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The melting behavior of technical glass batches is
investigated by recording local temperatures and electrical
resistivities. A method 1is developed which allows fast
automatic data recording. The data recording system consists’
of a desktop computer, an analog to digital conversion unit
and a multiplexer/amplifier unit. Test on batches In the 100 g
range show that individual thermochemical events can be

determined at an accuracy of *2 K.

'Test in the kg range (4 kg of batch charged on top
of 7 kg of cullet melt) are performed in a butane fired gas
furnace. The cullet melt is heated independently by an
electrical heater of 3 kW power. Prior to charging the batch,
temperature of batch the atmosphere and the melt are set to

1200 °C. A newly developed charging device permits to charge
the batch within 30 to 40 s. Local temperatures and electrical
resistivities in the batch are determined at four different
levels from 0.5 to 5 cm above the cullet melt.

Problems of electrical interference and noise are
solved ' by hardware measures. This 1is a relay allowing to
consecutively address the individual 1levels in a strictly
separate way, these are low passes to filter out permanent
noise, and threshold switches (Zener diodes) to cut off high
peak noise.

"+ A series of Dbatches with cullet contents of 0
to 90 wt.% shows that cullet dramatically decreases the
melting time from 40 to 20 min.

MAIM.......... JEAFITAS aelo¥oHan L Tl
a Lt a A v %
CRNTRRLY wallagiwsin aleileee1013dninu WW
/

‘ ' 4 ; , .
Upsanun....2538 algiores1a138nSnu13Iu i




vi

Acknowledgement

I am indebted to the following individuals and organizations for their
constant support and encouragements towards the successful completion of this
thesis work.

I am grateful to Dr. Reinhard Conradt, the advisor for his guidance,
encouragements and support during the conduction of this thesis, The suggestions
given by him during my thesis work were very valuable in bringing this research to
the present state. I gained fruitful nsights from my discussions with Dr. Werasak
Udomkichdecha, Assoc. Prof. Preeda Pimkhaokham, Dr. Charassri Lorprayoon, and
Dr. Supatra Jinawath.

I am thankful to Thai Ceramic Industrial Co., Ltd., and Ocean Glass Cos
Ltd. who supplied me with the ceramic crucible, and cullet, respectively.

I am grateful to my beloved father and mother for their love, patience,
sacrifice, understanding and support without which it would have been impossible to
pursue this higher education. This thesis work is very humbly dedicated to them.

Gratitude is expressed to the students in the glass laboratory for helping my
experiments, especizﬂly to Mr. Anochar Channual, Mr. Jettana Sritongsuk, and Mr.
Thumtada Songserm.

Last but not the least, I am thankful to all the friends, officials, and
financial support by Asahi Research Foundation, by the graduate school who helped

me during this research period.



Contents

Chapter Page
I IOSGHUEHORN s ns i i e o e e Ao s 1
Motivation, Al SOOPR ...cwsimiansmasimmmess sostisvsmyrsimmmmios s 1
L S U 2
LIRinm SUIVEY emsibrsimmr e e 2
IL Theorctical Parl .. .. 0. it .. cocunses sersrenssassssmmssasmmtonss 4
Thermodynamic of batch melting .........ccoevvvvveeeeieeeeeeeeeeeeennnn, 4
A. Direct melfig/ /JZemm¥. o N covveessessessssnssnsansensassessons 4
B. Sulfate reglofig QWA .. MM erunsuonesrinnsonsnsssssssssassones 4
C. Reactive carbonate melting ............coevevveeecevvveereereerennnnn, 4
D. Reactive silicate melting ..........ccoeevevuivveereeveerceennnnns T o
Macroscopic of batch melting ............ccccccoivevireeeeeeeeeesreeseerians 5
Terperature PrORIE -sescareessesansamsanss ity ssssssssssnsssssmasssnssisssonssnns 6
L TERIND Ysnmnmesssur s vt iimms s s 7
A. Thermocouple and electrode .............cooeeeeevveiveeeeeennnn. 7

