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Stabilité des mousses de verre :

Expériences à l'échelle d'une bulle ou d'un �lm vertical

A�n de mieux comprendre la stabilité des mousses de verre, des e xpériences à l'échelle

d'une bulle et d'un �lm vertical sont réalisées pour différentes composition de verre, vis-

cosité, taille de bulle, et gaz à l'intérieur de la bulle. L'épaisseur du �lm au-dessus de la

bulle est mesurée par interférence optique et décroît exponentiellement avec le temps sous

l'effet des forces de pesanteur et capillaires. Le temps de vie de la bulle doit être divisé en

deux étapes. En premier, le taux d'amincissement dépend du nombre de Bond. Ensuite,

un écoulement contraire est observé aux fortes températures pour les verres silicosodocal-

cique. Ce phénomène également observé pour des �lms verticau x et s'explique par des

écoulements Marangoni dus à l'évaporation de substances telles que le sodium qui engen-

dre des variations de composition et de tension de surface. Des petites bulles sont crées à la

surface libre lors de l'éclatement de grosses bulles à la surface d'un verre fondu faiblement

visqueux.

Les mots clés: bulle; drainage; stabilite; évaporation; verre; mousse

Stability of glass foams:

Experiments at the bubble scale and on vertical �lm

For investigating glass foams stability, experiments with a single bubble rising towards

the free surface of molten glass and with vertical �lms are perform ed for several values of

viscosity, bubble size and various gas nature and glass chemical composition. The glass

lamella on top of the bubble is observed by video-recording and its thickness evolution is

measured by optical interferometry. The lamella thins as a result of buoyancy and capillary

forces and then it ruptures. Actually the lamella thinning occurs in two steps. In the �rst

step, the drainage is regular and the thinning rate depends on Bond number. In the second

step a backward �ow is observed above 1200 � C for ordinary soda-lime-silica glass, which is

explained as Marangoni counter �ow due to evaporation of volatil e species such as sodium.

As the lamella ruptures tiny bubbles are created by the rupture of bubble lamella on the free

surface for large bubbles and low viscosity of the melt.

Key words: bubble; drainage; stability; evaporation; glass; foam
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Résumé

Ce travail de thèse est en rapport avec une étape du procédé de f abrication du verre

pendant laquelle une mousse de verre peut se former à la surface du verre fondu.

Cette mousse est pénalisante pour l'industrielle car elle agit comme un é cran ther-

mique et réduit le rendement énergétique de combustion. Ainsi, une m ousse de

1 cm d'épaisseur absorbe 30 % de la chaleur émise par rayonnement pa r le four et

une mousse de 5 cm d'épaisseur absorbe près de 60 % de la puissance é mise. A�n

d'éviter la formation d'une mousse, le temps de vie d'une bulle à la surfac e d'un bain

de verre fondu doit être le plus court possible. L'étude de la stabilité d e mousse de

verre fondu est complexe et nécessite la prise en compte de la physic o-chimie du

verre. C'est pourquoi, nous nous sommes intéressés à la genèse de la mousse, en

étudiant le cas simpli�é d'une bulle unique ou d'un �lm vertical.

Le premier chapitre explique les différentes étapes de fabrication du verre dans l'industrie

pendant lesquelles les bulles sont présentes.

La première étape consiste au mélange des matières premières dans un four à haute tem-

pérature pour obtenir un mélange homogène. La plus abondante des matières premières

est le sable (ou SiO2 est le principal élément). Les autres composants généralement util-

isés pour l'élaboration des verres commerciaux sont le calcaire (CaCO3) et le carbonate de

sodium (Na2CO3). Les premiers liquides apparaissent à 785� C correspondant à la tempéra-

ture de fusion eutectique d'un mélange de sable et de calcaire.

Cette première réaction chimique produit une grande quantité de gaz de dioxide de carbone

(CO2). Remarquons que les grosses bulles montent rapidement sous l'effet de la gravité et

éclatent à la surface du bain de verre fondu, mais les plus petites bulles montent beaucoup

plus lentement. L'élimination des bulles peut durer plusieurs heures sans autres actions

(sec. 3.1.2).

C'est pourquoi une deuxième étape est réalisée pendant l'élaboration: c'est l'af�nage. Pen-

dant cette période, des composants chimiques dit "d'af�nage" ré agissent à des températures

supérieures à 1200� C a�n de produire du gaz (par exemple SO 2, O2) dans le verre fondu



et d'augmenter la taille des bulles par transfert de masse. Les bulles peuvent également

être éliminées par dissolution de leur gaz dans le verre fondu. Deux types de solubilité sont

distingués: physique et chimique. La solubilité physique concerne des gaz inertes (azote ou

argon) qui remplissent les espaces vides de la structure du verre. La solubilité chimique est

liée aux réactions d'oxido-réduction dont les principaux réactifs sont le sulfure et l'oxygene

et aux différents niveaux de valences des ions. La solubilité chimique est plus faible aux

fortes températures. La dernière phase de la production avant la mise en forme du verre

est le conditionnement thermique du verre où ce dernier est progressivement refroidit pour

l'amener à une température compatible avec le procédé de formage.

Le deuxième chapitre est consacré aux propriétés du verre fondu qui sont importantes

pour la formation d'une mousse de verre. Notamment, la viscosité dynamique et la tension

de surface sont des propriétés physiques qui peuvent in�uenc er la formation et/ou le temps

de vie d'une mousse. Ce chapitre présente comment ces propriétés changent avec la com-

position chimique du verre et la température.

La viscosité d'un verre fondu décroît exponentiellement avec la température. Cette décrois-

sante est importante pour la production industrielle. En effet, à haute température (étape

d'af�nage), une faible viscosité de quelques dizaine de Pa �s, permet le mélange et l'homogé-

néisation du verre fondu ainsi que la remontée des bulles sous l'effet de la gravité. Quand

la température décroît (étape de conditionement), le verre est encore dans un état liquide

(très visqueux) et peut être mis en forme. Dans la dernière étape de la production indus-

trielle, le verre est encore plus refroidi et passe d'un état liquide à un état solide. La viscosité

dynamique d'un verre peut atteindre près de 1020 Pa�s à température ambiante, Fig. 2.1.

La variation de la viscosité avec la température peut être décrite par l'équation de Vogel-

Fulcher-Tamman, éq.. (2.2). La composition chimique du verre in�ue sur sa viscosité. No-

tamment, l'ajout d'élément chimique qui rompt le réseau de la structure du verre abaisse

la viscosité (par exemple le sodium). En�n la viscosité peut ég alement être modi�ée par

l'atmosphère environante. Il est connu, que la teneur en vapeur d'eau diminue la viscosité.

Les méthodes de mesures de viscosité dépendent de la gamme de viscosité. Des vis-

cosimètres de type Couette cylindrique sont utilisés pour des faibles viscosités. Les analy-

ses des courbures ou élongations de �bres de verre sont utilisé es pour des fortes viscosités.

La tension de surface d'un verre est très importante car elle affecte non seulement la créa-

tion d'une mousse, mais également la fonte, et la corrosion des parois du four. La tension

de surface d'un verre fondu est de l'ordre de 300 mN�m� 1 à 1300� C.

La tension de surface décroît faiblement avec la température (- 4 mN�m� 1 pour un augmen-

tation de 100� C). Il est connu, que la composition du verre évolue à forte température du



fait de l'évaporation de certaines espèces chimiques volatiles (sec. 2.3). Cette évolution

implique un changement de la structure du verre et de ces propriétés physiques en surface

et en volume. L'évaporation se décompose en trois étapes : diffusion des espèces volatiles

du volume vers la surface, réaction chimique en surface et diffusion des produits de la réac-

tion de la surface vers l'atmosphère environnante. Le taux d'évaporation augmente avec la

vitesse dans le fondu et/ou dans l'atmosphère ainsi qu'avec la température.

Un des composant chimiques in�uençant fortement la tension de surface est le sulfate de

sodium, très souvent utilisés comme agents d'af�nage, dont le co mportement change avec

la température. Au-delà d'une concentration de 1 % en masse, ce composé est immiscible

avec le verre fondu et forme une "galle". Cette galle a une tension de surface plus faible que

le verre et se comporte comme un antimousse. Le sulfate se décompose et s'évapore pour

des températures supérieures à 1300� C, cette évaporation s'accompagne de mouvement

en surface (sec. 2.4).

La mesure de la tension de surface pour un verre fondu est dif�ci le du fait des températures

élevées. Les méthodes classiquement utilisées pour mesurer la tension de surface sont

présentées dans ce chapitre : force exercée sur cylindre pendant son retrait du bain liquide,

pression maximale d'une bulle, goutte pendante (poids - courbure) et la fonte d'une �bre de

verre, sec. 2.2.1.

Le troisième chapitre introduit brièvement les mousses liquides et résume les travaux

existants sur les mousses de verre liquide. D'après l'ensemble des chapitres précédents

et celui-ci, il apparaît que la création et la stabilité d'une mousse de verre fondu est très

complexe. De manière générale, la vie de cette mousse se décompose en trois étapes:

� Un �ux de bulles de gaz existe au sein du fondu. Le nombre de bull es créées a fait

l'objet d'études précédentes et il est connu qu'il dépend à la fois de la température et

de la chimie du verre.

� Le liquide draine au sein de la mousse, et notamment dans le �lm au-dessus des

bulles à la surface du bain de verre fondu. Notons que cette étape a été peu étudiée

à l'échelle d'un bulle unique. Les quelques travaux antérieurs ont été réalisés à la

surface d'huile de silicon[3]. Seul le drainage de �lms vertica ux a fait l'objet d'étude

pour le verre fondu [5]. En�n il est à noter que d'apres Kumar [6], l a courbure d'un �lm

in�uence le drainage. Des comportements différents peuvent donc être attendu entre

drainage d'un �lm vertical et drainage d'un �lm au-dessus d'u ne bulle.

� Les �lms �ns sont meta-tables et rompent au bout d'un certain temp s appelé temps

de vie [4]. Cette dernière étape est la moins bien comprise. Actuellement, des temps



longs de vie sont expliqués par un ralentissement du drainage pour des épaisseurs

très �nes de �lm du fait d'un rigidi�cation partielle des interfa ces [7].

L'objectif de cette thèse expérimentale est de mieux comprendre le d rainage et la

stabilité du �lm au-dessus d'une bulle unique à la surface d'un bain de ver re fondu

et ainsi pouvoir prédire le temps de vie d'une bulle, pour différentes c onditions: de

température, de compositions chimiques du verre et de gaz dans la b ulle.

Le quatrième chapitre décrit les trois montages expérimentaux qui sont utilisés dans ce

travail de thèse.

Le premier montage a été conçu pour mesurer l'épaisseur du �lm a u dessus d'une bulle

unique à la surface d'un bain d'huile silicone (PDMS) cf. Fig. 4.1. Une bulle d'air est créée

au fond du bain d'huile à la sortie d'une seringue sous l'action d'une impulsion de pression

générée à l'aide d'une électrovanne. Une camera placée de côté permet de mesurer la taille

de la bulle. Les franges d'interférence générées par une source laser de longueur d'onde

532 nm visibles dans le �lm sont détectées par une photodiode pla cée au-dessus du centre

de la bulle.

Le deuxième montage est similaire au premier mais adapté à la détermination de l'évolution

de l'épaisseur du �lm au dessus d'une bulle à la surface d'un b ain de verre fondu et donc

à très haute température dans un four. La bulle est formée grâce à une électrovanne per-

mettant l'émission d'un pulse de pression et connectée à une bouteille de gaz d'azote ou

d'oxygene (Fig. 4.6). Ce dispositif de génération de bulle permet une meilleure maîtrise de

la pureté du gaz et de la pression a�n d'empêcher le verre fondu s'in�ltre dans le conduit

d'arrivée du gaz (Fig. 4.8). A l'instar de l'expérience faite ? température ambiante, un laser

émettant une source lumineuse ? 532 nm est employée et envoyée sur la surface de la

bulle. Les interférences sont enregistrées ? l'aide d'une caméra CCD. A�n de supprimer

le rayonnement émis par le verre et le four porté ? haute température, un �ltre optique ?

bande étroite (532 � 1 nm) est installé au niveau de l'objectif de la caméra. A�n d'év iter les

ré�exions spéculaires sur les parois du creuset en platine, c es derni?res ont été rendues

rugueuses. La caméra permet de suivre l'évolution de la bulle depuis sa création jusqu'? sa

rupture ? la surface du liquide.

Le troisième et dernier montage permet l'étude de la stabilité d'un �lm de verre fondu verti-

cal (Fig. 4.9 et 4.10). Un cadre rectangulaire en platine rhodié (90% de platine et 10% de

rhodium) est retiré d'un bain de verre fondu contenu dans un creuset transparent de silice.

Le temps de vie du �lm est déterminé par observation à travers une f enêtre de silice placée

sur le côté du four. De plus, cette expérience de �lm vertical perm et d'extraire un �lm �n de

verre fondu qui peut ensuite être soumis à des analyses chimiques a�n d'en connaître sa



composition dans l'épaisseur.

Le cinquième chapitre présente l'ensemble des �uides visqueu x étudiés et les méthodes

utilisées dans les expériences.

Nous avons utilisés cinq huiles silicones différentes constituées de polymère à base de silox-

anes et de chaînes organiques (PDMS) ayant des viscosités dynamiques variant entre 10

et 100 Pa�s (Tab. 5.1). Ces huiles sont fréquemment utilisées comme des liquides modèles

pour le verre fondu car elles sont utilisables à température ambiante et offrent une large

gamme de viscosité comparable à celle rencontrée pour le verre. La viscosité de ces huiles

dépend de la taille des macromolécules (plus les chaînes sont longues et plus la viscosité

est grande).

En�n nous présentons la détermination des paramètres physiques (viscosité, tension de

surface et masse volumique) des verres fondus utilisés. Cette détermination nécessite une

parfaite connaissance de la température et de la composition du verre. Malheureusement, la

mesure de la température dans le verre fondu n'est pas possible durant l'expérience, aussi

un pro�l de température précis à l'intérieur du four est relevé a vant l'expérience pour dif-

férentes températures de consigne �xées par l'expérimentateur (F ig. 5.10).

Différents verres silicosodocalcique sont utilisés a�n d'étudi er l'in�uence de composants

chimiques tels que le fer (deux verres industriels avec respectivement 0,1 % et 0,01 % en

masse de Fe2O3) et le bore (deux verres préparés au laboratoire avec respectivement 1 %

et 10 % en masse de B2O3). En�n un verre très visqueux avec une grande proportion de

Al2O3, K2O et MgO est testé (Tab. 5.2).

La composition chimique est établie suivant deux méthodes: chimie humide et microsonde

avant et après chaque expérience a�n de sonder des possibles variations de la composition

au cours de l'expérience pouvant être responsable d'une variation des propriétés physiques.

A�n de tester l'homogénéité de la composition au sein du verre fon du, les échantillons de

verre sont découpés en différents morceaux et analysés séparément (Fig. 5.6). Aucune vari-

ation de la composition au sein de l'échantillon n'est observée et s'explique par le mélange

du verre fondu lors de la remontée des bulles dans le bain. Aucune variation de la compo-

sition du verre avant et après l'expérience n'est observée, à l'exception du verre contenant

1 % en masse de B2O3 et pour lequel le taux de bore diminue légèrement.

L'analyse de la surface du verre révèle la présence de sulfate de sodium. De plus, l'évaporation

de sodium et de bore est mise en évidence par la présence de ces espèces chimiques sur

les parois sèches du récipient (surface du récipient au dessus du verre), Tab. 5.4 at 5.7.

Du fait de la dif�culté de mesurer les propriétés physiques du ve rre à haute température, de

nombreux modèles disponibles dans la littérature permettent le calcul de ces propriétés à



partir de la composition précise du verre et de la température de celui-ci. Nous utilisons ces

modèles pour déterminer la tension de surface, la masse volumique, la viscosité et l'indice

optique de réfraction sauf pour certains cas ou celles-ci sont mal identi�ées, auquel cas, ces

propriétés sont déterminées expérimentalement.

Dans l'huile silicone, le diamètre des bulles est mesuré pendant la montée de la bulle (non

déformée) sur les images prises de côté et dont l'échelle de longueur dans le plan de la

montée est constant et bien identi�é (Fig. 5.2 at 5.3). Cependant, d ans le four destiné aux

expériences de stabilité de bulle dans le verre fondu, nous ne disposons que d'une vue de

dessus. Aussi, nous moyennons les échelles de longueur mesurées à la surface du verre

et en bas du récipient pour déterminer le diamètre de la bulle. Cette indétermination de

l'échelle de longueur entraîne une incertitude de la taille de la bulle, Fig. 5.14 et 5.15.

En�n, nous présentons le calcul de l'épaisseur du �lm au-dess us de la bulle à partir de la

détermination des minimums et maximums d'intensité des franges d'interférence au cours

du temps, Fig. 5.16 at 5.18.

En�n l'ensemble des résultats est présenté en détail dans le chap itre 6. Nous résumons

ici l'essentiel des conclusions apportées par ce travail.

Une décroissance exponentielle de l'épaisseur du �lm dans le temps est mesurée pour

l'ensemble des �uides utilisés - verre à haute température et �ui des utilisés à température

ambiante. Ces résultats sont en accord avec ceux obtenus par Debregeas et al. avec de

l'huile silicone [3] et témoignent d'interfaces mobiles. Cependant, il est observé un drainage

relativement plus rapide pour le cas des petites bulles dans le cas du verre (tous les ver-

res, toutes les températures...). Ce comportement n'est pas observé dans le cas de l'huile

silicone (pourtant jusqu'à présent considéré comme un �uide modèle pour le verre) mais il

est observé pour d'autres �uides tels que le lubri�ant UCON et l' huile de ricin également

utilisables à température ambiante. Une augmentation relative du taux d'amincissement du

�lm au dessus d'une bulle à la surface d'un bain de liquide vis queux pour les petits nombres

de Bond s'explique par une surface de déformation de l'interface relativement moins impor-

tante.

Nous identi�ons deux étapes distinctes dans la vie d'une bulle à l a surface d'un bain liq-

uide. La première étape est appelée “drainage régulier” pendant laquelle le �lm s'amincit

régulièrement. Cette premi?re étape dépend uniquement de la taille de la bulle, des pro-

priétés physiques (viscosité, masse volumique et tension de surface) et bien sur du champ

de gravité. La deuxième étape de la vie de la bulle est appelée “drainage irrégulier” pen-

dant laquelle il est observé des écoulements de �uide dans le � lm dans un sens contraire

à la gravité, comparable aux mouvements observées par Conroy [1]. Cette étape est plus



aléatoire et dépend de la température pour un verre donné. Plus la température est élevée

et plus la durée de cette étape peut-être longue conduisant a des temps de vie d'une bulle

plus grands. Nous pensons que ces mouvements sont responsables de la meta-stabilités

des �lms de verre et qu'ils sont générés par des courants de Mar angoni provoqué par

l'évaporation de substances volatiles tel que le sodium responsable de gradients de ten-

sion de surface dirigés vers le haut de la bulle.

Ce travail apporte ainsi une contribution très utile à la prédiction du temps de vie de la bulle

car la premiere étape de drainage régulier est bien souvent dominante aux faibles tempéra-

tures et peut être décrite quantitavement à partir des paramètres physiques caractéristiques

du �uide et de la bulle. La deuxieme étape du temps de vie de la bul le n'est pas prédictible,

cependant nous pensons avoir identi�é l'origine physique de la métastabilité des �lms de

verre. Les expériences de stabilité de �lm verticaux con�rment le précédent scénario: temps

de vie longs pour des températures élevées et corrélés à des mouvements de liquide dans

le �lm. De plus des mesures de la composition chimique du verre dans l'épaisseur du �lm

permet d'estimer l'amplitude de variation de la tension de surface entre le sommet d'un bulle

et le bain liquide.

En�n nous reportons l'apparition de petites bulles dite “�lle” à l a périphérie de grosses bulles

à la suite de leur éclatement à la surface de verre peu visqueux. Nous estimons alors un

nombre de Reynold pour chaque bulle à partir de la vitesse de Taylor [8] et Culick [2] en

supposant des épaisseurs de �lm de quelques centaines de nano metre. Nous établissons

alors un critère d'apparition de ces bulles �lles pour des nomb res de Reynolds plus grand

que 100.





Bibliographie

[1] A. R. Conroy, W. H. Manring, and W. C. Bauer. The Role of Sulfate in the Melting and

Fining of Glass Batch. The Glass Industry, 47, 1966.

