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Abstract

English

Combustion has been the cornerstone of industrial development for nearly two centuries,
providing heat for many industrial processes and accounting for over 80% of the power
used by turbines to generate electricity. Over the years, much progress has been made
in understanding the fundamental science of combustion. Nevertheless, regulatory and
competitive forces are driving the need for combustion equipment with better performance,
lower environmental impact, and greater flexibility, all at a reasonable cost (e.g. Paris
agreement 2015, UN Climate Change Conference (COP26) 2021). Keep in mind that
the existing energy system is primarily non-renewable, using carbon-based energy sources.
The new energy transition challenges require installing and integrating a new renewable
energy system while securing the supply and resilience of the actual demand. Hydrogen,
considered by many the clean alternative fuel, seems to be one of the answers. Despite
the associated security issues, developing this technology contributes to countries meeting

their climate goals, boosting green growth and creating sustainable jobs.

This thesis is part of the actions carried out at the collaborative laboratory RAInBOV
that associates the Cethil and the company RSA. They specialise in the manufacture of
sapphire crystals, mainly used in the field of watchmaking and glass. Their production
requires fusing the raw material and crystallising it. To this effect, they use the Verneuil
method, which consists of a downward vertical burner that generates an Hy/Os inverse
diffusion flame located in a confined enclosure and loaded with alumina particles deposited
on a crystalline seed. Within this framework, this thesis’s main objective is to compre-
hend the aerothermochemical mechanisms present in this configuration. Concretely, the
stabilisation, the structure and the development of the flames produced by this particular

burner are analysed along the thermal behaviour of the crystal growth environment.
Francais

La combustion est la pierre angulaire du développement industriel depuis pres de deux
siecles, fournissant de la chaleur pour de nombreux procédés industriels et représentant
plus de 80% de la puissance utilisée par les turbines pour produire de 1'électricité. Au
fil des ans, de nombreux progres ont été réalisés dans la compréhension de la science
fondamentale de la combustion. Néanmoins, les forces réglementaires et concurrentielles
engendrent le besoin d’équipements de combustion plus performants, avec un impact

environnemental moindre et une plus grande flexibilité, le tout & un cofit raisonnable (par
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exemple, accord de Paris 2015, Conférence des Nations Unies sur le changement climatique
(COP26) 2021). Dans l'esprit que le systeme énergétique existant est principalement non
renouvelable, utilisant des sources d’énergie a base de carbone. Les nouveaux enjeux de la
transition énergétique nécessitent d’installer et d’intégrer un nouveau systéme d’énergie
renouvelable tout en sécurisant I'approvisionnement et la résilience de la demande réelle.
L’hydrogene, considéré par beaucoup comme le carburant alternatif propre, semble étre
I'une des réponses. Malgré les problemes de sécurité associés, le développement de cette
technologie contribue a ce que les pays atteignent leurs objectifs climatiques, stimulent la

croissance verte et créent des emplois durables.

Cette these s’inscrit dans le cadre des actions menées au sein du laboratoire collaboratif
RAInBOV qui associe le Cethil et la société RSA. Ils sont spécialisés dans la fabrication
de verres saphir, principalement utilisés dans le domaine de 1’horlogerie et du verre. Leur
production nécessite de fondre la matiére premiere et de la cristalliser. Pour cela, ils
utilisent la méthode Verneuil qui consiste en un briileur vertical descendant qui génere
une flamme a diffusion inverse Hs/O, située dans une enceinte confinée et chargée de
particules d’alumine déposées sur une germe cristalline. Dans ce cadre, 1’objectif princi-
pal de cette these est de comprendre les mécanismes aérothermochimiques présents dans
cette configuration. Concrétement, la stabilisation, la structure et le développement des
flammes produites par cette configuration particuliere sont analysés, ainsi que le com-

portement thermique du milieu de croissance cristalline.

ii
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



Acknowledgements

Il y a tant de personnes que je voudrais remercier pour m’avoir aidée jusqu’a la fin de
ce projet qui a commencé il y a de nombreuses années. D’abord je tiens a remercier les
membres du jury, professeur.e.s David Honoré, Thierry Schuller et Céline Morin d’avoir

accepté de participer a cette soutenance de these de doctorat.

Je tiens a remercier Dany Escudié qui pendant 2 ans de projet était la directrice de these,
avec qui j’ai beaucoup échangé, pour toute sa sagesse, son expérience, et les treés bonnes
idées qu’elle seule a réussi a visualiser malgré leur difficulté. J’ai beaucoup appris d’elle
de maniere professionnelle et personnelle. Je veux remercier Manuel Kithni de m’avoir
appris a utiliser tout I’équipement et toute son aide sans laquelle je n’aurais pas pu
arriver a finir mes manipulations, pour ses discussions en salle manip et autour d’un café,
et surtout pour toutes ses bonnes idées. De la méme maniere, je veux remercier Serge
Labor, qui est une personne que j’admire beaucoup d’un point de vue professionnel et
personnel. J’aimerais bien avoir sa passion pour fabriquer des saphirs. Je voudrais surtout
le remercier pour tout le temps qu’il a consacré a tout m’expliquer dans le moindre détail.
Pour sa gentillesse et pour toutes les discussions autour de déjeuners. J’aimerais adresser
un remerciement spécial & mon Directeur de these Cédric Galizzi sans qui je ne serais pas
ici en France, depuis le début il m’a confié cette mission que j’ai eu souvent 'impression de
ne jamais pouvoir finir, je te remercie Cédric pour toutes les discussions professionnelles

et personnelles, pour ton soutien et surtout ton dévouement.

Au sein RSA, je tiens a remercier aussi tout le personnel de production spécialement les
chefs de quart et Raphaél de m’avoir appris a allumer une rampe de chalumeaux. Je
remercie les gens du laboratoire pour tous les cafés et petites discussions que j’ai eus avec
eux, Delphine, Jose, Lionel, Alexandre et Thomas. Les filles de qualité qui étaient tres
gentilles avec moi. Le personnel de la DRH de RSA. Je veux remercier aussi Alexandre
Ducmauge et Denis Guignier pour le soutien. Guillaume Alombert, Raphagél Pierrel et
Philippe Tonnelet. L’équipe de maintenance Philippe Vasquez, Juani et Jérémy. Et tout
spécialement, dans I’équipe R&D, Jérémy, de m’avoir aidée pendant les derniers essais
chez RSA. Jessica pour toutes les discussions et surtout pour tous les repas qu’elle a

préparés pendant je ne sais pas combien confinements.

Au CETHIL, je vais commencer par remercier le secrétariat, Edwige, Marilyn, Lisa,
Meriem et Nazaré qui n’est plus la mais qui m’a beaucoup aidée, I'instrumentation, Serge,
Anthony et Pierrick. J’aimerais adresser un remerciement a 1’équipe de 'atelier, Nicolas,
Xavier et Christophe, qui m’ont accompagnée pendant ces trois ans de these et qui m’ont

tenu compagnie pendant les confinements. Je vous remercie pour toutes les idées et le

iii
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



soutien sur mes manipulations, je veux spécialement remercier Nico pour toutes les fois

ou a branché les bouteilles d’oxygene.

Je veux également remercier tou.te.s les ingénieur.e.s d’études, les doctorant.e.s et post-
doctorant.e.s du CETHIL avec qui j’ai beaucoup partagé, toutes les bonnes pauses café et
les déjeuners a la cantine de I'INSA et aussi pour toutes les conversations et leur soutien.
Je remercie en particulier les anciens qui étaient la et qui m’ont intégrée a mon arrivée
au laboratoire Eloise, Thomas, David, Julie, Nicolas C, Kevin T, Quentin, Christophe,
Ghadi. Les doctorants qui ont commencé avec moi Paul D, Jean, Mathilde, Janett, a ma
copine de Combustion Sophie pour toutes tes bonnes idées et ta bienveillance, toujours.
Damien grace a qui j’ai fait partie des Kféteriens et Sébastien pour tout le bonheur et “la
bonne énergie”. Aux petits jeunes, Celia, Paul G, Ana et tout spécialement Florent pour

tout son soutien et son aide dans cette derniere ligne droite.

Tous mes amis a Lyon, spécialement a Arnaud pour son soutien durant ces dernieres
années. Estos son los agradecimientos en espaiiol a todos mis parceritos cachacos en Lyon,
Liliana R, Ian Carlo, Isabella, Alejandra y Margaud (méme si elle est frangaise), gracias a
ustedes cada dia era un mejor dia sobretodo en este tltimo invierno. A Mabel por siempre
estar alli desde el principio conmigo apoyandome. A mis amigos en Francia, Colombia
y el resto del mundo que siempre me han apoyado desde lejos Liane, Dave, José Luis,
Nancy, Melissa, Sandra, Serlys, Esteyci Malibu, Pamela, Katty, Cristina, Fred, Gabriel
S, La Jani, Liliana S, Hélene, Robinson, Camille, Sulivan, Serena, Natasha, Argemiro.
A mis companeros de la UAC Mauricio, Armando, Beatriz, Débora, Kelvin, Carlos D,

Francisco, Omaira y Elda.

Finalmente, a mi familia, mis tias Raquel y Cecilia, mis primos Roberto y Yolima. A mi
tio Paye y mi tio Noel, a mi cunada Giselle, de la que he aprendido muchisimo, a Petra

por su carino y dedicacion.

Sobretodo, quiero agradecerle el apoyo a mi Papa y mi hermano Rommell por siempre
haber creido en mi y en todos mis proyectos. A mi Mama que, aunque no esta con nosotros
en estos momentos sé que estaria orgullosa porque gracias a ella y todas sus ensenanzas

soy la persona en la que me he convertido.

v
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



Contents

Abstract i
Acknowledgements iii
List of Tables viii
List of Figures xi
Abbreviations Xix
Nomenclature XX
Introduction 1

I Analysis of crystalline growth environment and influence

on crystal quality 8
Chapter 1 Crystal growth environment in industrial context 10
1.1 Experimental test bench ....... ... ... . .. . 12
1.2 Evolution of thermal and flame combustion parameters.................... 15
1.3 Crystal quality parameters .. ... ... .. .. . . . 31
1.4 Conclusions . .. ....... . 43
Chapter 2 Statistical Correlations 44
2.1 Statistical Techniques. .. ... ... . . 44
2.2 Correlations of thermal and flame combustion parameters.................. 55
2.3  Geometrical features correlations .. ....... ... ... . 62
2.4 Crystal defects correlation. . ....... ... . . 70
2.5 Conclusions . . ... 7
IT H,/0, downward inverse diffusion flames 78
Chapter 3 Literature review 81
v

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



3.1 Structure of inverse diffusion flames. .. ........ ... ... ... ... ... ... . ... ... 83
3.2 Flame appearance. . ... ... ...t 87
3.3 Stabilisation mechanisms of inverse diffusion flames ... .................... 89
3.4 Flow structure. . .. ... 92
Chapter 4 Experimental test bench 93
4.1 Laboratory Setup. . .. .. ... 93
4.2  Measurement techniques . .......... .. .. . . 94
4.3 Analysis methods .. ... . 109
Chapter 5 Characteristics of inverse diffusion flames 113
5.1 Flame structure and topology ... ... ... ... . 113
5.2 Influence of the fuel jet momentum ....... ... .. ... ... ... .. ... . ... 117
5.3 Influence of the oxidiser jet momentum. ............ .. ... ... .. .......... 123
5.4 Impact of the momentum ratio......... .. ... ... ... .. . .. 128
5.5 Conclusions . . ... 132
Chapter 6 Aerothermodynamic behaviour of reactive flow 134
6.1 Analysis methods .. ... ... . 134
6.2 Influence of hydrogen jet ... ... ... . . . . 136
6.3 Influence of oxygen jet ... ... 162
6.4 Heat release distribution in a Verneuil furnace. ........................... 177
6.5 Conclusions . . ... 185
IITI Overall thermal behaviour of the Verneuil device 187
Chapter 7 Influence of stagnation point on H,/O, inverse diffusion
flames 189
7.1 Experimental setup. ... ... . . . 189
7.2 Flame structure characteristics. .. ........ ... ... . . . . . . . . 193
7.3 Aerothermodynamic behaviour of inverse diffusion flames with crystal presence 206
T4 ConclusSions . ... ... 217
Chapter 8 Influence of ceramic insulation in crystal features 218
8.1 Evolution of operating conditions. .. ....... ... ... .. ... . . 219
8.2 Crystal geometrical features .. ... ... .. 225
8.3 Influence of the insulation geometry on the aerothermodynamic behaviour. ... 233
8.4 Conclusions . ... ..ot 238
Conclusions and Perspectives 239
Conclusions 240
Perspectives 244
vi