1.) Thermocouple ........ccccevvevviieieieiseeeeeeeeeeseeeeereerans
.Y BICCHIOUE 1vesisismmssnninssnsssssissnsvimssssssssssssionsons ssoscsssshucss 8
B. Modes of connecting an analog data SIER i 9
1.) Floating reference input ...........ccoovevvevuvvveeserereeresnnnn, 10
2.) Non-floating reference input ............cceceeevveveeernernnn, 10
3.) Disconnected ground input .........cccccoeveeeeveevvevreeerennnnn. 11
DIals PIOCBSSING oommmsssmninsssssinsimmstors assmms o osreb s enomsssss 12



viii

Chapter Page
B BOIIWBIR  ociiimenmmmssinsdmmnasgpsas s e st g s wass 13

III Experimental Part .......... S 14
COMPUET FACHHES  vveoereeeee oo 14
Analog to Digital card (A/D card) .........ccceveuevivennnee A 15
A, Setting addIess ....cocciccssnssssesuesesssnsosssssasssanssssossassssassssosse 16

B. Calibration the card .........ccccoceevimiesieneeieeeeeeeeeee e 16
Data acquisition SOFtWALE ......ivcviiveieeeereerererreceereseeceaeeeneessssens . 16
Amplifier with mullipleRer Boardsmaias, . ccooveereeensereererssnessesaseeness ¥
A. Floating, Non-floating, and No ground test ................... 18

1.) Test with POICHDIICIEE \ 0N s cevessusersssasibssssessnorarsreoes 18

2.) Test with thermocouple .......c..cccceeeeerveverieericrerennnens 18

B. High pass and 1oW Pass ........ccccceceevueveeveesceeeseeneessesraens 18
Data Processing .......ots ot N it s+ +ses5sssssssssnsaresssnsanassnesssssonss 18
Probes (thermocouple and resistivity probe) .........cceecveeeveennne.. 19
A. Thermocouple .......ccccccvevveivienrinenrieneieeirsceceeseesreesteenens 19

B. Registivity Probe e gysessmssmssessssisnsssnssssnssasmnonsssnioss 20

B PR i e i e 21
Test in SMAll SCALE .....cocervmrerinesrenserisnnsisisisnsssissessssensssssssssesassssssnes 22
A. Research fumace .....c.ocooevevevenriicecccce e, 22

B. Test with one component ..........ccoeeveeeeceeveeeeeereesenerrenns 23

C. Test with tWO COMPONENLS .....ceeviveeireeeereeeeeeereeersererenan 23
Large Seale TUMMAOE .. commoessmmunissmmssssssseissmmssssmasisaomnsn 24
B The JoWet QIRIBEE  vusimmmitimammsvsesssisssoms sy 24

B. The butane gas fumnace ...........ccoceevveereereererececresnesaesnesaenns 23



Chapter Page
Test in large soale TUMECE v 27
A. Thermocouple and resistivity probes ..........cceecevevvernnen. 27
B. Heating-np Characteristions .....c.omrmmsssmmsissmssssmmanssonsiss 28
€ Baich Saloulation | oasemmisrurmmibieim s s 29
Ld: Dinte tecOrdiE  covmmvcosrsssssmssmssmsssssimmmmmsisinssss st 31
E. First test with cullet free batch ......cocevvevvevvcviercrereenennen. 31
F. Solving the problem of electrodes interference................ 32
1.) Increasing the distance between probes .................... 32
2.) Changing the shape of the probes .............c.coun......... 30
3.) Making a new electrical circuit which provides a
complete (“galvanic”) separation among the probes.. 32
4.) High noise peak from the furnace ............................. 33
G. Solving the problem of the thermocouple......................... 34
1.) Testing commercial glass batch in small scale test .. 34
2.) Use of capacitor to solve the problem ..................... 33
AGGGRALIEME ... coiimsmrsmimissemprpsns b o 35
A. Test the probes perpendicular and parallel to the
gradiont SUORPHBIE .t s 35
B. Test of melting temperature ............cooeeveeeeeereeereeevsesnans 335
Test of systems with varied amount of the cullet in the glass
BEREL it s a5
IV Results and DISCUBSION ..cociiiscmmsmssssicssmusinssssasssssssssionisnsssrmsons 36
Floating, non-floating, and no-ground modes .............cocoovever..... 36

ix



Chapter ‘ Page

B e MDCHUBIE e TR Y 37
High posy and low P BB e R s a9
TIRIE PEDOEERING i i e s s R e R 40
Resistivity BIanke 08E .. anmmmvmeiamssassms s s s 42
Small 36ale B8l csssnaen v e T 42