[2] F. E. C. Culick. Comments on a ruptured soap �lm. J. Appl. Phys., 31:1128–1129, 1960.

[3] G. Debrégeas, P.-G. de Gennes, and F. Brochard-Wyart. The Life and Death of “Bare”

Viscous Bubbles. Science, 279:1704–1707, 1998.

[4] P. Hrma. Model for a Steady State Foam Blanket. Journal of Colloid and Interface

Science, 134(1):161–168, 1990.

[5] J. Kappel, R. Conradt, and H. Scholze. Foaming behaviour on glass melts. Glasstech.

Ber., 60:189–201, 1987.

[6] K. Kumar, A. D. Nikolov, and D. T. Wasan. Effect of Film Curvature on Drainage of Thin

Liquid Films. Journal of Colloid and Interface Science, 256:194–200, 2002.

[7] P. Laimböck. Foaming of Glass Melts. PhD thesis, 1998.

[8] G. I. Taylor. The dynamics of thin sheets of �uid. III. Disintegratio n of �uid sheets. Proc.

R. Soc. London, Ser. A, 253:313–321, 1959.





Contents

Introduction 1

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1 Glass melting 7

1.1 Raw materials and primary foaming . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Fining process: Evolution of bubbles in glass and secondary foaming . . . . . 8

1.2.1 Physical and chemical solubility of gases . . . . . . . . . . . . . . . . 9

1.2.2 Fining agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Last step of melting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Glass properties in�uencing glass foaming 19

2.1 Dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.1 Measurement of viscosity . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1.2 Variation of viscosity with glass composition . . . . . . . . . . . . . . . 21

2.2 Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.1 Measurement of surface tension . . . . . . . . . . . . . . . . . . . . . 22

2.2.2 Variation of surface tension with glass composition . . . . . . . . . . . 25

2.2.3 Variation of surface tension with surrounding atmosphere . . . . . . . 27

2.2.4 Variation of surface tension with temperature . . . . . . . . . . . . . . 27

2.3 Evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.1 Evaporation of sodium and potassium . . . . . . . . . . . . . . . . . . 28

2.3.2 Evaporation of boron . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Behavior of sodium sulfate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3 Foam - creation and decay 37

3.1 Bubble and a foam creation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.1 Surface tension - key parameter for foam . . . . . . . . . . . . . . . . 38

i



CONTENTS

3.1.2 Rising velocity of bubbles in molten glass . . . . . . . . . . . . . . . . 40

3.2 Drainage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.1 The origin of drainage: gravity and capillary forces . . . . . . . . . . . 42

3.2.2 Mobility of interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Decay of foam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 Previous work on glass foaming . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4.1 Stability of glass vertical �lm . . . . . . . . . . . . . . . . . . . . . . . 4 5

3.4.2 Stability of single bubble in molten glass . . . . . . . . . . . . . . . . . 46

3.4.3 Stability and decay of glass foam . . . . . . . . . . . . . . . . . . . . . 48

3.4.4 In�uence of �ning agents and glass composition . . . . . . . . . . . . 49

3.4.5 In�uence of surrounding atmosphere . . . . . . . . . . . . . . . . . . . 50

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Experimental set-up 55

4.1 Bubble experiment in silicon oil . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 Bubble experiment in molten glass . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2.1 Pt-Rh crucible and bubble creation . . . . . . . . . . . . . . . . . . . . 59

4.2.2 Optical set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Vertical �lm experiment in molten glass . . . . . . . . . . . . . . . . . . . . . 61

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5 Materials and Methods 67

5.1 Silicon oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.1 PDMS properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.1.2 Bubble size determination in PDMS . . . . . . . . . . . . . . . . . . . 69

5.2 Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2.1 Chemical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2.2 Chem. comp. of glasses before experiment . . . . . . . . . . . . . . . 71

5.2.3 Chem. comp. of glass with 0.01 wt% of Fe2O3 after experiment . . . . 72

5.2.4 Chem. comp. of glass with 0.1 wt% of Fe2O3 after experiment . . . . . 74

5.2.5 Chem. comp. of glass with 1 wt% of B2O3 after experiment . . . . . . 74

5.2.6 Chem. comp. of glass with 10 wt% of B2O3 after experiment . . . . . 75

5.2.7 Temperature �eld inside the furnace . . . . . . . . . . . . . . . . . . . 7 5

5.2.8 Glass properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2.9 Bubble size determination in molten glass . . . . . . . . . . . . . . . . 87

5.3 Determination of the thickness . . . . . . . . . . . . . . . . . . . . . . . . . . 88

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

ii



CONTENTS

6 Results and Discussion 93

6.1 Single bubble approaching liquid interface . . . . . . . . . . . . . . . . . . . . 93

6.1.1 Bubble rising velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.1.2 Bubble static equilibrium at interface . . . . . . . . . . . . . . . . . . . 98

6.2 Evolution of thickness of a single bubble lamella . . . . . . . . . . . . . . . . 100

6.2.1 Fully immobile interface . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.2.2 Fully mobile interface . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.2.3 Silicon oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.2.4 Molten glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.2.5 Extensional �ow model . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.2.6 Model liquids for molten glass . . . . . . . . . . . . . . . . . . . . . . . 112

6.3 Critical thickness - Regular and Irregular drainage . . . . . . . . . . . . . . . 114

6.4 Bubble lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.4.1 Correlation of lifetime with drainage . . . . . . . . . . . . . . . . . . . 117

6.4.2 In�uence of gas inside bubble . . . . . . . . . . . . . . . . . . . . . . . 1 23

6.4.3 In�uence of viscosity and temperature . . . . . . . . . . . . . . . . . . 1 26

6.5 Origin of the liquid motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.5.1 Lifetime of vertical �lm . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 3

6.5.2 SIMS analyses of vertical �lm . . . . . . . . . . . . . . . . . . . . . . . 13 5

6.5.3 Evaporation experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.6 Daughter bubble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.6.1 Film rupture and opening velocity . . . . . . . . . . . . . . . . . . . . . 140

6.6.2 Mechanism of daughter bubble creation . . . . . . . . . . . . . . . . . 141

6.6.3 Experimental observation . . . . . . . . . . . . . . . . . . . . . . . . . 142

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Conclusion and Perspectives 149

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Appendices 155

A Power received by the video-camera 157

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

B Chemical analyses 163

C Surface tension of experimental glasses 169

iii



CONTENTS

D Computation of glass properties 171

D.1 Computation of surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . 171

D.2 Computation of density and refractive index . . . . . . . . . . . . . . . . . . . 176

E Computation of the scale on the level 181

F Computation of thickness 183

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

G Evolution of thickness 187

H Tables related to bubble lifetime 203

I FeO content 211

J Velocity and temperature �eld inside the furnace 213

iv



Introduction

This work is closely linked to one step in glass manufacturing process. At the beginning, raw

material is introduced at one end of a glass furnace. As the raw materials move from one

end to another, the temperature in the furnace is increasing and the raw materials start melt-

ing. Chemical reactions appear and as a consequence, bubbles are released. Bubbles are

removed from the melt at the area of the furnace, where the temperature reaches its highest

spot. This step of the glass production is called �ning. During gl ass �ning, rising bubbles mix

the melt and support homogenization of the molten glass, but on the other hand they can

create a layer of foam on the free surface, see Fig. 1. There are two main groups of glass

furnaces: pot and continuous tank furnaces. One of the most common continuous furnaces

is cross-�red glass furnace, which is used for production of �o at glass. In this furnace, the

melt is heated from the top by burners and therefore, if a layer of foam is created on the

surface of the melt, it reduces the heating ef�ciency of the furnace. When the layer of foam

is 1 cm thick, 30 % of the radiation heat is absorbed, but when the thickness of the layer rises

to 5 cm, the value of the absorbed heat rises to almost 60 % [2]. More information about the

reduced heat transfer can be found in [3, 7, 9]. In order to prevent this unpleasant effect, life-

time of bubbles that rise to the free surface needs to be as short as possible. Study of glass

foam stability is a complex process involving physical and chemical processes. Therefore to

furnace refractory

layer of foam

holes after ruptured bubbles

Figure 1: Photo of inner space of a furnace, where the surface of molten glass is covered with foam
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understand the basics of the problem, we study a simpli�ed case at the bubble scale and on

vertical �lm.

A study related to the evolution of thickness of a vertical glass �lm c an be found in the work

of Laimböck [6] or Kappel et al. [5]. Long lasting �lms were observed in both works. Kappel

et al. [5] inform about thin metastable �lms, that can last up to 40 min. Thi s metastable

state is not fully understood and has never been studied on a bubble scale. Laimböck [6]

observed, that the metastable state occurs after a fast drainage of the �lm and explains it

appears due to the decrease of velocity of the liquid, which is draining out of the �lm due to

partially mobile interfaces. Partially mobile interface can be found in a numerical study by

Beerkens and van der Schaaf [1, 8], who predict bubble lifetime as a function of the initial

and critical lamella thickness, bubble size and a coef�cient de scribing the rate of interface

mobility. Hrma [4] predicts a model of foam blanket based on gravitational drainage and the

survival time of a critically thin lamella of the top bubble and not the initial or critical lamella

thickness.

The purpose of this work is to describe behavior of a single bubble at the surface. Therefore

it is necessary to study the evolution of thickness of the bubble lamella and mobility of the

interface, bubble lifetime as well as to observe the behavior after the rupture of the bubble

lamella. In order to obtain results, experimental set-up, where evolution of thickness of the

bubble lamella is measured using interference method, has been constructed. This experi-

mental set-up enables determination of the lifetime and observation after the bubble rupture.

Experiments with molten glass at high temperature range (above 1300� C) are dif�cult, there-

fore various model liquids are used to simulate behavior of the melt. In order to verify the

reliability of these experiments, behavior of silicon oil is tested in this work and compared to

the behavior of molten glass. Another experiment with determination of lifetime of glass ver-

tical �lm is created to verify if the behavior observed during the ex periment at bubble scale

is similar to the behavior at the scale of a vertical �lm.

More details about glass manufacturing, bubble creation and removal will be given in the �rst

chapter of this work. Second chapter will be related to glass foaming, and properties that

in�uence it. Experimental determination of these properties, thei r variation with temperature

and chemical glass composition will be presented. Evaporation of volatile species can in-

�uence the foaming and will be discussed in the last section of the second chapter. Third

chapter will be related to foam in general. It will contain description of properties that play

important role in foaming and summarize terminology, that is used in foaming, as well as

describe all steps in foam creation and decay. Last sections will discuss previous studies

on glass foaming. Description of the experimental set-ups that were used in this work for a

single bubble and a vertical glass �lm will be presented in the fo urth chapter. Fifth chapter

will contain description of glasses, their composition and properties, and all chemical anal-

2
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yses, that were used in this work. Chapter 6 will present the obtained results and compare

them to previous works. The most important conclusions that were found during this PhD

and perspectives for future work will be given in the last chapter.
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Chapter 1

Glass melting

Glass melting is a complex energetically demanding process, which consists of several

stages [1, 2]. First step in glass production is mixing raw materials. For ef�cient melting

and a good quality glass with no cords or stones, it is necessary to prepare a homogeneous

medium. The mixture, which is introduced into a furnace for further melting is called a batch.

Cullet, which is recycled old or poor quality glass, is often added to the batch to reduce en-

ergy expenses during melting. It can comprise up to 90% of the batch for container glass.

Glass melting starts when a batch is exposed to a high temperature inside a furnace. More

details about raw materials and reactions during the �rst step of m elting are given in section

1.1. Second step of glass melting is called �ning. Bubbles, whic h are created during melting,

are being removed in this period. Rising bubbles support homogenization process, but can

cause the creation of a layer of foam at the melt surface. This step is the most important

for our work and will be discussed in more details in section 1.2. The �nal step of melting,

before the forming process, is cooling, which is brie�y prese nted in sec. 1.3.

1.1 Raw materials and primary foaming

The main component of industrial glass is SiO2 (silica), which is contained in sand. Apart

from SiO2, an ordinary glass consists of CaO and Na2O, which are found in limestone and

sodium carbonate, respectively. The three main raw materials react together and release a

huge amount of CO2 (approximately 0.2 kg of CO2 per 1 kg of glass), see eq. below.

SiO2 + CaCO 3 + Na 2CO3 ! Na2O � CaO � SiO2 + 2CO 2 (1.1)

There are several processes, that appear at the same time during the initial melting. When

the batch is introduced into a furnace, where temperature rises, dehydration occurs. The

size of the grains of raw materials varies from 0.5 to 1 mm, therefore a small amount of

water is added to the batch mainly to stick the grains together to eliminate their loss and to

7



CHAPTER 1. GLASS MELTING

prevent segregation. Addition of water also supports reactions and accelerates the melting

[3]. Chemical reactions in solid state play an important role during the initial melting. Sep-

arately each raw material melts at a high temperature (carbonates above 900� C), but their

mutual reactions allow a creation of liquid at much lower temperature. Eutectic melting of

the binary mixture of limestone (CaCO3) and sodium carbonate (Na2CO3) appears at 785� C

forming a double carbonate Na2Ca(CO3)2 [19]. The �rst carbonate liquid phase wets the

surface of silica grains and initiates the chemical reactions with silica.

A reaction between sodium carbonate and sand was studied under a microscope by Manring

[21], who observed a metasilicate Na2O�SiO2 at temperature around 750� C as a wetting the

grains of sand. Cable [7] designed an experiment with a silica rod, which was placed into

molten sodium carbonate, and observed a layer of metasilicate crystals that appeared on

the surface. Mechanism of this reaction was studied by Guloyan [16].

Limestone does not melt, but it decomposes and reacts in solid state at temperature from

600 to 1000� C. With silica grains it forms 2CaO�SiO2, which later reacts into substances

richer in silica [3].

The dissolving of silica grains is the longest process of the melting [5]. It is necessary to

choose a reasonable size of the grains as well as to add melting accelerants to the raw ma-

terials to support and shorten the dissolution of the silica grains [17].

A huge amount of CO2 is released during all of the reactions mentioned above. The gas is

entrapped in the batch as well as in a primary melt and creates a primary foam [14]. Large

bubbles rise due to buoyancy force and break at the level of the glass, but small bubbles rise

slower and are often carried to the glass bath, where they participate in a creation of sec-

ondary foam. After the �rst step of the melting process, glass consi sts of non-homogeneous

liquid silicate with a large quantity of bubbles. Homogenization and removal of the residual

gases are achieved in the second step of the melting process, which is called glass �ning,

and where the temperature reaches its maximum.

1.2 Fining process: Evolution of bubbles in glass and secondary

foaming

Molten glass contains a lot of small bubbles at the beginning of � ning. Most of them contain

CO2 as a result of the chemical reactions. Other bubbles may contain nitrogen, which was

trapped from atmosphere, or oxygen from electrochemical reactions, which will be more

discussed in sec. 1.2.1. A summary of gases that mostly occur in glass melts and their

origin is given in table 1.1 [3].

Remaining bubbles in the �nal glass product are undesirable d efects. There are two main

8



CHAPTER 1. GLASS MELTING

Gas Origin Gas Origin

inclusion in pores of raw materi-

als

dissociation product of carbon-

ates

H2O dissociation of hydrated raw ma-

terials

CO2 oxidation of carbon or organic

impurities

humid batch or cullet furnace atmosphere

furnace atmosphere dissociation product of �ning

air inclusions agents

N2 dissociation product of nitrate O2 air inclusions

furnace atmosphere furnace atmosphere

Ar entrapped air bubbles SO2 dissociation product of sulfates

furnace atmosphere furnace atmosphere

Table 1.1: Gases in glass and their origin.

principles leading to the removal of bubbles from the molten glass. Either they rise due to

the buoyancy force through the melt to the surface, where they burst, see sec. 3.1.2 and 3.3,

or they dissolve in the glass. The solubility of gases in glass is discussed in the following

section.

1.2.1 Physical and chemical solubility of gases

Gases can be physically or chemically �xed in the glass melt [3].

Physical solubility can be explained by the free volume theory, which says, that the

space between atoms in the structure can be �lled with physically di ssolved elements [12].

It is reasonable to think that elements with smaller atoms will have a higher solubility even

though the differences are in hundredths of kg�m� 3 [23, 22]. This type of solubility is mainly

important for noble gases such as Ar, which does not participate in chemical reactions.

Physical solubility slightly rises with a rising temperature and is controlled by Henry's law

[26]:

ci = L i pi (1.2)

where:

ci concentration of the gas i in the melt (mol�m� 3)

L i solubility constant of the gas i in the melt (mol�Pa� 1�m� 3)

pi partial pressure of the gas i (Pa)

9



CHAPTER 1. GLASS MELTING

A rising content of modi�ers, which are alkali and earth alkali oxides, that break the network

created by SiO2 or B2O3 as well as GeO2 or P2O5, depending on the glass composition

[18], lowers the physical solubility, because the free volume in the structure is �lled with the

cations of the modi�ers [25], see Fig. 1.1, where two-dimensional structures of quartz, vitre-

ous silica and sodium-silicate glass is shown. Apart from noble gases, nitrogen is dissolved
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Figure 1.1: Two-dimensional structures of quartz, vitreous silica and sodium-silicate glass [18].

physically as well, except for very reduced melts, where it can also exist in chemical forms

as nitrides (-NH2 or =NH).

Chemical solubility of gases is closely linked to oxidation-reduction reactions. In the

molten glass, many components can be present in multiple valence states. Mutual chemical

reactions of these components are called oxidation-reduction reactions and in�uence many

processes during the whole melting as well as �nal properties of the glass product. Sulfur

and oxygen are one of the most common elements that participate in ox.-red. reactions.

Their change of valence state can either lead to a huge release of gases or the opposite.

Unlike physical solubility, chemical solubility strongly decreases with a rising temperature

and increases with a rising content of modi�ers. The oxidation- reduction reaction can be

expressed by an equilibrium between the valence states of a polyvalent ion (Me):

4
b

Me(a+b)+ (l) + 2O 2� (l) $
4
b

Mea+ (l) + O 2(l ; g); (1.3)

where b is the number of exchanged electrons. One of the most common ox.-red. reaction

is due to the couple (Fe2+ /Fe3+ ), because Fe is contained in most of glasses and strongly

in�uences the color of glass. Fe2+ causes a blue tone and Fe3+ a yellow one. Glasses

10



CHAPTER 1. GLASS MELTING

containing iron have a green color, which is a consequence of presence of Fe2+ and Fe3+

and the combination of blue and yellow colors. A ratio between the amount of Fe2+ and the

total amount of iron is called the redox state of the glass. The higher the Fe2+ content, the

higher the redox state. The redox state of glass is determined via absorption measurement

for various wavelengths near infrared range, see sec. 5.2.1 for more details.

Sulfur dioxide can be chemically dissolved in glass as SO4
2� under oxidizing conditions (eq.

(1.4)), or as a sul�de S 2� under reducing conditions (eq. (1.5)).

SO2 +
1
2

O2 + O 2� $ SO4
2� (1.4)

SO2 + O 2� $ S2� +
3
2

O2 (1.5)

Reduced conditions are usually reached by the addition of carbon [4]. Behavior of sulfur in

molten glass will be discussed more in sec. 1.2.2 and 2.4. Carbon dioxide can be chemically

bounded as carbonates:

CO2 + O 2� $ CO2�
3 (1.6)

Chemistry of glass is a very rich �eld and the above chemical equ ations are only the main

ones, that are important for our work.

1.2.2 Fining agents

Fining agents are chemical compounds that release gases at elevated temperatures (above

1200� C). Released gases diffuse into the bubbles, enlarge their size enhance their rising

velocity and hence their removal. Bubbles that rise to the surface create a secondary foam

[14]. A layer of foam is created if the �ux of bubbles is faster than the ir decay at the surface,

more details will be given in sec. 3.4.

The diffusion of gases through the melt and into bubbles is one of the most important pro-

cesses in �ning. It is increased by temperature. The diffusion coe f�cient is related to the

temperature by Arrhenius relation:

D = D0 exp
�

�
� E
RT

�
(1.7)

The size of the bubble is growing if the activity of a certain gas is higher in the melt than

inside the bubble. Under these conditions gas diffuses into the bubble and enlarges its size.