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



Bibliography 245

Appendices 256
Appendix A Analyse of crystalline growth environment 257
A.1 Solution of the heat conduction equation with finite-difference .............. 257
A.2 Evolution of the ceramic insulation geometry............. .. ... ... ....... 264
A3 Tukey’s test tables . ... .. 266
Appendix B H,/0, inverse diffusion flames 274
Bl Jetsregimes. ... ..o 274

Appendix C  Overall thermal behaviour of the

Verneuil device 282

C.1 Validation of the laboratory text bench. ........ ... ... ... .. ... ... .... 282

C.2 Numerical tools. .. ... 285

C.3 Numerical simulation of the stagnation point in non-reacting conditions. . . . .. 294
vii

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



List of Tables

1.1

2.1
2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

RSA Production Aspects . . . . . . . . . ... ... 11
Total of Variables analysed during the production study . . .. ... ... 44
MATLAB (2021) presentation of the results. The standard one-way ANOVA

table . . . 52

MATLAB (2021) presentation of the results. The standard two-way ANOVA

table, k£ : modalities Factor A and m : modalities factor B, R number of

replications . . . . . ... L 53
Syntheses of the parameters analysed . . . . . . . . ... ... ... .... 54
Variables of the one-way ANOVA . . . . ... ... ... .. ... ..... 55
Results one-way ANOVA Temperatures vs. Flow rates . . . . . . ... .. 56
Multiple Comparisons Tukey’s test Temperatures vs Flow rates . . . . . . 57
Variables of the one-way ANOVA . . . . . . ... .. .. ... .. ..... 58
Results one-way ANOVA Temperature vs Furnace Position . . . . . . . .. 58
Variables of the one-way ANOVA . . . .. ... .. ... .. ... ..... 59
Results one-way ANOVA Temperatures vs. 0eer « v 2 v v v v v v oo o0 59
Variables of the one-way ANOVA . . . . . ... ... ... ... ...... 60
Results one-way ANOVA Temperatures vS. Qpoute » - « « « « « « « v o v o 61
Results two-way ANOVA Temperature vs Ocer/Qboute -+« « « « « « « o o+ - 61
Variables of the one-way ANOVA . . . . . ... .. ... .. ... ..... 62
Category of the variables of the one-way ANOVA . . . . . ... ... ... 62
Results two-way ANOVA Qpoute VS. Ugoand Upg . . . o . o o o o o o oo L 63
Variables of the one-way ANOVA . . . .. .. ... ... .. ... ..... 64
Results one-way ANOVA Ovalisation Index vs Furnace Position . . . . . . 64
Variables of the one-way ANOVA . . . . . . ... ... ... ... .. ... 65
Results one-way ANOVA Ovalisation Index vs Temperature . . . . .. .. 66
Variables of the one-way ANOVA . . . .. .. ... ... ... .. ..... 67
Results one-way ANOVA Ovalisation Index v8 e . . . . . . . o . o . L L. 68
Results two-way ANOVA Ovalisation Index vs Temperature /e . . . . . 69
Total results two-way ANOVA Ovalisation Index vs Temperature /e, . . 69
Variables of the one-way ANOVA . . . . . . ... ... ... ... ..... 70
One-way ANOVA Results Geometrical defects vS 6eerr . . . . . . . . . . .. 71
Variables of the one-way ANOVA . . . . . . ... ... ... ... ..... 72
viii

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



2.29 Variables of the one-way ANOVA . . . . . . ... .. ... ... .. .... 73

2.30 Results one-way ANOVA Bubbles vs Temperature . . . . . .. .. ... .. 74
2.31 Summary of the results obtained with the ANOVA analysis in the Verneuil
production parameters. . . . . . . .. ... 76

3.1 Summary of flame type characteristics. Printed from Wu and Essenhigh

(1984) . . . o 84
4.1 LDA Technical Specifications . . . . . . .. . . .. . ... ... ...... 107
4.2 Operating conditions . . . . . . . . ... Lo 110
6.1 Operating conditions highlighted in blue . . . . . .. ... .. ... .... 135
6.2 Initial conditions of the Oy central jet . . . . . . .. ... ... ... ... 141
6.3 Evolution of the core potential length(Y}) for different authors . . . . . . . 146
6.4 Linear Equation of X5 (2X05/Do, = ay/Do, +b) . . . .. .. ... ... 159
6.5 Initial conditions of the Oy central jet . . . . . . .. ... ... ... ... 166
6.6 Linear Equation of X5 (2X05/Do, =ay/Do, +b) . . . ... .. ... .. 175

7.1 Operation points. The flow rates for H, and Oy are normalised by the
highest flow rate . . . . . . . . . ... 192
7.2  Operating points used to study the aerothermodynamics of the crystal

growth environment . . . . . . . .. ... L 206
8.1 Results one-Way ANOVA Qpoute -+« « « v o v v v e e e e e 226
8.2 Results one-Way ANOVA Ovalisation Index Furnace 1 . . . . . . ... .. 227
8.3 Results one-Way ANOVA Ovalisation Index Furnace 2 . . . . . . . .. .. 227
8.4 Results one-way ANOVA Bubbles Furnace 1 . . . . . . . . ... ... ... 230
8.5 Results one-way ANOVA Bubbles Furnace 2 . . . . . ... ... ... ... 231
8.6 Results one-way ANOVA Foils, Furnace 1 . . . . . . ... ... ... ... 231
8.7 Results one-way ANOVA Foils, Furnace 2 . . . . . . ... ... ... ... 231

A.1 Multiple Comparisons Tukey’s test Temperatures vs 6., (1-11, correspond

to the . between 25-35, respectively) . . . . . . . ... o 0L 266
A.1 Multiple Comparisons Tukey’s test Temperatures vs d., (1-11, correspond

to the d.r between 25-35, respectively) . . . . . . . ... 267
A.2 Multiple Comparisons Tukey’s test Temperatures vs @poure (1-9, correspond

to the @poute between 31-37, respectively) . . . . . . .. . ... ... 268
A.3 Multiple Comparisons Tukey’s test Qpoute VS Vg2 -+« o v v v v v v v v 268

A.4 Multiple Comparisons Tukey’s test ovalisation index vs temperature category 269

A.5 Multiple Comparisons Tukey’s test Ovalisation Index vs d.e. (1-11, corre-
spond to the ., between 25-35, respectively) . . . . . . ... .. ... .. 270

A.5 Multiple Comparisons Tukey’s test ovalisation index vs d... (1-11, corre-
spond to the d..,. between 25-35, respectively) . . . . . .. ... ... ... 271

ix
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



A.6 Multiple Comparisons Tukey’s test geometrical defects vs 0. (1-11, corre-

spond to the d... between 25-35, respectively) . . . . . .. ... ... ... 272
A.6 Multiple Comparisons Tukey’s test geometrical defects vs .., (1-11, corre-
spond to the ., between 25-35, respectively) . . . . . . ... .. ... .. 273
A.7 Multiple Comparisons Tukey’s test foils vs temperature category . . . . . . 273
A.8 Multiple Comparisons Tukey’s test bubbles vs temperature category . . . . 273
C.1 Linear Equation of Xo5 (2X¢5/Do, =ay/Do, +b) . . . . ... ... ... 297
C.2 Linear Equation of Xy5 (2X¢5/Do, =ay/Do, +b) . . . . ... ... ... 301
X

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



List of Figures

1.1

1.2
1.3
1.4
1.5

1.6
1.7

1.8

1.9

1.10
1.11
1.12
1.13
1.14

1.15
1.16
1.17
1.18

1.19
1.20
1.21
1.22
1.23
1.24
1.25

Schematic view of a Verneuwil furnace . . . . . . . . . . ... ... 4

Verneuil Boule, typical dimensions: Boule Diameter (@poue) = [32 mm
35mm] [max min] and boule length (Lpoue) = [150 180mm)] [total cylinder] 10

Parameters analysed during one crystallisation cycle . . . . . . .. .. .. 11
Verneuil production line . . . . ... ... .. ... ... . L. 12
Geometry of a classic Verneuil burner . . . . . . . . . ... ... .. 13

Insulation Confinement Configuration: (1) Ceramic confinement, (2) Poly-
crystalline Alumina Fibre, (3) Silica insulation fibre (4) Stainless steel layer. 14

Cycle of a crystallisation . . . . . . .. ... .. ... . 15
Evolution of Normalised flow rates during the first cycle studied. F: Crystal

Formation, G: Crystal Growth, i: initial, f: final . . . . . . .. ... .. .. 16
Dispersion of flow rates during a insulation life cycle. F: Crystal Formation,

G: Crystal Growth, i: initial, f: final . . . . . .. ... .. ... ... ... 17
Thermocouples set up dimensions in [mm] . . . . ... .. ... ... ... 18
Temperature evolution for crystallisation cycles (CT): 1,2,4,6 . . .. .. 19
Temperatures for crystallisation cycles (CT): 1, 2, 4, 6 at teyqe =90 . . . . 20

Temperature evolution at the beginning of each cycle during a crystallisation 20
Front profile of the insulation ceramic in crystallisation (CT) No.2 . . . . . 22

Differential control volume, dr-r d¢-dz, for conduction analysis in cylindri-

cal coordinates (r,%, z) (Incropera et al., 2015) . . . . . . . ... ... ... 22
Ceramic Thickness,dcer . . .« v o o v v o i 23
Temperature distribution and thermal gradient . . . . . . ... ... ... 24
Ceramic Thickness Evolution, dee, . . . . .« . o o . o L Lo 25

Ceramic Thickness (d...) Evolution for crystallisation cycles [NC,7,15,29]

in Furnace 1. *NC (No Crystal) . . . . .. ... .. ... ... ... 26
Scheme thermal resistance . . . . . . . . .. . ... ... ... ... .. .. 27
Thermal Thickness Evolution . . . . . . . . ... ... ... ... ..... 29
Diameter and Length Evolution (Obj: objective) . . . . . . . . ... .. .. 32
Definition of the Ovalisation Index . . . . . . . . . . . .. ... ... ... 33
Ovalisation index evolution . . . . . . . . . . ... . ... ... ...... 34
Type of external defects . . . . . .. .. ... ... .. 35
Geometrical defects evolution . . . . . . . . .. .. ... L. 36
X1

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



1.26 Structure of Sapphire: (a) Schematic of the arrangement of A>T (black
circles) and octahedral hollows (small light circles ) between two layers
of O?~(large light circles) in the basal plane (the upper O*~ layer is not
shown). A; , Ay , and Az are (1120) translational vectors of the hexagonal
sapphire cell for the basal plane. Printed from Dobrovinskaya et al. (2009).
(b) A-, M-, R~, and C-planes of the crystal; (b) Schematic illustration of

the aluminum planes, printed from Liao (2007). . . . . . . ... ... ... 37
1.27 Defects of structure crystalline . . . . . . .. .. ... ..o 38
1.28 Birefringence (Auctions, 2019) . . . . . . . . ... oo o oL 38
1.29 Cross Polarisation. Printed from Muzy (2021) . . . .. .. ... ... ... 39

1.30 Crystallographic structure with the common nomenclature of crystal planes
for the structural unit cell. Capital letters denote planes and small letters

indicate a crystallographic axis or the corresponding plane normal. Printed

from Dobrovinskaya et al. (2009) . . . .. .. ... ... L. 40
1.31 Foils detection through crossed polarisation . . . . . . ... ... ... .. 40
1.32 Tomography performed during the quality control to detect Bubbles and

Foils. A bubble was detected during thistest . . . . . . . . ... ... ... 41
1.33 Internal defects evolution. . . . . . . . ... .. ... .. 42

2.1 Detailed one-way ANOVA Process ( RAInBOV internal documentation). . 47

2.2 Box-and-Whisker Chart, printed from MATLAB (2021) . . . . . ... ... 56
2.3  One-way ANOVA Results. Flow rates versus ceramic temperatures. . . . . 57
2.4  One-way ANOVA Results Temperature vs. Furnace Position . . . . . . .. 58
2.5 Temperature VS. Oeer - -« « o v oo e 59
2.6 Temperatures vs. QDpoule -« « « « = ¢ 0 e e e e 60
0T Oioue VS- TH -+ o o o oo 63
2.8 One-way ANOVA Results Ovalisation Index vs Furnace Position . . . . . . 64
2.9 Histogram of ceramic temperatures, furnaces land 2 . . . . . . . ... .. 65
2.10 Ovalisation Index Vs Temperature. . . . . . . . . . . ... .. ... .... 66
2.11 Ovalisation Index vS deer + - - . o o v o o o o L 68
2.12 Geometrical defects vS Oper - - . . . . . L L 70
2.13 Foils vs Temperature . . . . . . . . . . . . . ... 72
2.14 Bubbles vs Temperature . . . . . . . . . ... ... 74

