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ABSTRACT

Convection Control of Glassy Melts as Determined by Microgravity
Experiments

--- Research on Glass Preparation Process for Saving Energy

1. Study of the surface tension measurement for glassy melts by using 
microgravity

For the purpose of this study, an experiment of measuring surface tension of 
molten glass was carried out by levitating a glass using a drop shaft. Under 
microgravity, a molten glass becomes a true sphere and an exact value of the surface 
tension can be obtained by an oscillation analysis of glass droplets. The drop 
experiments were conducted at JAMIC, where 10 seconds microgravity is available.

A drop experimental system was made, equipping a furnace which makes 1000°C 
^ 1500 C possible, an apparatus which control the furnace and measure the 
temperature and a high speed camera which takes a picture of a droplet of glass. 
Remote control is also possible during a drop.

As a first way to levitate a molten glass, a spring was used. Second way, a flow of 
air was sent from under a glass preventing the molten glass from adhering the base. 
By the second way, high-speed image data were obtained for 0.2 second. However, 
an oscillation of the glass droplet was not confirmed.

A levitation experiment of a droplet of molten glass was performed using an 
aero-acoustic levitator on the ground in CRI at Chicago in the USA. The 
experimental means are helpful to the drop experiment. The data are now in analysis. 
The properties of molten glasses were surveyed by papers, and the viscosity and 
electrical conductivity of a sample glass have been measured.

From a series of experiments many data were obtained which are useful for 
improvement of the following experiments.

2. Development of simulation and measurement methods for convection flow in 
glass furnace

1) Computer simulation
It is very difficult to understand glass currents in a glass-melting tank furnace. 

The numerical simulation is effective in an analysis of the convective flow. The 
purpose of this study is that the term of flow by a difference between surface tension 
(Marangoni flow) given rise to by different temperatures is considered in the 
analysis, though has been neglected in previous reports. It is also known that the 
radiation plays an important role in a heat conduction under glass currents at high 
temperatures. It is necessary to include an effect of a radiation dominant in the high 
temperature for a glass currents research.

For the first step, we report on the numerical simulation of not high temperature 
glass current but model fluid. Noting that the temperature of model fluid is not high, 
we can assume that the density and physical properties are constant, independent of 
the temperature. But the effect of buoyancy-driven convection is captured by the 
Boussinesq approximation. We considered two radiation heat flux vectors in the 
model. The computational domain corresponds to the trial fluid model experiment. 
As the boundary conditions, the lower and the both side walls of the domain have 
adiabatic,
non-slip conditions. The upper liquid surface boundary conditions are that the

3



surface tension balances with the viscous force, and that the surface deformation is 
neglected. We make a direct numerical simulation code and check the accuracy of 
our code on the basis of 2D Navier-Stokes equations.

It also shows a few simulation examples for the model experiment. We confirmed 
that the surface tension flow was driven by the temperature gradient on the surface. 
It was clarified that the flow field changes by the radiation model and by the upper 
surface temperature distribution. The correct value of the heat flux and temperature 
of liquid surface are required for the numerical simulation to be compared with the 
experiment.

2) Model experiment using silicone oil
An experiment for modeling Marangoni flow caused by heating a liquid in a 

container from over the liquid was conducted in conditions as follows:
a) two-dimensional flow,
b) no in and out flow to and from the container,
c) silicone oil was used as liquid,
d) heating by an electric heater,
e) validity of computer simulation is confirmed by comparing the flow observed, 

and an application of the code to glass flow is aimed by changing the 
parameters of physical properties to the ones of glass.

Tracers whose density is equal to the liquid were mixed into the liquid and they 
were lighted in the slit light. In order to observe the flow pattern, pictures of track 
of the tracers were taken by a camera.

3) Observation of molten glass convection using a small tank furnace
A small tank furnace has been designed and constructed for a experimental use to 

observe the flow of molten glass. Heaters divided by several zones are set and 
controlled at each temperature to make it possible to take different temperatures in 
the furnace. The furnace has some opening windows using observation of the surface 
flow.

Preliminary experiments of glass melting with bottle glass composition are carried 
out in order to investigate the possibility of performing as a experimental apparatus, 
and then many resources for the following plan and experiments have been obtained. 
In particular, we conducted heating-up at a small glass surface area, and have 
confirmed to occur a strong surface current to the outside, which might be guessed 
that the temperature difference gives rise to the current as Marangoni flow.

3. International research cooperation
Nihon-Yamamura Glass Co,,Ltd., Osaka National Research Institute, and Osaka 

Prefecture University in Japan and the University of Missouri-Rolla in the United 
States concluded the working plan for the cooperative research and development 
project on convection control of glassy melts as determined by microgravity 
experiments in July 1999. Four times of meeting were held among them in this fiscal 
year.

Many research collaboration and exchange of information were performed each 
other. As a result of the exchange, it makes sure that the project on convection 
control of glassy melts is the general topic of energy savings in glass manufacturing 
between Japan and the United States at least.
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Working Plan for
Cooperative Research and Development Project on 

Convection Control of Glassy Melts 
as Determined by Microgravity Experiments

Research on Glass Preparation Process for Saving Energy

1. Names of Institutional Participants

Japan Side:

Osaka National Research Institute (ONRI)
Nihon Yamamura Glass Co., Ltd. (NYG)
Osaka Prefecture University (OPU)

U.S. Side:

University of Missouri-Rolla (UMR)
(Private companies and National Institutes may be added where there are common 
interests and appropriate resources)

2. Scope of Activities

ONRI, NYG, and OPU:

Study of the surface tension of glassy melts by using microgravity

Development of simulation and measurement methods for convection flow in glass 
melting furnace

Analysis of bubble movement and chemical homogenization in glassy melt 

UMR:

Study of the thermal properties of glassy melts using microgravity

Study of convective flow and chemical homogenization in glassy melts under 
microgravity conditions.

Property analysis of glasses prepared by new operational processes.

The details of these activities will be worked out in annual meetings between the Japanese and 
U.S. participants and may change depending upon the needs of the project.
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3. Objectives

Development of new glass preparation process for saving energy.

4. Funding Mechanisms

ONRI is funded through MITI, NYG and OPU are funded through NEDO. UMR work in 
these areas will be funded by companies and agencies that have an interest in developing 
energy saving glass technologies.

5. Reporting Procedures

- Informal reporting of research results on an as-needed basis
- Annual meeting and reports to participants only
- Workshop held at the end of the project

6. Signatures

July 1997

Masaki Makihara Date Delbert E. Day \ Date '
Curators' Professor of Ceramic Engineering 
and Senior Investigator, Graduate Center 
for Materials Research

Date!

Head of Optical Materials Science Section 
Department of Optical Materials
ONRI

University of Missouri-Rolla

OPU NYG

0 1.3-1 01^#Working Plan ##
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li. ii is a a a e jfta s h if a »< it # ro -efi a 6 - % ro a *• 7 x <0 % s ® #t
a a 2. i~21: aft 10
0 mmm

if 7 X a Ift co 6; B ii , # fil -ic ft )V ft - CO fi # fit a li to i ft ^ a ft ft B (ft 8
1 I) , $s # (lift (ft B fi I) , St 8 8 > i 7- ft - ft 3 ft ft i; v ft li
1: n a # (* l a- a it co a (ft # # ($1 # (ft s $) a # g a ft i ft * ft o aw®
ft HI ft ft ij (D E f j Ift a ffi E .fi fi ii ft fi ft ft 7 x & # fi It ft fi co if 7 x co B (ft
8fi ft a 2. 1-3 ft Eft 1 o
o Jim

it B li , ft 7 x s a W <0> B C fi E it li M (I; L ft H 0 , S6, teE, B (ft 8
$ ft t" e # 1:, a (* a ti ft it # fi •> 5 7 ft - 3 > a ft Fg ft li e it * it a e
EE ft ft ft 0 it lx 69 (6 s « tit ft li DSC ft HI ft ft <0 ft - II SO ft fi ft ft, 700 °C
ft @ fi fi, S fi ii ft li Iff B 51! B It St ft HB > fi ti ft a fi £ < ft ft ii ft v> ft 1 „ ft
2.1-2 I: , 11 Itt6 b£ ft S ft’ it o> ft co *" 7 7s co tt B ft E a 3 0

