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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 1000C
~ 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
acro-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 tollowing experiments.

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

1y 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



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
gxperiment.

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,

¢) 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 i1s 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

m ma/é/Au"C\

23 ju/y 1999 Wm &31&,??

Masaki Makihara Date Delbert E. Day Date |
Head of Optical Materials Science Section Curators' Professor of Ceramw Engineering
Department of Optical Materials and Senior Investigator, Graduate Center
ONRI for Materials Research

University of Missouri-Rolla

Yicoe @mww/ 3 00. 9 Hope— é(/Z%;/f@/ﬁVL——

Hisao Azuma & JDate Hafimu Wakabayashi / Date

Professor Senior Manager 70 /7 4 ? ?
Department of Aerospace Engineering New Glass Research Center

OPU NYG
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F2.1-1 IR T A BN RMKDEEE

S Mg | Si0, / wth | p/ gcem’
Na,0-510. 40 2.17
1400 °C 20 2.19
60 2.20
70 2.21
80 2.22
Ca0-S10, 40 2.68
1700 °C 50 2.61
60 2.55
70 2.45
#2.1-2 o5 ADHEK
THTADMA | wt% FL#L 7 ).g ! eC
Si0. Na,O K.O0 CaO McO  Al.O, Fe.0, | 400~800°C  40~1000 °C
74.10  16.65 0.04 465 3.23 0.33 1.17 1.22
71.88 17.59 5.01 3.64 1.21 .12 1.21
73.28 16.31 5.31 3.88 0.48 1.17 1.19
74.95 15.82 4.79 3.30 1.13 111 1.23
71.58  14.00 12.94  0.10 0.54 0.12 1.15 1.21
74.84 16.48 2.55 1.77 4.36 1.17 .18

2-8



T4 L4 — LW Y £ i

ced ‘1ol “HETE

S TN VA N RTINS

G0 tEOSY
0 0 £0S
80 S0 | o
¢l Gl vl O%N
10 0¢ 0 O3
¢l 001 601 oed
81 | 0¢ O LY
CCL CCL 8CL “01S

pAR AN A PR AN A
CEEYE | SEETY | By

WO R (MR £ L O 3 Y £ G YRS ¢ 1T 2F

2-9



I HOY L LR — T-1°T
O, 3 W
0ol 00Z1 0001 008 009 00
— I ¥ 1 1
=
. 4z
NG mmgm
e \\ - V
\\Z CIE ) 4
¥ L —s.
- 9-4 9
——ﬁm—;g“‘“ \ YLAES 4]
\ LA L
1-0M
YCHER ) 4 S AL \
\
- \ o
Y LER b 4 Lk \ \
€€-O3 \ \
- N \Hdu
e T - Ry
R \\ \
- - Pl
1 i 1 ]

(s-ed) &3op

'99500°0 : & ‘P¥S°O

B OCYElvY ‘TUVE e ‘(G-wo)bEEle "L X

ZNFORTR L LN B " YURIAMHED Y c 4

FRAPE A (SRR B 9 ¢ (Y c4WE) §E
HERFHROHARIER © ((%I0)

0ISZL-0BDCI-O°BNI) ¥ £ kXM F 46—/ 1I'TT R

(M) L/,01
14 ] cl i 0l 8 . 5'3
ry 1s-
A
A
A
s -
4
b
lA g
~ T
4 »
A. S
.o "Z‘M‘i
L)
\“.
‘V 1-
Yoz
n
0

2-10



BUEER (W-m™'K™')

2.1-3 BRI TIABLIURYT T ANDMENDEBIGEERD
BEKESE

2-11



Log (n /Pas)

—O—BRRABAY 7 X
—O— KIFREEN T X
0 ' | @waﬂl
1200 1300 1400 1500 1600 1700 1800
T/K

1) ANIHES], WNIEXR : T AMET—FT v 7.

BHRE, 1991, p23.
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Log (n /Pas)
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-1 | | 1 |
05 06 0.7 08 09 1 1.1 1.2
(1/T or 1AT - 469.0)) X 1000

1) /ANIET, WMIEXRE : 7 2AMET—F 7 v 7,
BHE, 1991, p23.

X21-5 U 2ADEEOT L= X7 0 v k
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2. 2 HAWMITWFEREPIZLAT T ADFMEER
2. 2. 1 CRIUE T AGATi iR (Aero-Acoustic Levitator (AAL) 2D W T

RKFERZEOHAND =2 TH LT 7 Aoyt coFir L L T, &
JNRBETTON 7 A OFEZFIM L TWwa. — )7, 77 AL, 72
MEEFEEBCIVWETHY, TOREBIZL > TH I ZA/EO SR E S
EZETHRTHLDD, ZOFHRPETERIIEPEL R E V) HIZD0TH
L TBLENFHL. TNIZL-T, AMEREO L) —BOEE LML 2L
WTE b 77“7\iﬁ’i%“(ﬁiﬁﬁi%@ﬁ(Aero—Acoustic Levitator (AAL)IE, 7 2V 7 5%E
DCRIFEAHEL, MKEABIETE2 L)1l ->T 0 b,

CRH’JE(Comainerless Research Inc.) (&, 7 XU EREA) /AN N X b v
&Y. 1993 (Tlntersonics AT EEFER P & B AP B L T T & LoAFSER
¥ TH L, BV UIEDLAAD A L N—=D I, FEFEROEEBERE L
FetMez E¥Bod.LiLTwy2 . HAEDNEER I HAT, REAND KF, NASA

FOREEE EaEL LTV L

ARG EWAE R EIECRIFL OB £Dr. Nordine s, % L T & /- Aero-dynamic
Furnace ¥, CRI® i & T& 2 Intersonics @t EDr.Rey 7B % L T X 7- Acoustic
Levitator ¥ flA G HO A OIEHEN T 5. HMEDr. Nordine!d Containeless
Processing &\ &2 3o T 724%, Intersonics & &50F L TAAL R S ¥ 72,

HOAEBAFERER, e EoRmm M FEGFERE LT AMFEE AT T
FHEN A S EEET, 0.2mmD L T EHI#HTaE, CO, L — ¥ 2 M
LT, WAHRE THABEEZMEL, P22 82400CETOMANITRTH 5,
AALZRIWT, ¥ 7747, ME—, ZRET IV I FOERM, B, &8 {IEKE,
BZEY T Iy 7 ZOEMER, Ca0-Gay043-SiOy R T A O 55 HE FE O %,
KR 7 7 ADEFEERE LD, HETERSINT VS,

/

2. 2. 2 FHARBWEFEIFIZL DT 7 ADFHEER
(1) Z&Y

CRILDOH A EHHFHEREELFA L2 1999F 11 AIZFERL 72,
WEFEHOVPAT S A, FEOVAHT A, BEOVAN I ADOIEHEOF I 2
FioowT, 850~ 1550 COIREH T, BAEGFLHEEYMHEAE EBL 72, 25~
40 mg(2.5~3.5 mmEF)DRAE & Z(;lLE(ELH‘ﬂJ‘?IF AAL) TiFifE 3 &, CO, L — F
THIE A S A L 7o, FEBRIEGGERZOPTHEMB L 2. EBEFZEMRIL, 30 frames/sec D
ETFrd 7 A5 TE=y - L7z, £7:, HEO&GEOH & 2 BMll$ 2729512, 1000
frames/secD @M 74 MR L 7o, B OEREIL, WE0.65 mO W IRER &
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ROLLA, MO. 65409 USA

COOPERATIVE RESEARCH AND DEVELOPMENT PROJECT ON CONVECTION
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NEW ENERGY AND INDUSTRIAL TECHNOLOGY
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PREPARED BY
Dr. Delbert E. Day
Dr. Chandra S. Ray

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 ot 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()'4 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 microgravity 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 12 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 microgravity 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 [5.6.11} 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 itis
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. [f the viscosity of glasses in microgravity was higher than on earth. at the
same temperature. then the nucleation rate and/or crystal growth rate in microgravity
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 onearth (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"” ts 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 [15-24] 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 disilicate 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 1/100 of rate for a melt on earth. 1n 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 1n microgravity 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 microgravity 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,
cvaluate 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 410-750-1226 and e-
mail: 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 tor Monitoring the Cure of Coatings on Glass
Optical Fibers and Assemblies.

¢. 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.

¢. 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, (¢)
environment, and (d) innovative uses of glass. The government plans to award from
7 to 10 cooperative agreements which 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 1985, 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 vear of 1ts 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
destgned to reproduce the environment of a working commercial glass furnace, and
has flexibility of burner arrangement. The furnace, by its size, 1s equivalent to a
pilot-scale furnace that can melt from about 100 Ib/day to 2.000 Ib/day, depending on
the restrictions and types of experiments planned. The facility has a BOC 3,000
galion 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. html.

The primary objective of the research program at UMR 1is to conduct studies
that will allow understanding of the corrosion behavior of refractories (glass-contact
refractories, crown refractories) under different conditions and environments. The

tollowing projects are being carried out:

PHYSICAL SIMULATION OF THE OXY-FUEL COMBUSTION METHOD AS
EMPLOYED FOR THE CONTINUOUS MELTING OF COMMERCIAL GLASSES,
1998-2000 (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 cathodoluminescence 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 H,O. 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 sensoring 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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Properties and Processing of Undercooled Metallic Glass Forming Liquids" and
"Thermo-physical Properties of Undercooled Metallic Glass Forming Alloys--
An Experiment on MSL-1."
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