A SOUE BSN 168 svcrpppssnminsisiim s s 42

B. Soda ash 4 sandaB” ol .cviivsiniminmaiirenmmonss 44
First test with cullet free batch on the large scale ........................ 47

A. Changing the pfoBg ANAbENN NG ++++-sussseeessissssesssssssasen 48

B. Auto sWitChL ../ /L o s e N sossssssassns sosdunssnasassonns 48
Small scale glass bateh oM SRR £ NN ciccsisimsmssssimnssnssimsssie 49

A. Test with low heating rate .........ccccceeeveevrveeiecreecreenneeeneenns 49

B. Test with high héalifie\rateidS . . .....ccocnenennnanernnrasvessensens 21
Additional test .. N/ A ... ...cornneonnearsernres 53

INPRERANIIE. . oooromuaivosmavipmusc i e 33

B. Testing the thermal situation of the cullet melt ............... 93

Test in large scale furnace with new system ..........cccceveeeivvreennes 85

A, Collet Tree bl  ommvmmmrmaasrommommmsssrassmmssmm 55

B. 30% of cullet in the Datch  .ucssmsissssmmsuemsammsmmnmmnass 55

C. 60% of sullet in the bateh. .o immmrarsmms 56

D. 90% of collel in the-Baltll.  wousammmmssminasssmme 56

¥ R g i e e e R 80



Chapter Page
PREIBEEIIUR (isinnammimonsoniimstrssiveoriumsbestiussmsms i i S S eSS 82
DOPEHOIERE b i o e A R o pssoe o e TS 84

Appendix A :Table for the NiCr-Ni type K thermocouple............ 85
Appendix B :Phase diagram .........ccccocceevveveenvenrecreciiieceeeeeeen 86

X1



Table

Bl
3.2
3.3
3.4
Jed

4.1
4.2

List of tables

Page
Chemical composition of raw material (Wt. %) .....cccovvervuercueencuennnens 30
Amount of cullet in batch (by weight).....ccccccceviviiiiiiiiiiiiiniiicnnnnnn, 30
The chemical composition of the batch .......ccoovvvvvvinnriviiinnnininnnn. 30
Compositions of the batgRRRNIE . cnmmsisssssrsmmsvismasssmmnsassensases 31
Binary code set by the 2 channels D/A used to address 4
individual channels Of g’ PIODES WO g s+ s#¢ssssssssuessssnsanansassnssssns 33
The melting time in minute of each batch and each position ........... i

The melting temperature in °C of each batch and each position ..... S



List of figures

Figure Page
2.1 Temperature profile in the batch blanket ........cccccooveviiiniiinnni, 6
2.2 Melting front of batch blanket .........ocovieeiieirniiiiiiiiniciiiiiiniinnes 6
2.3 Relation of the temperature and the diffusion coefficient ............. 9
2.4 Floating mode CONNECHION ; iiikil.fohegersurassssessrasarssassassssssessacssnarsnersanes 10