<<S E S!) >>

ft 7 x a # co a a # # 1: E E a % a m a ft ? xe® Eai*£Ei:5s < e#
5 n, a a ft it $ ft a a- co $ s a % s. a ft») a e l v> „ iga^ait t tt*«
y i 7 ft - y 3 ft ft - Sc 5 a ft •£- E ft ft E co E It E L ft IE tt ft % till 7)'# If
ft n , ft co ft k i}' ft , * PS ft % $k ft HI C' ft if 7 x l: o 1» ft , & fiii g iz i 0
a m ft % 11 it ft « g a ft ft e a-iE e ft * ft e e n tt a ft n ft „ # a s b m ts
i: o V ft ii |R s M ft a ft < s it-, ii £ a a a * E St a to st S ft 5: It a a V >
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CO'C, ## 4- i« 7Ea I: i 1) tstj * t-* 6 o

«##ss»

1. Ill $ IT. a 4 . -fi'v XI?» > KT -y ? iff®), aits, (1999)

2. ti * *, 6.?-, &Bt8£?B. 91, 335-338 (1983)
3. me ±g; ^, av xi?/» > k-/ -y ? , 11953)
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2. 1.2 tilt ill 6

A. # li
fit !R m # i*-> i a p-y a >i%M+& t X. Si S S « 'C 0**»*V> ti It r' - 

x ^S'E-'g-c * ^ m S ft co a ift co to ft il 6 co 1i it c (ilHlfcU Atiit t S 511 if it U 

ft ft At 4< W % f 14 6 A J$ 5 I ft. I f it T A” 7 x co |,i, $ $- ifli] 6ft ft =

B. ti®<offlij 6 ft it 

B-l. HI Alt5l ftlfit

itiA#gi±ifit-e14#at#7X4t-ffli**wastiislfttw-em$t3. # 

»$ =13® a Si ft L'l'J % il-, # ffi 14 Stokes <0 it HIJ Hi !) >k il X ft x. ft il b 0 

7 = Ka(W-W„) A t / A x

zzx rj (4 tilt, K.xiiStSSS, W 1455"Scof;-ft. W(l 1454SA?$ftftSi 0 A -o ft 

vft > ft CO tft, a t / A x (4 if ft Hi #<051 lr.! f 11$ m -C$3 „

titti4-.nu-.nmm (5i.htfs«) ft<oistti: 4 o -c s i: in 11t&$tt («?*> t
h -If- B$ RO ft ilJ 6 + ft A tt 4 URiOft A tAsftft ft, +&*>$, (Dili <0 (W-W0)j3

t a a t /ax iiiiH, * 1i: ioatniVifficotsifi to x <nbs

711(Pb0rSi02 A” 5X))$U]ift Ka $• ft 6 L , % it ft ft A ft A b ¥X i 3 c 

B-2. ti«ii'i6tmti-
s 2.1-3 ciemtmmt o xttti> i»i«t7 x«it > witixta®

i!6 dttl Ltiii'y X lifts '$ Si! ft ft co ® It It SI Hi A” 7 X It $$ X h b „ ti ® ill 6 co 

ii:t7Xi7t-5 #;.«,! HU 6 A ft -o (41: tt, 1450°C <0® St ip I*) X Hit at 

lt„ Hi A ft -o ($• ( ^ 45mm, tit 63mm) hSIUU) lcm CO > A t 4 ft A” 7 X ft 

ii ft L ft fi:, AH C ill L A it L ft.

B-3. 8J6SfE

S5l ±lf$$E(4(®t 7‘ H A*K<0 BVM-11T tttdLfto ti A ft-o 14 ft $$ 1 l*J t: 

-b -y H L ft A' ft IE xift Sr ft. It- t -t, ptf Sfit 4 til L ft ft b t> ft A' 15 lb z> 1) T If X 
tcftclitt ( ^ 8mm) ft *” 7 X * ft „ E % ft CD ft B (4 H A it A5’ ti A ft o

(4co lie ft ft ft lcm CO b z ft -v < 3 4 o 1x6 L ft „ il 6Si A ti Aft ft 4 ~ 5 IS ft T ii 

Si L , 6 Aft ft®. C ft# L ft v ft i<2 ft $. l) Ft ft , ft 7 x ft## L ft. ftcoft 2-3 

A ft ft. «i|6fttmLft„
Hi A ft co 51 ft. if 14 # ® ® ft 2cm 51 A 6 If ft At ft co it 6 co lcm <oEBI<D±*M# 

M ( X $ -7-?i6 t lift ) > fSrtft i@)6 L ftc 

ffllftelf 1450, 1400, 1300, 1200, 1100°C co & S® ft ft 30 Afrftf L ft fi: C 6$6
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L tz

C ft/Tl k
0 2.1-4 c#9 x(oia$-Wi$iijS4% tinaaswii®

Wft®lii«ftm@i«ftli 1364K CO - ti L ft ft ft o /eft, IkRB'jAv'-ae/B L/c,,

..tefid izr lit u tstiii'rni v lillEfttoroiSJmii sio4 m is f* ft / h 7 -
1 ft aItft h ft ft i: ft 7 x <oftif Sr TIf 4 l® § ftft> X> ft t ftill b hr i' £ 0 ftft t

CRf 5 ft T ft ft V £ <$, ft E ft#J li ft It * S iSS ic rif-BW S »t* 6oi#a

lit li Hi ft" 7 X ft ft. L lit ft f™ iS ft" 7 X i !) /, ft § ft ft la: i ft ft CO li , Na20 * :ft ft ft
\1 ft ft ft li ft 1 > ftt # X. b il it o

111 2.1-5 1C ft 7 X«ftS«7 V - -1 X 7*n y 1 4 ft 10 Andrade ICifftilft log 

, > 1/mfflffit Vogel-Fulcher-Tamman-'ft logy t l/( T- 7„) ft M ft ft i t ft ft „ 

Vogel-Fulcher-Tamilian 1C i o ft-Sftil ftftftft li ft 7 X ft to 1$ ft (ft V jUg 16 61 IC 

ft ft -j ft ft tC tiftftio 

Log 11 = A+B /(T - Ta)

i± r L - -i xftft x ft-f ft ft/ft 5 < -t £ ftftft ttig-(i;ff;$iftft> o, ftit i± r„ 
tllfttijctiiLTi'ft

Vogel-Fulcher-Tamman2lft ift ft b .##%## ft X X Ift ft! ft Si 8 li ti T ft 5ft ft * 

ft b ft X) o

Log (rj / Pa-s) = 5441/(7- 469.0) - 3.409 

r = 0.9999

-&W(c 7„l± ft7 xK«fil J: 0 f&ft b ft lift V' Z> izsb (: , 70= 469.0 K li# ic

ftE. 5 b ft ^ Sfifttt ft - X ft ftitlftft'S $ ft -E, 0

1) /JftlltSH], ft HI# ft#: ft'x xaticft- 17'y l.ftlHS, 1991, p23.

2) M.L.Williams, R.E.landel and J.D.Ferry : J.Am. Ceram. Soc.,1955, 77, p3701.
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2 . 1 . 3 *'9 X<Oflt ft # m -e <7> S M g # It i! %

<< B

%#Hi »"9 x#ktpi±, J|]Bftift<o-o> L 4 K#ii%inB*It 
ft 0 , il K $ ff 4 ik ct l± . # «•**#• 9 x co 1 j$ #< ® 4 co E M g $

< £.$*<*6= i 4, Sit©o>K-a-?y-iU-V3>i: 
ft v4li, fr£S 4ft it 4 *' 9 x Srftco m Vs W-&■£'%■ b £ 0 , 4 co..$1 > LX
k ® M ft; s $ il £ it •£■ g ft ft ft -e ft h =

«SI !$:£;£»

o -kJMOftM (#7

t'-j i> ?S CO k c , S' tjj i) i: tor;c ; tf Srtk, EM & X in B L 4 - ft»I: 
)Jii B L 4 E, ft S < 80 o 4 ft > ftk 4 ft ft , 7D-t J t kffJuil 4 „ if =>
x f; 11 liri AM r o 5 ft -1 co 3 ifri £ 0 fS 0 k ft 3 4 4 g til ft
4

ftcoE, It t* k , r co 1 ftif <otf-S t li (kljgco i'i £ •) > X £ 100

°C/h -e£ a $ 4 P$ £ L il £ -t ii t L 4 „ (ia 2.1-6)
ELn]X)'lE^fl(T il i tfn-tH X'#) 4 K 2. 1-4 Cftftc

o m&
'll Si n I £ Ii 2. i -7 l: X -t c if S L 4 ft ft 4 'JF tf i;t-7 n, 1T ft k il £

5 ft- 4 ft A B X , 100 °C/h 4 % £ L 4* ft k 300 sec S I: il eU:„ il £ li , k

SIS Effico-1- <"kt:|SE L 4 B E ffi ft ff o 4 c y SIS E t® co 6 T ft k Iffi # I: B « W
i'EtlttcU, il £ ftli ft ft k 2 o co f§ £ £$ £ ft 1 °C El*] ft 4 -E, J: o, f§
Bfrcofft 1 4 P® L 4,