3.1 Coflow normal diffusion flames types. y;: flame height r: flame radius

(Glassman and Glumac, 2015) . . . . . .. ... 82
3.2 Map of flame types of inverse diffusion flames of methane (air port 11 mm;
flame tube 28 mm). Printed from Wu and Essenhigh (1984) . . . . .. .. 83
3.3 Type III flame profile according to Wu and Essenhigh (1984). 1: Volume
enclosed by blue zone. 2: Orange yellow cap. 3: Dark zone . . . .. ... 84
3.4 Types of flame. Printed from Bindar and Irawan (2012) . . . . . . . . . .. 85
xil

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



3.5

3.6

3.7

4.1
4.2
4.3

4.4
4.5

4.6

4.7

4.8
4.9

4.10

4.11
4.12
4.13
4.14
4.15

5.1
5.2
9.3

Selected sequences of OH-PLIF images collected at various axial locations
in flame with Vr = 20.7 (Re = 2500). ‘Breaks’, ‘Closures’ and ‘Growing

Kernels’ are represented by dashed arrows, dashed squares and dashed

circles respectively. Printed from Elbaz and Roberts (2014) . . . . . . . .. 86
Emission spectra in typical hydrogen—air diffusion flames [kw/m?um/sr](Schefer
etal, 2009) . . ... 88
Typical photograph of a stationary triple flame in a coflowing stream,

printed from Kioni et al. (1993) . . . . . .. ... ... .. ... 89
Verneuil Burners Hy/O: a. Academical approach. b. Industrial setup . . . 93
Laboratory setup . . . . . . . . ... 94

Typical chemiluminescence spectrum of an atmospheric hydrogen-air lame
OH* is the only chemiluminescence emitter. (Lauer, 2011) . . . . . . . .. 96
Coating Curve: 310 nm CWL TECHSPEC 10nm OD4 Bandpass Filter . . 98
The line-of-sight integration of an axisymmetric spatial distribution (Yuan,
2003) . . o 99
The configuration considered: the laser probe pulse crosses the wakefield
at an arbitrary oblique angle. The y-axis is pointed out of the page. By ob-
taining the phase or frequency modulation of the pulse, one can obtain the
density modulation profile of the wakefield at the crossing point. Printed
from Kasim et al. (2015) . . . . . . . . .. 100
Comparison of traditional Abel transform (Abel 1) and 3-points Abel trans-
form (Abel 2)(flame injection conditions: ¢ = 1.5 Rep, = 1500). Left:
Ligth-of-Sight (LOS) image obtained from instant chemiluminescence im-
age. Right: Up(direct intensities of the LOS image), center and down (Nor-

malised intensities and Gaussian noise along the central axe (X=0mm)).

.......................................... 102
Schematic crossed-beams LDA (Russo, 2011). . . . . . .. ... ... ... 103
Formation of interference fringes in the measuring volume of a crossed-
beams LDA (Russo, 2011). . . . . . . . .. ... . 104
Left: A typical signal of a LDA on an oscilloscope (Russo, 2011). Right:

The calculated velocity . . . . . . . . ... oo 105
A Bragg Cell (Russo, 2011). . . . . . . .. ... 106

Scheme of LDA acquisition system. . . . . . . ... ... ... ... .... 106
Displacement device . . . . . . . ... L 108
Threshold settings . . . . . . . . . . .. o 111
Structure flame characteristics . . . . . . .. ... .o 112
Flame stabilisation mechanism, direct visualisation of the flame . . . . . . 113
OH* Chemiluminescence, Iy oy+ and type of flames found . . .. ... .. 114
Mapping of flame types according to their morphology and topology . . . . 116

xiii

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



5.4 Case 1. Evolution of the flames at constant Gp, Rep, = 1500. Up: Instant

images of Direct Visualisation. Down: Abel OH* Chemiluminescence . . . 117
5.5 Case 1 Rep, = 1500: OH* Emissions along Y-axis at X=0 (black) and
X=-bmm (red) . . . . ... 119

5.6 Case 1 Rep, = 1500: Flame heights (y4, y;, yr ,yr defined in section 4.3.1) 120
5.7 Case 1l Rep, = 1500: Flame Width, Wo g+ mae. (black) and thickness dp g+ (red)

.......................................... 122
5.8 Case 2 Evolution of the flames at constant Gy, Rey, = 140. Up: Instant

images of Direct Visualisation. Down: Abel OH* Chemiluminescence . . . 123
5.9 Case 2 Rey, = 140: OH* Emissions along Y-axis at X=0 (black) and

X=-bmm (red) . . . . . ... 124
5.10 Case 2 Rep, = 140: Flame heights (ya,y;, yr yr) - - - -« o o« o o o o .. 126

5.11 Case 2 Repy, = 140 Flame Width, Wop+ mae(black) and thickness dop+(red) 126
5.12 Case 3. Constant ¢ varying oxygen momentum and fuel momentum: Up.
Images of Direct Visualisation. Down. Abel OH* Chemiluminescence . . . 128
5.13 Case 3 Constant ¢ varying oxygen momentum and fuel momentum: OH*
Emissions along Y-axis at X=0 (black) and X=-5mm (red) . . . . . . . .. 129
5.14 Case 3 Constant ¢, Rep,: a = 1500, b = 2500. Flame heights (vy;, y; ,yr), ¥4130
5.15 Case 3 Constant ¢, Rep,: a = 1500, b = 2500. Flame Width Wom+ 1maa

(black) and thickness dog«(red) . . . . . . . ... 130
6.1 Flames during LDA with constant Uj o, and varying ¢ . . . . . . ... .. 136
6.2 Profiles of velocity along X-axis for constant U o, at Y=0, non-reactive

and reactive flow . . . . ... L oo 137
6.3 Overall Turbulence Intensity along X-axisat Y=0 . . . . . .. .. ... .. 138
6.4 Components turbulence fluctuations, along X-axis at Y=0 . . .. ... .. 139
6.5 Velocity gradients at the crossed-plane Y=0 . . . . . ... ... ... ... 140
6.6 Profiles of the mean velocity along the centreline Y-axis for constant Uy o,

at X =0. . . . e 142
6.7 Decay of centreline mean velocity for constant Upp, at X =0 . . . . . .. 144

6.8 Evolution of the core potential length in function of the densities ratio, R, . 146

6.9 Evolution of the turbulent kinetic energy at the centreline, k = % (UQ + 72> 147
6.10 Evolution of density for Hy, Oy and H2O at different temperatures (Cengel,

1997) . o o 148
6.11 Evolution of the density for the mixture Hy — Oy as a function of the tem-

perature and for different values of the mass coefficient ny, = nMop, /Mg,

(n stoichiometric coefficient) . . . . . . .. ..o oo 148
6.12 Temperature influence in kinematic viscosity, v, of different species (Cengel,
1997). © oo 149
xXiv

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



6.13

6.14

6.15

6.16

6.17

6.18
6.19

6.20
6.21
6.22
6.23
6.24
6.25
6.26
6.27

6.28

6.29

6.30
6.31

6.32

6.33

6.34

6.35
6.36

Evolution of the kinematic viscosity, v of the mixture as a function of

the temperature and for different values of the mass coefficient n, =

nMo,/Mp, (n stoichiometric coefficient)(Sacadura, 1997) . . . . . . . .. 149
Profiles of the mean longitudinal velocity along X-axis for constant Uy o,
at crossed-planes, Y=10, 40, 95, 110 mm . . . . . . . . . . ... ... ... 150
Profiles of the mean longitudinal velocity along Y for constant Uj o, at
X=DIMM .. e 151
Analysis of the reaction zone influence on the flow development for constant
Uo, at X =0 . . . .. o o 153
Analysis of the reaction zone influence on the flow development for constant
Upo, at X=dmm . . . . . . .. ... 155
Visualisation of the seeded flow . . . . . ... ... ... ... ... ... . 156
Crossed section profiles of the longitudinal velocity at the secondary devel-
opment ZONE . . . . . . . . ... e 157
Crossed section profiles of turbulence relative intensities at the secondary
development zone . . . . . . . ... 158
Longitudinal evolution of the value of Xog5 . . . . . . . . . ... ... ... 159
Secondary flow development vs OH* emission intensities . . . . ... . .. 160
Flames during LDA with constant Uy g, and varying ¢, on the right a close
up of the image isshown . . . . . . . . . ... ... L. 162
Profiles of velocity along X-axis for constant Uy y, at Y=0, non-reactive
and reactive flow . . . ... 163
Overall turbulence intensity along X-axis at Y=0 . . . .. ... ... ... 163
Components turbulence fluctuations, along X-axis at Y=0 . . . .. .. .. 164
Velocity gradients at the crossed-plane Y=0 . . . . . ... ... ... ... 165
Profiles of the mean velocity along the centreline Y-axis for constant Uy g,
at X =0. . . . 167
Decay of centreline mean velocity for constant Uy g, at X =0 . . . . . .. 168

1 /— —
Evolution of the turbulent kinetic energy at the centreline, k = 5 (u’ ? + v’2> 169

Profiles of the mean longitudinal velocity along X-axis for constant Uy g,
at crossed-planes, Y=10, 40, 95, 110 mm . . . . . . . . .. ... ... ... 170
Profiles of the mean longitudinal velocity along Y for constant Uj p, at
X=DIMIM .o v oo 171
Analysis of the reaction zone influence on the flow development for constant
Uomy,at X =0 . . o000 172
Analysis of the reaction zone influence on the flow development for constant
Uo, i, at X=bmm. Profiles of the mean longitudinal velocity . . . ... .. 173
Longitudinal evolution of the value of X5 at the confinement . . . . . .. 174
Crossed section profiles of turbulence relative intensities at the secondary
development zone . . . . . . ... 174
XV

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



6.37
6.38
6.39
6.40

6.41

6.42
6.43
6.44
6.45

7.1

7.2
7.3
7.4
7.5
7.6
7.7

7.8
7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

7.19

7.20

Longitudinal evolution of the value of Xo5 . . . . . . . . . ... ... ... 175
Secondary flow development vs OH* emission intensities . . . . .. .. .. 176
Thermocouple used to temperature measurements . . . . . . . . . . .. .. 177
Temperature distribution in classic IDF, based on the results in Zhen et al.

(2013) . . e 178

Evolution of Lewis number in function of the temperature for different

mass mixture coefficient n, (Sacadura, 1997) . . . . .. .. ... 180
Temperature distribution at the centreline Uy, . . . . . . . . . ... . .. 182
Temperature distribution at the centreline with constant Upp, . . . . . . . 183
Temperature distribution with constant Up g, . . . . . . . . . .. ... .. 183
Temperature distribution with constant Upp, . . . . . .. .. . ... ... 184

Verneuil Burners Os/Hsy: a. Academical approach. Industrial approach: b.

Configuration 1. c¢. Configuration 2 . . . . . . . . ... .. ... ... ... 189
Industrial approach Configuration 2 . . . . . . . . . ... ... ... .... 190
Chemiluminescence setup . . . . . . . . . . ... L. 191
Evolution of flow rates for an insulation life cycle . . . . . ... .. .. .. 191
Experimental setup with the stagnation point . . . . . .. ... ... ... 192
Instant image OH* Chemiluminescence C'T cycle F; o =16 . . . . . . .. 193
Instant image OH* Chemiluminescence CTy (Iyop+ thresholds of 0.1 0.4

0.6 0.8) o v e 194
Typical impinging jet flow areas. (Poitras et al., 2017) . . . . ... .. .. 195
Structure of blue dual-structure triple-layer IDF. Printed from Dong et al.