2.5 Non-floating mode connection

A = correct connection, B = incorrect connection ........ceceeeeeeeene 11
2.6 Ground disconnect®ll /.2 /L BSR4t i e NI ssssssusassasse savsss snarsuntossucs 12
2.7 A circuit of R and C for the data processing .........ccceeveerecvvenennces 13
3.1 The computer that used in the-experiments ..........c..ccceccrvescruccnucnes 14
3.2 Block diagram of the analog to digital card ............ccoceevininennnnn 16
3.3 Block diagram of the amplifier and multiplexer board ................. 17
3.4 Sketch of the ice point MEASUIEMENL . ..iiciittenerrersrescrsessncenesacannes 19
3.5 The resistivity measurment CirCUit ........ccoieiininiienencnnecniscneiniennns 20
3.6 Sketch Of Probe ...t 21
3.7 Sketch of new probe in small scale test ........coccevvireericnsenciinianes 22
3.8 The sketch of the fufnace and 188 ...cssismmasmmmsmsmmssssserss 23
3.9 Sketch of small crucible With Probe .......cc.cmmincmmiisismmass 24
3.10 Sketch of the lower furnace with electrical heater ..o 25
3.11 Sketeh of the butane gas fUIMIEAEE .wvaormsmmmmaimmssmmsrmsinnesnscnosons 26
3.12The special metal CONAINET.......c.oceimmmamssssssunsmrassasssonssssonssosssnesvansnsss 2T
3.13 The arrangement of the probes in batch blankets ... 28

3.14 Heating-up characteristics of the research furnace ............ccceceee. 29



Xiv

Figure Page
3.15 The individual new probe shape.........coerervisensnesanssvssnsssnsssusonesas 32
3.16 Show the new circuit that use the Zener diode.........ccoeevvvninieniinniin, 34

3.17 Sketch of thermocouple test inlarge scale experiment; the

thermocouples were positioned in the direction or perpendicular

to the temperature gradient in the batch ........cccoceviiciininiinni, 35
4.1 Compared of the 3 modes CONNECLION ......cooeeruenreiinuiiiiniincirininnens 36
4.2 The fluctuation of different connection modes .........ccceeeveeeenecens 37
4.3 Floating mOGe ...... s )l RN R s - +++ o+ snesassavsssssspnsssensnssn 38
4.4 Non-floating mode€™ 2. 4/ RARIRG iiiica g eereosnssessmsscsssnsssnsssnessnsness 38
4.5 No-ground connection MOAE .ucuiciiiiirieriinresenenininiiniiiiinenniienn, 39
4.6 The filter selection (high and IoW pass) ......ccceeeeeinviienieninincenne 40
4.7 Test an integration time HELR-SEEIHIAS ...........ccoveeresncncsessssnessnccnes 41
4.8 Integration time of converted data to temperature ............ccoeeeveene 41
4.9 Resistivity blank test with-3- V- AC-SOUIGE] ........c.cocevererruecuccnicucncs 42
4.10 Batch temperature vs. time of soda ash ' .....coiiiiinnnnninnnn, 43
4.11Ux vs. temperature of soda ash ... 43
4.12 Ux and temperature vs. time of soda ash+sand batch ... 44
4.13Ux vs. temperature of soda ash+sand batth ..uvveemmemsrmemeermssre 45
4.14 The primary melt formatin t€MPErature ........cc.eeeveveirrennieneniennn. 45
4.15 The voltage drop according to the water evolving .........ccceveenee. 46
4.16 The thermal effect at 105 C ..o imnumssiammsssimsmadsssssnes 46
4.17 Show the fluctuation of thermocouple Ty ) o 47
4.18 Show the overflow of the resiStiVity .....cooociiiiiiiiiiiniiieiiiieeniieeeee 48
4.19 Ux vs. temperature of the batch ........cccoeviiiviiiniiininnninni, 49

" 4.20 Temperature vs. time of the batch ........ocoveiveniiiiniiininn. 50



Figure Page
4.21The printary mielt TOrmation ..cosswsrosmmepesermespsemsrerresperss 50
4.22 Resistivity test in high current furnace before the Zener diode

WBS VSR it i diisiss s oA A A SR S S AR AR a1
4.23 Temperature test in high current furnace after used of high
b Lo 167 o R — 52

