima and minima of the corresponding dia-
grams is be expected to be the same
ki(n) = kf (i), kg (n) = ky (i).  Practically, these
numbers may be slightly different if the experi-
mental diagrams are noisy. Nevertheless, if they
are significantly different, we may assume that
Dg(n) # Dr(i), so that we introduce a discrimina-
tion factor d,(7) like

where o, (i) is a second control parameter which
represents the maximum deviation, for the number
of the maxima and the minima, to consider that
two diagrams could be identical. During an ex-
periment, if the fibre size evolves in a wide range,
the number of corresponding extremes is expected
to vary considerably (for instance &7y = 1-11 for
D = 542 um). Therefore, as there are more ex-
tremes for large fibres, i.e. more information, the
inversion procedure could be biased towards
the upper size range. To overcome this problem,
the following weighting factor is introduced:
. 51{ (l, l’l)

AR = ke )+ 1 ®)
where AK(i,n) is maximum for the smallest fibres
and decays with the fibre size (non-linearly). It is
null if the deviation in the numbers of extremes is
too significant, i.e. greater than oy (i).

Now we build a correlation estimator for the
couple of diagrams (i,n) as the product of the
previous elementary estimators

kt K
P(i,n) = AK (i, ) [ [T [AP* (i, 2, 3, i)
it it
kp kg
x [TTTAP (iin. sz Je)- (10)
Jr Jg
Finally, the measured fibre diameter, Dg(n), is
considered to be equal to the theoretical diameter,
Dr(i), giving the greatest correlation estimator
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Table 1

Values of the control parameters used in this study
k(i) 1 2 3 4 5 7 8 9 10 11 12
(i) 1 1 1 2 2 3 3 3 4 4 4
ao(i) (°) 0.5 0.35 0.25 0.25 0.15 0.15 0.15 0.10 0.10 0.10 0.10 0.10

De(n) = Dr(i/ max {P(i,n), i=1,2,...,n1}).
(11)

The values of the control parameters oy (i), (i)
depend necessarily on the fibre’s diameter. For
reinforcement glass fibres and the experimental
setup presented below, the authors have used
the values in Table 1. They are given versus
the number of the maxima of the theoretical dia-
grams (and not the fibre size, which we want to
determine).

4. Experimental validations
4.1. Setup

A schematic drawing of the high-resolution
diffractometer (HIREDI) developed to validate the
principle of the proposed inversion method is
presented in Fig. 4. The output of a 2.5 mW He-Ne
laser (1), with wavelength 2 = 0.6328 um, is cou-
pled (2) to a single mode polarisation maintaining
optical fibre (3). The optical fibre output is pre-
cisely collimated with integrated optics (4) and a
laser beam expander (5). A cylindrical lens (6),
with focal length fi,; = 500 mm, is used to focus
the laser beam along the reinforcement fibre’s axis,
Z. So that, at the measurement point (7), a laser
sheet lights the fibre to be measured. This laser

sheet is collimated along the Y-direction, with a
large axis width of 2 mm. Its smaller axis, along Z,
is located in (7), with a width of 2w; ~ 50 um at
1/€*. The light scattered by the reinforcement fibre
is collected by a Fourier lens (8) with focal length
f =50 mm. To prevent camera saturation, the
direct beam’s spot (9) is focused several hundred
microns from the first photo-sensitive elements of
the CCD (11). The far field scattering pattern is
then digitised by an 8 bits linear camera (10), with
1024 pixels (size: 10 umx 10 pm) and a line fre-
quency rate in the range (f. = 70 Hz to 43 kHz).
The camera output is digitised with an LDVS
digital video board and processed with a PC. This
acquisition system can perform off line or on line
measurements. The off line mode is used when a
high-acquisition rate is needed (up to 43 kHz) but
the acquisition sequence is limited to 32 Mbytes
(i.e. 32,000 diagrams at a frequency rates of 1024
Hz). In the on line acquisition mode, about 150
diagrams per second can be captured and inversed.
This last acquisition rate is limited by our acqui-
sition and inversion software which has not yet
been optimised for speed. The angular resolution
and range of the system is of A0 =~ 0.01°/pixels
with 6 = 1.50°-12.75°. Note that during the cali-
bration procedure, the angular positions of the
extremes were found to be independent for the fi-
bre position in the probe volume (AX = AY = +1
mm), i.e. there was no evidence of the influence of

S -
Lo £ O I

3 (2) (1)
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Fig. 4. High-resolution diffractometer (HIREDI): optical setup.
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Fig. 5. Typical evolution of the correlation estimator P(i,n).

the laser sheet divergence and intensity gradients
[12]. So, in the following, we can use the previous
scattering model, based on plane waves, for the
inversion of experimental scattering diagrams.

4.2. Experimental results

Experimental validation has been carried out on
a laboratory-scale single glass fibre drawing bench
developed by Saint-Gobain Vetrotex Int. [3]. A
typical evolution of the correlation estimator
P(i,n) is presented in Fig. 5. It has been extracted
from the analysis of the experimental series pre-
sented in Figs. 6 and 7. It is almost null out side

1.50-12.75°

0=

& 3

the considered size range. It is maximum for a fibre
with diameter Dg = Dt = 23.38 um. The maxi-
mum of P(i,n) is much greater than its secondary
maxima (ratio 21/80) which corresponds to fibres
giving similar scattering patterns. In this example,
it is clear that the correlation estimator introduced
above allows the differentiation of experimental
scattering patterns that are rather similar, i.e. the
inversion of the contributions of the MDRs.

Fig. 6 presents a typical experimental time series
of scattering diagrams recorded when the fibre
take-up velocity J; increases rapidly from 5 to 40
m/s, with f; = 2048 Hz. This temporal evolution
corresponds to a fibre length of ~800 m. Three
phenomena are emphasised in the zoomed figures:
(a) the presence of a gas bubble in the initial glass
melt composition induces the formation of a hol-
low fibre. These hollow fibres appear as disconti-
nuities in the scattering diagrams so that they can
be easily detected and counted; (b) fast evolutions
of the scattering pattern are observed as well as (c)
slower ones (i.e. fast and slow perturbations
propagate along the melt glass jet during the
drawing process).

Fig. 7 presents the fibre’s diameter evolution
corresponding to Fig. 6, obtained simultaneously
with the high-resolution diffractometer and a laser
interferometer operating in the backward scatter-
ing domain [11,13,14]. In this figure, the diffrac-
tometer resolution appears to be much higher than

v

Time, t=

b-ls [s]

Fig. 6. Experimental scattering diagrams time series when the fibre’s take-up velocity is rapidly increased (V; = 540 m/s).
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Fig. 7. Comparison between the response of the high-resolution diffractometer and that of a backward scattering interferometer, time

series corresponding to Fig. 6.

the interferometer one (see zoom no. 1 in Fig. 7).
This can be simply explained by the fact that the
inversion of the MDRs is successful with the dif-
fractometer (there are no diameter jumps of ~1
um) which is not yet the case with the interfer-
ometer. For the whole diameter evolution, both
systems give very similar statistics with, for the
means, Dpir. ~ 18.68 pm and Dy, ~ 18.76 um,
and for the standard deviation, o(Dpigr.) ~ 5.94 pm
and o(Dpy) =~ 6.23 pm. So, for the whole size
range considered here, D = 11-32 um, the differ-
ence in the mean response of these two independent
measurement systems is only about ~0.08 um. For
the standard deviation in the difference of both
responses, the value found ¢(Dyy. — Dpigr.) = 0.29
pum is in close agreement with the predicted limit
resolution for the interferometer [11] (i.e. this dif-
ference is mainly induced by the interferometer). In
Fig. 7, bubbles appear as sharp resonances whose
occurrence can be counted for further statistics. At
that time, hollow fibres are not correctly measured
by both systems.

The smoothed response of the diffractometer is
plotted in Fig. 7 for a restricted size evolution (see
zoom no. 2). This smoothed response has been
calculated by applying a sliding Fourier filter to
the diffractometer raw response, with a window
width of 20 samples (i.e. 10 ms). In this zoomed

figure, the raw response appears to be slightly
noisy compared to the smoothed one. This “noise”
can be considered as the limit resolution of this
diffractometer. By calculating the standard devia-
tion of the amplitude of this noise, relative to
the filtered response, we found o = o(Dpyr.—
Filtered{Dpjr.}) = 0.02 pum for the whole size
range considered in Fig. 7. Note that this resolu-
tion is only equal to two steps of the diameter
increment used to produce the theoretical lookup
table given in Eq. (4). Other experiments, not re-
ported here, have shown that a similar resolu-
tion is obtained with this setup for the size range
of interest for reinforcement glass fibres, i.e.
D ~ 7-42 um.