(2007) . . . 196
Instant image OH* Chemiluminescence C'Ty5 (In on+ thresholds of 0.1 0.4

0.6 0.8) . . o . 198
Instant image OH* Chemiluminescence C'Ty; (In,on+ thresholds of 0.1 0.4

0.6 0.8) . . . . 199

OH”* intensities along Y-axis at the centreline for the crystal formation phases200

OH* intensities along Y-axis at the centreline for the crystal growth phases 201

Flame Heights . . . . . . . . . . . . 202
Thermal thickness dom+ . . . . . . . . . . 203
Total Thermal thickness Wor+ totar - - - - - - o - o o o o oo oo 204
OH* molar concentration at Z=0 for crystallisation No.15 Final Growth
Cycle. . . . o 207
OH* molar concentration at Z=0 for crystallisation No.15 Final Growth
Cycle. . . o o 208
OH* normal concentration at centreline for crystallisation No.15 Initial
Formation Cycle (Z=0) . . . .. .. ... ... .. ... . ... ..., 209
Inlet burner injection conditions of crystallisation No.15 for the initial for-
mation cycle - Reacting Flow . . . . .. ... ... ... .. ... ... 209
xVvi

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



7.21

7.22

7.23

7.24

7.25

7.26

7.27
7.28

8.1
8.2
8.3
8.4
8.5
8.6

8.7

8.8

8.9

8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17

8.18
8.19
8.20
8.21
8.22

Initial conditions for crystallisation No.15 Initial Formation Cycle (at Oy

nozzle exit Y=0) . . . . .. .. 210
Flow development from the Oy nozzle exit at centreline for crystallisation
NOIS (X=0) . o oo e 211
Influence of the stagnation point in the velocity vectors for crystallisation
No.15 Final Growth Cycle - Reacting Flow . . . . . .. .. ... ... ... 211
H; Molar Concentration for crystallisation No.15 Final growth Cycle - Re-
acting Flow . . . . . . . . . 212
Velocities at the stagnation for crystallisation No.15 - Reacting Flow Y=169
mm from the Oy Nozzle . . . . . . . . . . ... .. ... .. ... ..., 213
OH* Molar Concentration for crystallisation No.15 Final growth Cycle -
Reacting Flow . . . . . . . . .. . 214
Mass effective diffusivity for crystallisation No.15 - Reacting Flow . . . . . 214

Temperature Distribution of Crystallisation No.15 Final Growth Cycle (Z=0)216

New Geometry . . . . . . . . . 218
Flow rates evolution . . . . . . . . ... ... ... 219
Temperature evolution CT7 . . . . . . . . . . . . . . . .. .. ... ... 220
Temperature evolution CT11 . . . . . . . . . . . .. . . ... 221
Comparison between Temperatures C'T7g and C'Ty; Furnace 1 . . . . . . . 222
Temperature distribution along Y-axis, Furnace 1 CT No.10 (CG) and CT

No.ll (NG) . . .o 223
Ceramic thickness 0ee,r . . .« . . . . L 224
Diameter Evolution . . . . . . . .. ... oo 225
Anova Analysis Diameter . . . . . . . ... ... L 226
Ovalisation Index Evolution . . . . . . .. .. ... ... ... ... .... 227
ANOVA Analysis Ovalisation Index . . . . . . . . ... .. ... ... ... 228
Geometrical defects . . . . . ..o 229
Internal defects . . . . . . . . ... 230
Anova Analysis for internal defects, Bubbles . . . . . . ... .. ... ... 231
Anova Analysis for internal defects, Foils . . . . . . . ... ... ... ... 232
Molar Concentration of OH* [kmol/m3] . . . . . .. ... ... ... ... 233
OH* Molar Concentration at Z=0 of crystallisation No.15-Final Growth

Cycle (Z=0) . . . . . . 234
Flow developement at the centreline . . . . .. . ... ... ... ..... 234
Field Velocity at the contact point between the flow and the crystal . . . . 235
Field Velocity at the contact point between the flow and the crystal . . . . 236
Temperature Distribution . . . . .. .. .. .. ... ... 237
Temperatures at Y=171mm . . . . . . . . ... .. ... .. ... ... .. 237

xvii

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



A.1 Two-dimensional conduction. (a) Nodal network (b) Finite-difference ap-
proximation (Incropera et al., 2015) . . . . .. ... ...
A.2 Internal Node . . . . . . . . . ..
A.3 Boundary conditions . . . . ... ...
A.3 Boundary conditions . . . . ... ...
A.3 Boundary conditions . . . . .. ...

A.3 Boundary conditions . . . . .. ...

A.4 Ceramic Thickness (d..) Evolution for crystallisation cycles 1-9 in Furnace 1264

A.5 Thermal Thickness Evolution Furnace 1 for cycle crystallisations 1-6

B.1 Flow development in a pipe. (Departement, 1992) . . . . . . ... ... ..
B.2 (a) Typical laminar flow and turbulent flow velocity profiles, (b) n coeffi-
cient for power-law velocity profile (Departement, 1992) . . . . . . . .. ..
B.3 Schematic of the free turbulent jet and coordinate system (Abdel-Rahman,
2010) . . . L
B.4 Coaxial jet nozzle configuration and different identified near-field flow re-
gions and zones. Green and blue shaded areas represent the inner and the

outer mixing layers, respectively (Hout et al., 2021) . . . . .. ... .. ..

C.1 Industrial Furnace under laboratory conditions . . . . . . . . .. .. . ...
C.2 Flowrates . . . . . . . . .
C.3 Temperatures . . . . . . . . . . . e
C.4 Discretisation of the fluid domain . . . . . . . .. ... ... ...
C.5 Imitial Conditions . . . . . . . . . . . . ..
C.6 Velocity gradient j—)u( (/7 o
C.7 Flow development at the centreline . . . . . . ... ... ... ... ....
C.8 Axial velocity profiles for different crossed sections . . . . . .. ... ...
C.9 Evolution of the secondary flow . . . . . .. ... .. .. ... ... ...,
C.10 Self-similarity . . . . . . . . . ..
C.11 Initial Conditions . . . . . . . . . . . .. .
C.12 Velocity gradient j—;{ (1/s7Y o
C.13 Flow development at the centreline . . . . . .. ... .. ... ... ....
C.14 Evolution of the secondary flow . . . . . .. ... ... ... ... ... ..
C.15 Self-similarity . . . . . . . . . ..

xviii
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés

. 265



Abbreviations

Al,03 Aluminium oxide.

BC Boundary conditions.

CETHIL Center of Energy and Thermal of Lyon.
CFD Computational Fluid Dynamics.
CG Classic Geometry.

CL Chemiluminescence.

CT Crystallisation cycle.

df Degree of freedom.

DYV Direct Visualisation.

F; Crystal Final Formation Cycle.

F; Crystal Initial Formation Cycle.

FS Full Scale.

FWHM Full Width at Half Maximum.
G Crystal Final Growth Cycle.

G; Crystal Initial Growth Cycle.

IDF Inverse Diffusion Flames.

LOS Light-of-Sight.

MIDF Multi-jet Inverse Diffusion Flames.
MS Mean Squared.

MSE Mean Squared Error.

MSF Factorial Mean Squared.

NDF Normal Diffusion Flames.

NG New Geometry.

NR Non-Reactive.

R Reactive.

RAInBOV Research, Analysis and Innovation for Verneuil Growth Burners.
RSA RSA Le Rubis SA.

SS Sum of Squares.

SSE Error sum of Squares.

SSF Factorial sum of Squares.

SST Total sum of Squares.
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Nomenclature

Alphanumeric
A Einstein Constant [m™1].
C Covariance.
C, specific heat capacity [J/kg-]].
D Outlet Diameter [mm).
Oboule Diameter of the crystal boule [mm].
D, Inner jet diameter [mm].
D, Outer jet diameter [mm].
G Momentum [kg - m/s].
Inon- Normalised intensity of OH* emission.
1 Local intensity of OH* emission.
Liurp Overall Turbulence Intensity [%)].
k Thermal conductivity [W/m - K].
Loule Length of the crystal boule [mm].
ly Flame length [cm)].
Oin Ovalisation index [%)].
he Planck constant [ m? kg/s].
P Probability an event to occur [%)].
Qa Air flow rate [Nm?/min).
Re Reynolds number.
Riberm Thermal resistance [°C'/W].
R, Universal gas constant [J/mol - K].
teycle Time passed during a crystallisation cycle after the flame lighting [h].
T Temperature [°C].
T Mean experimental temperature of the flame.
Ton- Calculated temperature based on OH* emission intensities.
U Mean axial velocity [m/s].
U Centreline injection velocity [m/s.
v Turbulence fluctuation of the mean transversal velocity.
Uc Axial centreline velocity [m/s].
Uco Centreline value of U at the nozzle exit [m/s].
Ui Inlet velocity of the inner jet [m/s].
U, Inlet velocity of the outer jet [m/s.
Upms Turbulence intensity of the axial velocity [m/s].
' Turbulence fluctuation of the mean axial velocity.
U Inlet Velocity [m/s].
v Kinematic viscosity [m?/s].
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Wor+ mar Total flame thickness (80% OH* maximum emission intensity) [mm].

Yd Diffusion flame height [mm].

Yy Flame height [m)].

Y; Position of flame closure in Y-axis [mm].
YT Total flame height [mm)].

Greek letters

A Area [m?].

don- Flame thickness [mm].

J Thickness [mm)].

€ Emissivity.

1 Dynamic viscosity [Pa-s].

L group mean.

) Equivalence ratio.

p Density [kg/m?].

R, Density ratio.

o Stefan-Boltzmann constant [kg s™ K™4].

O Standard deviation.

v Normalised flow rate.

Vay Mean flow rate [m?/s].

v Flow rate [m3/s].
Subscripts

ad adiabatic.

cer ceramic insulation.

conv convection.

f fuel.

Hy Hydrogen.

max maximum.

O, Oxygen.

O Oxidiser.

rad radiation.

rms root mean squared.

stoic stoichiometry.

therm thermal.

xxi
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Introduction

Introduction

Combustion has been the cornerstone of industrial development for nearly two centuries.
The burning of fossil fuels provides heat for many industrial processes and accounts for
over 80% of the power used by turbines to generate electricity (U.S. Energy Departement,
1999). Over the years a lot of progress has been made in understanding the fundamental
science of combustion. Nevertheless, regulatory and competitive forces are driving the
need for combustion equipment with better performance, lower environmental impact, and
greater flexibility, all at reasonable cost (U.S. Energy Departement, 1999). In December
2015 in Paris, 195 countries signed an agreement to limit global warming to well below
2, preferably to 1.5 degrees Celsius, compared to pre-industrial levels. In November 2021
the UN Climate Change Conference (COP26) convened in Glasgow. Countries reaffirmed
this objective and also concluded that the Paris Agreement temperature goal is now small

and rapidly depleted.

Achieving these objectives generates new energy transition challenges because the existing
energy system is primarily non-renewable with carbon-based energy sources. Therefore,
it is required to install and integrate a new renewable energy system while securing the
supply and resilience of the actual demand (Council, 2017). Hydrogen, considered by
many the clean alternative fuel (Ogden, 1999; Barreto et al., 2003; Barbir, 2009), seems
to be one of the answers, despite the associated security issues. The development of this
technology allow countries to meet their climate goals, boost green growth and create

sustainable jobs.

Actually, hydrogen is very versatile and offers several production, distribution, and use
options, which explains its widespread use in different technologies for a long time. Its
unique properties such as high energy density, high lammability range, low density, high
diffusivity, high adiabatic temperature and high laminar burning velocity, make it to be
considered as a near-perfect energy carrier. Besides, hydrogen can be produced from vari-
ous widely available feed-stocks like natural gas, coal, biomass, wastes, nuclear resources,
wind, and solar resources (Barbir, 2009; Nowotny et al., 2005; Zhang et al., 2010).

Hydrogen has a central role in helping the world reach net-zero emissions by 2050 and limit
global warming. Therefore, the Hydrogen Council CEO coalition in Brussels is asking the
world leaders — public and private — to show concerted effort to materialise announced
hydrogen plans around the globe to get the world on track with climate targets. They
demand to synchronise the development of the hydrogen economy with electrification, to

enable deep decarbonisation worldwide cost-effectively and efficiently. Complementing
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Introduction

other decarbonisation technologies like renewable power, biofuels, or energy efficiency
improvements, clean hydrogen (both renewable and low carbon) offers the only long-
term, scalable, and cost-effective option for deep decarbonisation in sectors such as steel,
maritime, aviation, and ammonia. Furthermore, hydrogen can prevent 80 gigatons (GT)
of cumulative CO, emissions, contributing to 20% of the total reduction needed in 2050
(diminishing potentially 7 GT per year). To this effect, six hundred sixty million metric
tons (MT) of renewable and low-carbon hydrogen is required in 2050, equivalent to 22 %
of the world’s final energy demand (Council, 2021).

Regarding the combustion context, different practical systems use diffusion flames widely
due to their safety and wide operating range compared to premixed combustion (Mahesh
and Mishra, 2010). Diffusion flames can be classified as Normal Diffusion Flames (NDF),
and Inverse Diffusion Flames (IDF). IDF configuration appears to accommodate the cur-
rent environmental demands. Nevertheless, the available information in IDF mainly con-
cerns hydrocarbons and air. Some researchers have lately focused on adding H, in classical
hydrocarbons applications (Miao et al., 2016, 2013; Zhen et al., 2011). They found that
the addition of Hs in the fuel side can effectively widen the range of flame stability and
increase the heat flux, while limiting the pollutant emissions. Another mechanism to
improve the combustion is the enhancement of O, on the oxidiser side without changing
the overall equivalence ratio (Miao et al., 2016). The research in Hy /O, inverse diffusion
flames has focused on propulsion rocket applications (Benduneau, 2001; Raghib Shakeel
et al., 2017; Kim et al., 2018, 2019), which are supercritical conditions. Nonetheless, the
IDF Hy/Os burners are of great interest, particularly for several industrial applications
such as synthetic crystal production and metal and chemical processes. It is necessary
to control the flame shape, structure characteristics and temperature distribution. These
features are related to the aerodynamics and chemistry correlations during combustion
(Wu and Essenhigh, 1984; Sze et al., 2004, 2006; Bindar and Irawan, 2012). Within this
framework, this thesis’s main objective is to comprehend the aerothermochemical mech-
anisms present in a downward vertical burner that generates an Hy /O inverse diffusion
flame located in a confined enclosure (furnace) and loaded with alumina particles. Those
will be deposited on a crystalline seed constituting a stagnation point at the furnace. This
specific configuration constitutes an industrial application in the watch market industry,
called Verneuil Method. Concretely, this study analyses the stabilisation, structure and
development of the flames produced by this particular configuration under different injec-

tion conditions.

Following, this chapter presents the Verneuil Method, that created the study interest of
this work. This section allows understanding the process to fabricate artificial sapphire
crystals. Secondly, the problem that confronts this method is described. Finally, the

outline of the thesis is exposed.

2
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Introduction

Context of this study

Verneuil Method

This thesis is part of the actions carried out at the collaborative laboratory Research,
Analysis and Innovation for Verneuil Growth Burners (RAInBOV) that associates the
Center of Energy and Thermal of Lyon (CETHIL) and the company RSA Le Rubis SA
(RSA). The company specialises in the manufacture of sapphire crystals, mainly used in
the field of watchmaking and glass. In order to produce sapphire crystals, it is necessary to
fuse the raw material (alumina powder) and crystallise the material. To this effect, various
crystal growth processes are utilised, including the Verneuil method, which has a flame
as a source of heat energy. Over the past five years, global competition from sapphire
producers has intensified considerably. The growth technologies dedicated to the design of
sapphire substrates for micro and optoelectronics have been directed towards the markets
historically held by the Verneuil process, forcing RSA to reflect on an evolution of this
technology that would preserve its competitiveness. In this regard, RSA has chosen to
improve several areas of development: improvement and understanding of the mechanical
resistance of sapphire, reduction of gaseous inclusions in the material, diversification and
optimisation of growth methods. The collaboration between CETHIL and RSA aims to
optimise the method Verneuil regarding production costs and crystal quality. This entails

the need to acquire a detailed understanding of the crystal growth environment.

The Verneuil method, also called flame fusion, is a technique of crystal growth whose main
objective is the production of synthetic sapphire crystals using as starting material the
powder of alumina (AlyO3). A Verneuil furnace is composed of three vertically oriented
parts: the seeder, the burner and the confinement (Figure 1). This method requires
achieving the fusion temperature of the alumina, that is 2050°C. Therefore, an inverse
diffusion flame is used as energy source. The flame reactants are hydrogen and oxygen
due to their high combustion temperatures. One of the characteristics of this technique

is its inverted configuration because of the following reasons:

1. To avoid diffusion of the hydrogen in the alumina.

2. To recuperate the microbeads or sapphire crystal produce.

In a Verneuil furnace, the upper part is called the seeder, which is a closed box. The
oxygen and the alumina powder are injected at this section, and a sieve contains the
alumina. A hammer located above the seeder strikes it and enables the alumina to go
down through the sieve and mix with oxygen gas flow. The seeding frequency is set
depending on the amount of alumina required by the crystallisation process. The seeded

gas goes down into the burner, consisting of two coaxial tubes. The Oy seeded with
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alumina particles arrive in the narrow central tube and goes out at the O nozzle. The
hydrogen injection is performed independently into the outer tube at the burner level.
The hydrogen nozzle is a perforated annular ring. The contact between the hydrogen and
the oxygen occurs at the oxygen nozzle, which is surrounded by a ceramic tube, called
burner nozzle. At this point, the inversion diffusion flame is formed and it is surrounded

by an insulation confinement composed of different layers.

O

Sieve
ALO,
Seeder — Powder
Nozzle H,
- Nozzle O,
Nozzle
Burner— Burner

\l

Insulation —

Figure 1: Schematic view of a Verneuil furnace

The particles of alumina pass through the flame and melt into small droplets when they
reach alumina’s fusion temperature. The droplets are deposited on a crystalline seed
that functions as a seed on a vertically turning and descending surface. At this moment
they form a shallow pool of melt. As more droplets fall down the seed is slowly moved
downward, allowing the lower part of the liquid to crystallise and grow. As a result, a
synthetic columnar sapphire crystal, called “boule” (French word), is formed. This growth
process lasts about 3-4 hours, depending on the desired crystal length. Once it is achieved,
the powder injection is stopped. Then, the boule is left inside the confinement until the
system is cooled (Bhat, 2014).

4
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The following section explains the industrial problematic when using this technique to
fabricate sapphire crystals and the objectives of this study.

Industrial and scientific challenges

In the context of watchmaking applications, improving the quality of crystals obtained
by the Verneuil method is necessary to ensure the sustainability of this process at RSA.
The experience acquired with RAInBOV laboratory has shown that this is an ambitious
work, both from a technological and scientific point of view. In order to conserve RSA
competitive advantage through the Verneuil method, it is essential to find solutions al-
lowing to drastically reduce the number of defects in the crystals, thus increasing the
method efficiency. In particular, the problems encountered in the material are isolated
defects of gaseous inclusions type but above all micro-inclusions grouping together in grain
sub-boundaries present in the crystal structure. Previous studies showed that these struc-
tural anomalies are generated during growth, under the effect of the strong temperature
gradients to which the crystals are submitted. The reduction of these temperature gradi-
ents and their compatibility with the growing conditions are, therefore, the key points to

reduce the occurrence of defects in sapphire.

The scientific barriers to be removed in this area are essential because the complex process
of crystal growth is intimately coupled to the flame aerothermochemistry, to the boundary
conditions imposed by the confinement of the burners and the crystal itself. The particu-
lar burner configuration (directed downwards, oxycombustion and fuel-oxidant inversion)
raises many questions regarding the nature of the flames produced by this device (e.g

flame stabilisation mechanism, flame structure and development).

As part of the dynamics of the actions undertaken within the framework of the RAInBOV
laboratory, the current study aims to optimise the industrial burner based on fine and
detailed analyses of the parameters that control the final crystallisation process and an
assessment of their relative importance. Industrial burners and non-premixed flames have
been the subject of many studies. However, the particularities described above make them
an unprecedented configuration which, to our knowledge, has never been the subject of
a detailed study. Beyond the purely reactive aspects, this configuration is particularly

complex from a thermal point of view due to:
o very high temperatures of the oxygen-hydrogen flame,

e thermal confinement around the reactive zone,

 the presence of a growing crystal in this area (strong radiation).

The academic configuration closest to this industrial burner is a “jet flame”. This type of

bt
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flame has already been the subject of a large number of publications which have shown
the importance of aerodynamic mechanisms, in particular the flame stabilisation (Barr,
1953; Vranos et al., 1968; Leung and Wierzba, 2009). More recent studies have clarified
the role of heat transfer between the flame and the burner on this issue (Lamige et al.,
2013, 2014, 2015). However, the specificities of the configuration used by RSA imply
the consideration of other mechanisms whose influence cannot be neglected. Thus, it is
relevant to emphasise the importance of buoyancy effects related to the orientation of
the burner and the use of hydrogen whose characteristics (diffusivity, flammability, Lewis
number lower than 1, etc.) lead to particularly complex situations. At the same time, the
influence of thermal effects is reinforced by the confinement, the presence of the growing

crystal and the very high temperature levels associated with oxycombustion.

In this specific configuration where the aerothermochemical couplings are particularly
complex, the preliminary studies have underlined the need to analyse the temperature

field and the associated thermal gradients in detail.

In addition, knowledge of the importance and role of the different types of heat transfer
(convection, conduction and radiation) between the flame, the burner, the containment
furnace, and the crystal is essential to understand the inherent interactions to the process.

In this context, this research meets mainly two objectives:

o The first objective is to understand the overall thermal behaviour of the device
and to specify the role of heat transfers between the different elements constitut-
ing the growth environment (burner, flame, refractory confinement, crystal). An
originality of the project will be the consideration of the retroactive effect of the
stagnation point that constitutes the sapphire downstream of the device. This nat-
urally generates strong aerodynamic constraints that influence the flame structure
and development. In concrete, the first objective is to understand the overall
thermal operation of the Verneuil Furnace and to identify the parame-
ters that can modify the thermal behaviour of the growth environment,

more specifically the temperature level and the thermal gradients.

e The second objective concerns understanding the influence of the thermal field
in the crystal growth environment. More precisely, to specify the role of tem-
perature levels and gradients on crystal growth by taking as validation

criteria the quality of the crystal.
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Outline

This document is organised in three parts regarding the objectives of the study:

o Part I aims to understand the influence of the thermal field in the area of crys-
tal growth. For this purpose, the growth conditions were analysed under real
production conditions for a specific crystal geometry. Its internal and external
quality was characterised through crystal optics properties. The parameters
that control the final process of sapphire crystallisation were identified, and

their relative importance was assessed.

o Part II looks for the understanding of the thermal behaviour of the overall
system, specifically the role of heat transfer and the stabilisation mechanisms
and development of the flame. This part contains the study at laboratory-
controlled conditions due to the industrial environment’s complexity. Thus,
this chapter describes the aerothermodynamics behaviour of Hy/Os inverse
diffusion flames in a transparent confinement under different conditions of

injection flow rates.

o Part IIT analyses the effects of the stagnation point (crystal in growing) in
a laboratory environment and uses a computational fluid dynamics (CFD)
software to understand its influence on the crystal growth environment. This
part reports recommendations for improving the process and the preliminary
tests of these solutions carried out at real production conditions. Furthermore,

the influences of these changes on the crystal growth environment are analysed
by CFD.

At the end of the document, the conclusions of the study are exposed and the
perspectives to solve the questions arise during the development of the current

research.

7
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Part 1

Analysis of crystalline growth
environment and influence on crystal

quality

The following part presents a sapphire production study carried out
in actual industrial conditions. The principal objective is to compre-
hend the thermal conditions of the crystalline growth environment

and their effects on crystal quality. For this purpose, two chapters

P
/
: v
’ are exposed. At first, chapter 1 presents the evolution of parameters
that determine the crystalline growth environment. Subsequently,

chapter 2 describes a statistical study performed to understand the correlations

between all these parameters.
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Chapter 1 Crystal growth environment in indus-

trial context

One artificial sapphire crystal is fabricated during one crystallisation cycle and is called
“Verneuwil boule”, for its name in french, that means Verneuil ball (see figure 1.1). The grow-
ing crystal is confined inside a ceramic insulation with a life cycle of around twenty-nine
crystallisations. During one crystallisation, some crystallised alumina powder deposits
on the internal ceramic insulation surface, its accumulation affects the geometry of the
crystal and could lead to undesirable shape of the “Verneuil boule”. In order to avoid
this kind of problem, at the end of each crystallisation, the production operators remove
the crystallised alumina from the ceramic insulation internal surface. This procedure
causes a degradation of the ceramic, that loses a considerable material thickness in each

crystallisation changing at the same time the insulation conditions.