11



CHAPTER 1. GLASS MELTING

The pressure inside the bubble is a function of its size and is given by Laplace law [10]:

p =
2

r

+ pA + �g (H � z) (1.8)

where:


 surface tension of glass (N�m� 1)

r bubble radius (m)

pA atmospheric pressure (Pa)

� glass density (kg�m� 3)

H distance between the bottom and the top of the glass bath (m)

z distance between the bottom of the bath and the bubble (m)

A larger pressure inside smaller bubbles will cause their disappearance in favor of larger

ones if the lamella, that separates them, is thin [24, 11]. This phenomena is very important

for bubbles at a scale of a � m, which are not large enough to rise and break at the top of the

molten glass in a reasonable time, but they can disappear due to atmospheric pressure. The

application of a lower pressure in the surrounding atmosphere during glass melting can be

used to support �ning. Under these conditions, bubbles can rise faster to the melt surface,

because their size increases as a consequence of the law of perfect gas, as well as the dif-

fusion of gases into the bubbles is supported, nevertheless the application of lower pressure

is technically complicated in the real furnace, therefore these conditions are mainly achieved

under laboratory conditions for the preparation of a small amount of glass.

Sodium sulfate

The most common �ning agent for �oat and container glass is sod ium sulfate (Na2SO4). It

decomposes at temperature around 1300� C [9, 6] and releases SO2, SO3 and O2 (Tab. 1.2)

depending on the conditions such as temperature and redox state of the molten glass. SO3

is very unstable and usually decomposes and forms SO2 and oxygen. Behavior of sulfur in

oxidizing conditions Na2SO4 (l) $ Na2O (l) + SO3 (l)

less oxidizing conditions Na2SO4 (l) $ Na2O (l) + SO2 (g) + 1
2O2 (g)

reducing conditions Na2SO4 (l) + C (s) $ Na2O (l) + SO2 (g) + CO (g)

more reducing conditions Na2SO4 (l) + 2C (s) $ Na2S (l) + 2CO2 (g)

Table 1.2: Behavior of sulfate.

glass chemistry has been studied by Fincham and Richardson [15], who performed experi-

ments with CaO:Al2O3:SiO2 (37:27:36 wt%) melt and observed various sulfur solubility as a

12
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Figure 1.2: Content of sulfur in wt% of SO3 in glass as a function of the partial pressure of oxygen

[15].

function of the partial pressure of oxygen, see Fig. 1.2. The solubility of sulfur was decreas-

ing with a decreasing value of partial pressure until 10� 4 or 10� 6, depending on temperature,

and increasing with further decrease of partial pressure. This graph indicates that the sol-

ubility of sulfur is high under very oxidizing or very reducing conditions. The minimal value

of SO3 content decreases and is shifted to lower partial pressure as temperature increases.

Similar experiment was achieved by Budd [20], who measured the sulfur solubility for soda-

lime-silica melts with various values of oxidation state, see Fig. 1.3. The lowest solubility

was achieved around 70% of Fe2+ content.

In the presence of carbon which causes very reducing conditions, sulfur forms sul�de, see

the fourth equation in Tab. 1.2, and reacts with the remaining Fe3+ into complex, which

causes a typical amber coloration with a maximum absorption above 400 nm [13]. One of

the advantages of sodium sulfate as a �ning agent is, that the decom position appears at a

narrow temperature interval [27]. More details about glass foaming will be given in the third

chapter. Behavior of sulfate changes with temperature and is very important for this work.

That is why it will be also discussed in sec. 2.4.

Arsenic oxide

Arsenic oxide is used for �ning of lead and lead crystal glasse s. It can be added to the batch

as As3+ or As5+ . To support the main reaction which releases oxygen, see eq. (1.9), it is

13
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Figure 1.3: Content of sulfur in wt% of SO3 in glass as a function of the oxidation state [19].

necessary to add oxidizing agents (NaNO3 or KNO3) to transfer all As3+ to As5+ (eq. 1.10).

As2O5 $ As2O3 + O 2 (1.9)

5As2O3 + 4NaNO 3 $ 5As2O5 + 2Na2O + 2N 2 (1.10)

Arsenic oxide decomposes between 1330 and 1370� C [3]. A disadvantage of this �ning

agent is an environmental hazard, because the arsenic trioxide is volatile.

Antimony oxide

Antimony oxide reacts similarly to the arsenic oxide, see eq. (1.11). Addition of oxidants

is also used. Temperature of the reaction is about 150� C lower [3], than for arsenic oxide,

therefore this �ning agent is mainly used for glasses with lower melting temperature.

Sb2O5 $ Sb2O3 + O 2 (1.11)

Sodium chloride

Sodium chloride is used for glasses with a high temperature of melting, when sodium sulfate

is not ef�cient, because it releases gases at a temperature, wher e the viscosity of the molten

glass is still high, which can lead to the presence of a foam blanket. Sodium chloride does

not decompose like other �ning agents, but evaporates as NaCl (g ) at temperatures above

1440� C [3]. The main disadvantage of this �ning agent is the emission of c hloride which

14
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reacts with gases and humidity in the atmosphere during cooling in the regenerators, as

follows:

2NaCl + SO2 + H 2O +
1
2

O2 $ Na2SO4 (particles) + 2HCl (g) (1.12)

Emissions of sodium sulfate particles and vapors of HCl lead to a degradation of regenera-

tors and refractories.

1.3 Last step of melting

The cooling of glass is the last step of the melting process, when temperature decreases

after the �ning process and small bubbles with a diameter up to 100 � m, which are called

seeds, are dissolved. Chemical solubility rises in this part, because previously mentioned

reactions of �ning agents proceed conversely.

A reboil effect may sometimes appear during this part of the melting. It is a creation of small

bubbles due to a contact between two parts of the melt with unequal temperatures or redox

state. Cable et al. [8] observed the reboil effect while temperature of an ordinary soda-lime-

silica glass with and without the addition of sulfate was decreasing from 1400 to 1100� C.

The gas was mostly oxygen.
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Chapter 2

Glass properties in�uencing glass

foaming

Glass foaming is a complex process, that includes many chemical (chapter 1) and physical

(chapter 3) processes. Viscosity and surface tension are properties of glass that change with

chemical composition and temperature and in�uence the foam form ation and its lifetime.

Viscosity of glass, its variation with temperature and composition as well as methods of

measurement are discussed in sec. 2.1. This chapter gives details about the methods

of measurement of surface tension of glass and its variation with composition, see sec.

2.2. Chemical composition of molten glass can change with time due to evaporation, which

can lead to a variation of the properties. More details about evaporation of glass and its

consequences are given in sec. 2.3. Section 2.4 of this chapter discusses the behavior of

sodium sulfate at various temperatures.

2.1 Dynamic viscosity

The dynamic viscosity of glass decreases exponentially with temperature, see Fig. 3.2. A

continuous variation of viscosity is very important for glass manufacturing. There are two

general symbols for viscosity: � and � . The second symbol is more common for glass

science. SI unit of viscosity is Pa.s but a unit Poise is very commonly used in glass industry.

The difference between the two is given by:

1Poise = 1 dPa:s = 0 :1Pa:s (2.1)

In the following text, only the symbol � is used. A variation of viscosity with temperature for

ordinary glass with an indication of important steps of the manufacturing process, such as

melting or forming, is given in Fig. 2.1. The variation of viscosity with temperature can be
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Figure 2.1: The viscosity curve of a glass.

expressed via the Vogel-Fulcher-Tamman equation (VFT) [5]:

log � = A +
B

T � T0
; (2.2)

where T is the temperature and A, B and T0 are coef�cients, that change with the glass

composition. They can either be determined experimentally or computed, discussed in more

details in sec. 5.2.8. The viscosity curve is characterized by several important temperatures

that correspond to a value of viscosity at which a certain process is achieved (Fig.2.1). The

lowest important value of the viscosity is 10 Pa.s and corresponds to the melting tempera-

ture . Working temperature with � =103 Pa.s is also called a temperature of glass forming

and corresponds with the value of viscosity, where various shapes of glass products can

be achieved. Glass products can deform due to their own weight at a viscosity 106:65 Pa.s,

which is called softening or Littleton point. An interval during which a transition between

the solid and liquid state appears is called the transformation interval with a viscosity in the

range from 1011 to 1012 Pa.s. It is characterized by the temperature of transformation .

The last two points of the curve are annealing point and strain point . The glass product is

being gradually cooled between these two points in order to remove internal stresses. The

value of viscosity changes from 1012:4 to 1013:5 Pa.s between these two points.
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2.1.1 Measurement of viscosity

Since the range of the glass viscosity is so wide, it is impossible to �nd a method, which will

cover the whole region. Methods for low viscosity range are similar to those, that are used

for normal liquids. The most frequent are rotational viscometers with various constructions.

Either the outer crucible is �xed and the torque which is necessary for a certain constant

rotating velocity of the inner part is measured, or the outer crucible is turning and the torque

which occurs on the inner rotating element is measured, or neither the crucible, nor the inner

element is �xed. From the less common methods a falling-ball or a vibration viscometer can

be mentioned. These methods are used for log � from 2 to 8. Bending of a horizontal glass

bar or �ber elongation are used in the range of higher values of v iscosity, more details can

be found in [30].

2.1.2 Variation of viscosity with glass composition

Viscosity of glass changes with its composition. Elements that cause ruptures in the former

network so it becomes more �exible, lower the value of the viscos ity. The most common are

alkali metals [23] (Fig. 1.1). Bonds in boron glass are weaker than bonds in silica glass and

therefore the addition of boron lowers the value of viscosity, more details about bonding will

be given in sec. 2.2.2. Addition of 1 wt% of �uoride lowers the visco sity by a factor 10 [5].

A higher content of silica or alumina strengthens the structure of the network and therefore

causes an increase of the viscosity. Alkaline earth metals rupture the network of glass at

high temperature and lower the viscosity, however at low temperature (until 600� C) they can

participate in bridging with anions of oxygen, which causes a higher value of viscosity. A

graph in Fig. 2.2 shows viscosity curves for various glass compositions with a notation of the

important temperatures, which were mentioned in the previous text. In�uence of water vapor

contained in the surrounding atmosphere was studied by Cutler [9], who observed a de-

creasing of the viscosity with a rising partial pressure of H2O in the surrounding atmosphere.

Water can dissolve in glass by creating ruptures in the silica structure as follows:

� Si � O � Si � + H2O ! 2 � Si � OH (2.3)

Gaudio et al. [10] measured viscosity of water-bearing �oat glass (0.03-4.87 w t% H2O) in

temperature range from 573 to 1523 K and pressure range from 50 to 500 MPa. Melt viscosity

strongly depends on temperature and water content but not on pressure. A new model

predicting viscosity as a function of temperature and water content is presented for the range

mentioned above.
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2.2 Surface tension

Glass surface tension varies with composition and temperature. It is an important prop-

erty in�uencing the glass foaming, but apart from that, it also fav ors melting by wetting the

grains surface and participates during corrosion of refractory close to the upper surface of

the glass melt, where three phases meet in contact. The surface tension of most glasses is

approximately 300 mN�m� 1 at 1300� C. In comparison, the surface tension of water is around

72 mN�m� 1.

2.2.1 Measurement of surface tension

The measurement of the surface tension of molten glass is a dif�cu lt process due to the high

temperature and high reactivity with surrounding atmosphere. There are �ve main meth-

ods: a pull-on-cylinder method, a maximum bubble pressure method, a drop weight method,

determination of a curvature of a glass droplet and melting of a glass �ber. The text below

introduces the main principles of these methods, but does not contain all details. All methods

exist in slightly modi�ed forms depending on the author. Some re ferences to articles with a

precisely described set-up are given in the following text.
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The pull-on-cylinder method

This method is usually used for temperatures above 1100� C [2, 31]. A hollow Pt-Rh cylinder

is hanged on one side of a balance and its bottom edge is in contact with a level of the

molten glass. Weights are being added on the second part of the balance, which leads to a

formation of a thin cylindrical shaped glass membrane, which is dragged out of the molten

glass until the second part of the balance is heavier and the membrane ruptures, see Fig.

2.3. The optical part, which consists of galvanometer lamp, mirror and scale, supports
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Figure 2.3: Determination of surface tension: pull-on-cylinder method [32].
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Figure 2.4: Determination of surface tension: maximum bubble pressure method [6].

determination of the moment of rupture. The value of the surface tension is computed from

the radius of the cylinder, the weights balance, the thickness of the cylinder wall and the
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density of the melt. The whole computation can be found in [32].

The maximum bubble pressure

The maximum bubble pressure is a very commonly used method mainly for low viscosity

[6]. Scheme of the experimental set-up is given in Fig. 2.4. Pt-Rh capillary tube is placed

in a contact with the level of the molten glass and gas is slowly introduced until the bubble

ruptures. The surface tension of glass can be computed when the pressure in the capillary

tube reaches the maximum, see eq. below:


 = p
r
2

 

1 �
2
3

�
r
h

�
�

1
6

�
r
h

� 2
!

(2.4)

where:

p maximum pressure (Pa)

r capillary radius (m)

d1 density of molten glass (kg�m� 3)

d2 density of bubble gas (kg�m� 3)

h = p
(d1 � d2 )g

g gravitational acceleration (m�s� 2)

It is necessary to know a precise value of the glass density to obtain correct value of the

surface tension. Variation of the density of glass with temperature will be discussed in sec.

5.2.8. More details about the experimental measurement can be found in [6].

The drop weight method

In this experimental measurement glass drips out of a platinum tube and forms a drop. Sur-

face tension of glass is determined from the weight of the drop (m) and radius of the rod (r )

[30].


 =
mg
2�r

(2.5)

This method is similar to pendant-drop technique, which was used in the work of Lihrmann

and Haggerty [21] or Kingery [19]. Sketch of arrangement for suspending pendant drop is

given in Fig. 2.5. The surface tension is determined from the absolute drop diameter dm ,

shape factor ds and the density of glass using tables prepared by Hauser or Fordham [19].

Determination of the curvature of the pendant drop

A small piece of glass is placed on a refractory and a shape of a droplet, which is formed

at high temperature, is determined using a high-temperature microscope [34]. It is neces-
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ds

dm

dm

a b

Figure 2.5: Determination of surface tension: pendant-drop method [19].

sary to take into consideration evaporation of spices from the melt during the experiment.

Evaporation of glass will be discussed later in sec. 2.3.

Melting of the glass �ber

A competition between gravity and surface force is used during this method, when a glass

�ber with a diameter of 0.6 mm is placed in the middle of a Pt heating c oil, see Fig. 2.6a.

When the heating starts, the middle part of the �ber becomes shorter a nd wider, which

causes a creation of a small droplet (Fig. 2.6b). As the temperature is further rising, the

bottom part of the �ber is detached and falls down. The bottom part of the �ber without the

wider part is used for the determination of the surface tension, see Fig. 2.6c and eq. (2.6).


 =
2g mbot:

� d
(2.6)

The last two methods are used for high viscosities. Errors of the measurement are between

1 and 5%, depending on the method, see [11, 29, 36] for more details.

2.2.2 Variation of surface tension with glass composition

The value of surface tension depends on attraction between molecules of the liquid, as it

will be mentioned in sec. 3.1.1. For elements contained in glass this can be expressed by

a polarizability of atoms and molecules. The higher is their polarizability, the lower is their

contribution to the surface tension. The larger is an atom of an element, the easier is to

polarize it, therefore the polarizability increases from the top to the bottom and from left to

right in a periodic table. Accordingly alkali metals will have much lower contribution than

silica. A single Si4+ will never occur on the surface of the glass, but it will always exist as a
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Figure 2.6: Determination of surface tension - melting of a glass �ber.

tetrahedron [SiO4]. In the contrary, boron glass consists of [BO3] groups, which form layers,

that are connected by a weak binding. This leads to a much lower value of surface tension

(80 mN�m� 1 at 900� C) than for vitreous glass, formed by [SiO4] tetrahedrons (280 mN�m� 1

at 1200� C) [25].

Surface tension of glass rises with a rising content of Li [35, 3] due to a low polarizability

caused by a small atom radius. Li has the smallest atom out of the alkali metals. Higher

polarizability of Na and K leads to a decrease of surface tension with their addition [3].

Based on previous theory about a size of atoms, it can be deduced, that the addition of Rb

and Cs lowers the surface tension of glass and even more signi�c antly than potassium [23].

The decrease in surface tension is also initiated by the addition of F [16], V, B and Ti [3]. It

is necessary to emphasize, that vanadium lowers the surface tension about 10 times more

than boron or titanium.

In a comparison, a rising content of alkaline earth metals causes higher values of surface

tension as well as the addition of Zn, Cd [23] or Ce, Zr, Ni, Co, Fe, Al and Mn [3, 26]. Tab.

2.1 summarizes all information above.

Decrease surface tension Increase surface tension

V; B; Ti; F; Na; K; Rb; Cs Cd; Zn; Ce; Zr; Ni; Co; Fe; Al; Mn;

alkaline earth metals; Li

Table 2.1: Decreasing or increasing effect of some elements on the value of the surface tension of

soda-lime-silica glasses.
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2.2.3 Variation of surface tension with surrounding atmosp here

The in�uence of water vapor in the surrounding atmosphere was stu died by Parikh [25], who

determined the value of the surface tension using the �ber elongati on method for soda-lime-

silica glass in the temperature range from 500 to 700� C and he observed a decrease of the

surface tension in wet atmosphere. The lower was the temperature, the higher was the dif-

ference between dry and humid atmosphere. The in�uence of water vapor was less obvious

with the increasing temperature and it was predicted that for temperature above 1000� C it

would be minor.

Parikh [25] also studied how other gases, which are present in the surrounding atmosphere,

in�uence the value of the surface tension. He observed, that the pr esence of dry N2, He and

H2 had no in�uence on the value of the surface tension, but a presenc e of SO2, HCl and NH3

lowered the value.

Akhtar and Cable [1] made an experiment with oxygen, nitrogen and carbon dioxide in the

surrounding atmosphere using a maximum bubble pressure method. When same gas is in

the atmosphere as well as in the bubble during the experiment, surface tension remains al-

most the same for oxygen and nitrogen, but is about 10-20 mN�m� 1 higher in the atmosphere

�lled with CO 2.

2.2.4 Variation of surface tension with temperature

The surface tension of glass is decreasing with an increasing temperature [26]. At lower tem-

peratures (up to 1200� C), this variation is more noticeable than at high temperatures (above

1400� C) [23]. It is necessary to emphasize, that the value of surface tension decreases

when the temperature of the sample increases continuously, but if a glass sample remains

at a high temperature for several hours, its surface tension rises due to variation in glass

composition caused by evaporation, more details will be given in the following section.

2.3 Evaporation

It is well known, that glass composition changes at high temperature due to evaporation of

volatile species, which leads to different structure and properties in surface layer and glass

bulk. Breadly [32] observed a higher value of surface tension for a glass sample, which

was exposed to the temperature 1500� C for 5 hours. A similar experiment was performed

for various glass compositions by Shartsis and Smock [32]. All glass samples were left

at 1350� C for almost 100 hours and the increase of surface tension was observed for all

glasses in the �rst 20 hours.

Evaporation appears in three steps, which are: transport of the volatile substance to the
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surface, chemical reaction at the surface and transport of the products of the reaction from

the surface. Volatilization into bubbles is not as important as from the free surface of the

melt.

2.3.1 Evaporation of sodium and potassium

Beerkens [4] reports, that sodium evaporates as a consequence of chemical reaction with

water vapor contained in the atmosphere:

Na2O (melt ) + H 2O (g) $ 2NaOH (g) (2.7)

Activity of Na2O and partial pressure of water vapor play an important role in the loss of

sodium. The activity of Na2O is very low below 1200� C, but the reaction in eq. (2.7) becomes

important above 1300� C. However, the partial pressure of water vapor in the surrounding at-

mosphere is under industrial conditions more important for the chemical reaction than the

activity of Na2O. Sodium hydroxide, which is the product of the reaction in eq. (2.7), is highly

reactive and tends to form sodium sulfate with SO2 from the atmosphere. Na2SO4 appears

as droplets below 1100� C and solid inclusions below 884� C. The surface temperature as

well as velocity of the convective �ow in the surrounding atmosphe re play an important role

in the total loss of the volatile species, see Fig. 2.7. Much higher loss of sodium oxide in wet
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Figure 2.7: Effect of temperature and gas velocity above soda-lime-silica glass melt on sodium sul-

fate solid emissions due to NaOH volatilization in glass furnace [4].

atmosphere was observed by Dietzel [12] and Hanke and Scholze [14].

Preston and Turner [28] performed an experiment, where they observed a loss of potassium

at temperature range from 1100 to 1400� C during 200 h. The loss of potassium is increasing

with the temperature, the velocity of the nitrogen �ow above the glass s ample, and with the
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initial content of K2O. When the content is above 33 mol%, new structure appears in glass,

which leads to a much higher loss of potassium during the experiment.