Comparison between off-line size measurements
(on cut fibres) have been also performed with the
diffractometer, the interferometer, and with the
analysis of scanning electron microscope (SEM)
images [3]. For fifteen samples in the size range
D =~ 841 um, the difference in the diffractometer
and the SEM responses was found to be in the
range £1%. Despite this rather good agreement, a
better agreement could be expected, for instance:
+0.1% since for a fibre with a diameter equal
to D =20 pm we have ¢/20 ~ 0.001. Neverthe-
less, it must be remembered that, if SEMs have
an extremely high imaging resolution, their true
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“sizing” or ‘“‘scaling” resolution is limited by pa-
rameters such as the magnification’s calibration, the
CCD camera resolution. So, these results are
thought to be compatible with the one derived
from the analysis of Fig. 6 and 7. The difference
between the interferometer and the SEM response
was found to be in the range =5% [11]. This larger
discrepancy is attributed to MDRs which have a
strong effect on the interferometer response for a
particular size.

5. Conclusion and perspectives

A simple and robust method for the inversion
of the laser diffraction diagrams of transparent
glass fibres has been introduced. Based on Lorenz-
Mie theory calculations and the definition of a
correlation estimator, it allows to determine the
particle diameter without the classical size ambi-
guity problem due to morphological-dependent
resonances. When applied to the inversion of ex-
perimental scattering diagrams recorded with a
preliminary optical setup, the resolution obtained
is typically of o~ 0.02 um for the size range
D =7-42 pm.

It will be shown in a future work that this
method can be easily extended to characterize
hollow fibres (i.e. internal and external diameter,
provided they are axi-symetrical) and fibres’ re-
fractive index when it is unknown. This method is
applicable to more compact optical setups and for
the diagnosis of other kinds of highly symmetrical
and transparent particles.
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Résumé

Ce manuscrit d’habitation a diriger des recherches porte sur la caractérisation optique des écoulements
multiphasiques. Il rassemble trois types de contributions. La premiere, traite de la modélisation des pro-
priétés de diffusion de la lumiere des particules rencontrées dans ces milieux : gouttes, bulles et fibres ho-
mogenes ; particules sphériques, fibres et jets a gradient radial d’indice, a cceur ; particules ellipsoidales, hé-
térogénes ou irrégulieres. Ces développements théoriques et numériques sont basés sur la théorie de Lo-
renz-Mie ou des modeles asymptotiques : modele statistique, optique physique et géométrique. La
deuxiéme partie de ce manuscrit, introduit le principe de techniques optiques originales pour la caractérisa-
tion simultanée de la vitesse, de la taille et du matériau de particules en écoulement : technique Dual Burst,
Dual Mode, Interférométrie phase Doppler a 3 faisceaux cohérents, diffractométrie haute résolution, dif-
fusion critique et arc-en-ciel. La troisieme partie présente différents travaux réalisés dans le cadre de colla-
borations universitaires ou industrielles, sur des sujets aussi variés que la caractérisation des propriétés op-
tiques de globules rouges, la caractérisation de systéme en combustion, les instabilités de jets capillaires
homogenes ou a ceeur ; le fibrage du verre a haute température ; les fibres optiques ; I'étude expérimentale
d’instabilités thermo-solutales et de 'hydrodynamique d’écoulements gaz-solides en lit fluidisé circulant.
Ce manuscrit comprend également un résumé de mes activités d’enseignement, de valorisation et de ma-
nagement de la recherche, ainsi que les reproductions de dix articles.

Mots clés : Ecoulements, instabilités, particules, diagnostics lasers, granulométrie, réfractométrie, in-

terférométrie, diffractométrie, électromagnétisme, théorie de Lorenz-Mie.

Title: Optical Diagnosis of Multiphase Flows

Abstract

This habilitation manuscript deals with the optical characterization of multiphase flows. It gathers
three types of contributions. The first part concerns the modelling of the light scattering properties of
various particles encountered in flows: homogeneous droplets, bubbles and fibres; spherical and cylindri-
cal particles with internal refractive index gradients or coated; ellipsoidal, heterogeneous and irregular par-
ticles. These theoretical and numerical works are established in the framework of the Lorenz-Mie theory
or with physical or geometrical approximations. The second part introduces the principle of several new
optical techniques for the simultaneous characterization of the velocity, the size and material of flowing
particles: Dual Bursts and Dual Mode techniques, Phase Doppler interferometry with 3 coherent beams,
high resolution diffractometry, rainbow and critical scattering. The third part presents several works com-
pleted in collaboration, on subjects connected with: biophysics; combustion; instabilities of capillary and
viscous jets, homogeneous and coated; glass-fibre drawing, optical fibres, thermosolutal instabilities and
gas-solid circulating fluidized beds flows. This manuscript includes also a summary of my activities of
teaching, valorization and management of research, as well as the reproductions of ten articles.

Keywords: Multiphase flows, instability, particles, laser diagnosis, granulometry, refractometry, inter-

ferometry, diffractometry, electromagnetism, Lorenz-Mie theory
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