A m tt CO ft il £ ft co k T W S ft HMT ft ft E Si ft St 1 ft f i 4 il £ fl (0 -t ft £ St 
f li, ft T <0 it 4 Its 4 § 4 o (ffi L, Ifffffifjf : 5, : l bXi>)

C = 1 / s

t IT, il £ J5J $ St ft £ it k St IS CO iPJ] £ ffi ill g b £*»$ k co M lf: li ft T co 

t ft i) 4 * k c

k = C / R

if 7 x ft ft Ilk fziif (±Ef»S»4* h <0 4 5k Si 4'£ k , il £ ffift li M <0 i§ « 
ffi Iti t £t Si ffi fit 4 # is o Lt)>L, il £ 18] ft St ft-ktrftfi vi§fti± £ @ ffi fit 4* 
^ 4 4 ft (04 1 , MIhH. il£«4 k o 4 iH ill ffi ffi It U4L 4 „
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<<!a $ ' ##>>

il$tftin.i)' b St*II 4 ii izitEWSco id g;#; log k 4 ftt 16 I- , #8#£8:coMti 
& ## 1: 8 9 7 n y h L iz i> <n 4 El 2.1-8 U/p + c (ft £ 1Ut X- li il te 'K S 1*1 co

i mm l(i in i'll /} ■ 4' i-J — V 4 4, 4 k|,t 4 o /)1 41 "4 ic 4, 4, O i 4 , i‘, ,'j diil 1'li 5k ' 7 ; 4 ■; 5 b o 4

<0 'p 4 i' r - 4 k>? ft 4 il tz ,

1250 °c s-eua >, m % e. »$ s ^ c e c 74 „ 4 n ti, #9 x is it »* t o
izZ i iz X I) , 5 f # 4 6&®<9Stl8|»> 4 »' 9 x »$&Ato
L , IS S 4 L'-t il [*] 1: % ifi 55 % E. L 4 4 (7) 4 # X. 4 ti h o 4 <0 0# ti -e. fill $
4-1? 7 L 4 c

4 CO iliu 5e e * 4 . n It #i 4 * § 4 -4 )5 4 a :>r tti -Ip IE il 4 4 » to L 4 it *
ISklHt7’n 7 I- L 4 4 <0 4 H 2. 1-9 U/ratc -fe >1 8rEfl 4 StEB fl 4 R
#1: 20 x 20 cm a 11-S 4" 4 4 <b * S < Hftfc, 4 4 V . -t cUfirBfi
4*4 A (33 x 33 cm t:* S ) C afl 4 o TSt # 1“ 4 4 , 4 A < -$fc L
4 „ 4 ii li , E S HI 'c S Sfc »$ ft K |:|SA.t St li T 1' h 4 4 4 iy< PS t * »

«##xi9i»
l. ## If, ## fif, SStS^B. 91, 335-338 (1983)
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#2.1-1

rh h $JJ E <m /3t SiO^ / wt% p / g -cm ^
Na,0-Si0, 40 2. 17

1400 T 50 2. 19
60 2. 20
70 2. 21
80 2. 22

CaO-SiO, 40 2. 68
1700 °C 50 2. 61

60 2. 55
70 2. 45

# 2. 1-2 7 % (7)1:1:

A'7XC7)ai,£ / wt% it» / j g-'.°C '

SiO, Na.O K,0 CaO MgO A1:0, F e 2 O, 400-X00 °C 40-1000 °C

74. 10 16.65 0.04 4.65 3.23 0.33 1.17 1.22

7 1 .XX 17.59 5.01 3.64 1 .21 1.12 1.21

73.2X 16.3 1 5.31 3.XX 0.4X 1.17 1.19

74.95 15.X2 4.79 3.30 1.13 1.11 1.23

71.5X 14.00 12.94 0. 10 0.54 0.12 1.15 1.21

74.X4 16.4X 2.55 1.77 4.36 1.17 1 .1 X
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© zScfiWit

1200 1300 1400 1500 1600 1700 1800

77 K
1) /MlIISH], /Milfoil: .

1991, p23.
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(1/Tor 1/(7-469.0))X 1000

l) /NiHSw], W—9zfy^0
&IE^, 1991, p23.

02.1-5 ^7^©M®7^^7o y h
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6

m 2.1-6

furnace

GPIB

POWER

DIGITAL METER

COMPUTERLCR METER

TEMPERATURE
CONTROLLER

l'X| 2. 1-7

^ 2.1-4

Ml 7E Tr ;u 7 < f #
10.5 mm

i*i g 6.55 mm
10.15 mm

y a # 7 x ($1 is $ )
AimS ft 1000 °C

10kHz
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• ^0(7)11$®

■ $S6F<0S)PE@A'b(DltS® 
(mSBS: H^<DD20cmT-g+S)

D gi@5*FO)S*PE@6xP,(DtiS® 
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2. 2 z3#7 xx)#m#m

2 . 2 . 1 CRIfl f 77 X i/f if i^ifjJI'jXf Aero-Acoustic Levitator (AAL)) (2 o T

u nr#-e^u, cxi##cz^T#7

^'2 ± ToT#r^6 (7)^, f ^ A(:ov'T%

#(: LT& < C^UlZ-oT,

^T# 6o Aero-Acoustic Levitator (AAL))(±,

CR lit (Contain erless Research Inc.) (i , 7 X V ~tj □'^[1] i U X f 'i'll cl /s' > X h >

C^> ^ , I993$CInterson:cs LTT& 7:#%^

L-c^6= NASA

LTW&o

# X ijfc #- # if )# # CR Ifi X) % % 1% Dr. Nord in e To, If Lt & tz Aero-dynamic 

Furnace t , CR I% X) (|tj $f X:' &> h Inters on ics X) ft HDr. Rey To f$ If L XT # tz Acoustic 

Levitator f M b- □* iz> H± tz Ilf I<7) if i# ifi ~C <fc> & 0 ^3 R-t Dr. Nor dine Contain e less 

Processing h V fc li tz If o X t ' tz To, Inters on ics t cH# L X AAL £* 7ult£ £ dL tz 0 

tf X )jil if if- )it uIl £i , 3 fill 6tf X) iHt ?m M if i& ?f ill fl M £- 7/ X ^ if He ^k. fL Tf fl" c ,

LT, ^^<^^2400°C^'C(X)t[]#^oT#'r^)/5o

AAL^m^T, fh7T<7, ^0^7&<fX)i#0, A##,

^fz;#4:7 < v X XX)i####, Ca0-Ga203-Si02^T7 7 XX)^^?f^igJ^X)#%, 

f&0T77XX)#§&^#^L"T)\ #±"C^#$LlTV^c

2. 2. 2 #x^^^i#m^cz6#7xx)i#m^m

(I)

L7:#fs^ 1999^11^ C^#L/:o 

X, ^AX)^A7T7 X, XX)3##X)^9 X#t
#£:oi^T, 850- 1550°CX)^^#@T, ##^^#^###Jm^##L7:o25- 

40mg(2.5-3.5 mmg#)X)mt#^#X^#?&#m^(AAL) C02^-^f

#####, 30frames/secX)

1000

frarnes/secX)i%jgH'Ti-^#mL/:o mt#X)^^(±, i&#0.65^mX)%#^^:te#
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o rilg L to.

ij£to(4Sc5Mm I: to to oT lffi L to, fc o S co tf 7 x 1400°C $ t*. j$0/] #7 x 

•c (ills 0°C it, 15610 4: ft rn 1 # $ 14 ft" < l f to r & o to „ * i)HSi 0 4 ft ft . 