Kucuk et al. [20] studied the evaporation of potassium and sodium by the determination

of shape of sessile or pendant drop with a high speed camera. The density and surface

tension were determined from the drop shape. Dry argon was �owing in the surrounding

atmosphere to eliminate the third step of evaporation, which is the transport of the products

of the chemical reaction. Their results show, that potassium and sodium start to volatilize

at 1050� C and the volatilization appears at much higher rates above 1300� C. The density

for soda-lime-silica and potassium-silica glass is rising in time for all tested temperatures as

a consequence of loss of Na2O and K2O. On the other hand, surface tension is rising only

for soda-lime-silica glass, but remains the same for potassium-silica glass. Same value for

potassium glass is explained by a very fast diffusion of potassium from the bulk to the sur-

face, which is as fast as the chemical reaction, and that is why no variation in concentration

in the surface layer is observed. Compared to that, diffusion of sodium is slower, than the

chemical reaction at the surface, and variation of concentration is observed. The diffusion is

slower due to the presence of calcium, which blocks the diffusion paths.

The evolution of the loss of the substance with time can give us an information about the

main step in evaporation. If the loss of the substance changes with time linearly (loss = f(t)),

then the chemical reaction is the most important step, while if the loss of the substance

changes with square root of time (loss = f(t1=2), then the driving force is the diffusion. Chem-

ical reaction, as the most important step was observed by Hanke and Scholze [14], while for

Cable [20] it was diffusion. The weight loss in the work of Kucuk et al. [20] is given in Fig.

2.8. The evolution with time is neither t1 nor t1=2, which indicates, that both steps, chemical

0.012

0.010

0.008

0.006

0.004

0.002

0.000
0 800 1200

w
ei

gh
t l

os
s 

(g
)

time (min)
400

0.004

0.003

0.002

0.001

0.000
0 200 600 1400

time (min)

w
ei

gh
t l

os
s 

(g
)

a b
0.014 0.005

1000

Figure 2.8: Volatilization loss in a: potassium trisilicate melt (25 K2O � 75 SiO2) and b: soda-lime-silica

melt (15 Na2O � 10 CaO � 75 SiO2) at 1400� C [20].
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reaction and diffusion participate.

2.3.2 Evaporation of boron

Evaporation of boron appears as a reaction of boron contained in the melt with water vapor

in the surrounding atmosphere [33]:

B2O3 (melt ) + H 2O (g) $ 2 HBO2 (g) (2.8)

In dry atmosphere and in glass melt containing sodium or potassium, boron evaporates as

follows:

NaBO2 (melt ) $ NaBO2 (g) (2.9)

KBO 2 (melt ) $ KBO 2 (g) (2.10)

Nevertheless, these reactions appear only in dry atmosphere, the higher is the partial pres-

sure of water vapor, the more probable is the reaction, which is given in eq. (2.8).

In the work of van Limpt et al. [33], sample of boron glass with a content of boron between 1

and 10 wt% was placed in a Pt-Rh boat inside a furnace, where the partial pressure of water

vapor in the atmosphere varied between 0 and 0.3 bar. Vapors of the glass were collected

in gas wash bottles. The rest of the glass composition was: 55-62 wt% SiO2 � 20-25 wt%

CaO � 13-15 wt% Al2O3 (depending of the boron concentration) and the temperature of the

experiment was between 1400 and 1500� C. More details about the experimental set-up can

be found in the work of van Limpt [22].

The higher the initial concentration of boron and the higher the experimental temperature,

the higher the evaporation rate is. Two samples with various initial boron concentration were

exposed to 1500� C for 6 hours. The concentration pro�le was determined in the �rst 8 mm

of the sample by SEM-WDX method, see Fig. 2.9. The concentration of boron decreased

to 2.8 wt% from the initial 7.6 wt% and no concentration gradient was observed, while for the

initial concentration of 2.6 wt%, the concentration gradient appeared. The concentration of

B2O3 was approximately 0.2 wt% in the surface layer and about 7 times higher in the depth

of 4 mm.

According to van Limpt et al. [33] diffusion is not the only process, that transports boron

to the surface, but convection participates as well. It appears as a consequence of density

differences and Marangoni �ow caused by temperature gradients. No pro�le for a higher

concentration of boron is observed, because the viscosity is lower, which enables faster

diffusion and also convection is probable under these conditions. While for a lower boron

content, a silica rich layer with low solubility of boron and lower surface tension slowers diffu-

sion and causes lower convection. A concentration 2.5 wt% of boron is found to be a limiting
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Figure 2.9: Measurement of vertical B2O3 concentration pro�le in the glass sample obtained after

6 hours at 1500� C for two various initial concentrations [33].

concentration over which evaporation rate has much higher value. Actually this limiting con-

centration is due to changes in the glass structure.

2.4 Behavior of sodium sulfate

The behavior of Na2SO4 changes with the temperature and redox state of glass, as it has

been mentioned in sec. 1.2.2. Conroy [8] observed the behavior of sodium sulfate under

a hot-stage microscope in a wide temperature range. Sodium sulfate appeared as a liq-

uid around 884� C. The liquid phase remained on the interface of grains in the batch and

its low viscosity supported bubble release below the temperature 1038� C. When the con-

centration of sodium sulfate exceeds a certain level (around 1% SO3 [27, 15]), it becomes

immiscible with the silicate melt and forms a sulfate gall on the surface. It behaves as an

“anti-foam” substance, because its surface tension is between 194.8 mN�m� 1 at 900� C and

184.7 mN�m� 1 at 1077� C [17]. Anti-foams will be more discussed in the following chapter,

see sec. 3.3. Surface tension of an ordinary molten glass is higher, usually between 250 and

350 mN�m� 1, therefore the presence of sulfate gall lowers the value of the apparent surface

tension. Dietzel and Wegner [13] observed a lower value of the surface tension for a glass

with sulfate, than for a glass with the same composition, but without the addition of SO3.

They measured the surface tension using a �ber elongation method at 850� C and observed
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a 40 mN�m� 1 variation with 1 wt% addition of sulfate. Lower value of surface tension was

not observed for a glass containing sulfate under reducing conditions, where sulfate is re-

duced to sul�de, as it has already been shown in sec. 1.2.2, see Ta b. 1.2. Similar results

were obtained in the work of Jebsen-Marwedel [18], who measured the surface tension of

commercial glasses with the addition of sodium sulfate and observed a 22% decrease in the

presence of oxidizing atmosphere in comparison with the reduced conditions.

With a rising temperature, Conroy et al. [8] observed a decomposition of the sulfate above

a temperature 1315� C. The newly created products (Na2O, SO2 and O2) were dissolved in

the molten glass, which was accompanied by a motion on the interface. The convective mo-

tion supports mixing and accelerates the dissolution of silica grains. Bruckner [7] presented

results of an experiment with ether-water interface, where a drop of glacial acetic acid was

added. The acid is soluble in both phases and its addition to the system causes a disrupture

of the interfacial tension and a Marangoni �ow. This is similar to the behavior of sulfate and

molten glass, where the products of the decomposition are transported from the sulfate to

the molten glass. Merker [24] observed a decrease of surface tension of soda-lime-silica

glass with 0.4 wt% of SO3 around 900� C, which can be explained by the presence of sulfate,

but no change of surface tension was observed at 1400� C, where the sulfate was decom-

posed.

For temperature higher than 1454� C, Conroy et al. [8] observed a creation of bubbles, be-

cause the products of the decomposition are no longer soluble. They create bubbles and

support the mixing and homogenization.
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Chapter 3

Foam - creation and decay

Foam consists of a gaseous phase dispersed in a continuous phase, that can either be a

solid or a liquid, which enables dividing foams into solid and liquid foams [11]. In this study

we are interested in liquid foam, where the liquid part is made of molten glass. Creation of

foam, its properties and decay depend on the properties of the continuous and gas phase

and are discussed in this chapter. At the beginning of foam life, a bubble have to be created

in the liquid (sec. 3.1). Then this bubble rise to the surface of the bath (sec. 3.1.2) where

it meets others and creates a bubble assembly - foam. If the amount of liquid in the foam is

smaller than 1%, we talk about a dry foam, where bubbles have a shape of polyhedral, if

the content of liquid is higher than 35%, bubbles remain spherical, move independently and

we obtain a wet foam [11, 39]. Dry foam is formed from a wet one due to drainage which

is caused by gravity and capillary suction, see sec. 3.2. Capillary suction appears, when a

liquid is squeezed between bubbles, which rise due to the buoyancy force. When a bubble

lamella reaches a critical thickness as a consequence of drainage, it ruptures. Causes of a

lamella rupture are discussed in a section related to foam decay, see sec. 3.3.

Foams are desirable for many applications, such as food industry, cosmetics, �re-�ghting

foams, or insulation foam which is an example of a solid foam. In the contrary, foam is

undesirable during glass melting, as it has already been discussed in the previous text,

but also in metallurgy, petrochemical industry or fermentation processes to name a few.

Literature related to glass foaming is very rich. The last section of this chapter (sec. 3.4)

summarizes the most important conclusions related to the stability of a vertical �lm, a bubble

lamella and foam in general.
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3.1 Bubble and a foam creation

Bubbles which are the building units of foam, can appear as a consequence of supersatu-

ration of dissolved gases by decrease of pressure or rising temperature. Variation of tem-

perature is a cause of foaming in glass industry, as it was discussed in previous chapters.

Bubbles usually nucleate on walls or some non homogeneous particle in the liquid. Their

creation and growth are governed by Laplace pressure and so depend on the surface ten-

sion (sec. 1.2). Apart from nucleation, bubbles can be formed mechanically by mixing or

whipping. Foam is created, when the amount of bubbles exceeds 50% of the total amount in

volume.

3.1.1 Surface tension - key parameter for foam

Def�nition and origin of surface tension

Surface tension is a physical property of a liquid, that informs if foam creation inside this

liquid is energetically less or more demanding. Molecules in a liquid attract one another. The

molecules inside a liquid volume can interact with all the neighbors, that surround them, but

molecules at the surface loose half of the interactions and are considered to be “unhappy”

[10]. All liquids are therefore trying to remain in a shape with the smallest possible surface.

The higher the value of the surface tension, the smaller surface the liquid is trying to create.

The amount of energy, which is needed to enlarge the surface area, is proportional to surface

tension. Therefore surface tension can be expressed as the energy needed to increase the

surface by one unit:

dW = 
dS (3.1)

Surface tension is related to the chemical structure of liquid. While in oil, the interactions are

of van der Waals type, there are hydrogen bonds in water, which are responsible for a larger

value of surface tension. That is why a drop of water remains in a spherical shape, when

mixed with oil, as far as its diameter is small enough compared to the capillary length, while

oil drop spreads on water surface. Chemical composition of the molten glass is responsible

for its surface tension (discussed in the previous chapter, see sec. 2.2).

Capillary force is responsible for lowering the total value of free surface energy, by lowering

the surface area. An example is given in Fig. 3.1, where a mobile rod is �xed to one end of

a thin liquid �lm with a width l . The mobile rod will move towards the �xed end of the �lm in

order to decrease its surface.
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Figure 3.1: Capillary force acting on a thin �lm.

Foam is in metastable state

The gaseous phase in foam has a much larger volume, than the liquid phase. This leads to a

large interfacial area and a large amount of free surface energy, which makes foam unstable

from the thermodynamical point of view. Even though Kitchener and Cooper [24] describe

foam as unstable from the thermodynamical point of view, they also distinguish foam as

metastable and labile. This distinction is related to the lifetime of the foam, which is longer

for metastable foam. Stable or metastable foam is a term very often found in the literature in

order to express a foam with a long lifetime, but not a stable foam from the thermodynamical

point of view.

Following the high surface energy theory, it is easier to create a foam in a liquid having

a lower surface tension, because less energy is needed to create a large interfacial area.

Nevertheless, no relation was observed between an increasing value of surface tension and

a faster decay of glass foam [1, 22].

Surfactant

Surfactants are substances that act on the surface properties of an interface. They consist

of a hydrophilic and a hydrophobic part. They can be added to a liquid, where they remain at

the surface and lower the free surface energy, which enhances the foam creation in the liquid.

The presence of a surfactant prolongs the lifetime of foam, by retarding the drainage (sec.

3.2.2), supports resistance against local deformation and decreases the critical thickness

[2, 31, 8, 7, 6, 5, 32].

Marangoni �ow

Marangoni �ow appears as a consequence of surface tension gra dient. It can be observed

as tears of wine while drinking alcoholic beverages or in soap �lms as a consequence of

39



CHAPTER 3. FOAM - CREATION AND DECAY

temperature gradient [36]. The �ow is initiated from a domain with lo wer surface tension

to a domain with higher. In molten glass, variation of surface tension can appear due to

temperature gradient or as a consequence of concentration gradient caused by evaporation.

An experiment with sodium-borate glass was done by McNeil et al. [30]. A temperature

gradient from 10 to 30� C initiates a variation of surface tension causing a motion with velocity

from 0.2 to 1.2 mm�s� 1 in a vertical liquid bridge. The temperature gradient was rising

from the bottom to the top and also from the top to the bottom to verify that the motion

is not caused by variation of density of molten glass. Absolute values of velocities were

comparable, but the direction of the motion was inverse when the temperature gradient was

changed. The average temperature of the liquid bridge was varying between 865 and 950� C.

3.1.2 Rising velocity of bubbles in molten glass

A drag and buoyancy forces act on a bubble when it rises through a liquid. The drag force

acting on a droplet in an in�nite media with a laminar regime and w ith a pure interface without

surfactants, is given in eq. below [40]:

~Fdrag = � 2��r
2 + 3��
1 + ��

(~v � ~u) (3.2)

where:

� viscosity of the liquid surrounding the droplet (Pa�s)

r droplet radius (m)

�� ratio of viscosities of a liquid inside and outside of the droplet (-)

~v velocity of the droplet (m�s� 1)

~u velocity of the continuous phase (m�s� 1)

This formula is considered for a rising bubble in molten glass, because of the absence of

surfactants at bubble interface and the high viscosity of molten glass, which ensures the

laminar �ow and spherical shape of the bubble. Ratio of viscosi ties is considered to be equal

to zero, because the viscosity of glass is much larger than the viscosity of gas inside the

bubble. The asymptotic rising velocity is called the Hadamard-Rybczynski velocity and is

given in eg. (3.3).

vHR =
� g r 2

3�
(3.3)

Stokes velocity for a solid sphere can be considered only if the surface of the bubble is

covered by a non-soluble surfactant, which accumulates at the bottom part of the rising

bubble as a result of the combination between a moving bubble interface and buoyancy

force. The surface tension gradient between the surfactant poor top and surfactant rich
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bottom leads to a shear force and immobilization of the bubble interface. Stokes velocity is

1.5 times smaller than the Hadamard-Rybczynski:

vStokes =
2� g r 2

9�
(3.4)

In molten glass, Hadamard-Rybczynski rising velocity was observed during measurements

of Jucha et al. [21] at temperature range from 800 to 1000� C in borate glass melts as well

as by Hornyak and Weinberg [16] at soda-lime-silica glass melt.

The viscosity of glass decreases exponentially with temperature, see Fig. 3.2. The lower the

viscosity of glass, the faster the rising velocity, therefore the glass �ning is achieved at high

temperatures (around 1450� C) as it has already been mentioned in the previous chapters. If
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Figure 3.2: Viscosity as a function of the temperature for an ordinary soda-lime-silica glass.

(SiO2:Na2O:CaO = 75:15:10 wt%)

we consider a glass density of 2450 kg�m� 3 and a viscosity 10 Pa.s at 1420� C (graph in Fig.

3.2), the time over which a bubble with a diameter 1 mm rises over 1 m is approximately 83

min, while for a bubble with a diameter 0.1 mm it is more than 138 hours. This computation

indicates that it is extremely long to remove small bubbles from the melt and that is why their

size is enlarged by diffusion of gases, which are released from � ning agents, see sec. 1.2.2.

3.2 Drainage

Bubbles creating foam are separated by lamellas, which meet in Plateau borders. A position

of lamellas is controlled by two Plateau laws. First of them says, that for a dry foam, only

three lamellas can intersect at one point, which is called a Plateau border, and must do so at
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an angle 120� . Second rule is valid for Plateau borders in 3D and does not allow more than 4

Plateau borders to meet at one point. Angle between the borders at the point of intersection

is about 109� [35]. Channels of Plateau borders form a network �lled with liquid and enable

drainage of the liquid out of the foam or into it.

3.2.1 The origin of drainage: gravity and capillary forces

There are two important steps of drainage in foam. One of them appears on a large scale,

when the liquid drains out of the Plateau borders due to the gravity force, which is opposed

by the viscous force. Second drainage appears on a small scale, when the liquid drains

from the lamella into the Plateau border due to a variation of pressure caused by a various

curvature of the lamella and the border, see Fig. 3.3: This phenomenon, which is called

P PBL

PL PB>

r

Figure 3.3: Plateau border suction.

a Plateau border suction, is opposed by the disjoining pressure (� ) consisting of the van

der Waals attractive forces, repulsive forces of electric double layer and steric interactions

appearing for molecules with long chains, eq. (3.5) and (3.6)[4]:

� P =


r

� � (3.5)

� = � V DW + � DL + � SR (3.6)

where:

� P pressure difference between the middle of the lamella and the Plateau border (Pa)


 surface tension (N�m� 1)

r radius of the curvature (m)

� disjoining pressure (N�m� 2)

� V DW pressure caused by van der Waals attractive forces (N�m� 2)

� DL pressure caused by repulsive forces of electric double layer in case of charged

interfaces (N�m� 2)

� SR pressure caused by steric interactions (N�m� 2)
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3.2.2 Mobility of interfaces

As liquid drains out of the bubble lamella, it does so in a certain velocity pro�le depending

on the mobility of the lamella interfaces. The interface can be either fully mobile, partially

mobile or fully immobile, see Fig. 3.4. The velocity does not vary inside the lamella with

a

b

c

fully mobile

partially mobile

fully immobile

v   = 0 m  sint.
-1.

D

g

Figure 3.4: Fully mobile, partially mobile and fully immobile interfaces.

a fully mobile interface and we obtain a plug �ow (Fig. 3.4 a). Visc osity of the continuous

phase is the limiting factor of the drainage in pure liquid with completely mobile interface.

The higher the viscosity, the longer the drainage [14]. This lamella is often called unstable,

because it ruptures as soon as the critical thickness is reached.

When surfactant is contained in the continuous liquid phase, it is swept to the Plateau bor-

ders by �ow in the lamella causing concentration gradient at the i nterface (Fig. 3.4 b). The

gradient causes Marangoni effect which retards the drainage at the interface. As a conse-

quence, the velocity is lower at the interface than in the center of the lamella [13]. Plateau,

cited in [28], talks about a surface viscosity, which is higher close to the interface. The effect

of a surface viscosity was studied by Ivanov and Dimitrov [20]. The higher the concentration

gradient, the smaller the interface velocity. Limiting case is zero interface velocity at fully

immobile interface (rigid wall), see Fig. 3.4 c.
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3.3 Decay of foam

Small bubbles can disappear due to diffusion of gas through the lamella into larger bubbles.

This phenomena is called Ostwald ripening and was discussed in sec. 1.2.2. Bubbles cre-

ating foam can also disappear by a collapse of the lamella when it is suf�ciently thin due

to drainage. Marginal regeneration also participates in thinning of a lamella. Mysels [15]

observed areas with thicker and thinner part on a vertical �lm. He explains, that the border

suction acts differently on the two parts and drags the thicker part to the Plateau border and

enhances the drainage in the thin �lm.