4.24 Resistivity test in high current furnace after the Zener diode

L L IRV E - O -\ | . I 7 O — o ¥
4.25 Temperature vs. time 2565 cm, oveEthe melt ......ccccvininicinicinen, 53
4.26 Temperature vs. time.at’ 37/4#m overfheumelt ..........cooviivsnnivvoncans 54
4.27'The melt temnperatefe £, £/ ABOREMNNNI: = csssmsmsmvassrrrsrvvepespsessns 54
4.28 Temperature vs. time/Of/cniqb#pes batchi.........ccveeencncnennneneee. 58
4.29 Temperature profile of cullet free batch ... 58
4.30Ux vs. time at position 1 of cullet free batch 59
4.31Ux vs. time at position—2-of eullet-free-bateh .............ccccccenvneciannins 59
4.32 Ux vs. time at position 3 of cullet free batch ..........ccccoevvrieiinin. 60
4.33 Ux vs. time at position 4 of cullet free batch ..o 60
4.34Ux vs. temperature at position 1 of cullet free batch ................... 61
4.35Ux vs. temperature at position 2 of cullet free batch ................... 61
4.36 Ux vs. temperature at position 3 of cullet free batch ................... 62
4.37Ux vs. temperature at position 4 of cullet free batch ................... 62
4.38 Temperatute va. timie of 30% cullet ...ccoasmmmsmurimanmssesos 63
4.39 Temperature profile of 30% cullet .......... R R AR 63
4.401Ux vs. time at position 1 of 30% cullet .....ccecmremasemermmsmnes 64
4.41 Ux vs. time at position 2 of 30% cullet .........ccccciviiiniinnnnnenn. 64
4,42 Ux vs, time &t position 3 of 30% cullet ....cmmamansmmnsi 65

4.43 Ux vs. time at position 4 of 30% cullet ...cusmurssmmssmmesesmnrons 65



XVi

Figure Page
4.44 Ux vs. temperature at position 1 of 30% cullet .........ccccoeieiines 66
4.45Ux vs. temperature at position 2 of 30% cullet .........cccoeveerenninss 66
4.46Ux vs. temperature at position 3 of 30% cullet .......c.ccoviinnnnns 67
4.47 Ux vs. temperature at position 4 of 30% cullet oo 67
4.48 Temperature vs. time of 60% cullet ... 68
4.49 Temperature profile of 60% cullet .......c..ccoconiiiiiiinnniie 68
4.50Ux vs. time at position 1 of 60% cullet ........ccooveivnvninininnnnnnn. 69
4.51Ux vs. time at position 2 of 60% cullet ........ccoceeviiiiiiiinnnnnnnn. 69
4.52 Ux vs. time at position 3 of 60% cullet ..o 70
4.53 Ux vs. time at position 4 of 60% cullet .......ccccovevviiiininnnninnne. 70
4,54 Ux vs. temperature at position 1 of 60% cullet .........cccevirninn. 71
4.55Ux vs. temperature at position 2 of 60% cullet ..........ccccoeveirenne. 71
4.56 Ux vs. temperature at position 3 of 60% cullet .........ccceveinennnnn i
4,57 Ux vs. temperature at position 4 of 60% cullet .o, 12
4,58 Temperature vs. time of 90% cullet ... 13
4.59 Temperature profile of 90% cullet ... 73
4.60Ux vs. fime at POFIIONalyPE- 00T CHUBE 1ot 2 oesonrsrresssesseses 74
4.61 Ux vs. time at position 2 of 90% cullet .........ccoovriviiniinininnnnn. 74
4.62 Ux vs. time at position 3 of 90% cullet ..........ccocoeeniniinninnn 13
4.63 Ux vs. time at position 4 of 90% cullet ...........cccceiiininnninnnn 15
4.64 Ux vs. temperature at position 1 of 90% cullet .................... — 76
4.65Ux vs. temperature at position 2 of 90% cullet .........ccccceevrennen. 76
4.66Ux vs. temperature at position 3 of 90% cullet ........ccccccvninnnnns 77
4.67 Ux vs. temperature at position 4 of 90% cullet ......ccceininiins 17
4.68 Ux vs temperature in the iNNer ZONC ....o.eovevivieieiiiinninininineseens 78
4,69 Ux vs time in the INNEr ZONE ...orvmmesmvessmmssommssanansssissnaissshasmsisssunss 78

4.70 Temperature vs. time in the INNEr ZONe ... 79



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents

