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The model of calculation of the simultaneous oxidation-reduction equilibria in non-isothermal flowing glass melt has been
Jormulated. The behaviour of bubbles in a model glass melting furnace has been examined using this model. The calculations
involved soda-lime-silica glass containing sulphate ions and ions of iron as well as glass for the production TV panels with
antimony and cerium. The results of calculations confirmed results acquired under isothermal conditions. The internal partial
pressure of the refining gas, the bubble growth rate and the refining rate grew with the increasing initial redox state of glass
in the glass for TV panels. In the glass containing sulphate ions, the driving force of refining (the sum of the internal partial
pressures of SO, and O, in the melt) exhibited minimum at the medium values of the initial redox, so the bubble growth rate
and the refining rate were highest either at very high or very low values of the initial redox state of glass. The coupled
mathematical model of the redox state calculation and bubble behaviour has been used to calculate the final bubble properties
for two bubble sources: glass batch and air coming from the furnace refractory materials.

INTRODUCTION

The model of multicomponent bubble behaviour at
isothermal conditions was presented in [1], taking into
account the actual redox state of glass. Its numerical
solution was applied to the examination of influence of
the initial redox state of glass on the refining behaviour
of two industrial glasses: float glass and glass for the
production of TV panels. The results of calculations have
shown that the initial redox state of glass had an impact
both on the rate of bubble removing from glass and final
propertics of bubbles, currently used for the identification
of bubble sources in glass melting furnaces. The
calculations of internal partial pressures of refining gases
i the glass made it possibie to define conditions of
potential bubble nucleation. The mentioned results have
practical importance for the industrial glass melting
process, however, the bubble description must be
adjusted to real conditions of the non-isothermal flowing
glass in a glass melting space. The boundary conditions
of real glass melting must be considered too.

This work presents the model of bubble behaviour
considering the distribution of oxidation-reduction species
in the model glass melting space. Soda-lime-silica glass
containing iron ions and sulphates as well as glass for
TV panels containing ions of antimony and cerium were
applied for the model calculations. In both glasses, the
behaviour of bubbles coming from the glass batch layer
was examined at different levels of the initial redox state
of glass. The potential bubble nucleation regions in the
furnace were defined. The ability of the model to use its
results for the identification of bubble sources in a glass
melting furnace was demonstrated in the second part of
the work.

THEORETICAL PART

The set of equations describing the multicomponent
bubble behaviour at isothermal conditions was presented
in [1]. At non-isothermal conditions, equation (2) in [1]
hes an additional term expressing the influence of
temperature variations. The complete form is then:

dp, 1.14 RTDY g p"(my-my,)  3p, da p, dT

dt Mn'"a a &t T dt
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where p; is the partial pressure of the i-th gas in the
bubble, D, is its diffusion coefficient in a glass melt, M,
its molecular weight, m;, is its bulk concentration in the
glass and m, its concentration on the bubble surface, a is
bubble radius and p and m are glass density and
viscosity, respectively.

For an individual multivalent element, Me,, in a
glass melt, the redox equilibrium reaction can be written
as:

4/b, Me®** (1) + 20%(l) = 4/b,Me** (I) + Oy(Lg) .(2)

The simultaneous equilibrium of more oxidation-re-
duction pairs at isothermal conditions can be calculated
following Theoretical part in [1]. Under non-isothermal
conditions of flowing glass, the simultaneous equilibrium
is shifted due to the mass transport of reaction
components by glass convection and component diffusion
through the melt. As a result, the new distribution of
oxidation-reduction components will set up in the
stationary state. The diffusion and convective equations
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for the transport of components in equation (2) may be
written as:

D™ Viegr™™ - vVelt™ + o@™t =0 (3)
Dy Viey - vVeyi + o = 0 (4)
Dy Ve -VVeo + @, =0, (5)

where @, is the rate of the concentration change of
species brought about by the shifting of chemical
equilibrium in the /-th oxidation-reduction reaction and v
is the vector of glass melt velocity.