Sti®<0'|'Uitlt/56,t L, 2 to to.It (: B9i to ;1;fl:#i ftto to ft to ft 4 0 Hit./;, 3Bfl to 
7 xt i± issort', 2141:30%f)S4 *1 to,. "f'XTcoEfi-il, to 7 x 

fft&#ti?R < , v ft to to S ,E * ft- 10 to 1 > to i , tfripr* :ti:iot#7Xif|j 
X ft to to § to o

I l40°CcOjiHfl *'7 x (O $ K0.65 7 nt to to jR#$ 14 0.3 8 ft # $ t to to . EftBtotf 

7 XSuglilSB/j ft 4 I) , 0.92 ft v-7 L to.

toto < , If **0 antic* otoi®iisjl4too < I) ft $ ffi L to „ S

hif-t (,fiiuftcotttttx® < r, igw]roms* t e ft -t e % e 4 ts ft to to ]<>, :©

(ft ift 14, IS It co ffi; v > ift # i: # ® tj 4 # it CO Iff] SJ] fM® 4 t6 ft ft ft ft 14 4 to o to. to

■it141 i5o°c t i4oo*c<oiresiiuiEft lto = i isor-eii, v--yco*tootv^b

ft @ ® ft -e 14 , 1 00 - I 50°c CO BE # »$ tltl'5 o I 400°C -e 14 , it ® It <o A ft # # 

to ift i'6 CO Rim ift ft fftirnift ft tilt L , im$$ 1440" 50°C 10 jlft ft ft 6 ,

ft to$ff55to!4, ft 7 x tof Iff to iff S i# i§ 14 Iff iM 4 SK, ft to Iff St#®-g$ to ft 7 X (0 

BtolttoilSioffijlfltoS 6 to ft" 0 fri-SH**
•SSSI4, H ia Bt S 4 $ff 55 ft ft co (o tf ffito. *coffi] ft to ft ft.

1. ffff i*E It ih] imraili ft 14, S t# to ft to iff $ to 4 t 4ft.
2. st# ft co^H-ce # ft ft4t)-totiftft5'4- < t-1), is it gift? ex ij *?-$■ < tor,
ft" 7 X It LSI < 4ft.

3. ft ft to $3 -It * il S ft ft to j o dft g 4, i* it 4-il Si ft ft ft ft ftto'toS ft.

$1114, CRIttcOAAL(0CO2 ft-ftft ft ft toltto$# Lto. 02.2-1 ftAALftto'ff 
iBft ft Blit 7 CO = ■=■ O to to ft ft . 02.2-2 l4AALtoS*toft ft.

(3) $11 ft it

$H!4 , CRICOHigh Temperature Materials research Laboratory "O', CRItoX ft ft

-ft, n*ti#m$cos#, ftps#tftfccoffc, $psi*H«w$pffcoittif,ti?Bft 
L T$ its L to.

(3)-1 itttass
E $ 111 44 $67-103 SII co 0=' ft if =7 x ft ft <o*.#io@# L to. It to 14, fttofeio 4 

o to"Clear", "Brown", "Green" ft L to |xgljft ft .
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2 t! 6(7) #7X1;):, 77L<ffL#Tgi#LTl-2mm(7)±#$^L/2o 

Laser h ea rth me I ter'C, L T2^4 mm CO Zfc 7 fh" o tz 0 jo X ir 1 00 # CO £}< ^ , jf

E: L tz c IH 2.2-3 O- Laser hearth me 1 ter'C' \\-- b il 6 ,X fi CO ‘‘j- l'l 7 &> 6 c

(3)-2

2<7)%#(Z, #7 x^l%-^(: ^(7)Z CKl5f6^e#
f L7^^(7)|MI#tX L7(7)^#&#^#^^"<6/2^(:'^mL/2o

2 2 7{^6jl/2AAL(Z, 0X#^##^3t6/2^)(7)^Zlj]X, #^^^^$4±6/2

2 h (: Z V , 2 h ^7# 6c C02lx-^(: Z ^ #m$
-tir/cK# 6c

- 4f H' - A (Z K## (: E^^ /:#^ < 7 - 7#Z#(7) K^i# (7) @ 1:#^ $ ji7, W @ 

^%]#i"6 2^7)^"c^6c 2(D2M(7)tn#n:j:U, Z^^^t:lm#;^-73 2L/)^7# 
6o AAL(7)#$0(Z^#8-lll:;d#$^L7^6o 

#m#E(:(Z, 2o<7)^y 7 a H'f f ^ 7 7 7)^#$ jl7jo ^ #m
(7)$IJ# T - ^ ^#y)T U 6 c 3# B ^-7 / 7 a X /; 7 7 IZ30 frames/sec

7f$# L 7 jo V , 7 a - X 7 y 7 L > XT: #$x 0 7fv7-##^#L7
W6c 2ZUZ, ###X#(7)H'TXI^#^MB#f6y)|:^j9j'lTw6c 2(7)(^f^(Z,
^ - y - ±TK#(7) ^ ^<7)T- 7 6 fLT#m $fL6o m### (7)#%<7)/2

(:, 1000 frame s/s ec-e-r- 7 &4#^%#7 # 6^;g^T 7 * y 7 ^ ## L /2 c 
#%SM:#(7)^^(Z, ##0.65/zmT(7)g#%#^^BtT#mL/2o 2(7)%#^^:f 

(i#m#X#±(7)lmmg@$:m^^/<- L7^6o 7(±3 > 7 1:%0
jX Z tl7 7- 7 7 7 < 71/ l:f^# $ Zl, mm±(:^W $ jt6 o

(7)#X^#IZl.0- 1.5 liter/min(^^)7 2(7)^X(Z jo Z f 150 7(2^# L7^)6o # 
/<7-^7>X3y-7"C5.0^66.0y)$Eia"e^6c 2(7);<9-(Z, 

#7 x L m L± # $ (7)zK^i#t# $ -tL 6 (7) + '^) 6 c -e LifTi jo Z 7-30W<D
7 CtOx 6 j!6 2 k (:^6(6#(7)#}#^^6o )o
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118cgml.2: Clear Glass #10 Mass Loss Run
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0 2.2-4 (C) Temperature vs. time data plotted for the mass loss experiments.
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118cgml.3: Clear Glass #11; 4.2% Mass Loss
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El 2.2-4 (D) Temperature vs. time data plotted for the mass loss experiments.
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118cgml.6: Clear Glass #6; 1.0% Mass Loss
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118bgml.3: Brown Glass #3; 1.2% Mass Loss
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1 % mass loss

+- Clear glass 
i- Brown glass 
▼ Green glass

Apparent Specimen Temperature (C)

0 2.2-5 Mass change vs. apparent temperature for glass samples processes for 2 minutes at 
temperature in the range 850-1550*0.
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118cg.l3: Clear Glass #13; Looking for Oscillations
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El 2.2-6 (A) Apparent temperature vs. data for drop oscillation experiments.
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118cg.l7: Clear Glass #17; Looking for Oscillations
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2.2-6 (B) Apparent temperature vs. data for drop oscillation experiments.
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118cg.l6: Clear Glass #16; Looking for Oscillations
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El 2.2-6 (C) Apparent temperature vs. data for drop oscillation experiments.
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118bg.7: Brown Glass #7; Looking for Oscillations

♦ Mikron (K)
10 per. Mov. Avg. (Mikron (K))

20 40 60 80 100 120
Time (seconds)
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® 2.2-6 (D) Apparent temperature vs. data for drop oscillation experiments.
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118bg.9: Brown Glass #9; Looking for Oscillations

♦ Mikron (K) |

1 110 per. Mov. Avg. (Mikron (K)) j *

Average Soak Temp = I568K

20 40 60 80 100 120 140

Time (seconds)

gj 2.2-6 (E) Apparent temperature vs. data for drop oscillation experiments.



118bg.8: Brown Glass #8: Looking for Oscillations

♦ Mikron (K)

— 10 per. Mov. Avg. (Mikron (K))

♦ ♦ A*

Average Soak Temp: 1742K
o. 1600

0 50 100 150 200

Time (sec)

IEI 2.2-6 (F) Apparent temperature vs. data for drop oscillation experiments.
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llSgg.10: Green Glass #10: Looking for Oscillations

♦ Mikron (K)
““10 per. Mov. Avg. (Mikron (K)) j

Average Soak Temp: I639K 
(28 - 59 seconds)

....

10 20 30 40 50 60

Time (seconds)

13 2.2-6 (G) Apparent temperature vs. data for drop oscillation experiments.
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118gg.8: Green Glass #8; Looking for Oscillations

♦ Mikron (K)

— 10 per. Mov. Avg. (Mikron (K))

Average Soak Temp: 1654K

Time (seconds)

gj 2.2-6 (H) Apparent temperature vs. data for drop oscillation experiments.