A A e
=
= H
’qg _% 5 ! ®E boule,max
I = : :
— o .
Z1 > . %
o . .
= g .. boule,min
— :
v
A 4

Figure 1.1: Verneuil Boule, typical dimensions: Boule Diameter (@poue) = [32 mm 35mm]
[max min] and boule length (Lpoyuie) = [150 180mm]| [total cylinder]

The present study has analysed three complete life cycles of the insulation, based on
different parameters. They were classified as thermal and flame combustion parameters
and crystal quality parameters which in turn are divided into different parameters shown
in figure 1.2. Ensuing the experimental bench is described, and the evolution of these
parameters during an insulation life cycle. The different aspects that have an important

role in RSA production are described in table 1.1.
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Injection flow Insulation Geometrical
rates conditions features

Crystal defects

Figure 1.2: Parameters analysed during one crystallisation cycle

Aspects

Number of Verneuil Furnace per 45
production line

Number the crystallisation cycles per 99
ceramic insulation life cycle

Time of one crystallisation [hours] 16

Table 1.1: RSA Production Aspects
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1.1. EXPERIMENTAL TEST BENCH

1.1 Experimental test bench

1.1.1 Experimental setup

In industrial conditions, the production area is composed of production lines, each con-
taining forty-five Verneuil furnaces (see figure 1.3). One furnace is composed of the parts
explained in Verneuil Method and produces one synthetic crystal per crystallisation.
This process lasts between sixteen and nineteen hours in total, with a cooling period of

three hours. In total, a “Verneuil boule” is fabricated in approximately twenty-four hours.

i Furaci =

)

BR3 A AR

Figure 1.3: Verneuil production line

Different burner configurations are used to fabricate white synthetic sapphire crystal.
These configurations are usually dependent of the production requirements which are re-
lated to production times and crystal geometrical characteristics demanded by the clients.
The upper part of the Verneuil furnace always reminds the same; the burner, however, can
change. The study focuses on the classic configuration shown in figure 1.4. This burner
has nine annular peripheral jets of hydrogen equally spaced around a circumference of five
times one hydrogen outlet diameter (Dy, ), and one central jet of oxygen (with a diameter

of 1.4 Dy,). The distance between the outlet nozzles is also five times Dy, .
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1.1. EXPERIMENTAL TEST BENCH

0, + ALO,

Burner Nozzle

-

(a) Crossed section of a classic Verneuil burner

9xDys ,
equally spaced on 5Dy

Jets O,

Top View Nozzle Jets H,

(b) Top View

Figure 1.4: Geometry of a classic Verneuil burner

The industrial part of this study chose to focus on two Verneuil furnaces of one production
line. They were located at one extreme, that is called “Furnace 1”7 and in the middle of
the line,"“ Furnace 27 (see figure 1.3). An important part of the study is linked to the
insulation confinement, that degrades in each crystallisation cycle due to the material
removing process on the ceramic internal surface. Figure 1.5 represents the different
layers: an external stainless steel layer, followed by a silica (S705) insulation fibre, a

polycrystalline alumina fibre and a ceramic confinement.
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1.1. EXPERIMENTAL TEST BENCH

Figure 1.5: Insulation Confinement Configuration: (1) Ceramic confinement, (2) Poly-
crystalline Alumina Fibre, (3) Silica insulation fibre (4) Stainless steel layer.
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

1.2 Evolution of thermal and flame combustion pa-

rameters

The crystallisation process has many parameters, within which some are controlled, and
others are dependent parameters. Among those controlled are H, and O, flow rates, which
define the combustion conditions. This section focuses on them and the heat transfer
environment, which is analysed through the ceramic insulation evolution and the ceramic

insulation temperatures.

1.2.1 Evolution of H, and O, flow rates

Owing the empirical knowledge

acquired by RSA after the eighty “Final

years of activity in crystal fabri-

cation, conditions and procedures

have been established to obtain >_ Growth
the desired crystal features. The

aimed geometrical characteristics

with the best geometrical and Initial
internal quality are settled un- - = YFinal _
der particular conditions for each }_ Formation

” nitial
crystallisation.

Figure 1.6: Cycle of a crystallisation
The controlled parameters as Hs

and O, flow rates are selected ac-
cording to the desired crystal diameter. The flow rates used during the study were nor-

malized with respect to Z-Score method:

— Vi = Vg

U= Yo (1.1)
Where 7 is the normalised flow rate, v; is the flow rate, 7, is the mean flow rate (calculated
from all the values) and oy, the standard deviation. Z-scores measure the distance of a
data point from the mean in terms of the standard deviation. The standardised data set
has mean 0 and standard deviation 1, and retains the shape properties of the original

data set.

A crystallisation cycle comprehends two main phase: the formation of the crystal and

the growth of the crystal (see figure 1.6). The crystallisation cycle begins with the flame
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

ignition in the confinement, which contains an initial germ that starts to grow into the
desired sapphire boule. In figure 1.7, a classic evolution of the flow rates are shown for

an insulation life cycle.

The initial phase is called crystal initial formation, F;, and all the crystallisation cycles
have the same flow rates for this phase. In order to achieve the boule cylindrical shape,
the flow rates are the lowest of the crystallisation cycle during this phase, as can be
observed in figure 1.8. Furthermore, it is important to mention that these flow rates are
also adjusted to avoid the spilling of the liquid sapphire, if the power is too high. In other
words, the flow rates are controlled to maintain in liquid state a small surface of the germ

to form the cylindrical shape without spilling the liquid sapphire.

The second curve in figure 1.7 is the final formation phase, Ff, which corresponds to
the flow rates at the end of the formation phase. This moment is very important and
defines the crystal diameter. The growth phase follows with higher flow rates to finish the
cylindrical ball. The small liquid surface is always maintained until reaching the desired

boule length.

Regarding the evolution of the flow rates between each crystallisation cycle, it can be
observed that the first six cycles comprehend an adjusting stage. At this point, the
insulation is new and therefore their efficiency is higher. The objective diameters of the
crystal for these crystallisations are small, around 32 mm, with the purpose to have enough
space between the insulation and the crystal to form a cylindrical shape. As mentioned,

these dimensions have been defined after years of experience, and they are examined in

section 1.3.
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Figure 1.7: Evolution of Normalised flow rates during the first cycle studied. F: Crystal
Formation, G: Crystal Growth, i: initial, f: final

On the other hand, a parameter to calculate the dispersion between the flow rates between
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

the crystallisations is defined as:

Vi — Vi1

% Dispersion = — (1.2)
Vi—1
v: Flow rates (Hy or Os) [m3/s]
i: Number of the crystallisation (2-29)
3 T T —— T T T T T ——T T T — 3 i
4 2 - . [ ] 02
= 1 _. ' 5 .
Pl ' 1ot . eg
-% o-o8 nu.g w((:"\ o < - -._ ﬂ‘:l.:n [ -4 2 ;O_
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Figure 1.8: Dispersion of flow rates during a insulation life cycle. F: Crystal Formation,
G: Crystal Growth, i: initial, f: final

Figure 1.8 highlights the adjusting period between crystallisations No.1 and No.6, where
the main changes of flow rates are performed. This period also corresponds to the begin-
ning of the ceramic insulation life cycle. Furthermore, the flow rates are drastically lower
at crystallisation No.6. Operators often perform this action when the crystal diameter is
too large for confined conditions and has many defects. Between crystallisations No.6 and
No.10 small changes are effectuated. Posteriorly, they remain the same until the end of
the insulation cycle. These settings are adjusted throughout the life cycle of the ceramic

insulation, and their impact in the other parameters is analysed in chapter 2.

7

From these results, it can be concluded that the crystallisation process im-
plies an adaptation of the two reactive flow rates whether to initiate the
Q formation of the crystal (from the formation phase until the growth phase)
or to adjust the boule diameter. For the two cases, these modifications influ-

ences the combustion and the thermal conditions of the crystal growth environment.

1.2.2 Insulation conditions

This section is divided into two parts: the first one is about the temperature evolution on

the external surface of the ceramic insulation and in the second part the evolution of the
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

ceramic insulation geometry is evaluated.

1.2.2.1 Temperature evolution on the ceramic insulation

Temperature were measured on the external surface of the ceramic insulation as show
in figure 1.9 using thermocouples type R. Thermocouples type R have a composition of

Platinum Rhodium-13% and Platinum. Their temperature range is:

o Thermocouple grade wire, -58 to 2700°F (-50 to 1480°C)

» Extension wire, 32 to 392°F (0 to 200°C)
and accuracy:

e Standard: +1.5°C or +.25%

o Special Limits of Error: £0.6°C or 0.1%

The Y-positions were chosen regarding the furnace configuration. As mentioned, in order
to produce a crystal with Verneuil method, a small area of the germ must achieve the
fusion. Owing RSA experience, Y=130mm has shown to be the adequate height to locate
the crystal at the crystallisation cycle beginning, making this zone the hottest in the
furnace. Although this position would be the most accurate to measure temperature, it is
impossible to set a thermocouple at this height due to technical conditions on the furnace
front face. A window is located here to have visual access to correctly situate the germ.
Therefore, Y=160mm was a more technical suitable height to place the thermocouple.

The other thermocouples were distributed according to this Y-Position reference.
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Figure 1.9: Thermocouples set up dimensions in [mm]|

As mentioned, the first crystallisation cycles of the insulation “life” correspond to an

adjusting period where the flow rates and the objective boule dimensions change. Figure
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

1.10 shows the evolution in time of the temperature for four of these crystallisation cycles
(CT): crystallisation cycles No.1, 2, 4 and 6. It can be observed that the external ceramic
surface achieves more than 800 °C after two hours of operation for Furnace 1 and more
than 1000 °C for Furnace 2. The latter is surrounded by two other furnaces, which causes

an increase in temperature of 160 °C.

Fun:uan::e1 l“l.lrl:lace2
——CT, CT,||----CT,; CT,
——CT, CT,||----CT, CT,
-—--9h --—-9h
T
|
T 1200 ‘fmem—mmedammmmmnay b oiemes e .
2~ 1050 ¢

Temperature

T, Y280 mm T, Y=160 mm
L A L A L

X

0 2 4 6 8 10 12 14 16 18 20 22 240 2 4 6 8 10 12 14 16 18 20 22 24
Time [h] Time [h]

Figure 1.10: Temperature evolution for crystallisation cycles (CT): 1, 2, 4, 6

Figure 1.11 shows the temperatures at nine hours after flame ignition are highlighted
(teyete)- This time corresponds to half of the crystallisation cycle and represents the high-
est temperature of the crystallisation cycle. The Y-position of the crystal upper surface
(Y=130 mm) is indicated with discontinuous lines. The results indicate that the temper-
ature distribution in Furnace 2 is more homogeneous, as observed, the difference between
temperatures 11, To and T3 is less considerable than in Furnace 1, specially for crystalli-

sation cycles No.1 and No.2.
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS
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Figure 1.11: Temperatures for crystallisation cycles (CT): 1, 2, 4, 6 at tyqe = 9h

From these two figures, it can be seen that the highest temperatures are found at the
front of the furnace (75). An explanation for this is that thermocouple No.5 is located
closer to the crystal growth environment because the thickness of the ceramic is lower in
the front side. Besides, some flame flows out through the window. Regarding the left side,

the highest temperatures are found at the crystal location, Y=160mm, as expected.
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Figure 1.12: Temperature evolution at the beginning of each cycle during a crystallisation
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

In addition, the temperature evolution throughout the entire insulation cycle for the
four crystallisation phases are presented in figure 1.12. As observed, the increase in the

temperature with the crystal presence is ~ 150°C at all positions.

The most significant changes in temperatures are found between crystallisation No.1 and
No.7. An increment is observed between 30 and 45°C at Y =160mm from one crystallisa-
tion to another. At Y=230mm (73) temperature increased ~ 70°C between crystallisation
No.2 and No.4 for Furnace 1, this increase was not seen in Furnace 2. At the other po-
sitions and crystallisations after cycle No.7, the increase is lower than 20 °C for both

furnaces.

~

This subsection exposes the changes on the thermal and flame combustion

conditions for the different crystallisation phases and crystallisation cycles.
O It is important to point out that the temperature depends not only on injec-

tion flow rates but also on different geometrical parameters of the ceramic
confinement and the crystal itself. These parameters, their interactions and their
influence on the temperatures are analysed in later sections (see sections 1.2.2.2
and 2.2).

1.2.2.2 Ceramic insulation evolution

This subsection is divided into two parts: the first part is about the evolution of the
ceramic insulation geometry, in the second part the evolution of the thermal thickness of

the crystal growth environment is analysed.
Ceramic insulation thickness evolution

In figure 1.13 the ceramic insulation thickness, ..., represents the ceramic insulation
available and the thermal thickness, ;e is the free space between the crystal and the
internal ceramic surface. The crystal is always located at Y=130 mm from the top of the

confinement.

The ceramic thickness is a parameter that defines the ;e and impacts the ceramic
external surface temperature, hence the overall heat transfer. The adequate distribution of
the temperature in the ceramic insulation contributes to improve the quality of the crystal.
Therefore, the conduction heat transfer mechanism is analysed under three different o,
to determine the influence of this parameter on the temperature distribution of the crystal

growth environment.

The general form of the heat flux vector according to Fourier’s law in cylindrical coordi-
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

nates is: oT oT o7
"= —kVT = — j — 1.
q |AY k < +J81/1 + k ) (1.3)
where
" _ka_T " _k or // _ a_T
e T 0 0z
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Figure 1.13: Front profile of the insulation ceramic in crystallisation (CT) No.2

Applying an energy balance to the differential control volume of figure 1.14, the following

general form of the heat equation is obtained:

-
-
e

Figure 1.14: Differential control volume, dr-r diy-dz, for conduction analysis in cylindrical
coordinates (r,1, z) (Incropera et al., 2015)

1 8 oT 10 oT 8 oT ) oT
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

where k is the thermal conductivity of the ceramic insulation [W/m - K]

¢ is the rate at which energy is generated per unit volume of the medium [W /m?]. This
depends on the convection and radiative heat transfer coefficients which likewise depend
on combustion conditions and crystal growth environment.

p is the density [kg/m?]

C, is the specific heat capacity [J/kg.K]

The general conduction heat transfer equation in cylindrical coordinates for our study is
according to figure 1.15 and can be express as:

10 orT 10 or 0 T

Section A
BZ—le 8cer

S

W Frpnt
e T;

Figure 1.15: Ceramic Thickness,d.e,

Considering the furnace as axisymmetric along Y-axis the equation 1.5 is:
10 aT 0 oT ar
—— | kr— — | k—=— ] = pCp— 1.6
rar(r8r>+8y<8y)+q P g (1.6)

Considering that after three hours of operation the changes in the temperatures are almost
negligent, the heat transfer can be consider as constant, and the thermal conductivity of
the insulation material as constant. The equation for the conduction heat transfer along
r and y is:

10 oT 0 oT
- bl _ - = 1.
ror <kr(97’>+8y (kay)+q 0 (1.7)
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

ri <1 <re; 0 <Y < Leer

where

r; 1s the internal radius of the ceramic insulation
ro is the external radius of the ceramic insulation

L., is the total length of the ceramic insulation

Simplifying: . -
1
+-—+5+

q _
or2  ror 0y k =0 (1.8)

Resolving with Finite-Difference equations, explained in appendix A.1, the temperature
distribution and the thermal gradients with different .., are depicted in figure 1.16:
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Figure 1.16: Temperature distribution and thermal gradient

Although, equation 1.8 is an approximation to describe the real thermal conditions of the
crystal growth environment, it is helpful to asses the influence of the ceramic insulation
geometry. It can be observed that at lower d.., the temperature gradient decreases between
the external an internal surface of the ceramic insulation. These results indicate that a
modification on the ceramic insulation geometry affects the thermal conditions in the
crystal growth environment. Therefore, the d.., evolution during an insulation life cycle
at the thermocouple positions are analysed in figure 1.17 for both furnaces. The most
important changes were found between the first seven crystallisation cycles (to observe the
complete profile of the ceramic see appendix A.2 figure A.4). These findings show that

during this period the thermal conditions of the crystal environment are changing. In
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

addition, farther in the insulation life cycle for crystallisation No.21 the ceramic thickness
diminishes which also impacts the thermal conditions. The effect of the ceramic insulation

geometrical characteristics on the crystal quality is analysed in section 2.4.
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Figure 1.17: Ceramic Thickness Evolution, d..,

Figure 1.18 illustrates the complete profiles of for crystallisation cycles No.1, No.7, No.15
and No.29. Furnace 1 insulation shows more substantial damage over the ceramic insu-
lation life time, specially for the first crystallisations. The study shows that the ceramic
thickness does not change significantly between CT No.7 and No.15, for almost all the
sides except for the right side. This event is probably related to an inadequate position-
ing of the ceramic insulation. Moreover, the most significant degradation are observed
between the Y-positions Y=70mm and Y=180mm. The encounter point between the crys-

tal boule and the flame is located within this zone. The flame flow deviates some of the
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

crystalline alumina towards the ceramic internal surface, causing a major accumulation
of the material in this area which obliges the operators to remove part of the ceramic
insulation. The back and the front reported the thinnest ceramic thickness, due to the
initial geometric of the ceramic. The most remarkable degradation is observed for the
front side where the ceramic window is located. It is important to point out that the
flame seeded with crystallised alumina touches directly this zone, hence there is a higher

quantity of crystallised material accumulated during a crystallisation cycle.

The impact of the ceramic thickness on the temperatures is analysed in section 2.2 and

their interaction with the other quality parameters are analysed in chapter 2.
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

Thermal thickness evolution

The thermal thickness, diperm, is @ crucial parameter that indicates the area of heat trans-
fer in the crystal growth environment (convection and radiation). This region is defined
as the distance between the external surface of the crystal and the internal surface of
the ceramic (see figure 1.13). This distance also corresponds to the flow flame develop-
ment zone and defines the gradient temperature between the crystal and the insulation.
However, defining the heat transfer equation is a challenging process due to the com-
plex configuration of the furnace. e is a parameter that influence the environment,
hence the temperature gradient. Due to the fact, that this parameter defines the thermal

resistance, Riperm, see figure 1.19:

Back
eramic -~
Cerz 11 1
Rtperm Ryraq Reonv
Loo Left T, I
Rrad

*Ty,: Crystal Boule Temperature
T, Ceramic Temperature

Fl‘gmt
T

Figure 1.19: Scheme thermal resistance

Rinerm is not an easy parameter to define, because this depends on convective and radia-
tive heat transfer coefficients which in turn depend on the combustion conditions that
are changing over time and along Y-axe owing the crystal growth. The system can be
considered in steady state after ~ 3 hours of operation, as observed in figure 1.10. This
means that the analogy of thermal resistance can be used for small sections along Y-axis,
Ay, to indicate the radial heat flow rate during the crystallisation. The steady radial heat
flux, @T, between the external surface of the crystal and internal ceramic surface is given

by:
Tc - Tb

1.9
Rtherm ( )

@\r:

Thermal resistances are determined by:

o Convection: The thermal resistance for convection for the small section is given by:

_
h conv dA

where Ao, is the convective heat transfer coefficient. Its value depends on the

Reonw = (1.10)
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

conditions at the surface layer between the solid and the fluid. It is influenced
by the surface geometry, the nature of the fluid motion, and a variety of other

thermodynamic parameters and
A is area. dA = 277 e, dy = T(Dpoute + 20therm)dy
« Radiation: The thermal resistance for radiation is given by:

1
Rra -
4 hdA

(1.11)

where h, is an effective radiation heat transfer coefficient. Between two gray diffuse

surfaces, it is given by

1
" eoN(T? + TH(T) + T)

h (1.12)

where € is emissivity
o is Stefan Boltzmann constant [kg s K™

T ([K]) is temperature. The sub-indexes 1 and 2 refers to surface 1 and 2, respec-
tively. For this particular case, 1 is the crystal boule and 2 is the internal surface

of the ceramic insulation, hence:

1

h, = 1.13
eoNT? + T2)(Ty, + 1) (1.13)
Hence Riperm is defined as:
1
= 7T<®boule + 25therm)dy (hconv + hrad) (114)
Rtherm
As observed, the thermal resistance decreases with higher ;e -
and d@rz
er = 7T(®boule + 25therm)dy (hconv + hrad) ar (115)

where dT', represents the temperature gradient between the external surface of the crystal
boule and the internal surface of the ceramic insulation. In figure 1.16, it was shown that
the radial heat loss rate diminishes, when d.., decreases (increasing dperm With constant
@boute)- Thus, dT'" decreases with higher dpern due to higher thermal resistances (see

equation 1.14) and lower heat loss rate.

Hence, external and internal defects might increase due to the inadequate thermal gra-
dients in the confinement. In light of this, the accurate control of this parameter would

contribute to improve the crystal quality.

28

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

Figure 1.20 shows the derm evolution throughout an insulation life cycle. The missing
data corresponds to the crystallisations where the boule was broken or was not considered

by the quality department. Three Y-positions were exposed:

e Y=130mm position where the crystal is located

e Y=160mm and Y=230mm positions where the the thermocouples are located, T,

and Tj, respectively.

The complete profiles for the first six crystallisations are found in appendix A.3 in figure
A.5. These changes in e are mainly the result of the removing process of the crys-

tallised alumina performed by the production operators at the end of each crystallisation.
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Figure 1.20: Thermal Thickness Evolution

In figure 1.20, it can be observed that for the first nine crystallisations the increase on

Otherm 1s more significant than the rest of the crystallisations. This behaviour occurs
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1.2. EVOLUTION OF THERMAL AND FLAME COMBUSTION PARAMETERS

because of the rapid increase in the boule diameter (figure 1.21), causing a significant
accumulation of crystallised alumina powder on the internal walls of the ceramic insulation,
which obliged the operator to perform a removing process of this material. Its evolution

and influence on crystal features are analysed in subsection 1.3.1.1.

The findings show the dynamic conditions of the crystal growth environment.
It could be observed that the Furnace 2 presented a more homogeneous
c temperature distribution which means that the temperature gradients for this
position are lower than in position 1, where a more significant difference was
observed between the ceramic temperatures. Furthermore, Furnace 2 also showed a
lower degradation of the insulation ceramic that contributes to maintaining adequate
temperatures gradients. This behaviour affects the thermal conditions in the crystal
growth environment directly. The thermal thickness is a helpful parameter to define

the thermal conditions of this complex system.
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1.3. CRYSTAL QUALITY PARAMETERS

1.3 Crystal quality parameters

The crystal quality parameters are divide into three main groups: geometrical features,
external defects and internal defects. These parameters define the geometrical and internal

quality of the crystal, subsequent the evolution of all these features are shown:

1.3.1 Geometrical features

The geometrical features of the crystal are mainly correlated with the inlet flow rates,
that are changing during a crystallisation cycle and during a insulation life cycle, as it
could be seen section 1.2.1. Thence, it is necessary to measure their influence on crystal
geometrical features as diameter, length and ovalisation index. Following, these aspects

are examined:

1.3.1.1 Boule diameter and length evolution

Figure 1.21 shows the evolution of the diameter for the different crystallisation during the
insulation life cycle. The boule diameter, @poue, represents the diameter of the cylinder
inscribed in the crystal boule. As mentioned in section 1.2.1 for the first crystallisations,
the objective diameters are the smallest, around 32 mm, as well as the first flow rates
are the lowest of the cycle. It can be observed the diameter augmentation for these
crystallisations. However, diameter values in crystallisation No.5 are excessively high
compared to the objective. Consequently, in crystallisation No.6 the objective is decreased
by reducing the flow rates as shown in figure 1.7. This procedure is repeated each time

the diameter is highly elevated.

The interactions between the @, and flow rates affect the other parameters of the
crystalline growth environment as ceramic temperatures and thermal thickness, dperm-
As observed, the first seven crystallisations reported the most significant changes in these

parameters, after this period the evolution is less important.

Regarding the temperatures, between crystallisation No.1 and No.7, the ceramic surface
acquired ~ 100°C, at the same time @pye increased 7 mm, and flow rates increased in
10%. It is important to mention that the ceramic temperature is also affected by d.., which

lose more than 10mm of thickness at Y=130mm between these two crystallisations.

On the other hand, the thermal thickness increased 8 mm, increasing the temperature
gradient between the ceramic and the crystal, hence the furnace heat loss rate. Their

impact on crystal quality is analysed in section 1.3.2.
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Figure 1.21: Diameter and Length Evolution (Obj: objective)

In the case of the boule length trends are difficult to find according to the results. This

parameter is changing constantly.