The unknown values of @, are bound by the reaction
stoichiometry, for instance:

(a,+h) +
(Or»:’cf = ‘wrf/lc,l . (6)

The initial oxidation-reduction distribution of species
is computed using the values of equilibrium constants,
the temperature distribution in the melt at the initial given
value of oxygen concentration and the initial
concentrations of oxidation-reduction ions. Subsequently,
the numerical solution of equations (3 - 6) follows and
alternates with the calculation of the new chemical
equilibrium till the stationary state is attained. The
numerical computation program REDOX was developed
to perform the mentioned calculations and used
simultaneously with the program GLASS MODEL for
the computation of glass temperatures and velocities in a
glass melting furnace [2]. The values of the necessary
constants were taken from literature [3] or measured in
the Laboratory of Inorganic Materials [4].

RESULTS OF CALCULATION

To demonstrate the significance of the initial redox
state of glass for the refining process in a model melting
space, the trajectories of bubbles, the values of internal
partial pressures of refining gases as well as temperatures
along these trajectories, the refining times and the
maximum x - coordinates of refined bubbles were
followed. The model melting space was 15m long, 4m
wide, with Im thick layer of soda-lime-silica glass
(74 wt.% Si0O,. 16 wt.% Na,O. 10 wt.% CaO) refined by
sodium sulphate or with glass for production of TV
panels refined by antimony. The simultancous
equilibrium S = S* and Fe** & Fe™ was considered
in the former case, the later involved Sb™* = Sb* and
Ce' = Ce™. Figure 1 presents an example of bubble
trajectories from two representative starting points of
bubbles situated under batch blanket [x = 2.7; y = 2.2;
z=102] (m) and [x = 0.6; y = 2.2; 2 = 0.2] (m). The
sums of partial pressures of SO, + O, in the starting
points for both kinds of glasses are presented in Figure 2
showing the similar dependence on the initial redox state
of glass as was already demonstrated in [1]. Le. the
average driving force of gas transport into bubbles in the
sulphate refined glass has its minimum value at the
medium level of the initial redox (despite the fact the
average temperature plotted in Figure 3a exhibited its
highest value just at these medium redox levels). When
examining the antimony refined glass, the pg o
dependence versus the redox state of glass shows a
monotonous increase in the case of the starting point
[x=27;y=22; z=0.2] (m). In the second starting
point [0.6; 2.2; 0.2], the value of py . is too low to
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Figure 1. The XZ and XY projections of trajectories of bubbles coming from the glass batch into the model melting space and starting
atx=006;y=22;z=0.2and x =2.7; y = 2.2; z = 0.2 (m). The initial redox state of glass 0.1 mol.O, m™ glass, a, = 0.1 (mm),
Coco, = 95 VOL.%, ¢, = 5 vol.%. Glass for the production of TV panels.
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Figure 2. The internal partial pressures of refining gases in the
starting points situated under batch blanket versus the initial
redox state of glass. A - starting point 0.6; 2.2; 0.2] (m),
O - starting point [2.7; 2.2; 0.2] (m)

a) soda-lime-silica glass refined by sulphate

b) TV glass refined by antimony
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Figure 3. The average temperature along two representative
bubble trajectories in the soda-lime-silica glass in dependence on
the initial redox state of glass.

a) soda-lime-silica glass refined by sulphate

b) TV glass refined by antimony
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Figure 4. The refining times of the bubble having the initial radius
a, = 0.1 mm, and initial composition ¢, = 95 vol.%, Con, = 5
vol.%, as a function of the initial redox state of glass. A - starting
point 0.6; 2.2; 0.2] (m), O - starting point [2.7; 2.2; 0.2] (m)
a) soda-lime-silica glass refined by sulphate

b; TV glass refined by antimony
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Figure 5. The x-coordinate of the bubble when reaching the glass
level, x,, as a function of the initial redox state of glass,
a, = 0.1 mm, Coco, = 95 VOL.%, Con, = 5 vol.%. A - starting point
0.6; 2.2; 0.2] (m), O - starting point [2.7; 2.2; 0.2] (m)

a) soda-lime-silica glass refined by sulphate

b) TV glass refined by antimony

Ceramics — Silikédty 42 (1) 1-7 (1998)

w



L. Némec, M. Rakova

reveal the similar tendency (see figure 2b). This tendency
must be however valid for the average values of pg_
along the bubble trajectory. The rate of the refining
process can be expressed by the behaviour of single
bubbles as is obvious from figure 4. The increasing
driving force of gas transport into bubbles projects into
the shorter refining times of bubbles, T, and in most
cases as well into their shorter final x - co-ordinates of
bubble bursting on the glass level, as is obvious form
figure 5. The final composition of bubbles at final
temperature, being not too far from the stationary state in
the soda-lime-silica glass, exhibits an increasing CO,/N,
ratio with increasing driving force of gas transport too.
This fact brings figure 6.
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Figure 6. The final CO,/N, concentration ratio in the refined
bubbles as a function of the initial redox state of glass.