118yag.li Commercial YAG; Looking for Oscillations

£
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1800

2

1000

♦ Mikron (K)
— 10 per. Mov. Avg. (Mikron (K))

0 50 100 150 200 250

Time (sec)

0 2.2-6 (I) Apparent temperature vs. data for drop oscillation experiments.
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# 3.1-1 y KF96-10

/p kg/nr 935
//i Pa s 9.35X10-
/r rrr/s 1.0X 10'

V m 0.02
g' m2/s 9.8
/V 1/K 1.06 X 10-
K ' W/m K 0.14
c; J/kgK 1.674X 10'

/y N/m 2.01 X 10-
^yV

/8T'
N/m K 6.4X10'

cj' W/m2 K4 5.66 x 10‘8
n 1.39

m 1
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#7 L . m ;%&#&&2-# a (El 3.2-1 #RR )o a 2 2 ^ ^

2 -f ± ;2 a # @ (± #; Aj- 7 C t: < . #7 x^@(7)^%^H:^ag|i- a # @ ^ ^

cza^(D^#^b^a dm 3.2-2)o (#7x&mi^-c&w

< & u. a ^^#
atia/z^), i#^. -77 77-#^2nfiffiTv^ao
(i 2 (7) "7 9 > 7 ^. ^ % L T #& # ?7lc (7) ^ "2 )7iL ji # x_ "2 jo *9 . % # 2 ± v ^

i# ^ T v ^ a h jo tl a o

2 o _L& 6 (7)##&c z a -7 v > a

T2)#^_7"2jo2^^o

1 ) 2 ^ 7U (7) iA ji f" a o

2) ##f(±m#:(7)A^^^V^(7)hfao 

3 ) m # (i V 3 > f /f ^ ^ v ^ a o

4) %n # (i ± o% d' a E M - x -e i o
5 ) # a 4i 72 ji ̂  a . y

v 3 > t 4 71/ ^ 7 x (7) #%# C ^ a 2 ^ c j: 0 . 7 7 x c ig m T ^ a

2 2 ^ gmfo
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r 111 7 #
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5 ^30

%[]#& 4 5 ^ 3 0

H13. 2-6 <D%$ft\C <fc 9 # ^

| 10 cst 50 cst 100 cst
G 0.0201 0.0208 0.0209
P 0,00106 0.00096 0.00095

935 960 965
k 10 50 100

c(J/^T) 1674.72 1507.25 1507.25
k 0.14 0.15 0.16

y !) =i v Jr 4 ;i% # i± #
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3. 3 #7 x <n /j> a is a ip % ii
3.3.1 ftt$ toS-'K, !*#]&#)

»" 7 x co it nest Jiliia/ t'i-J'-y i i !•-■> 3 >, X v a v > a
y v 3 - y t f ll ft 4'<OSi 1ttiflft4 ff] <o ll to to H % II, % l?i CO is a fp 33 CO »" 7 7
CO it 1i ,i!l] 5e cO 3 fft O'i [ - 'is ft! '0 3- 3; 111 '3 ft, 3 > -i i — y — y < to U — v 3 > co 4
K iz a l !± fl 6ft iz # v 0 3 > t” i - y - co it % ft ts |b] ± i: z 4 i> co a-, fp 1*1 co 3

:k 7C <0 it ll # #f 4 E * 4 1 # A5 $ji 6 cO a it 33' & 4 o -fti l' 3? , 1$ HI it ft 4 ft] 1' lz to
f'A-SUfcofttllW#'.'**, 3 * 7C 3? it Ii 4 i® ie 4 lz X it IZ I ft co A 33 * 4 o % Rl 
co iff a Ip 33 CO #' 3 30 it ll 4- ffi O Ii X tt IZ 4 4 12 g; ft-' ft i > „ LI'L, 3/fi-
y -13 Z V# to !R ft T ii Ii 4 « tor L ll s:«CO E ft-! It 4 ftp 4 3z *ft (z IZ , * Fg co iff St
IP 33 co 4" 7 x (O & Ii 4 iffl fif-t 4 4 4 iz Z ft #; E 4 Ii 4 ■£• if Is <4 4 o S 3.3-1 I: iff

a Ip 33- <o $ Ii I; ME 4 -XII X lit 4 H 40

If ft-' 4 vjcKco li > 4 4" *' 7 X $j6$fflcoitli 4 ISt 4 4 4 izjiti L T i> 4
a y x y > y i*i co a ii 4 4 4 4 4 z 4 ll ll 33- * 4 <o ii, BiBStiz z ft y > y m
co 4 7 X co it IlftiiRSlT' § ft v 4 4 , ® S ft * 33- <0 il $ft3® j3 Z to'ftS 'It 0s ffi i
4 12 < i> 4 tlitflt J 4<o4#x_4li40 
ify X * j* # g co it Ii 4 lit 4 4 it tUllo-yfcMHUlii f-P 4 ft

4 s b 4 > a^coWj § ftHSBS-t 4 nit 4, iff co e fi'ifemft iff a
If 7 x ft® |:(z EvTBfOftHh 4ES-Z4 ftfitco 2 filfllz.ti.ti Z 4 Hire § 6.

liliL. 17 x y > y I*] co 3 ® it co it Ii #1 It 4 * # L ft 1 i# 1' i ft fF 14 4 „ 

1970 to ft I: ft" t 7 co HVG CO H.Barklage-Hilgefort 4 ft'Hi ft to it ® it 4' $ It L ll ft

(O 33 to 4 o y > 7 to co to 7 x co it Ii I' 4 II to ft ii i'ltoxtoH— 4 II to f$ <0 <8
5 ft 4 X. y, Z Ii CO itM 4 It to L ll 4 CO 33' to 4 „ StiPJISfi 4 fftoito 4 iftZPiKBft*

Jftifi 10cm h to ft ft to y, /i jo f= Jtl Bf ft® <o fiS ft'fftTI" 4 4 4 , # f# to co to to 4 

toimitAlto^fttoto 4 4 4 13 Z toil to 16 to 2*17)>ftv\I.33'tol*l<Oto7 X co 

itli 4 IE Ii 33 if Ii 4 l± It i' It i' to, to 7 x 0 it to co it H 4 i® to to 4 to® 4 It 3/3 L 
Ii to 33' S < E ft 33 # 4 o

- te 6ft 13 . to 7 x CO it itli, 6 m II it 4-777 ton i| it co 2 ft Ii i: to II33' S 4 0 
g ?t Hit IZ $ $ -S to tt $ S to $S IS t" 4 4 co 33 Ift ft , -x 7 > toxEitIZ SBIIlft I: 
ga+ 4 f> (0 33-1) 4 o 4 Ii i 33-, to 7 x co it H 4 1% 7 Ii to Kiz 6 ft Hit I:# II L
Ii t <o 33' 4, ft , to 7 > to n H it I: # B L 33 to 7 x <o it Ii 4 il 6 L Ii to K IZ ft ft L
ft i > „ L Ii o 'C to W tg 33 IZ to 7 y to' to l| it 4 s H L . to ]tf! Bi ft: i: to 7 f- x to 7
ft 4 ft 4 4 4 12 Z ft Ic B0II4/ 4 '1ft 4 to, to 7 > to' to || $ Is #i |*j H ft co it ll i3 Z

E to 7 X S, ® |2 4"co Z o I2|to#t 4 I'fttBSt 4 4 4 4 EIB L 33 v 4 „
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l tz ftf o -c, to it #l ii ig^-es a /j' m «is it • it ft & t y ;i
x 7 ft a"-to it S-IB'IH-to to * i: Si £T to to S?**® to it to to SB
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#3.3-1

Title ** $ # K

HBtoW

fH
Contribution to the measurement of the local 
heat transfer coefficent at the wall of a cylinder 
perpendicular to the flow.

K.Fitzner Glastech. Ber. 1968 41(5) 189-195

Flow in glass-melting furnaces.
D.D.Billings & 
W.H.Manring

Glass Ind. 1969 50(7) 333-386

Investigation of the production cycle of molten- 
glass flows by analysis of convective glass 
transfer.

V.S.pavlov, 
V.V.Fokin & 
N.G.Suslikova

Glass Ceram.,N Y.. 
Consultants Bur. 
Transl.

1971
28(1-
2)

71-74

JL

The chracter of the mobement of the melt in the 
conditioning tank and drawing pot in 
nondebiteuse glass-drawing systems.

F.G.Solinov et al.
Glass Ceram.,N.Y., 
Consultants Bur. 
Transl.

1972
29(3-
4)

174-177

The influence of a threshold in the area of the 
hot spot on heat transfer and glass flow in the 
melting end of the furnace.

R.I.Sevast'yanov 
et al.

Glass Ceram.,N.Y., 
Consultants Bur. 
Transl.

1973 30(2) 70-72
6S1!lc|»W#6ai'raa$;11
So

Mass Transfer in industrial sheet glass furnace 
and model devices.

L.G.Geroimenkova 
& V.I.Anisimova

Glass Ceram..N.Y., 
Consultants Bur. 
Transl.

1973
30(7-
8)

517-521
«*'7X

a$;iis.

Convection of the glass in an electric furnace.
V.M.Budov, N.A. 
Spirina & 
A.T.Dymov

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1979
36(9-
10)

478-480 •jf

Flow measurments in the working end of a 
recuperatively heated glass tank.