1.3.1.2 Ovalisation index

One of the features that is taken into count to define the geometrical quality of the
crystal is the Verneuwil boule ovalisation index, “O;,”. With the objective to calculate the
ovalisation index an image acquisition is performed for each crystal considering an optical
axis perpendicular to the Verneuil boule axis. Thus 100 geometric profiles of the crystal

are obtained by rotating the latter on its axis (see below the principle diagram - top view).
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Figure 1.22: Definition of the Ovalisation Index

In order to calculate the ovalisation index (see figure 1.22), for each section “i” of the
cylindrical part (i = 1 to n depending on the length of the cylindrical part), 100 diameters
(j = 1 to 100) are calculated from the images. It is thus obtained the variable @; ; with ]
=1to 100 and i = 1 to n.

0, — i j mZaTOO—szg min (1.16)
j=1 %]
100

Finally, a global ovalisation index “O;,” is acquired over the whole of the cylindrical

wn
1

we have an ovalisation index O;,, whose calculation

o ZiOi

n

section by: Thus for each section
is as follows:

Oin (1.17)
Ovalisation is mainly due to the thermal conditions of the crystalline growth environment.
The temperature gradient is a critical parameter that affects the ovalisation index. From
empirical knowledge acquired through observation, RSA production team has stated that
the probability of finding high ovalisation index increases with lower temperature gradi-
ents, the crystal boule can growth in any direction causing the oval shape of the boule.
However, there are not quantity study to prove this hypothesis. As observed in subsection
1.2.2.2, the temperature gradients are related to the thermal thickness (0;perm ), therefore

this parameter is used to analyse the ovalisation index.

In figure 1.23 crystallisation No.5 presents an elevated ovalisation index, owing the high
value of dyep (low temperature gradient). Furnace 1 also presents a higher ovalisation
index due to the crystalline growth conditions. The heat lost rate is lower for this furnace

as observed in figures 1.10 and 1.12, where the external temperatures of the ceramic
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1.3. CRYSTAL QUALITY PARAMETERS

insulation were lower for this furnace. Although Furnace 2 also loses significant insulation,
its ovalisation index keeps lower than 4%, which is the maximum accepted. These values
are obtained due to the confined conditions given by the other furnaces around, generating
more adequate temperature gradients. At the end of the insulation cycle, Furnace 1
ovalisation index is extremely high due to the loss of the ceramic insulation, caused by

the low temperature gradients. Ensuing their influence on crystal defects is analysed.
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Figure 1.23: Ovalisation index evolution

1.3.2 Crystal defects

This section shows the crystal defects obtained during the cycle analysed. They are

classified as external defects and internal defects.

1.3.2.1 External defects

External defects are related to the geometrical appearance of the crystal boule. These

defects are causes for difference reasons as.
« Bad position of the germ at the beginning of the cycle

o Inadequate alumina powder frequency injection.

o Accumulation of crystallised alumina powder on the internal ceramic walls

Figure 1.24 shows some of the geometrical type of defects that can be found. Although

there are other defects that can be present, during this study they were not found:
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Figure 1.24: Type of external defects

o Type 1: The base of the boule is larger than than the rest of the boule, this defects
occurs during the formation and is due to the germ position at the beginning of the

cycle.

e Type 2: There is at least one transversal area along the boule with a diameter
superior to 4 mm to the mean boule diameter. One of the causes is the inadequate

powder frequency injection.

o Type 3: Ovalisation when the percentage of ovalisation is superior a 4%, see previous
section (1.3.1.2).

o Type 4: One of the boule side is not straight and has a curve, this is present when
the powder sticks to the internal ceramic wall and the space of crystal growth is not

enough.

In figure 1.25, type 0 refers to the crystal boule without defects. It is apparent that
crystal boules for Furnace 2 presents fewer geometrical defects than Furnace 1. At the
beginning of the cycle, it can be observed that both furnaces present type 2 defects, which
is probably related with a inadequate powder frequency injection. Between crystallisation
cycle No.6 and cycle No.14 there is no presence of defects. Moreover, at the end of the
cycle in Furnace 1 defects type 2 and 3 are more recurrent, which are probably present

due to an increase in the temperature gradient.
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Figure 1.25: Geometrical defects evolution

1.3.2.2 Internal defects

Sapphire, Alpha (a)-alumina crystal, is the most common form of crystalline aluminium
oxide and has a corundum structure, mainly composed of atoms of aluminum (Al**) and
oxygen (O*7) (Dienes et al., 1975). These atoms are packed according to a determined
geometry (hexagonal packing), as shown in figure 1.26. The use of the Verneuil method
for industrial sapphire growth can present different internal defects. They are related to
the crystalline structure which determines the mechanical and optical properties of the

crystal.

Corundum crystals belong to the ditrigonal-scalenohedral class of the trigonal symmetry
with symmetry elements. Sapphire can be expressed both as a hexagonal as well as
a rhombohedral unit cell, due to hexagonal structure of the space group D3d° (R3c)
(Dobrovinskaya et al., 2009). The basic structure consists of hexagonal close-packed planes
of oxygen intercalated with aluminum planes. The aluminum planes arrangement has 1/3
of the sites vacant, resulting in an Al/O ratio of 2/3 as represented in figurel.26. Each Al
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1.3. CRYSTAL QUALITY PARAMETERS

atom is coordinated by 6 oxygen atoms, and each oxygen atom has 4 Al neighbours. The
vacancies are aligned on the R-planes, giving sapphire the ability to cleave along these
rhombohedral planes (Dienes et al., 1975).
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Figure 1.26: Structure of Sapphire: (a) Schematic of the arrangement of AI*™ (black
circles) and octahedral hollows (small light circles ) between two layers of O?~ (large light
circles) in the basal plane (the upper O~ layer is not shown). A4; , A, , and Az are (1120)
translational vectors of the hexagonal sapphire cell for the basal plane. Printed from
Dobrovinskaya et al. (2009). (b) A-, M-, R-~, and C-planes of the crystal; (b) Schematic
illustration of the aluminum planes, printed from Liao (2007).

The crystalline structure can be perturbed significantly within the vacancies by using
Verneuil method to fabricate the industrial sapphire. The potential defects generated by
this technology are called Bubbles and Foils. These defects are usually formed during the

last quarter of the crystallisation cycle at high-temperature gradients.
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1.3. CRYSTAL QUALITY PARAMETERS

(a) Bubbles (b) Foils

Figure 1.27: Defects of structure crystalline

« Bubbles are gas inclusions linked either to stabilisation of the crystallisation front
(growth rate too high) or degassing of a chemical element at low evaporation tem-

perature (figure 1.27a).

o Foils are low-angle grain boundary or sub-grain boundary decorations that are the
result of small bubbles (um) clusters in the grain boundaries present in the material
(figure 1.27b). For instance, interstitial Hy within the grain boundary is detected
by highlighting O-H bonds (using IR spectrometry).

A sub-grain boundary is the interface between two grains with a misorientation less
than 15° in a single-crystal. These misorientations are the results of the temper-
ature gradient between the top and bottom surface of the Verneuil boule during
crystallisation. High temperature gradients cause a stress relaxation that move the
plans of the crystalline structure to counter the elevated temperature difference and
produce the dislocations. These defects in the crystal structure tend to decrease the

electrical and thermal conductivity of the material.

The crystal defects are detected through the optical
properties of the sapphire, using different techniques
as cross-polarisation. This technique, with regard

to visible light, is a process wherein two polarisers

with perpendicular orientation to one another are &
used on the incident and reflected lights.
ICEL. 2D

ASPAR CALCITE

-
5 Dt

One of the optical properties is the birefringence,
An (equation 1.18), which is defined as the double Figure 1.28: Birefringence (Auc-
refraction of light in a transparent, molecularly or- tjons, 2019)

dered material, which is manifested by the existence
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of orientation-dependent differences in refractive in-

dex. When a ray luminous passes through a crystal it is divided into two part-rays:
ordinary and extraordinary, possessing signs of different refraction. The ordinary ray
passes through the object in a straight line and the extraordinary ray suffers parallel dis-
placement. An example to through a calcite crystal is presented in figure 1.28. As they
pass through the crystal, the two rays have neither the same polarisation nor the same
speed of propagation (Patzelt, 1974).

An =n, —ng (1.18)

where n, is the angle of the extraordinary ray and n, is the angle of the ordinary ray.

The sapphire is a trigonal crystal, which means that it presents properties of uniaxial neg-
ative birefringence. This property allows its observation in crossed polarisation. Indeed,
the crystal crossed by initially polarised light transmits two beams whose polarisations
are orthogonal, as shown in figure 1.29. By placing a polarised filter perpendicular to
the other side of the crystal, a light signal is obtained which depends the orientation
of the crystal. This easy-to-implement technique makes it possible to quickly know the
orientation of crystals.

RV RAARY Y

Polariser Crystal Analyser

Figure 1.29: Cross Polarisation. Printed from Muzy (2021)

An extinction condition for cross-polarised sapphire occurs when the < (see figure 1.30)
axis is parallel to the direction polarisation of the analyser or polariser. When this is
achieved, if the crystals possess domains showing disorientation greater than 1/10°, they
can be observed.

39

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2022LY SEI044/these.pdf
© [K. Utria Salas], [2022], INSA Lyon, tous droits réservés



1.3. CRYSTAL QUALITY PARAMETERS
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2 4° A-plane (1120)
" M-plane (1010)
R-plane (1012)
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Figure 1.30: Crystallographic structure with the common nomenclature of crystal planes
for the structural unit cell. Capital letters denote planes and small letters indicate a
crystallographic axis or the corresponding plane normal. Printed from Dobrovinskaya
et al. (2009)

In figure 1.31, the polarisation photography of a crystal is shown. This is composed of
several grains slightly disoriented with respect to each other. Since they can not be all
simultaneously observed in one extinction condition (some appear brighter than others
that are more opaque). This technique allows quickly identifying the different grains of a

crystal as well as the zones slightly disoriented from a single crystal.

Glass global view (x6.4)

Global Crossed Polarisation
view

Detailed Glass view (x16)

Figure 1.31: Foils detection through crossed polarisation
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Furthermore, another technique used to detect the bubbles and the foils inside the crys-
talline structure is the tomography. This is performed for each crystal boule produced.
The Vernueil boules are submerged inside a liquid solution, and the foils and bubbles are

revealed as shown in figure 1.33.

Figure 1.32: Tomography performed during the quality control to detect Bubbles and
Foils. A bubble was detected during this test

The objective of this technique is to observe the internal defects in the crystal by vi-
sualising them through a laser slice—particularly the bubbles by light scattering (Mie
Scattering). The crystal rotates on its axis to the laser plane “sweeps” the entire volume
of the Verneuil boule. However, this technique presents a risk for the observer. When
the laser beam passes through the crystal, it causes a reflection (the beam is not always
normal to the surface of the crystal; otherwise, there would be no reflection). This reflec-
tion is particularly troublesome or even dangerous for the observer. In order to (partially)
overcome this reflection, the crystal is immersed in a liquid (C'HsI5). This liquid has the

following properties:

« It has a refractive index close to that of sapphire. The solid/liquid interface then

“disappears”, and consequently, there is no longer any reflection at the interface.

o It has good wettability on sapphire, allowing the liquid to contact the crystal very
well. Thus, the surface roughness “disappears”, and it gives the impression of a

fully polished crystal.

Figure 1.33 illustrates the bubbles and the foils detected in this study. As observed there
are not apparent tendency along the crystallisation cycles. Bubbles seem to be more
present in Furnace 2. The influence and correlation of the other parameters are analysed

on the next chapter.
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Figure 1.33: Internal defects evolution

As observed, the crystal growth environment, determined by the injection
flow rates and insulation conditions, affects considerably the quality of the
crystal. These parameters determine whether the Verneuil boule exhibits
the desirable geometry and the internal quality. The results of this section
are not enough to find tendencies and correlations between the crystal growth envi-
ronment and the quality of the crystal. Therefore, an statistical study is performed

later on.
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1.4 Conclusions

The evolution of crystal growth parameters were observed for an insulation life
cycle. The flow rates along the cycle fluctuated regarding the objective boule diam-
eters and the insulation conditions of the confinement. These adjustments affected
the ceramic temperatures at first instance. Nevertheless, these temperatures are
also dependent of other parameters as .., and @poue, Which were also changing.
Ocer Teported a decreased between two crystallisation cycles in a row, which can
be detected in the increase of the temperatures of the ceramic external surface.
Oterm increased at the beginning of the cycle, to then stabilised; however finding a

tendency was challenging.

In addition, the evolution of the crystal features in terms of quality parameters
were also studied during the insulation life cycle. The study highlighted the
nece