In pure liquids without repulsive forces, a bubble lamella can rupture as a result of sponta-

neous growth of thermal �uctuation ampli�ed by capillary waves w hich generate squeezing

mode of instability and the attractive van der Waals forces cause the rupture of the �lm

[15]. This was con�rmed experimentally by Manev [29]. Fluctuations can lead to a “bend-

ing mode” (sinusoidal) or a “squeezing mode” (varicose), see Fig. 3.5. If an interface of a

squeezing mode

y y+dy

z z+dz

B

h=2zh0

z

L

bending mode

Figure 3.5: Spontaneous growth of capillary waves.

lamella is immobile due to a presence of a surfactant (meta-stable lamella) the collapse of

the �lm is irregular [38] and requires more energy [11]. One of the po ssibilities to cause a

rupture is a presence of an anti-foaming agent. The mechanism is shown in Fig. 3.6. A

surface active particle remains on the surface and spreads due to a lower value of the sur-

face tension compared to the remaining liquid. As it is spreading, it drags the liquid below

and causes a local thinning, which leads to a rupture of the lamella. Dietzel [22] informs that

Figure 3.6: Local thinning of a lamella due to a presence of a surface active particle.
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sul�de, �uoride or hydroxyl ions can behave like surfactant i n the molten glass. Appart from

anti-foaming agents, temperature or pressure shocks can initiate a rupture of a meta-stable

lamella. Pressure shocks can be achieved by a puff of gas or acoustic vibration. The value

of the pressure needs to be local and higher than the activation energy of the hole formation,

because lamellas containing a surfactant can be very elastic and deformable. It is necessary

to emphasize, that once a �rst bubble ruptures at an interface (in the top layer of the foam),

a destabilization of the ruptured �lm can appear as it retracts and a liquid jet, which breaks

into droplets, can be created. This can cause pressure wave (detonation), which propagates

through the foam and cause a propagation reaction of rupture and collapse of foam [35].

3.4 Previous work on glass foaming

Many numerical and experimental studies related to creation and decay of glass foam have

been published. The following text summarizes some of the previous work, which is mainly

related to the stability of a vertical �lm, bubble lamella and foam. The in�uence of glass com-

position on the temperature of foaming as well as the in�uence of a s urrounding atmosphere

on foam stability is discussed at the very end.

3.4.1 Stability of glass vertical �lm

The experiment with a vertical glass �lm is very common in glass science and will be de-

scribed in more details in the next chapter, see sec. 4.3. Kappel et al. [22] were interested

in the evolution of thickness of the vertical �lm. When the �lm was wi thdrawn from the melt,

it was held for a certain time and then rapidly cooled. The thickness at the thinnest part

was determined. The thickness decreases exponentially as a function of a draining time and

the decreasing constant is a function of temperature. Kappel et al. were also interested in

the behavior of drainage under various atmospheric conditions. A variation of partial pres-

sure of water vapor in the surrounding atmosphere has no in�uenc e on the thinning, but an

increasing partial pressure of sodium accelerates the drainage. According to Kappel et al.

the slower drainage for a lower partial pressure of sodium in the surrounding atmosphere

is explained by a higher viscosity at the surface layer caused by the evaporation of sodium.

Higher partial pressure of sodium in the surrounding atmosphere eliminates the evaporation

and supports the drainage. The rapid drainage of the �lm stops or s igni�cantly decelerates

at a thickness around 100 nm, which is determined from an observation with a white light,

because it is no longer possible to determine the thickness mechanically. Lifetime of some

of these meta-stable �lms was higher than 40 min. Kappel talks abou t a meta-stable state

of the �lm due to immobile surfaces caused by a higher viscosity a t the surface layers of the
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�lm. The lifetime of the �lms signi�cantly decreases under the co nditions of forced drainage

caused by a �ow of nitrogen blown from one side.

It was later shown in the work of Laimböck [27], that the higher viscosity in the surface layer

of the glass vertical �lm cannot completely explain the retardatio n in the drainage. Laim-

böck also studied a lifetime of a glass �lm for various glass com position and temperature.

The �rst glass sample was sulfur free, the second glass sample co ntained 0.50 wt% of SO3

in oxidized state as sulfate, and the last glass contained 0.06 wt% of SO3 in reduced state

as sul�de, see Fig. 3.7. The value of the lifetime is decreasing c ontinuously with increas-

ing temperature for the glass without sulfur and for the glass with sul�de, because with the

increasing temperature, the viscosity is decreasing and the drainage is faster. Moving in-

terference patterns, indicating the thicker and thinner parts, are observed during the whole

lifetime. Different behavior is observed for glass with content of sulfate. Its lifetime is very

short until 1350� C, when the �lm always ruptured after a fast drainage. Above this tem pera-

ture, the lifetime increases, which Laimböck explains by the decomposition of sodium sulfate,

which is on the surface of the �lm and acts as an anti-foaming agent below 1350� C. Sodium

sulfate has a lower surface tension than glass and behaves as anti-foaming agent, which has

already been discussed in sec. 2.4. Laimböck also observes, that blowing a mixture of SO2

and nitrogen causes a rupture of the sulfate free glass �lm below 13 50� C, while blowing of

air has no effect. This is also explained by a creation of the sodium sulfate on the surface

of the �lm, which is responsible for the rupture. Laimböck also m easures a thickness of the

glass �lm using electrical resistance and observes a rapid thic kness decrease followed by a

much slower thickness decrease. The rapid drainage appears during the �rst 200 s of the

experiment. The glass �lm is stabilized at the thickness of about 100 or 200 nm and ruptures

after 5 to 15 min. The meta-stable state is explained by a partial mobility of the interface.

3.4.2 Stability of single bubble in molten glass

There are only a few works dealing with an experiment with a single glass bubble. Kappel

et at. [22] measured a lifetime of a single bubble. A gas was introduced at the bottom of a

crucible and the created bubble rose through the melt to the surface, where it was captured

by a Pt ring, which prevented the bubble from drifting to the wall of the crucible. Soda-

lime glass with and without the addition of �ning agents was tested. L ifetime of the bubble

with various gas inside was determined, see Tab. 3.1. In a humid atmosphere, lifetime of

bubbles in a glass without a �ning agent, �lled with various gas i s increasing as follows:

SO2 < N2 = CO2 < air. The average lifetime of air bubble is approximately 16 times longer

than for SO2 bubble and 8 times longer than for nitrogen bubble. A signi�cantl y shorter life-

time in glass with the addition of �ning agent was observed for SO 2 bubbles. The lifetime
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Figure 3.7: Lifetime of glass vertical thin �lm with various glass compo sition as a function of rising

temperature [27].

glass bubble lifetime

without �ning agent SO2 < N2 = CO2 < air

with �ning agent SO2 < N2 = CO2= air

Table 3.1: Lifetime of bubbles containing various gas in glass with and without the addition of �ning

agent.

of air bubbles is approximately the same as for nitrogen and CO2 bubbles. Therefore air

bubbles have longer lifetime only in glass without a content of a �ning agent.

Numerical studies of a bubble lifetime are more numerous than the experimental once.

Beerkens [3, 37] proposes a model for the prediction of gas evolution and foam formation

in molten glass. According to him, drainage in the bubble lamella is retarded due to partly

immobile interface as a consequence of gradient of surface-active components. Vrij [38]

found that the critical thickness � c at which the lamella ruptures is independent of viscos-

ity. It depends on surface tension � and Hamaker constant AH according to the following

correlation:

� c � 0:11

 
AH � R2

�

! 0:25

; (3.7)

where R is the bubble radius. Surfactants contained in the surface layer of the lamella can

be OH� groups from the atmosphere or dissolved sodium sulfate [25]. Beerkens and van
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der Schaaf [37] calculated a bubble lifetime for a fully mobile interface:

� mobile =
�

3�gR
ln

�
� 0

� c

�
(3.8)

and for a fully immobile interface:

� immobile =
2�R
�g� 2

c
(3.9)

The �nal lifetime for a bubble, which is given in eq. (3.10), is fu nction of a coef�cient 	 and

remains between the lifetimes for mobile and immobile interfaces.

� sb =
�

3�gR

 

ln
�

� 0

� c

�
+

2	 R2

�
� c

!

(3.10)

If 	 is equal to 0 than we obtain eq. (3.8). On the other hand, a very high value of 	 results

in eq. (3.9). The parameter 	 represents the surface immobility and expresses the rate of

immobility of the surface, which depends on the surface tension gradient along the curved

surface. It comes from the balance between the transport of surfactant from the surface

to the bulk and from the bulk to the surface. Diffusion, adsorption and desorption are the

limiting parameters in the process. The �nal value of 	 is function of glass composition,

concentration of the surfactant, bubble size and reactions of the surfactant with the furnace

atmosphere or gas inside the bubble. The value of 	 needs to be determined experimentally

as well as � c and � 0.

According to Hrma [18] bubble lifetime cannot be predicted from the thickness of the bubble

lamella, but two characteristic times, which are drainage time and survival of critically thin

lamella, play role in the total lifetime.

3.4.3 Stability and decay of glass foam

Compared to stability of the thin vertical �lm or the bubble lamella, study of a stability of glass

foam under various conditions is a lot richer and many experimental and numerical works

can be found.

Kappel et al. [22] performed an experiment, where temperature inside a furnace with a glass

sample was rising until foam was created and then its decay was determined. The height

of the foam decreases exponentially with time. The constant of decay is called kc and it

changes with glass composition. Based on their work with the vertical �lm and the single

bubble lifetime, discussed above, Kappel et al. inform, that the coef�cient kc is also function

of gas inside the bubble as well as the stability of the bubble lamella.

For glass industry, it is very useful to know a relation, between gas �ow and foam creation.

A numerical [34] and experimental [35] results of a work of Pilon et al. show, that for low gas

velocity, the foam linearly reaches a steady state thickness in a short time. For intermediate

velocities, the layer of foam oscillates and never reaches a steady state. Finally for a large
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value of gas velocity a very high layer of foam is created at �rst. The �rst foam collapses

rapidly and is followed by a steady state lower layer of foam.

Beerkens and van der Schaaf [3, 37] emphasize that lifetime of foam is much longer than

lifetime of the sum of bubbles, because the drainage from the lamella placed at the top of

the foam in�uences the drainage of the bubbles below. They propo se a critical bubble �ux,

that will lead to a foam creation, because bubbles will not have enough time to rupture at the

surface:

J incrit =
4
3 �R 3NS

� sb
; (3.11)

where NS is the number of bubbles per m� 2, R is the bubble radius of the spherical shape

and � sb is given in eq. (3.10). Using the critical bubble �ux in eq. (3.11) and bubble lifetime

in eq. (3.10), they are able to predict the thickness of a foam layer.

A model for foam height can also be found in the work of Hrma [18]. Foam is predicted for

speci�c gas �ux and bubble size. Drainage due to gravity and cer tain time for which the top

lamella can survive after reaching a critical thickness are considered in the model.

The number of bubbles, that are rising towards the interface, can be found in the work of

Hrma [19], who designed an experiment to study the effect of heating rate on foaming [19].

The value of the heating rate is varying between 5 and 15 � C�min� 1. The higher the heating

rate, the larger the volume of gas is in the melt. An increased mass-transfer of �ning gases

from molten glass to gas bubbles is responsible for the increased volume of gas.

Apart from the foam stability study, Hrma [17] proposes a model for behavior of bubbles in

the melt. Inside a constant initial volume with a certain distribution of bubble, larger bubbles

grow and smaller bubbles shrink as a consequence of Ostwald ripening, see sec. 1.2.2.

Bubbles also rise to the level of the molten glass, where they burst. He emphasizes, that

behavior of group of bubbles is various from behavior of single bubble presented by N�emec

[33].

3.4.4 In�uence of �ning agents and glass composition on temp erature of

foaming

Cable et al. [9] studied a variation of the temperature of the secondary foaming for binary

and ternary glass with a content of SO3, which was rising up to 1%. Higher content of

SO3 lowers the foaming temperature as well as the addition of As, Fe or Al. An increasing

content of alumina leads to a more stable foam, which is also observed by Kim and Hrma

[23]. On the other hand, a rising content of potassium and sodium as well as the addition

of boron causes higher value of the foaming temperature. Kim and Hrma [23] performed a

similar experiment with soda-lime-silica glass and varying content of SO3 between 0.0027

and 0.01 wt%. The higher is the content of SO3, the larger is the total amount of foam and
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the lower is the temperature of foaming. With a content of SO3 rising over 0.01 wt%, the

temperature remains the same and the total volume of foam is decreasing. This indicates,

that the amount of sodium sulfate, which supports the �ning proces s, does not have to be

very high. For the industrial purposes the addition is usually up to 1 wt% of SO3 in the �nal

glass composition, but mostly it varies from 0.2 to 0.5 wt%.

3.4.5 In�uence of surrounding atmosphere

Many studies deal with the effect of water vapor on the foam stability. Water vapor causes

lower value of viscosity as well as lower value of the surface tension, as it has been dis-

cussed in sec. 2.1.2 and 2.2.3, which can be an explanation, why Kappel et al. [22] observe

a faster decay of foam, when water vapor is contained in the surrounding atmosphere. Laim-

böck [27] reports about larger amount of foam under wet conditions, which he explains as a

result of “dilution model”. In this model, the water vapor dissolves in the glass and diffuses

into bubbles, where it dilutes the concentration of other gases and therefore supports their

diffusion into the bubbles. More bubbles of larger sizes are released under these conditions,

which agrees with the observation. Results of an experiment done by Dutton and Pilon [12]

show a completely different behavior for E-glass compared to soda-lime-silica. For E-glass,

water vapor in the surrounding atmosphere leads to smaller amount of less stable foam,

which is explained by lower value of viscosity. Another explanation for these results is, that

SO2 volatilizes from the molten glass, which leads to a smaller amount of SO2, that can cre-

ate foam. The volatilization of SO2 is supported by the presence of H2O in the surrounding

atmosphere. They also say, that water vapor in the surrounding atmosphere supports early

decomposition of sulfate.

Cable et al. [9] studied what happens with a layer of foam, if oxygen is replaced with nitro-

gen in the surrounding atmosphere. The layer of foam disappears if oxygen is replaced with

nitrogen and appears again if nitrogen is replaced with oxygen. This can be repeated sev-

eral times, but the newly created layer of foam under oxygen atmosphere is always slightly

thinner.
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Chapter 4

Experimental set-up

Three different experimental set-ups are used in this work. The � rst two are designed to

measure the evolution of bubble lamella thickness when a bubble is approaching a free

interface. First experimental set-up is designed to work with a single bubble in silicon oil at

room temperature (sec. 4.1). Second experimental set-up is designed to work with a single

bubble in molten glass at high temperatures (sec. 4.2). The third experimental set-up is

designed to work with a vertical �lm. It enables to measure the lifeti me of a thin vertical glass

�lm and also to perform chemical analyses of the composition of th e thin �lm before rupture

(sec. 4.3).

4.1 Bubble experiment in silicon oil

Sketch of the experimental set-up in silicon oil is given in Fig. 4.1. Compressed air, which is

laser beam
splitter

pool with silicon oil

photodiode

computer

solenoid-valve

needle

camera

Figure 4.1: Experimental set-up for single bubble in silicon oil.

circulating through the pipe system in the laboratory, is introduced through the needle located
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at the bottom of a pool �lled with silicon oil. The diameter of the nee dle is 150 � m. The

created bubble rises through the liquid to the free interface, where the evolution of thickness

of the bubble lamella is determined using interference method, more information about the

method will be given in the next chapter, see sec. 5.3. A photo of the rising bubble is taken

by a camera placed beside the pool to determine the bubble size, which will be discussed in

more details in sec. 5.1.2. Bubble creation in highly viscous liquid is a dif�cult task since the

viscous force prevents the rising of the bubble when it is yet kept at the needle at the bottom

of the pool [2]. The bubble size must be suf�ciently large in order th at the buoyancy force

exceeds the viscous force. Only single bubble is needed in the experiment and therefore it

is not possible to work with constant �ow rate. In order to create a bub ble with a controlled

size, a special device, which is called solenoid-valve, is used. This device enables to switch

between low and high pressure as it is shown in Fig. 4.2. The solenoid-valve is off, when

max 2s

max 2bar

duration between
two bubbles

time

pA

105
PapA+

Figure 4.2: Typical signal of the pressure pulse for creation of two bubbles, where the �rst bubble

(left peak) is larger than the second (right peak).

the pressure is low, and it is on, when the pressure is high. The bubble size is controlled by

changing the pressure level and the duration of the opening of the solenoid-valve.

4.2 Bubble experiment in molten glass

The furnace, originally used for measuring the height of foam during melting in a Pt-Rh

crucible, required modi�cations. Therefore it was necessar y to design a new crucible, which

would enable the bubble creation and rebuild the optical set-up to determine the evolution of

�lm thickness on top of a single bubble. Sketch of the experimental set-up is given in Fig. 4.3.

The Pt-Rh crucible with Pt-Rh tube �xed to the crucible bottom is place d at the center of the

furnace. 10% of Rh is added to platinum for mechanical strength at high temperatures. The

Pt-Rh tube passes through the refractory column and enables in�ow o f the gas. The middle
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300 mm
CCD camera
laser

mirror

silica window

cooling
alumina tube

heating elements
refractory

325 mm

165 mm

100 mm

100 mm

70 mm

475 mm

T

T

F

S

systems

with gas inlet

Pt-Rh crucible

Pt-Rh tube

Figure 4.3: Experimental set-up for single bubble in molten glass.
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section of the furnace is electrically heated. The heating elements are placed between

alumina tube and insulating refractory. Alumina tube is a refractory with content of Al2O3

between 99.5-99.9%. It is used in the inner part of the furnace for its high temperature

resistance and, compared to refractory bricks consisting of small particles sintered together,

alumina is a dense material. This limits the risk of small corroded or mechanically disrupted

particles falling into the crucible with glass sample. There are two cooling systems at the

top and at the bottom of the furnace. The cooling at the top part is important for the placing

the optical equipment. Lower temperature at the bottom part enables the connection with

a plastic tube (sec. 4.2.1). The silica window, which is placed at the top part, enables the

experimental observation. It is 75 mm long and 35 mm wide (Fig. 4.4). The vision slit is

���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������

���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������

75 mm

35 mm

Figure 4.4: Silica window, which closes the

furnace at the top.

13 mm67 mm

60 mm

9 mm

Figure 4.5: Metallic part enabling measure-

ment of temperature �eld in the

furnace.

narrowed to 65 x 30 mm when the silica window is placed on the furnace. The optical set-up

is placed above the furnace and will be detailed in sec. 4.2.2.

Two thermocouples enable measurement of the temperature. One of them is placed between

the heating element and the alumina tube (TF ), the other is placed further from the alumina

tube between the heating element and the refractory (TS). TS is called a safety temperature.

The system turns off automatically if this temperature exceeds 1000� C. TF is the furnace

temperature, which is adjusted by the experimentator. It is not possible to measure the

temperature at the area, where the experiment is taking place. Nevertheless, this information

is very important to determine properties of molten glass, as will be shown in the following

chapter, see sec. 5.2.8 for more details. To measure the temperature �eld inside the furnace,

it is necessary to remove the silica window from the top of the furnace to introduce another

thermocouple. The silica window is replaced by a metallic part with a hole in the middle,

which enables insertion of the thermocouple, but preserves the experimental conditions by

covering the remaining part of the hole caused by the removal of the silica window, see Fig.

4.5. Results of the temperature �eld inside the furnace will be discu ssed in sec. 5.2.7.
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CHAPTER 4. EXPERIMENTAL SET-UP

4.2.1 Pt-Rh crucible and bubble creation

The gas, which creates the bubble, is brought from a gas bottle (nitrogen or oxygen) through

a holder connected to a plastic tube, see Fig. 4.6. One end of Pt-Rh tube, which is 530 mm
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Figure 4.6: Pt-Rh crucible and devices for bubble creation.

long, is permanently �xed to the bottom of the crucible. The other end is connected to the

plastic tube at the bottom part of the furnace, where the temperature is below 30� C (sec.

5.2.7). The level of the glass in the crucible is around 30 or 40 mm even though the crucible

is almost twice as high. The bubble creation increases the total volume inside the crucible,

which can cause a leak of glass into the furnace. A smaller crucible, with a height of 35 mm,

was used for the very �rst experiments, but the height of the glass must have been very low,

which limited the bubbles sizes, that could have been created during the experiment as well

as the determination of their size. The determination of bubble size will be discussed in sec.

5.1.2. The bubbles are created via solenoid-valve as well as in the experiment with the silicon

oil, but the command of pressure variation had to be improved to prevent glass leak from the

crucible to the tube, even if the hole at the bottom of the crucible is around 100 � m, see Fig.

4.7. The molten glass is introducing into the tube and the longer is the duration between

two bubbles, the more dif�cult is the following bubble creation. P roof of the leak of glass

into the tube is made when a cleaned crucible is placed into the furnace, heated to 1350� C

and gas is introduced into the tube, a certain amount of glass is ejected into the crucible

from the tube (Fig. 4.8). It is therefore necessary to control not only the duration of the

pulse that in�uences the creation of the bubble, but also the durati on between two bubbles

as well. Indeed blowing regularly gas through the tube prevents the glass from entering it. A

combination of two pulse generators needs to be used in order to control both. The second

pulse generator signi�cantly supports the reproduction and enab les creation of sequence of

many bubbles with same size. The Pt-Rh crucible is cleaned after each experiment. Glass
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100 mm

Figure 4.7: Bottom of the Pt-Rh crucible with

a hole for a bubble creation.

holeglass

Figure 4.8: The amount of glass, that re-

mained inside the Pt-Rh tube after

cleaning (0.063 ml).

is removed and the crucible is left inside hydro�uoric acid for several days. Hydro�uoric acid

etch glass, which enables cleaning of curved parts.

4.2.2 Optical set-up

The optical set-up, which is placed above the furnace, consists of laser, silver mirror and

CCD camera with very narrow �lter (Fig. 4.3). The �lter transmits wa velength 532 nm and

has a bandwidth of 1 nm. Molten glass as well as the refractory emit light in the red range

of the visible light. Therefore green laser [1] with wavelength 532 nm is used in the experi-

ment. The power of the laser can be regulated and its maximum value is 150 mW. At �rst,

no interference pattern was observed with this set-up. A pulse laser with the energy 12 mJ

per pulse, frequency up to 50 Hz and wavelength 532 nm was tested in order to solve the

problem (computation of the power received by the video-camera is given in appendix A).

Nevertheless at the end it was discovered that not the low power of the laser, but a strong re-

�ection of the beam from the bottom of the Pt-Rh crucible was responsib le for not detectable

interference pattern. The re�ection had a much higher intensity, th an the interference signal

and completely covered it. The problem was solved, when the bottom of the Pt-Rh crucible

as well as its walls were roughened to disperse the re�ection.

Blue laser with wavelength 408 nm and power 100 mW was tested in order to determine the

lamella thickness precisely, see sec. 5.3 for more details. However the intensity of the inter-

ference pattern was very low and it was not possible to obtain results. There was not enough

time to make more tests and rebuild the optical set-up in order to work with two wavelengths.

For the future work it is recommended to use more powerful blue laser, than the one, which

was tested, as well as other mirror than silver, which lowers the ef� ciency of blue laser.

[1]SDL-532-150T DPSS laser, where T stands for temperature electric cooling
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The resolution of the CCD camera [2] is 1392 x 1040 pixel with a maximal rate 20 full frames

per second. This is the maximal recording speed used during the experiment. Other video-

cameras with higher frame rates were tested during the work, but their resolution was too low

to clearly observe clearly the interference pattern especially for small bubbles. Nevertheless,

faster recording video-camera with high resolution would be a signi�cant improvement of the

experimental set-up. It will enable observation of drainage of bubbles at higher temperatures

and detect the retraction velocity of the �lm after the bubble rupture. T he retraction speed is

important in order to determine the critical thickness of the �lm and will be discussed in sec.

6.6.

4.3 Vertical �lm experiment in molten glass

The experimental set-up with vertical �lm was designed in Saint-Go bain Recherche during

an internship of Nicolas Champagne [1], who compared the lifetime of a vertical liquid �lm

in silicon oil and in molten glass. A sketch of the experiment is given in Fig. 4.9 and 4.10.
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Figure 4.9: Experimental set-up for vertical �lm in molten glass (front view).

Cullet of glass sample is placed into the silica crucible inside the furnace and the temperature

[2]Baumer TXD 13c
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Figure 4.10: Experimental set-up for vertical �lm in molten glass (top vi ew).

is increased up to 1300� C. It is necessary to wait for 4 or 5 hours in order to remove all

bubbles. The Pt-Rh loop is introduced into the silica crucible via height adjustment device

and withdrawn. Observation of the experiment is enabled via silica window, which is placed

in the front part of the furnace (Fig. 4.10), as well as the transparency of the silica crucible.

The lifetime of the thin �lm inside the loop is measured.

If the experiments are achieved at various temperature in this furnace, it is recommended to

start working at low temperatures and rising it during the experiment, because lowering the

temperature may cause crystallization of the silica crucible (Fig. 4.11), which causes opaque

wall and disables the observation inside it. After the experiment, it is possible to withdraw

Figure 4.11: Opaque wall of crystallized silica crucible.

the �lm outside of the furnace in order to preserve the thin �lm. To avo id rupture of the glass

�lm due to stresses, it is necessary to disjoin the alumina and meta llic tubes and insert the

alumina tube with the Pt-Rh loop into an annealing chamber and retain the �lm inside it for
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several hours at temperature approximately 560� . Further cooling at room temperature is

required in order to prepare the sample for analysis.
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Chapter 5

Materials and Methods

This chapter contains description of all materials and methods, that were used during this

experimental work. Silicon oil is a liquid with many desirable properties and is often used as

a model liquid for molten glass mainly because it enables wide range of viscosities. Chemi-

cal composition and properties of silicon oil are discussed in sec. 5.1.

Second section is related to molten glass. It is essential to know the exact temperature

of the glass sample and its chemical composition in order to correctly determine the glass

properties. Measurement of the temperature �eld in the furnace is d iscussed in sec. 5.2.7

and various chemical analyses, that were used before and after experiment are mentioned in

sec. 5.2.1. Determination of glass properties is very complex due to elevated temperatures.

Therefore many models to compute the glass properties from composition can be found in

literature. The models used to determine properties of the experimental glasses used in this

work are discussed in sec. 5.2.8. Nevertheless, these models have limitations, and that is

why some of the properties had to be determined experimentally as well.

Determination of the bubble size is easier in PDMS (5.1.2), than in molten glass (5.2.9),

where only top view of the experiment is available. Last part of this chapter contains the de-

termination of the bubble lamella thickness using interference method in PDMS and molten

glass, see sec. 5.3 for more details. This method is a standard one and it was used in many

other works [4, 6, 15, 19].

5.1 Silicon oil

Silicon oil is a clear transparent liquid, which is formed by polymerized siloxanes with organic

side chains, see Fig. 5.1. PDMS or polydimethylsiloxane, where the two functional groups

are methyl groups, is used in this experimental work. The liquid viscosity changes according

to the length of PDMS molecules. The higher the number n, the longer the chain and the
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Si

R

R

O

1

2 n

Figure 5.1: Basic formula of silicon oil, where R1 and R2 are two functional groups of hydrocarbons.

higher the viscosity is. Viscosity of silicon oil is determined experimentally using rotating

viscosimeter. By mixing of two initial commercially available silicon oils, �ve mixtures with

viscosity ranging from 10 to 100 Pa�s, are prepared. The two initial oils have molecular

weight 10 thousand times and 100 thousand times higher than water, respectively. The

chemical formula of PDMS is CH3[Si(CH3)2O]nSi(CH3)3. This enables to determine roughly

the number of monomers (n) forming the PDMS molecule. The molecular weight of PDMS

with low viscosity can be computed by multiplying the molecular weight of water by 10,000:

(2 � H + O) � 10; 000 = (2 � 1 + 16) � 10; 000 = 180; 000 (5.1)

The molecular weight of the methyl groups and Si, which are not included in the repeating

monomer of the molecule, equals to:

C + 3 � H + Si + 3 � (C + 3 � H) = (12 + 3 � 1) + 28 + 3 � (12 + 3 � 1) = 88 (5.2)

The molecular weight of the repeating monomer of the molecule is:

Si + 2 � (C + 3 � H + O = 28 + 2 � (12 + 3 � 1) + 16 = 74 (5.3)

Now we can determine the number of monomers n of the PDMS molecule with molecular

weight 10,000 times larger than water:

n =
(180; 000� 88)

74
= 2 ; 431 (5.4)

The low viscosity PDMS is characterized by n=2,431. Same method can be used to compute

the number of monomers in the high viscosity PDMS resulting in n=24,323.

5.1.1 PDMS properties

Properties of PDMS are given by the supplier. The surface tension is 21 mN�m� 1, the density

is 970 kg�m� 3 and the refractive index is 1.4. The viscosity, which was discussed above, is

obtained experimentally for all �ve samples used in the experim ent and is given in Tab. 5.1.
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M (10,000) : M (100,000) � (Pa�s)

1:0 10

2:1 23

1:1 51

1:2 74

0:1 100

Table 5.1: Viscosity of PDMS samples, which are bought or prepared as mixture of two commercial

liquids with 10,000 and 100,000 times the molecular weight of water.

needle

bottom

level

Figure 5.2: Photographs of various bubble

sizes inside the pool with PDMS.

level

bottom

Figure 5.3: Photograph of scale inside the

pool with PDMS.

5.1.2 Bubble size determination in PDMS

When a bubble is rising through pool with PDMS towards the interface, a photograph of it is

taken by the camera, which is placed beside the pool, see sec. 4.1 for more details about the

experimental set-up. A photograph of a scale inside the pool is taken as well and the bubble

size is determined precisely by comparing the bubble size (Fig. 5.2) to the scale (Fig. 5.3).

As soon as the bubble reaches the free surface, liquid lamella is created and its evolution of

thickness is measured using interference method, which will be discussed in sec. 5.3.

5.2 Glass

As presented in chapter 1 and 2, glass is a very complex material, whose properties and

structure change with composition and temperature. In this work, experiments are achieved

for various glass composition at temperatures higher than the temperature of transformation,

above which glass is considered as liquid. In order to understand and describe the behavior

of molten glass, its chemical composition and properties need to be precisely determined.
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5.2.1 Chemical analyses

Several analyses are used in the work to determine precisely the chemical composition of

glass before and after each experiment in order to verify if glass composition changes during

the experiment and causes changes in glass properties. Results of all analyses, which are

presented below, give composition in weight % (xi for the species i ) and the error of the

measurement is given for the vale xi .

Wet chemistry

Wet chemistry is a quantitative method, that works with liquid phases. Glass sample is

mixed with liquid, that either dissolves some substances from the glass or reacts with them

and forms chemical substances, that can later be quantitatively determined by titration. The

composition of glass is computed from the amount of the reagent, that was added. This

analysis is used before the experiments to determine the initial composition. The amount of

glass, which is needed for this analysis is 50 g. The error for this method is approximately

1%.

We are mainly interested in the compositions at the surface and bottom of the crucible after

experiment. In this case the amount of glass, which can be used for analysis, is much smaller

(around 1 g) and other analysis needs to be used.

Microprobe

Microprobe is used to determine the glass compositions after experiment at the top, bulk or

bottom of the crucible. Several small pieces of glass (2 mm3) are taken from the surface,

bulk or bottom layer of glass in the crucible. They are put into a plastic mold and preserved

in polymer, see Fig. 5.4. The surface of the sample for microprobe needs to be polished.

During polishing, the top layer of the glass samples is removed. That is why this method is

useful to determine the average bulk concentration in various parts of the glass sample in

the crucible, but it is not suitable for the determination of the composition pro�le in the �rst

few nm of the sample. The composition is obtained in several points in the pieces, which are

�xed in the sample. The analyzed area of each point is 20 x 30 � m2 with a depth of 1 � m.

The average value of all determined compositions in the points of one sample gives the �nal

composition.

Microprobe is a quantitative method during which electrons are focused through electromag-

netic lenses on a target, which is the sample. Their energy is between 5 and 40 kV. When

electrons hit the surface, atoms in the sample excite and electrons are ejected. As a conse-

quence, photons are emitted. Photons are detected and analyzed. Error of this analysis is

70



CHAPTER 5. MATERIALS AND METHODS

between 0 and 1% depending on the element. Boron is one of the elements for which this

analysis is not very accurate (error close to 1%).

glass

polymer

10 mm

Figure 5.4: An example of polished sample for microprobe.

SIMS - Secondary ion mass spectrometry

SIMS analysis is used to determine the composition in the surface layer of the thin glass

�lm. The depth of the pro�le is 100 or 150 nm. SIMS is not a quantitativ e method, however,

if we know the bulk composition of the glass and we are sure, that at the deepest point we

reach the bulk concentration, it is possible to recompute the concentration pro�les from the

measured intensities. More details about the recomputation will be given in sec. 6.5.

In this method, oxygen is used to create a hole (200 x 200 � m2) on the surface of the sample.

Smaller area, which is around 30 � m in the middle of the hole, is analyzed using gallium

liquid metal ion gun (LMIG). Cations and anions, that are removed from the surface, are

detected. That is why, it is necessary to neutralize the surface of the samples before each

analysis. Experimental error is mainly related to the fact, that it is not a quantitative method,

so we need to be sure that the bulk composition is reached after 100 nm!

5.2.2 Chemical composition of glasses before experiment

Not a binary or ternary glass, but an ordinary industrial soda-lime-silica glass with various

iron content is tested in this experimental work. The iron content is 0.01 and 0.1 wt% of

Fe2O3. A higher concentration of iron, where the content of Fe2O3 is 1 wt%, was also tested,

but no results were obtained, because several problem occured. The glass had a dark green

color and the observation of the bottom of the crucible and the rising bubble was not possible

through the silica window. Therefore the bubble size determination, which will be discussed

later in sec. 5.2.9, was not possible. Another problem was caused by crystalization, which

was observed in the surface layer at lower temperatures, see Fig. 5.5. The glass samples

with various content of iron are obtained from industrial production.
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a b

Figure 5.5: Captured bubble in glass with 1 wt% Fe2O3 with crystals on the surface (a) and without

(b).

Glass SiO2 Na2O CaO K2O MgO Al2O3 SO3 Fe2O3 TiO2 B2O3

0.01 wt%

Fe2O3
72.3 13.5 9.6 < 0.1 4.1 0.6 0.3 0.01 < 0.1 -

0.1 wt%

Fe2O3
72.1 13.3 9.0 0.1 3.6 0.8 0.24 0.07 < 0.1 -

1 wt%

B2O3
70.6 13.0 13.0 < 0.1 0.1 2.0 0.24 0.02 < 0.1 1.05

10 wt%

B2O3
62.8 12.4 12.9 < 0.1 < 0.1 1.9 0.3 0.01 < 0.1 9.70

AKM 61.7 12.6 0.5 9.4 7.6 8.1 0.14 0.1 < 0.1 -

Table 5.2: Initial chemical composition of all glasses that were used during the experimental work.

Apart from various iron contents, 2 various contents of boron are studied, because boron

in�uences the glass structure and hence its properties. Two soda- lime-silica glasses with 1

and 10 wt% of B2O3 are prepared in the laboratory.

Finally we test a glass with a high viscosity, where apart form SiO2, the contents of Al2O3,

K2O and MgO are high. Table 5.2 gives the initial chemical composition of all glasses that

are used in this experimental work. Microprobe analysis is used to determine chemical

compositions of glasses with iron before the experiment, at least three samples for each

glass are analyzed (see details in Tab. B.1, B.2, B.3 and B.4 of the appendix B) and each

sample results are average over 5 points.

Wet chemistry is used to determine the composition of glass with 1 and 10 wt% of B2O3 as

well as for the highly viscous glass (AKM).

5.2.3 Chemical composition of glass with 0.01 wt% of Fe 2O3 after experiment

Glass samples from various parts of the crucible are analyzed after experiment by micro-

probe. One sample is taken from the bulk of the crucible in order to compare the composition
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Glass SiO2 Na2O CaO K2O MgO Al2O3 SO3 Fe2O3 TiO2

0.01 wt% Fe2O3

bulk/average
72.6 13.6 9.6 0.0 4.1 0.6 0.3 0.0 0.0

0.01 wt% Fe2O3

top/average
72.3 13.4 9.7 0.0 3.7 0.6 0.3 0.0 0.0

0.01 wt% Fe2O3

bottom/average
72.9 13.3 9.6 0.0 3.8 0.6 0.2 0.0 0.0

Table 5.3: Average chemical composition of glass with 0.01 wt% Fe2O3 in the bulk and on the top

and the bottom of the Pt-Rh crucible after experiment, see Tab. B.5, B.6 and B.7 for more

details.

to the initial one. Second and third samples are taken from the top and the bottom parts of

the glass inside the crucible, see Fig. 5.6, to determine if the composition inside the crucible

is homogeneous or if the surface layer is poorer in volatile species. No variation in chemical

30 mm

top

bulk

bottom

level

crucible
Figure 5.6: Glass samples for analyses inside the Pt-Rh crucible.

compositions is found between the initial composition and the compositions reported in Tab.

5.3. The composition in the bulk is determined in three samples and the variation between

these measurements is larger than between the average composition in the bulk and the

initial concentration, see Tab. 5.3 and B.5. Same conclusion can be made for the top and

bottom sample, where also larger variation is found between the 10 measurements at the

top or bottom part than between the average values, see Tab. 5.3, B.6 and B.7. The ho-

mogeneous composition could be explained by the high mixing rate caused by the bubble

creation during the experiment.

Finally, the last analyses of 2 solutions are done in order to determine which species volatilize

from the glass and which once remain in the very surface layer of the glass sample. First

solution is obtained by pouring distilled water on the surface of the glass inside the crucible

after experiment at room temperature. Second solution is obtained by washing the inner

wall of the crucible with distilled water. The two solutions are called “surface solution” and
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Solution Ca Na K Si SO4 (sulfate)

wall solution (0.01 wt% Fe2O3) 1.85 0.95 < 1.00 < 0.10 0.65

surface solution (0.01 wt% Fe2O3) 2.15 1.35 < 1.00 < 0.10 0.75

Table 5.4: Chemical composition of the “wall solution” and the “surface solution” after experiment with

low content of iron.

Glass SiO2 Na2O CaO K2O MgO Al2O3 SO3 Fe2O3 TiO2

0.1 wt% Fe2O3

sample 1/average
71.5 13.2 9.2 0.1 3.6 0.8 0.23 0.08 0.03

0.1 wt% Fe2O3

sample 2/average
71.8 13.3 8.9 0.1 3.7 0.8 0.23 0.08 0.04

Table 5.5: Average chemical composition of glass with 0.1 wt% Fe2O3 for two different samples after

experiment, see Tab. B.8 and B.9 for more details.

“wall solution” respectively in the following text. Sulfate as well as potassium and sodium are

detected on the surface of the glass and also on the walls of the crucible, see Tab. 5.4. It

is well known that sodium volatilize from the glass (sec. 2.3.1). Presence of sulfate on the

surface of the glass can support the theory of Laimböck [9], that below 1300� C sodium exists

as sodium sulfate, which has lower surface tension than glass and can work as anti-foaming

agent, which has been discussed in sec. 3.4.1.

5.2.4 Chemical composition of glass with 0.1 wt% of Fe 2O3 after experiment

Composition of glass with a higher content of iron is determined only in the bulk after ex-

periment, because its composition is very close to the lower iron content and a variation

of composition between the bottom and the top of the crucible is unlikely, when it is not ob-

served for lower iron content. The composition after experiment is determined by microprobe

in two glass samples, that are obtained after two different experiments. As well as for lower

iron content, no variation of composition is observed after experiment compared to the initial

composition. The average compositions of the �rst and second sa mples are given in Tab.

5.5 and more details can be found in Tab. B.8 and B.9.

5.2.5 Chemical composition of glass with 1 wt% of B 2O3 after experiment

It is expected, that boron evaporates from the melt during the experiment and therefore more

signi�cant changes in composition are expected. It is desirabl e to test if the composition is

homogeneous inside the crucible after experiment. The glass compositions at the top and
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bottom in the crucible are therefore analyzed. The average compositions of the glass from

the top and bottom are determined by the microprobe and are given in Tab. 5.6 and more

details can be found in Tab. B.10 and B.11. No variation between the composition of the

glass sample obtained from the top and bottom part of the crucible is observed. However,

slightly lower contents of boron and sodium are detected in comparison with the initial con-

centration. As well as for low iron content, for low boron content, solutions from the wall and

surface are analyzed. Results are given in Tab. 5.7.

Glass SiO2 Na2O CaO MgO Al2O3 SO3 B2O3

1 wt% B2O3 top/average 70.5 12.8 13.1 0.1 2.1 0.3 0.9

1 wt% B2O3 bottom/average 70.5 12.8 13.1 0.1 2.1 0.3 0.9

Table 5.6: Average chemical composition of glass with 1 wt% B2O3 at the top and bottom of the Pt-Rh

crucible after experiment, see Tab. B.10 and B.11 for more details.

Solution B Ca Na K Si SO4 (sulfate)

wall solution (1 wt% B2O3) 0.08 3.15 1.90 < 1.0 0.12 1.05

surface solution (1 wt% B2O3) 0.11 3.20 2.10 < 1.0 0.18 1.05

Table 5.7: Chemical composition of the “wall solution” and the “surface solution” after experiment with

low content of boron.

5.2.6 Chemical composition of glass with 10 wt% of B 2O3 after experiment

Since no variation in composition is found between the top and bottom glass sample in the

crucible for low content of boron, for higher content of boron only bulk concentration is tested

after experiment by microprobe. Tab. 5.8 summarizes the results and more details can be

found in Tab. B.12 and B.13. The content of boron is higher after experiment than in the initial

composition, but the variation is within the experimental error, which can be close to 1% for

boron. Nevertheless, the boron content is suprisingly high considering the glass remained in

the furnace for 8 or more hours.

5.2.7 Temperature �eld inside the furnace

As mentioned above in sec. 4.2, it is not possible to measure the temperature inside the

furnace during the experiment, whereas it is necessary to know it for the determination of

the in-situ glass properties. Therefore we have measured the temperature �eld without the

crucible in order to estimate the temperature in the experimental part (TE ), see Fig. 5.7. The
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Glass SiO2 Na2O CaO B2O3 MgO Al2O3 SO3

10 wt% B2O3 �rst/average 62.1 12.5 13.1 10.7 0.1 2.0 0.11

10 wt% B2O3 second/average 61.6 12.4 13.0 10.8 0.1 2.0 0.11

Table 5.8: Average chemical composition of glass with 10 wt% B2O3 for two different samples after

experiment, see Tab. B.12 and B.13 for more details.

temperature �eld is measured for four temperatures adjusted on the furnace (TF ): 1100,

1200, 1300 and 1400� C. The temperature pro�les in the middle of the furnace are reported

in Fig. 5.8, where y=0 corresponds to the bottom of the crucible, as denoted in Fig. 5.7. To

������
������
������
������
������

������
������
������
������
������

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

����
����
����
����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����
����
����
����

���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��

������
������
������
������

������
������
������
������

�����
�����
�����
�����
�����

�����
�����
�����
�����
�����

������
������
������
������
������

������
������
������
������
������

��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��

��������

����������������

���
���
���
���
���
���
���

���
���
���
���
���
���
���

����
����
����
����
����
����
����

����
����
����
����
����
����
����

�����
�����
�����
�����
�����
�����
�����
�����
�����

�����
�����
�����
�����
�����
�����
�����
�����
�����

����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����

T

T

T

F

S

E

y=0

y>0

y<0

Figure 5.7: Sketch of the furnace showing the locations of the temperature probes and the y-axis

orientation of temperature pro�le.

determine the average temperature at the place of the glass sample, linear �tting is applied

approximately at the area from y=0 to y=50 mm, where the glass sample is, see Fig. 5.9.

The temperature �tted pro�le for T F =1100� C is:

TE = 1046 � 0:0726� y (5.5)

Temperature is computed for y=0 and y=50 mm:

TE 0 = 1046 (5.6)

TE 50 = 1042 (5.7)
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Figure 5.8: Temperature �eld inside the furnace for various T F .
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Figure 5.9: Linear �tting of temperature �eld inside the furnace for var ious TF .
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TF (� C) TE (� C) TE_er ( � C) TE_er (%)

1100 1044.09 4.49 0.43

1200 1141.79 3.91 0.34

1300 1227.56 7.19 0.59

1400 1349.76 5.59 0.41

Table 5.9: Experimental temperatures (TE ) for various adjusted furnace temperatures (TF ).

These values need to be adjusted in order to include an error caused by the �tting. Error is

obtained when the measured values are compared with the computed values as follows:

yer =

q
1
N

P
(dyi )

2

q
1
N

P
y2

i

(5.8)

TEer = 0 :0025642 (5.9)

where:

N number of points (-)

dyi difference between the measured and computed temperature (-)

yi measured temperature (� C)

It is possible to determine maximal and minimal temperature in the interval:

TE 0er = 1048:6 (5.10)

TE 50er = 1039:6 (5.11)

An average value of the two temperatures is the �nal temperature (T E ) in the furnace. The

difference between TE and the temperature at one of the end points is an absolute error.

Tab. 5.9 contains the �nal experimental temperatures with the error. The temperatures given

in Tab. 5.9 are the most used once during the experiments, however, several experiments

are achieved at lower or higher temperatures as well. It would be much time consuming

to determine the temperature �eld for every furnace temperature, whi ch is used during the

experiment, therefore it is very useful to �nd an equation which en ables the computation of

TE from known adjusted value of TF . Graph in Fig. 5.10 shows a relation between the two

temperatures. A linear �tting relation is obtained as:

TE = 1 :0028� TF � 62:675 (5.12)

The error is determined from the �tting using eq. (5.8) and it is equa l to 0.68 %.
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Figure 5.10: Dependence of the experimental temperature TE on the adjusted furnace temperature

TF .

5.2.8 Glass properties

Correct determination of glass properties is a very important part of this experimental work.

Measurement of the properties at high temperatures is complex, therefore there are many

studies devoted to the prediction of the properties from the chemical composition of glass.

They are usually additive methods assuming, that each oxide in the molten glass contributes

a certain amount of the property. Nowadays, many of the models are very precise and

their error is below 2%. Most of the properties of glasses, which are used in this work, are

computed using various models. Error in the composition from analyses is not considered in

the computation of properties. Considering various combinations of composition will be very

time consuming. It is expected that the error of the computation exceeds the error caused

by minor changes in the composition. In the comparison, error caused by the uncertainty

in the experimental temperature TE is taken into consideration for computation of viscosity,

where it can lead to a huge error bar at low temperatures, because as it has been already

mentioned, the viscosity exponentially changes with temperature.

Surface tension

The surface tension of glass is computed using models proposed by four different authors.

The �nal value is determined as an average of the values obtained from these models. In the

computations done by Lyon, Dietzel and Rubenstein, the surface tension is obtained using
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the additive method, where the glass property is computed as sum of mass or molar fraction

of the appropriate glass oxides, which is multiplied by its speci�c coef�cient, see eq. below:


 =
X

(x i 
 i ); (5.13)

where 
 is the surface tension of glass, x i is the molar or mass fraction of glass oxide i and 
 i

is the speci�c coef�cient, which describes the importance of the pa rticular oxide on the whole

value of the surface tension. The complete computation can be found in [20, 18, 17]. Dietzel's

computation is limited in temperature. The given coef�cients corre spond to the temperature

900� C. When the temperature increases, it is necessary to subtract 4 mN�m� 1 with every

100� C [18]. Other limitation is the content of Na2O, which must be below 25 wt%. More

details about the model of Dietzel can be found in [3]. The computation of Lyon is also limited

in temperature. He proposes coef�cients for two temperatures: 1200 and 1400� C. Other

limitation is the ratio between contents of SiO2 and Na2O, which needs to be approximately

3.5 or higher. In this case the computation is very precise with an error smaller than 1%.

If the ratio equals 2, it is necessary to add 30 mN�m� 1 to the �nal value and if the rate is

close to 1, then it is necessary to add 80 mN�m� 1 to the �nal value of the surface tension.

More details can be found in [14]. Rubenstein extended Lyon's coef� cients from 9 oxides

to 30. However his computation is available only at 1200� C. The source does not specify

whether it is still necessary to obey the same rules for the ratio as for Lyon's computation.

Nevertheless, the ratio for all glasses used in this work is always above 3.5. Mode details

about the computation by Rubenstein can be found in [16].

Another determination of surface tension from the glass composition is given by Kucuk et

al. [8], who propose a formula for the temperature 1400� C and the molar fraction of glass

oxides, see eq. below:


 (mN � m� 1) = 271:2 + 1:48� mol%Li 2O � 2:22� mol%K 2O � 3:43� Rb2O

+1 :96� mol%MgO + 3 :34� mol%CaO + 1 :28� mol%BaO

+3 :32� mol%SrO + 2 :68� mol%FeO + 2 :92� mol%MnO

� 1:38� mol%PbO� 2:86� B2O3 + 3 :47� mol%Al 2O3

� 24:5 � mol%MoO3

(5.14)

Beside the temperature, no other limitations for using this computation are given. In the

work by Kucuk et al., the results obtained by this method are compared with experimentally

measured values of surface tension for three different glass compositions (sodium trisili-

cate, soda-lime-silica and commercial TV panel glass) with a disagreement less than 1%.

The article of Kucuk et al. also gives a comparison between surface tension experimentally

determined for the three glasses mentioned above and values computed by the methods

of Dietzel, Lyon and Rubenstein. The values obtained by the model of Dietzel are always
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TE (� C) Dietzel Lyon Rubenstein Kucuk �nal

1044 337.2 - - - 332

1142 333.3 - - - 328

1228 329.9 326.6 326.6 - 324

1350 325.0 322.6 - 317.8 320

Table 5.10: Surface tension of glass with 0.01 wt% Fe2O3 for the most tested temperatures.

TE (� C) 0.01 wt% Fe2O3 0.1 wt% Fe2O3 1 wt% B 2O3 10 wt% B 2O3 AKM

1044 332 328 331 306 -

1142 328 324 327 302 -

1228 324 320 323 298 303

1350 320 316 319 294 299

Table 5.11: Surface tension of all glass compositions and the most tested temperatures, more details

are given in Tab. C.1, C.2, C.3, C.4 and C.5.

higher than the real values, but the values obtained with the model by Lyon and Rubenstein

remain within the error interval of the experimental measurement. Due to lack of coef�cients

for oxides in Lyon's computation, values for only two glasses can be compared.

All models mentioned above were used in this work to compute the surface tension of ex-

perimental glasses. The computation of glass surface tension using the models of Dietzel,

Lyon, Rubenstein and Kucuk can be found in appendix D.1. A chart for each glass for the

fourth main tested temperatures is created. An example is given in Tab. 5.10 for the glass

with lower iron content. For the temperature 1228� C, coef�cients for 1200 � C are used and

for 1350� C, the coef�cients for 1400 � C are considered.

The �nal value for 1400 � C is determined as an average value of Kucuk and Lyon, which in

this case equals 320 mN�m� 1. Then a correction of 4 mN�m� 1 for every 100� C is applied

which gives us values 324, 328 and 332 mN�m� 1 for temperatures 1228, 1142 and 1044� C

respectively. If we compare the �nal values with those computed by th e model of Dietzel, we

�nd, that the surface tension computed by Dietzel is always higher , which corresponds to the

observation by Kucuk et al. in the experimental work. The �nal values of surface tension for

all tested glasses are given in Tab. 5.11 and more details can be found in Tab. C.1, C.2, C.3,

C.4 and C.5. When experiments are achieved at other temperature than the once in Tab.

5.11, 4 mN�m� 1 are subtracted or added for every 100� C, depending if the new experimental

temperature is higher or lower than the main interval.

The error of computation comes from the comparison of measured and computed values in

the work of Kucuk and equals 1%, which roughly corresponds to 3 mN�m� 1 and is consid-
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ered in this work. This error also includes the error caused by using coef�cients for 1200 and

1400� C to compute surface tension at 1228 and 1350� C respectively.

Density

Density of glass is determined by using a computation proposed by Demkina, which can be

found in [20, 1, 2]. The model computes the glass density at room temperature and is given

in appendix D.2 together with a computation of the refractive index. Error of the computation

is between 2 and 3 %, but it can even be lower, which has been tested by a comparison

of computed and measured values of density. The density of soda-lime-silica glass with a

higher content of iron was determined experimentally and equals to 2,470 kg�m� 3, its com-

puted value is 2,489 kg�m� 3. The difference between the two values (19 kg�m� 3) is less than

1%.

The glass density changes with temperature as a consequence of structural changes. Be-

low the temperature of transformation the variation is linear, not very strong and can be

computed, but above the temperature of transformation it decreases strongly with rising tem-

perature (Fig. 5.11). It is necessary to determine the density above Tg experimentally. This
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Figure 5.11: Variation of density of glass with temperature [18].

is done for soda-lime-silica glasses with high content of iron and for AKM glass, but not for

boron glasses. For boron glasses the density is computed for room temperature using the

model of Demkina and the temperature variation is not taken into consideration. This can

cause an error in the �nal results and the in�uence will be discus sed in sec. 6.2.4. A model

for a computation of density between temperatures 1000 and 1400� C is proposed by Fluegel

et al. [5]. The model is not valid for high content of boron, but for the glass with 1 wt% of

B2O3, it proposes the following equation:

� = � 0:00021651T + 2 :6381; (5.15)
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Glass density (kg �m � 3)

1 wt% B2O3 2,523.43

10 wt% B2O3 2,591.36

Table 5.12: Density at room temperature of glass with 1 and 10 wt% B2O3.

where � is the density in g�cm� 3 and T is the temperature between 1000 and 1400� C. The

density of soda-lime-silica glass with low content of iron is considered to be the same as

for high content, because apart from the minor difference in iron content, the composition

remains the same. Results of the experimental measurement of density as function of tem-

perature for soda-lime-silica with 0.1 wt% Fe2O3 and AKM glasses are given in Fig. 5.12 and

eq. (5.16) and (5.17) respectively, where � is the density in g�cm� 3 and T is the temperature

in � C.

����

����

�
�
�
�

�
�
�
�

��
��
��
��
��

��

��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������

��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������
��������������������������

�
�
�
�

��

����

��
��
��
��

�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������

�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������

�
�
�

�
�
�

�
�
�

�
�
�

����

��

����

����

��

�
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�

�
�
�

�
�
�

��

�
�
�

�
�
�

2.38

2.36

2.34

2.32

2.30

2.28

1100 1200 1300 1400 1500
T (  C )o

.
-3

AKM
with 0.1 wt% Fe  O2 3

de
ns

ity
 (

 g
  c

m
   

 ) soda-lime-silica

Figure 5.12: Experimental measurement of density as a function of the temperature for soda-lime-

silica with 0.1 wt% Fe2O3 and AKM glass.

� soda� lime� silica with 0 :1 wt% Fe 2O3 = � 1:7 � 10� 4T + 2 ; 553 (5.16)

� AKM = � 1:272� 10� 4T + 2 ; 474 (5.17)

The density of glass with 1 and 10 wt% B2O3 is given in Tab. 5.12.

Viscosity

Viscosity is closely linked to drainage. Therefore much attention is paid in order to determine

it correctly. A model which is developed in Saint-Gobain Recherche, enables the compu-

tation of the viscosity from the glass chemical composition. This program proposes values

of viscosity for all important temperatures, that have already been discussed, but does not

enable computation of viscosity for any temperature. This is why it is necessary to use a
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TE (� C) TEer (� C) � (Pa�s) � er (Pa�s)

1044.09 4.49 672.25 49.78

1141.79 3.91 160.41 8.14

1227.56 7.19 58.36 4.50

1349.76 5.59 18.20 0.86

Table 5.13: Computed viscosity of glass with 0.01 wt% Fe2O3 for all tested temperatures in the ex-

perimental work.

�tting in order to determine the coef�cients A, B and T0 and obtain VFT equation (2.1),

which enables computation of viscosity for any temperature. The error of the computation in

the program is not known, but it is believed to be lower than the uncertainty from the error

known in temperature �eld inside the furnace. The model has sever al limitations. One of

them is boron content, which needs to be lower than 5% and that is why the viscosity for

10 wt% of boron content is determined experimentally. The �tting of the viscosity curve is

achieved in the program, where the initial coef�cients of the VFT eq uation are obtained by

the computation of Lakatos [10, 11, 12, 13]. The error comes from the error in the temper-

ature. Viscosities of all temperature and all glasses that are used in this experimental work

are given in Fig. 5.13 and Tab. 5.13, 5.14, 5.15, 5.16 and 5.17.
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Figure 5.13: Viscosity of all glass compositions tested in the experiment as function of experimental

temperature (TE ).
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TE (� C) TEer (� C) � (Pa�s) � er (Pa�s)

1044.09 4.49 819.47 61.08

1141.79 3.91 193.87 9.89

1227.56 7.19 70.17 5.44

1349.76 5.59 21.78 1.03

1441.53 9.85 10.67 0.75

1491.67 10.91 7.56 0.51

Table 5.14: Computed viscosity of glass with 0.1 wt% Fe2O3 for all tested temperatures in the exper-

imental work.

TE TE (� C) TEer TE (� C) � (Pa�s) � er (Pa�s)

1044.09 4.49 524.77 39.61

1141.79 3.91 123.80 6.26

1227.56 7.19 45.56 3.45

1349.76 5.59 14.68 0.67

Table 5.15: Computed viscosity of glass with 1 wt% B2O3 for all tested temperatures in the experi-

mental work.

TE (� C TEer (� C � (Pa�s) � er (Pa�s)

940.13 6.42 419.14 55.63

989.97 6.75 161.81 18.98

1044.09 4.49 67.66 4.45

1141.79 3.91 19.43 0.84

1291.11 8.82 4.90 0.33

Table 5.16: Measured viscosity of glass with 10 wt% B2O3 for all tested temperatures in the experi-

mental work.

TE (� C TEer (� C � (Pa�s) � er (Pa�s)

1227.56 7.19 152.74 13.03

1349.76 5.59 41.71 2.20

1414.45 9.66 23.46 1.91

Table 5.17: Computed viscosity of AKM glass for all tested temperatures in the experimental work.
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composition nexp ncomp � n (%)

SiO2 79.8 wt% - Na2O 20.2 wt% 1.4906 1.4840 0.44

SiO2 74.3 wt% - Na2O 16.3 wt% CaO 9.4 wt% 1.5168 1.5184 0.11

SiO2 79.3 wt% - Li2O 11.3 wt% Al2O3 9.4 wt% 1.5118 1.5118 0.00

Table 5.18: Comparison of experimentally determined and computed refractive indexes for three

glass compositions.

Glass n

0.01 wt% Fe2O3 1.5196

0.1 wt% Fe2O3 1.5179

1 wt% B2O3 1.5269

10 wt% B2O3 1.5405

AKM 1.5048

Table 5.19: Refractive indexes of all glass compositions used in this experimental work.

Refractive index

The refractive index of glass is computed using the method of Appen, which can be found in

[20] or [18] and is given with the computation of the density in appendix D.2. The precision

of the method of Appen is obvious from the comparison of experimentally determined and

computed values of refractive indexes for three glass compositions in Tab. 5.18. Neverthe-

less, the computation does not consider variation of refractive index with the wavelength of

the light source or the temperature. For silica glasses with a main component of SiO2, re-

fractive index rises with temperature below the transformation temperature, but for glasses,

where B2O3 is the main component, the refractive index decreases with the rising tempera-

ture below the transformation temperature. Above the transformation temperature the same

behavior for all glass compositions is the same and the refractive index decreases with the

rising temperature. The variations caused by the light wavelength and the temperature are

not considered in this experimental work, because the variation in refractive index in�uences

the absolute value of the thickness of the bubble lamella, but it does not in�uence the drain-

ing rate (evolution of thickness). Since we are using only one wavelength in the experimental

set-up, we cannot be certain about the exact determined thickness and that is why the value

of refractive index is not studied very precisely. Refractive indexes of all glasses used in this

work are computed using the method in appendix D.2 and are given in Tab. 5.19.
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5.2.9 Bubble size determination in molten glass

Because the experimental set-up enables only a top view of the experiment, it is more dif�cult

to determine the bubble size in molten glass, than in the experiment with silicon oil. Image of

top view of crucible with the glass sample, but without the bubble is given in Fig. 5.14. The

bottom and top edges of the crucible are visible. It is also visible, that the level of the glass is

between the two, which is indicated by small bubble on the surface close to the crucible wall.

The crucible bottom and top have a diameter of 50 mm. It is possible to compute the scale of

the level of the glass considering it is between the two. More details about the computation

can be found in appendix E. The bright spot in the middle of the crucible is the laser beam.

Fig. 5.15 shows an example of a rising bubble in the crucible. When the bubble is created in

top of crucible

bottom of crucible

bubble on the wall

level
50 mm

50 mm

defect on the bottom

Figure 5.14: Top view of Pt-Rh crucible with dimension of bottom and top part, glass sample and

laser beam in the middle.

the crucible, there are several steps that appeared. At the beginning, the bubble is created

by gas �ow into the crucible, when the �ow stops, the bubble is still a t the bottom of the

crucible and due to over pressure in the bubble, the gas �ows from th e bubble back to the

tube, which corresponds to the shrinkage of the bubble. When the bubble detaches from

the bottom thanks to buoyancy force, it rises through the liquid, which can be indicated by

constant top view of the bubble and corresponds to spherical shape. When the bubble rises

close to the interface, the top view starts to deform. The bubble diameter is measured while

the bubble is rising to the surface and its shape is spherical. The diameter is determined

by comparing to the two available scales, at the bottom and at the glass level, because it

is certain the bubble is between the two. Final bubble size is determined as average value

of the two diameters obtained by the two scales. The variation of the average from the two
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top of crucible

bottom of crucible

bubble

Figure 5.15: Top view on Pt-Rh crucible with rising bubble.

diameters de�nes the error bar. More details about the behavior o f the bubble inside the

crucible will be given in the following chapter, see sec. 6.1.1.