H.Barklage- 
Hilgefort, 
K.W.Mergler & H.-

Glastek. Ber. 1980 53(2) 27-36
#Vf%t;£K#IS-C3%7c0)m

Experience with electric melting of glass.
H.-J.Hillig & H- 
J.Linz

Silikattechnik 1980 31(10) 292-294 ■jp
e*. aa»e.
ft

Convection of glass in furnaces with a reduced 
depth of the conditionigning zone.

O.I.Koloskova et 
al.

Glass Ceram.,N.Y. 1985 42(2) 70-74 a$*s

Melting viscous hard glasses in electric furnaces.
A.P.Sivko & 
I.P.Khil'chenko

Glass Ceram. 1989
46(7-
8)

350-354 ip AVTif-cmhsms. sfca 
aj3*Vtt«SvilSt,aiB.
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3.3-2 ESl;SBI-Slt"^S:Slt
Title ## *K45 % # M mmm EBB#
Experience with electrical heating of forehearth 
using elements above the melt.

M.Vogel & 
J.UIIrich

Glastech. Ber. 1970 43(7) 283-288

Thyristor power supply regulator of an electric 
glass furnace.

I.G.Ibragimov & 
V.P.Nevzorov

Glass Ceram., N.Y., 
Consultants Bur. 
Transl.

1974 31(2) 89-92 1B&BL ssamu

The melting of milky glass in an electrtic tank 
furnace.

GAIesnova et al.
Glass Ceram., N.Y., 
Consultants Bur. 
Transl.

1973
30(11-
12)

744-746 m
/hsuKSKF. i.4t / a. 3ffi, morrj
F*:1275°C, 9-t>y%>K:1070t. 1.6-1.7 
A/cm2, #5%$46.7%

Practical data for electric melting R.E.Loesel Glass ind. 1975 56(2)
8-9,16,
18,24,29 m 1.6 A/cm2,

Contactless control of temperature in 
electrically heated furnaces.

V.M.Obukhov & 
S.D. Stepein

Glass Ceram., N.Y., 
Consultants Bur. 
Transl.

1975 32(6) 412-413 SB&BL IB&BL

Electrical glass melting.
N.P.Vingogradov, 
V.I.Pankov & 
I.KSovolev

Glass Ceram., 
Consultants Bur.
T ransl.

1975
32(9-
10)

693-696 h m
»l/T>f>y5t>^22.65m2X1m, 7ObZfv 
h$>£3.2m2 X 0.65m, 0.4A/cm2, 3%, 
2800kVA, jp#|$50%

Origin of coloration of borosilicate glass by 
electrically heated melting.

K-Matsumoto & 
C.Tanaka

Asahi Glass Co. Res. 
lab. Rep.

1976 26(1) 1-8 VP'f'J
tefttbo

Melting process stability in electric glass melting 
furnaces.

V.Z.Perfenov & 
Yu.KPIatinov

Glass Ceram.,N.Y. 
.Consultants Bur. 
Transl.

1978
35(1-
2)

72-77 ssa#L ib&bl

Some problems in glass melting M.Kunugi Ceramics Japan 1979 14(6) 520-527 SB5&BL

How Owens-Illinois utilities electrinic boosting. G.J.Conger Glass ind. 1979 60(5) 16,21-23 fjrf> # ^74-102m2, 2000kVA, 05.1 cm, 3-
4A/cm2,

Progress report on electric melting.
S.E.LaDue & 
H.Pieper

Glass ind. 1979 60(5) 12-18 SB&BL m "7, 3—)UKh‘y^tp0

Electric formation of zinc-sulfide glass.
AT.Dymov, 
V.M.Budov & 
NASpirina

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1978
35(7/8
)

448-452 turn # mB04O-5Omm, *p1.2X 
1.6Xgg£0.9m. E82M6ES

Opal glass:economic importance and melting in 
an electric furnace.

W.Kerner Glasstech. Ber. 1979 52(11) 237-242

Small electrical glass making furnace for the 
production of E glass beads.

K.M.Tatevosyan, 
KAKostanyan & 
V.S.Dzhamalyan

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1978
35(9/1
0)

524-526 Wt'j % jp0.65 X 0.25 X gg£0.7m, 2#,
M;SJS1500-1510°C

Electric glass melting and fuel crises. Z.Haider Glass (International) 1979 56(9) 98 SB&BL
A method of calculating the size of electrical 
boosting devices for glass melting.

B.Krey Silikattechnik 1980 31(1) 10-12 IB&BL #
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Calculation of the resistance of three-phase 
multielectrode systems for the electrical heating 
of a glass melt.

T.KTrunova & 
LG.Shemankov

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1978
35
(11/12
)

648-650 SB&&L 2%, 3#m%e(Dg+#j±#

Practical experiencee with a small continuous 
electically heated tank.

K-Eckhardt Glastech. Ber. 1980 53(6) 145-148 VD't'j #

Introduction of electric making of fluorine 
glasses as an effective method of environmental 
protection.

NASpirina & 
M.V.Shapilova

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1979
36(5-
6)

299-302 Wt'J m 1.92m2Xgg*0.9m, 74-V—SB0.75m2. # 
045mm, *YX^)lt;SSl2850C

Safety factors affecting electric melting PAM.Gell Glass Ind. 1980 61(11) 19-22

Stability of electric glass melting furnaces. G.Hilbig Glastech. Ber. 1981 54(2) 44-47

Design considerations for all-electric melters.
W.R.Steitz & 
C.W.Hibscher

Glass Ind. 1981 62(2) 11-17 ssamu
S4B, 2%,3%,/W^Y-

Effect of current-conducting bath walls on 
current distribution in bottom electrodes.

Yu N.Pistov & 
N.N.Shustrov

Glass Ceram.,
N.Y.,Consultants
Bur.T ransl.

1980
37(3-
4)

167-170 # mfpi#@ 06.8mm. 3#

High productivity electrical tank furnace for 
making crystal.

S.I.Matyusya
et.al.

Glass Ceram.,
N.Y.,Consultants
Bur.T ransl.

1981
37(5-
6)

308-312 m
78XIC|r]±0

Operating experience with electically heated 
tanks for the production of C-glass.

J.Woltz Glastech. Ber. 1982 55(5) 88-95

Electric furnaces for melting barrium crystal 
glass.

S.I.Matyusha et 
al.

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1981
38(5-
6)

356-358

Forehearth electric heating controlled by glass 
conductance.

J.F.Stevenson Glass 1982 59(5) 189-192 #
3*8, 152mm, #@031.8mm, *

—060mm Inconel600

Electro-chemical method for studying refractory 
oxides in a bath of molten glass. Part 1.

AM.Vansteenber 
ghe et al.

Verres Refract. 1982 36(3) 534-546

Apparatus for measuring the conductivity of 
molten glass.

A.D.Zavgorodnii
Glass Ceram.,
N.Y.,Consultants
Bur.Transl.

1981
38(7-
8)

432-433 i;mi50- 1000Hz

Three-phase electrofurnace for making lead 
crystal.

N.V.Kryukov, 
V.A.Kurilo & 
S.G.oleksa

Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1981
38(7-
8)

330-333
#*8. 3*8, 100-125V, 270-290A, 55- 
65.7kVA, 0.65-0.75A/cm2

Measurement and control of all electric glass 
melting tanks.

J.Woltz Glastech. Ber. 1982 55 205-210 ssamu #

Stability of all-electric melting of aggregates. C.-E.Michelsen Silikattechnik 1982 33(10) 298-301

An electric melter for clear borosilicate glass.
B.LSchmidt & 
M.C.Reynolds

Glass Ind. 1982 63(5)
19-20,
25,37

m
JE12A#, 3-4A/cm2.Btt#5fcJfcttLT#

Electric melting - a review of the current state 
of the art.

R.J.Brinkman Glass 1982 59(8) 303-304
<koT
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Stability problems in the resistance hrating of 
glass melts.

R.Schmscher Glastech. Ber. 1982 59(13) 243-248

Specifying electric booster melting equipment. G.B.Collins Glass 1983 60(3)
90-92,
94,109

IB&BL 82&BL

Electric conditioning of glass. D.C.Gillman Glass Ind. 1982 63(7) 14-17,20 m

A different approach to electric melting. D.C.Gillman Glass Ind. 1983 64(3) 17-20,25 m'f> m
Modumelti/XTA0)$8^o SB

s

Perfecting electric melting of lead crystal.
I.Afigurovskii, 
VAAbramov & 
BJ.Figurovskii

Glass Ceram.,
N.Y.,Consultants
Bur.T ransl.

1981
38(11-
12)

586-588 mtw, m so** 7*. *m$4i%,

The first campaign of a cold top electric 
furnace.

C.W.Hibscher & 
R.C.Carle

Glass Ind. 1983
64(3);(
4)

13-16;
17-19,29

Wt'j m
58.1m2, %R*1.5m, %1500°C, 5800kW, #

1133B|W](D#^. ^$78%, m

Electric melting of lead crystal in a furnace with 
a three-phase heating system.

VASibiryakov et 
al.

Glass Ceram.,
N.Y.,Consultants
Bur.Transl.

1983
40(11-
12)

583-587 mtm 1 0.5-0.6A/cm2

The effect of supplementary electric heating on 
convection in molten glass.

L.G.Baiburt et al.
Glass Ceram.,
N.Y.,Consultants 
Bur.Transl.

1984
41(9-
10)

373-376 SB&BL
U<^3lE$aHkr6o

Electrical heating in the glass industry. E.Kreiss Glastech. Ber. 1985 58(9) 237-243

Electric heaating of feeder channels. V.N.Fekolin et al.
Glass
Ceram.,N.Y.,Consultant 
s Bur.Transl.

1984
41(7-
8)

283-286 BHbSg B2&#L

Determination of the optimal depth of the tank 
of electric glass melting furnaces.

K.M.Tatevosyan
Glass
Ceram.,N.Y.,Consultant 
s Bur.Transl.

1983
40(7-
8)

401-406 *
The electric control of power for all-electric 
glass melting furneces.

R iser & J.MulIre Sillkattechnik 1986 37(1) 15-16

Experience in the construction and repair of an 
electric furnace producing lead glass.

E.Neukunft Glastech. Ber. 1986 59(1) 6-11 V)?T'j

Operating experience with an electric furnace 
melting lead glass.

J.Goedicke Glastech. Ber. 1986 59(1) 12-16 vim

Optimum distribution of power for the electric 
heating of glass.

S.V.Ignatov et al. Glass Ceram 1986
43(3-
4)

141-144 IB&BL m

Recent developments in electric furnaces and 
high performance construction techniques.

R.Moreau & 
P.Jeanvoine

Sprechsaal 1987 120(4) 273-279

Electric glass melting with low frequency 
current.

J.matej & Stanek Glastech. Ber. 1988 64(1) 1-4

All-electric furnace works well for Gallo Glass.
R.D.Moore & 
R.E.Davis

Glass Ind. 1989 70(4) 10-12,15 wr> m



Electric melting in making glass for building and 
engineering purposes.

LG.Baiburt & 
S.V.ignatov

Glass Ceram. 1989
46(5-
6)

231-234 V)Tt > SB5MRL

Joule heat calculations for simulations of 
multielectrode glass matters and in situ 
vitrification systems.

D.LIessor,
LLEyler
&P.S.Iowery

Glastech. Ber. 1991 64(4) 95-105 1BS6&L 20.

Electrical characteristics of horizontal glass 
melting furnaces and delivery systems.

P.F.Spremulli
Glastech. Ber.,Glass 
Sci. Technol.

1996 69(7) 193-203 IE&BL 1B&BL

Electric melting of crystal glass - Recent 
knowledge and experiences.

S. Kasa 1998
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4.3. 1 INTRODUCTION

This report is submitted as part of the cooperative research between Osaka 

National Research Institute (ONRI), Nihon Yamamura Glass, Ltd. (NYG), and Osaka 

Prefecture University (OPU) in Japan and the University of Missouri-Rolla (UMR) in 

the United States. It covers the period from 1 August 1999 to 1 March 2000. In 

addition to describing research activities at UMR which are concerned with the 

properties of glasses prepared at low gravity (< 1 0'^ G), this report also contains 

information on other programs which are in progress and considered relevant to the 

general topic of energy savings in glass manufacturing. The microgravity research at 

UMR is focussed on three areas, namely, (1) the crystallization process in glassy 

melts in low gravity, (2) the convective flow and chemical homogenization in glassy 

melts under low gravity conditions, and (3) property analysis and characterization of 

glasses prepared in low gravity. The following sections of this report contain an 

overview of research on glasses in microgravity, a description of a Department of 

Energy program that provides funding to US glass companies for the purpose of 

improving their production and energy efficiency, environment protection, and 

innovative uses of glass, and a description of other research at UMR which is 

relevant to reducing the energy needed to melt glass.

4. 3. 2 OVER VIEW OF RESEARCH ON GLASSES IN MICROGRAVITY

Research on glasses in micro gravity first started about 20 years ago using 

sounding rockets and spacecraft which provided low gravity conditions for times
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ranging from about 5 minutes up to several hours. Roughly 1 2 different experiments 

have been conducted on glasses | 1-15], which is a small number in comparison to the 

number of experiments conducted on other types of solids and liquids. To date, 

experiments have been conducted on silicate, phosphate, fluoride, and chalcogenide 

glasses in microgravity.

One of the most important findings from the few experiments conducted to 

date is that glasses made in micro gravity are consistently reported to be, irrespective 

of their chemical composition, more resistant to crystallization and more chemically 

homogeneous than equivalent glasses made on earth ( 1-G). Glass formation has 

been reported to be increased by at least a factor of three [7,8] for a calcium-gallium- 

silicate glass melted in microgravity, but the maximum improvement in glass 

formation is still unknown and has not been quantified. Similarly, a higher 

threshold energy for radiation damage in phosphate laser glasses prepared in 

microgravity | 4] as well as a more uniform distribution of smaller crystals in a 

lithium silicate glasses crystallized in microgravity [5,6, 1 1] have been attributed to 

the better chemical homogeneity of glasses processed in microgravity.

The classical equations for nucleation and crystallization of a glass (or melt) 

do not contain any parameters that are directly dependent upon the g-value so it is 

not readily apparent why glasses melted in microgravity should be more resistant to 

crystallization than equivalent glasses melted at 1-G. One parameter in the classical 

equations that might be affected indirectly by gravity is the melt (glass) viscosity 

term. If the viscosity of glasses in micro gravity was higher than on earth, at the 

same temperature, then the nucleation rate and/or crystal growth rate in micro gravity 

would be smaller than that for the same melt on earth ( 1-G) since both rates are 

inversely proportional to the viscosity. Hence, the glasses melted in microgravity 

would be more resistant to crystallization.

In research sponsored by NASA, that is currently in progress at UMR, Ray 

and Day intend to measure the nucleation rate and crystal growth rate for glasses that 

are melted and heat treated in microgravity. The objective is to obtain experimental 

values for glasses processed completely in microgravity and to compare them with 

the nucleation rate and crystal growth rate measured for the same glass (a lithium 

disilicate glass will be used) melted and heat treated on earth ( 1-G). Based on the 

existing reports that glasses melted in space are more resistant to crystallization than 

those melted on earth, it is expected that the nucleation rate or crystal growth rate or
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both rates will be smaller than the rates measured on earth ( 1-G). This will be the 

first time that the nucleation and crystal growth rates have been measured for glasses 

prepared totally in space.

A major question is why would the viscosity of glasses/melts in microgravity 

be higher than on earth? The phenomenon known as "shear thinning" may be a 

partial answer. "Shear thinning" is the reduction in viscosity which occurs with 

increasing shear rate in non-Newtonian liquids. Such a reduction in viscosity with 

increasing shear rate (that is, shear thinning) has been reported [ 15-241 for several 

oxide glasses, including lithium disilicate. In space, gravity-driven convective flow 

in the melt can be quite small (ideally, the melt might be completely stagnant) so the 

shear rate could also be quite small, approachig zero. Thus, "shear thinning" would 

be absent in microgravity and the the liquid would have a higher viscosity (than on 

earth). Depending upon the extent of gravity-driven convection present in the same 

melt on earth, the viscosity of the liquid at 1 -g could be smaller due to the higher 

shear rate; i.e., the process of shear thinning.

Data for glasses such as lithium d is i lie ate indicate that the viscosity of a 

stagnant melt, as in microgravity, can be up to 3 to 5 times larger than the viscosity 

of the same melt where "shear thinning" (high shear rates) has occurred (as on 

earth). Thus, a melt in microgravity could have a nucleation rate and crystal growth 

rate of only 1/3 to 1 /I 00 of rate for a melt on earth. In other words, the concept of 

shear thinning leads to the conclusion that melts in microgravity, where shear 

thinning is less likely to occur due to the smaller g-driven convective flow would be 

more viscous and thus more resistant to crystallization.

If the nucleation rate and crystal growth rate for melts in micro gravity are 

indeed found to be smaller than equivalent melts on earth, then our understanding of 

the crystallization processes in glasses will be greatly increased and it will be clear 

that the viscosity term in the classical equations will need to be modified to account 

for differences in gravity. Such results would have important scientific ramifications 
and a significant impact on glass manufacturing practices.

A listing of projects in the United States which deal with research on glasses 

in micro gravity are given in Table 4.2-1 below.

4.3.3 DEPARTMENT OF ENERGY PROGRAMS DEALING WITH THE 

MANUFACTURE OF GLASS
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Starting about four years ago, the US glass industry was identified by the 

Department of Energy , through its Office of Industrial Technologies (OIT) as an 

industry where research was needed to increase energy efficiency, reduce waste, 

increase productivity and improve environmental performance. This effort resulted 

in the formation of an non-profit organization called the Glass Manufacturing 

Industry Council (GMIC) which was formed to identify technology priorities, 

evaluate R and D proposals (from participating glass companies), manage R and D 

funding, facilitate R and D projects between companies, negotiate cooperative R and 

D agreements and determine intellectual property rights. The GMIC office is located 

at the headquarters of the American Ceramic Society in Westerville, OH with Mr. 

Michael Greenman serving as Executive Director (telephone 4 10-750-1 226 and e- 

mai 1: greenman@erols.com and website www.gmic.org). Mr. Vincent Henry of 

Visteon Glass Systems is currently president of GMIC.

The GMIC administers funds received from DOE and from participating 

companies. In 1999 the OIT provided $2.8 million in cost-shared funding to support 

research in the following areas.

a. Advanced Process Control for Glass Production.

b. On-Line Sensor System for Monitoring the Cure of Coatings on Glass 

Optical Fibers and Assemblies.

c. Molybdenum Disilicide Composites for Glass Processing Sensor.

d. Enchanced Cutting and Finishing of Handglass Using a Carbon Dioxide

Laser.

e. Redox State Sensor Technology in Glass Melts.

f. Glass Furnace Combustion and Melting User Research Facility.

g. Diagnostics and Modeling of High Temperature Corrosion of 

Superstructure Refractories in Oxy-Fuel Glass Furnaces.

Each year the DOE requests proposals from glass companies, universities and 

others which are evaluated by the DOE and GMIC. For the year 2000 proposals are 

being sought in the areas of (a) production efficiency, (b) energy efficiency, (c) 

environment, and (d) innovative uses of glass. The government plans to award from 

7 to 10 cooperative agreements wh ich are cost-shared by the company at minimum of 

50%.
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4.3.4 OTHER GLASS RESEARCH PROGRAMS AT UMR RELEVANT TO 

ENERGY SAVINGS IN GLASS MANUFACTURING

In 1 985. the U. S. glass industry formed a research center at the New York 

State College of Ceramics at Alfred University to emphasize glass science and 

engineering. Within the first year of its foundation, the Center for Glass Research 

(CGR) received designation as a National Science Foundation Industry-University 

Cooperative Research Center.

Today, CGR membership represents float, container, fiber and specialty glass 

companies, secondary processors of glass, industrial gas companies, and materials 

suppliers and refractory companies for the glass industry. Academic faculty 

members and graduate assistants conduct research in the laboratories of the three 

university Center sites: New York State College of Ceramics at Alfred University, 

the University of Missouri-Rolla (UMR), and at Pennsylvania State University. The 

satellite center at UMR is headed by Dr. Robert E. Moore.

UMR Oxy-fuel Simulation Furnace

The Refractories Satellite of the Center for Glass Research has completed the 

construction of an oxy-fuel simulator furnace (OFS) at UMR. This furnace has been 

designed to reproduce the environment of a working commercial glass furnace, and 

has flexibility of burner arrangement. The furnace, by its size, is equivalent to a 

pilot-scale furnace that can melt from about 100 lb/day to 2,000 lb/day, depending on 

the restrictions and types of experiments planned. The facility has a BOC 3,000 

gallon liquid oxygen tank supply that can support running the furnace continuously.

A summary of the furnace construction is located at 

www.umr.edu/' lcarroll/cgr/cgra. htm 1.

The primary objective of the research program at UMR is to conduct studies 

that will allow understanding of the corrosion behavior of refractories (glass-contact 

refractories, crown refractories) under different conditions and environments. The 

following projects are being carried out:

PHYSICAL SIMULATION OF THE OXY-FUEL COMBUSTION METHOD AS 

EMPLOYED FOR THE CONTINUOUS MELTING OF COMMERCIAL GLASSES,

1 998-2000 (R. E. Moore, M. Velez, W. D. Headrick, L. Carroll, C. Carmody)

The concept of the glass melting furnace simulator at UMR is one that features
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oxy-fuel simulation, large test specimens replaceability, adjustability of corrodant 

concentrations, monitoring of temperature and chemistry in the space above the melt, 

and on-line monitoring of refractory thicknesses. Various monitoring and sampling 

procedures are to be accommodated and NaOH may be introduced at various 

positions. This work involves the collection of post-mortem glass plant refractories 

and their characterization as well as laboratory corrosion test simulation. The 

characterization techniques include chemical analysis, optical microscopy, SEM with 

microprobe analysis (EDS), XRD, XRF, and catho do luminescence microscopy 

(CLM).

CHEMISTRY SENSORING OF UMR-OFS COMBUSTION CHAMBER, 2000-2002 

(M. Velez, R. E. Moore, D. Robertson, W. D. Headrick, L. Carroll, J. Almanza) 

This work will provide data on the effects of furnace system and batch 

variables on the combustion space chemistry of the laboratory-scale oxyfuel furnace 

simulator (OFS). The variables include glass chemistry and batch cover. Furnace 

system variables might include burner inclination to increase both surface or crown 

surface temperatures, bath to crown distance, flame to bath distance and burner 

tuning parameters. The experiments will comprise analysis of the gases in the 

combustion chamber by sampling the gases with a specially designed heated-end 

probe that includes a filtering unit. A commercial furnace sampling probe system 

and pump is also intended to be used and will produce frequent real-time gas samples 

and the temperature of the gases at location of sampling. Gases will be condensed 

for chemical analysis of NaOH, Na, and H9O. Hydrocarbon chemistry will be 

continuously monitored using a UMR adapted chromatograph system. The sampling 

will be conducted until the combustion space chemistry has stabilized. Run lengths 

may vary from 1 day to 2 weeks. The experimental results will be fitted to 

volatilization models, fluid flow models, and thermodynamic models for equilibrium 

species. Results of this study will provide data of practical importance in 

understanding corrosion mechanisms leading to refractory degradation.

The Furnace Simulator as a Platform for Further Testing

The furnace has been designed to serve in the future as a test bed for other 

important methodologies such as on-line monitoring of combustion space chemistry, 

temperature sensors, and refractory thickness changes. Current and future goals
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include:

•To study the attack of the glass-contact refractories caused by changes in the 

oxy-fuel parameters, tank geometry, materials selection, etc.

•To evaluate the performance of refractory alternatives to the traditional crown 

and superstructure refractories including physical aspects, crown design, joint 

quality, etc.

• To improve methods of post-mortem study.

• On-line monitoring of the conditions of refractories by ultrasound techniques and 

novel sen so ring techniques.

• Monitoring of combustion gases to be made via mass spectroscopy or gas 

chromatography, with the appropriate probe and condensation equipment for 

trapping condensable species.

• Flame analysis using novel techniques.
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Table 4.2-1 The following research projects are supported by the Microgravity 

Research Division of NASA. These projects were chosen from those described at 

NASA Microgravity Materials Conference in Huntsville, AL on July 14-16, 1 998 

on the basis of their subject matter being related to non-crystalline solids. The name 

of the principal investigator, institution, and title is given.

a. Day, Delbert E., University of Missouri-Rolla, "Kinetics of Nucleation and 
Crystal Growth in Glass forming Melts in Microgravity."

b. Johnson, William L., California Institute of Technology, "Physical 
Properties and Processing of Undercooled Metallic Glass Forming Liquids" and 
"Thermo-physical Properties of Undercooled Metallic Glass Forming Alloys-- 
An Experiment on MS L-1."

c. Katz, Joseph L., Johns Hopkins University, "Measurement of Liquid to 
Solid Nucleation Rates in Undercooled Metallic Melts."

d. Rhim. Won-Kyu X., Jet Propulsion Laboratory, "Undercooling Limits and 
Thermophysical Properties in Glass Forming Alloys."

e. Trinh, Eugene, H., Jet Propulsion Laboratory, "Dynamic Nucleation in 
Supercooled Melts and Measurement of the Surface Tension and Viscosity. "
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