5.3 Determination of the thickness

The thickness of the bubble lamella is computed from the signal obtained by the photodiode

(PDMS) or the CCD camera (molten glass). In the experiment with PDMS, the intensity
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Figure 5.16: Tension of photodiode as a function of time corresponding to light intensity due to inter-

ference on bubble lamella.

of re�ected light is translated in electric voltage every 0.2 s (Fig . 5.16). For molten glass,
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images are taken by the CCD camera and processed in the program ImageJ, where the

intensity of chosen area (Fig. 5.17) is projected through all images (Fig. 5.18). The duration

bubble

Figure 5.17: Interference signal on bubble in molten glass. Signal in Fig. 5.18 is obtained by plotting

average intensity of yellow area as a function of all images in the movie.
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Figure 5.18: Light intensity obtained from images recorded by CCD camera.

between the images is changing with the glass viscosity. When the viscosity is high, the

images are taken every 500 ms, if the viscosity is low, the shortest duration between images

is 50 ms. The thickness of the �lm can be determined at the maximum a nd minimum of

intensity thanks to the classical theory of light interference [7], see eq. below:

hI max =
�
4n

� (2k � 1) ; (5.18)

hI min =
�
2n

� k; (5.19)
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Glass h lowest (nm)

0.01 wt% Fe2O3 87.52

0.1 wt% Fe2O3 87.62

1 wt% B2O3 87.10

10 wt% B2O3 86.34

AKM 88.38

Table 5.20: Lowest determined thicknes of bubble lamella detected by the method.

where h is the thickness of the lamella, � is the wavelength of the light source, n is the

refractive index of the liquid (silicon oil or molten glass) and k is the order of interference. The

subscript I max is used for the thickness when the re�ecting intensity reaches maxi mum and

I min for the thickness at the minimum intensity. The derivations of eq. (5.18) and (5.19) are

given in appendix F. The light intensity is regularly changing between minimum to maximum

until the last maximum, after which the signal stops being regular. The lowest thickness

is computed at the last determined maximal intensity, where k equals 1. The value of the

last thickness is function of the wavelength of the light source and the refractive index of

the liquid. The thickness of the rupture of the �lm cannot be determi ned using this method.

It can only be concluded, that the lamella ruptures below the last determined thickness.

The lowest values of thickness for all tested glasses are given in Tab. 5.20. They change

slightly for all the compositions due to the variation of the refractive index, which was given

in Tab. 5.19. In the experiment by Senée et al. [19], who used the same method for the

thickness determination, they achieve the experiment using two wavelengths of light source

to determine the point, where the �rst order of interference occurs . In this experiment, only

one wavelength is used and the last point of the interference pattern is disrupted. If we

establish k=1 at wrong position, where k in reality can equal to a larger value. Using eq.

(5.18) and (5.19), the absolute error is then � /(2n). This may lead to an inexact value of the

thickness, but relative behavior of the thickness, which is important to determine the thinning

rate, remains the same even if the absolute value of the thickness is not correct. In order to

determine precisely the thickness, blue laser was tested in the experiment with molten glass,

but the improvement of the set-up was not completed as discussed previously in sec, 4.2.2.
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Chapter 6

Results and Discussion

This chapter contains all results that were obtained during this experimental work. Descrip-

tion of bubble creation and a creation of a spatio-temporal image, which is used for bubble

size and lifetime determination, is given in sec. 6.1. When a bubble is approaching the

liquid interface, its rising velocity (sec. 6.1.1) and shape close to the interface (sec. 6.1.2)

are determined. Evolution of thickness of the bubble lamella is discussed for the two tested

liquids - silicon oil and molten glass (6.2). This section also presents differences observed

in the behavior of silicon oil and molten glass and proposes other liquids, that can be used

as model liquids for molten glass (sec. 6.2.6). As it has been already mentioned in the pre-

vious chapters, it is not possible to determine precisely the critical thickness of the bubble

lamella at the moment of the rupture, nevertheless it is possible to compute the thickness at

the moment of the rupture considering evolution of thickness and the bubble lifetime, more

details are given in sec. 6.3. This section also speci�es two steps of the bubble lifetime:

regular and irregular drainage. Determination of the lifetime and its prediction for various

glass composition, bubble size and temperature are given in sec. 6.4. Following section dis-

cusses the origin of irregular drainage using SIMS analysis of thin glass vertical �lm. (sec.

6.5.2). The observation during the experiment with vertical �lm is in a good agreement with

the experiment at the bubble scale, sec. 6.5. The role of evaporation on bubble lifetime is

discussed in sec. 6.5. Last part of this chapter contains a description of daughter bubble -

new source of bubbles, that can appear as a consequence of rupture of large bubbles at low

liquid viscosity (sec. 6.6).

6.1 Single bubble approaching liquid interface

As mentioned in sec. 5.2.9, we are able to observe several steps in our experiment, which

appear as bubble is in�ated. In order to visualize all steps in a un ique picture, we create a
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bubble

laser direction

Figure 6.1: Top view of a bubble.

spatio-temporal image or “reslice image”. Top view of a bubble with the direction of incident

laser is given in Fig. 6.1. The yellow line in the image indicates the direction of the laser

beam and therefore the most interesting region of the image, because all light changes,

which correspond to variation of the curvature of the interface during the experiment, are

most visible in the direction of the laser beam. The recording of the light along this line during

an experiment gives the reslice image corresponding to a spatio-temporal diagram. Example

of a reslice image for a small (left) and a large (right) bubble is given in Fig. 6.2. In the reslice

image, the direction from left to right indicates the yellow line in Fig. 6.1 and the direction

from the top to the bottom indicates time, where one pixel corresponds to one image. At �rst,

bubble is created. During this step, gas is being blown into the Pt-Rh crucible and bubble is

growing in size, which is visible in Fig. 6.2 as the growing bubble size. This step duration

is very short (max 1 s) and therefore appears as several pixels depending on the recording

speed. Second step is bubble shrinkage. During this step, the bubble is still attached to the

bottom of the crucible and gas is �owing out of the bubble into the Pt-R h tube causing the

shrinkage of bubble. The higher the viscosity, the longer is the duration of shrinkage. As soon

as the buoyancy force dominates and the bubble detaches from the bottom, its diameter is

determined. The detachment of the bubble is followed by its rising towards the free surface.

This step is indicated by some light changes which correspond to changes of the interface

curvature as the bubble is approaching. The end of the rising time of the bubble is considered

when the bubble reaches the free surface and its shape starts deforming. It is very dif�cult

to establish this moment in the reslice image. Optical simulation will be necessary in order to

understand all light changes visible during the experiment. Nevertheless, two light arcs are

visible in the left and right parts of the images and it is assumed that one of them indicates the

end of the bubble rising time, so one can measure two rising times. Rising time enables the

determination of rising velocity, which will be discussed in the following section (6.1.1). After,

the bubble reaches the free surface and remains in a static shape (sec. 6.1.2), no more light

changes are observed and all images look approximately the same until the bubble rupture.
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Figure 6.2: Reslice image of small (left) and large (right) bubble.

This step is considered as the bubble lifetime (sec. 6.4). During this step, there appears

a variation of intensity in the brightest area, which corresponds to the interference patter

discussed in sec. 5.3. A characteristic length noted Dring can be measured as illustrated in

Fig. 6.2 and will be discussed in sec.6.1.2.

6.1.1 Bubble rising velocity

Two experimental rising velocities can be determined from the two rising times, as mentioned

in the previous paragraph and noted in Fig. 6.2.
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Rising velocity is computed as:

vexp: =
h � Dbubble

t r
(6.1)

where:

vexp: experimental rising velocity (m � s� 1)

h glass height (m)

Dbubble bubble diameter (m)

t r rising time (s)

The glass height h is measured after the experiment when glass is removed from the crucible.

Bubble diameter and rising time are determined from the reslice image (Fig. 6.2). Error

of the rising velocity is a sum of error on the bubble size determination and error on the

determination of the rising time. The rising time was determined 3 times and the variation

between the three determinations was around 10 pix, therefore 10 pix is considered as the

error. The error on the glass height is not taken into account, because it is much smaller

in comparison to the one on the bubble diameter. Fig. 6.3 shows the two experimental

velocities normalized by theoretical Hadamard-Rybczynski velocity (sec. 3.1.2) as a function

of bubble size normalized by the size of the crucible. The coef�c ient � is the drag correction

coef�cient for fully mobile bubble rising in a circular tube [22]:

� =
1 + 1:13785� 2

1 � 1:4034� + 1 :1378� 5 � 0:72603� 6 ; (6.2)

where � is the geometric coef�cient given as:

� =
Dbubble

D tube
: (6.3)

It is obvious from graph in Fig. 6.3 that the rising velocity computed using “rising 1” cor-

responds better to the theoretical velocity, that is why “rising 1” determined in Fig. 6.2 is

considered as the correct bubble rising time. Graph in Fig. 6.4 summarizes rising velocities

of various bubble sizes in soda-lime-silica glass with 0.01 and 0.1 wt% of Fe2O3. Many ex-

perimentally determined velocities are below the predicted line corresponding to 1/� . The

equation in (6.2) is valid for an in�nite tube, while in our experi ment, the level of the glass is

between 3 and 4 cm far from the bottom, which can be the explanation of the disagreement

particularly for high viscosities (low temperature). The rising velocity is not determined in

boron glasses or highly viscous AKM glass, because the rising velocity is not a function of

chemical glass composition, therefore no variation with composition is expected.

Rising velocity of bubbles in our experiment is in a good agreement with the theoretical

Hadamard-Rybczynski velocity corrected by a coef�cient that tak es into account the pres-

ence of the lateral wall of the crucible. This result con�rms that interfaces of the bubble
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Figure 6.3: Comparison of two experimental rising velocities in glass with 0.1 wt% of Fe2O3 at

TE =1228� C.
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Figure 6.4: Bubble rising velocity for soda-lime-silica glass with 0.01 and 0.1 wt% of Fe2O3 and vari-

ous TE .

97



CHAPTER 6. RESULTS AND DISCUSSION

Bo = 1.2

Figure 6.5: Shape of bubble with a small Bo

number at the interface.

Bo = 48

Figure 6.6: Shape of bubble with a large Bo

number at the interface.

are mobile (free of surfactants). Slower rising velocity for larger bubbles is observed as a

consequence of crucible walls (�nite media) and follows a cur ve proposed for a fully mobile

interface.

6.1.2 Bubble static equilibrium at interface

When a bubble approaches near a free surface, its spherical shape deforms and is controlled

by the relative importance of the buoyancy forces against the surface tension:

D 3
bubble�g � �D bubble; (6.4)

where Dbubble is the bubble diameter, � is the liquid density (the gas density is neglected)

and 
 is the surface tension between the two phases. Ratio of these two forces is directly

the Bond number:

Bo =
�D 2

bubble g
�

(6.5)

Example of bubble shape for small and large Bo number obtained with the boundary element

method by Pigeonneau and Sellier [14] is given in Fig. 6.5 and 6.6. Small Bo number can

appear as a consequence of a small bubble diameter or a large value of the surface tension.

The lower bound of bubble size is characterized by the capillary length which is a particular

length beyond which the gravity becomes important. It can be estimated from the comparison

of Laplace and hydrostatic pressure and it is given by [5]:

� � 1 =
r

�
�g

: (6.6)

At small Bo, the free surface is slightly deformed and the bubble remains quasi-spherical.

For large Bo number, where the bubble size is larger than the capillary length, the interface is

much more deformed. The equilibrium shape of a drop at the liquid-liquid interface (see Fig.

6.7) was studied by Princen [15], who describes the variation of the geometry of the lamella

surface on top of the drop (Rcap, Scap, hcap, D ring ) as a function of the physical parameters

(drop size, density and interfacial tension). Distance Rring determines the bounds of the

Scap area and creates a sort of ring in top view. In Fig. 6.8, edge of the bubble is dark,

but two short bright lines are visible close to the bubble edge in the laser direction. The
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Figure 6.7: General model for the system of a drop at a liquid-liquid interface at equilibrium [15].

bubble

Dring

Figure 6.8: Top view of the bubble with indication of the Dring .

bright lines are visible in reslice images (Fig. 6.2) as bright lines that appear soon after

the determination of the bubble diameter and disappear after the bubble rupture. For larger

bubble sizes, two of these lines are visible close to the edge, but for small bubbles only the

inner bright lines are observed. The distance of the two inner bright lines is called Dring (Fig.

6.2). Fig. 6.9 compares numerical values given by Princen with our experimental results,

where the normalized ring size changes as a function of the Bond number. Normalized

size of the ring increases with the Bond number for experimental and numerical values.

Nevertheless, compared to the numerical values, the experimental values are higher for

smaller bubbles and lower for larger bubbles. The determination of the ring size for very

small bubbles is dif�cult due to low resolution of images. Small er values for larger bubbles

may be in�uenced by the walls of the crucible, because the theory o f Princen is valid for

in�nite interface. Moreover the determination of bubble diameter might be overestimated by

the curved surface of the glass bath, which acts like a loop for large bubbles.

Comparison of the ring on top of the bubble with theoretical work of Princen [15] shows, that
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Figure 6.9: Comparison of experimental and theoretical size of ring normalized by the bubble diam-

eter as a function of the Bond number.

when a bubble reaches the liquid interface, its shape is close to the quasi-static one. As a

consequence, the ring size normalized by the bubble diameter (Dbubble), increases with Bond

number, as well as, the surface of the cup (Scap).

6.2 Evolution of thickness of a single bubble lamella

Evolution of thickness of a single bubble lamella in silicon oil and molten glass is studied

in this work. Liquid drains out of the lamella according to the mobility of the interface (sec.

3.2.2).

6.2.1 Fully immobile interface

The velocity pro�le is parabolic for fully immobile interface d ue to no-slip velocity condition at

the interface and the drainage is slower than for a fully mobile interface (Fig. 3.4) [21]. The

evolution of thickness is algebraic:

h(t) �
1

p
t

(6.7)
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6.2.2 Fully mobile interface

The drainage is faster when the interfaces are free of stress. The evolution of thickness is

an exponential function of time [6]:

h(t) � exp(� �t ) (6.8)

Rupture of the thin �lm below hc prevents an in�nite draining time. Exponential decrease

of thickness on top of a bubble with mobile interface has been recently con�rmed by the

numerical study of Pigeonneau and Sellier [14]. Moreover, they point out a slower drainage

observed for larger Bond numbers as a consequence of larger deformed interfacial area

discussed in sec. 6.1.2. The rupture of the bubble lamella in a �ni te time is observed

for the limit situation when Bo=0, meaning that neither the free surface nor the bubble are

deformed.

The characteristic time of drainage for a fully mobile interface can be obtained from the

balance between gravity and viscous forces over a length scale (bubble size):

�
U

Dbubble
� � �gD bubble; (6.9)

where U is the velocity of the liquid in the lamella, Dbubble is the bubble diameter and � � is

the difference of density of the two phases. In the assumption of free shear at the interfaces,

the �ow in the �lm is a plug �ow [9]. Consequently, the �lm thickness do es not scale the

motion and the bubble size is taken as a characteristic length. We obtain for velocity:

U =
� �gD 2

bubble

�
; (6.10)

and for time scale:

� =
�

� �gD bubble
: (6.11)

Debrégeas et al. [6] made an experiment with a single bubble rising through silicon oil

towards a liquid interface. An exponential decreasing is observed, which indicates a fully

mobile interface. Debrégeas et al. propose a characteristic time, where the characteristic

length is a size of the static bubble at the free surface, see Fig. 6.10 and eq. (6.12).

� Debr: =
�

�gR cap
(6.12)

6.2.3 Silicon oil

A similar experimental set-up of Debrégeas et al. [6] is used in this work, however a different

range of viscosities and bubble sizes is investigated. Six different bubble sizes are created in
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Figure 6.10: Characteristic length in the work of Debrégeas et al. [6]
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Figure 6.11: Evolution of thickness for various bubble size in silicon oil with viscosity 100 Pa�s.

�ve viscosities (10 to 100 Pa.s, see sec.5.1.1). The Bond number for this experiment is in the

range between 2 and 26, corresponding to a bubble diameter from 2.5 to 7.5 mm. Example

of evolution of thickness for various bubble size and viscosity 100 Pa�s is given in Fig. 6.11.

Exponential behavior of thickness indicating fully mobile interface is also in agreement with

the work of Debrégeas et al. [6]. Graph in Fig. 6.12 presents the same results, where

thickness is normalized by the maximal determined thickness which corresponds to time

zero in Fig. 6.11, and time is normalized by � , given in (eq. 6.11). This representation allow

to superimpose the data. Normalized evolution of thickness can be �t with an equation:

h
hmax

= exp
�

� a
t
�

�
; (6.13)

where a is de�ned as the “thinning rate”, which is in fact dimensionless :

a =
�
h

dh
dt

: (6.14)
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Figure 6.12: Normalized evolution of thickness for various bubble size in silicon oil with viscosity

100 Pa�s.

Same results are obtained for other four viscosities as well, see appendix G for more details.

The value of a changes between 0.08 and 0.13 in our work and no evolution with the Bond

number is observed. In order to compare the results to the work of Debrégeas et al. [6],

we need to compute the value of the thinning rate obtained in their work. The evolution of

thickness in their work is �t with an equation:

h
hmax

= exp
�

�
t

� Debr:

�
(6.15)

where � Debr: is given in eq. (6.12). Comparing to our �t in eq. (6.13), we obtain :

1
� Debr:

= aDebr:
1
�

; (6.16)

where aDebr: is the thinning rate, which needs to be compared with our results. Considering

volume conservation of the bubble and assuming that Dbubble� � � 1, the bubble is hemispher-

ical and we assume for the bubble size:

Rcap =
Dbubble

2
3
p

2: (6.17)

Using Fig. 6.13 and eq. (6.16) and (6.17) and considering that the viscosity in their work

equals 103 Pa�s and density of silicon oil equals 970 kg�m� 3 (sec. 5.1.1), we obtain, that

aDebr: equals 0.11, which is in a good agreement with our results.
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Figure 6.13: Reciprocal characteristic time as a function of a bubble size in the work of Debrégeas

et al. [6].

6.2.4 Molten glass

Five glass compositions in a temperature range from 990 to 1228� C are investigated. An

example of evolution of thickness in soda-lime-silica glass with a lower iron content for vari-

ous bubble sizes is given in Fig. 6.14. Data are obtained at temperature TE =1044� C when

the glass viscosity is approximately 819 Pa�s. Results for other temperatures are given in

appendix G. The �lm thickness decreases exponentially with time, which indicates a fully

mobile interface. Normalized evolution of thickness (Fig. 6.15) is obtained using the same

method as for silicon oil. Unlike in the experiment with silicon oil, the thinning rate a changes

with the Bond number. Graph in Fig. 6.16 gives the evolution of the thinning rate a as a

function of the Bond number for soda-lime-silica glass with a lower content of iron for three

experimental temperatures in a comparison with the numerical simulation of Pigeonneau

and Sellier [14]. The error of the thinning rate is a sum of error obtained from the �tting of

the evolution of thickness (Fig. 6.15 and eq. (5.8)), error of the bubble size and uncertainty

caused by determination of glass density and viscosity. The uncertainty of viscosity determi-

nation is more important at low temperature, while the uncertainty caused by the �tting of the

experimental data is more signi�cant at high temperature where l ess points of the evolution

of thickness are measured (Fig. G.12, G.18 or G.22).

The value of the thinning rate increases as the Bond number decreases for all temperatures.

Nevertheless, for higher temperature (1228� C), the absolute values of the thinning rate a are

higher than for lower temperature (1044� C). For the moment this disagreement is not un-

derstood and possible explanations will be discussed in the following chapter. Fig. 6.17

summarizes the results of the thinning rate as a function of the Bond number for soda-lime-

silica glass with 0.1 wt% of Fe2O3. For this glass composition, as well as for soda-lime-silica

glass with lower content of iron, faster drainage appears for smaller Bond numbers and dif-
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Figure 6.14: Evolution of thickness for various bubble size in soda-lime-silica glass with 0.01 wt% of

Fe2O3 and temperature 1044� C.
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Figure 6.15: Normalized evolution of thickness for various bubble size in soda-lime-silica glass with

0.01 wt% of Fe2O3 and temperature 1044� C.
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