A - starting point 0.6; 2.2; 0.2} (m), (I - starting point [2.7; 2.2;
0.2] (m)

a) soda-lime-silica glass refined by sulphate

b) TV glass refined by antimony

DISCUSSION

The calculation results presented in figures 2 - 6
show a distinct influence of the redox state of glass on
the interaction between glass melts and gases. The
applicability of the laboratory experimental results to real
conditions is therefore restricted to a case of considerable
redox similarity between both situations. This is valid
especially for identification of bubble sources using the
experimental knowledge base of properties of laboratory

modelled bubbles. However, the necessary bubble source
modelling experiments in laboratory are too laborious and
time consuming to be collected for more levels of the
glass redox. The application of the mathematical
modelling of bubbles in a glass melting space seems to
be therefore a more convenient tool. At present, the
truthfulness of most models is still limited by the
accuracy of equilibrium and kinetic data, entering the
equations of bubble behaviour. Despite that, the
procedure for the bubble source identification should be
prepared simultaneously with the verification of the
model. This work presents the calculation procedure for
the identification of air bubble source and source
containing high initial concentration of CO, (melting
bubbles) in a glass melting furnace melting soda-lime-
-silica glass.

The expected result of the mathematical
identification system of bubble sources represents the
assignment of a source and its location in the glass
melting furnace to the properties of mathematicaily
modelled bubbles, equivalent with the bubbles analysed
in products. In order to be able to do this assignment, the
whole melting space should be scanned for all potential
bubble sources. It is necessary:

1. To define the most probable region of the given
source activity in the melting space.

2. To asses the initial composition (distribution) of
arisen bubbles.

3. To model behaviour of originated bubbles in a
sufficient extent:

— to cover the source region by a sufficiently dense
network of bubble starting points

— to model the behaviour of different initial sizes of
bubbles. If a < a_,, bubble dissolves or is not
formed by the source, if a > a,,,, bubble is refined

— to recalculate results to ambient temperature. The
recalculation involves the thermal contraction of
gases, the absorption of gases by the glass melt and
their eventual condensation in the bubble.

The scanning of the appropriate regions of potential
bubble source should be performed for all bubble sources
taken into account. The results of the scanning represents
a knowledge base of the identification procedure. The
bubble properties in the knowledge base are dependent
from the redox, however, recalculation for another redox
value is well feasible.

In table 1, the introductory part of the knowledge
base valid for the air source and soda-lime-silica-glass in
the model melting space is presented. All contact
boundaries between the glass melt and refractory mate-
rials are defined as the potential regions of bubble source
activity. The knowledge base has been calculated for the
initial value of the redox ¢,o = 0.1 mol m™.
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Table 1. The introductory part of the calculated knowledge base of air bubble source in the modelling space melting soda-lime-silica

glass.

a, (mm) - the initial bubble radius, a, (mm) - the final bubble radius at the output temperature, ¢* (mm) - the bubble radius
recalculated to the ambient temperature, p, (kPa) - the pressure inside of a bubble at the ambient temperature, CO,, H,0, N,... (vol.%)

- the volume percentage of the appropriate gas in the bubble.

bubble no.

results of bubble modelling at furnace output

results recalculated to ambient temperature

a, CO, H,0 N, Ar SO, O, a, CO, N, Ar a* P
1 wall - ref. part 001 4340 7.80 2240 traces 19.69 6.71 0.30 65.96 34.04 traces 0.28 20.60
2 wall - ref. part 0.01 4340 7.77 2297 traces 19.53 633 027 65.39 34.61 traces 0.25 20.48
3 wall - ref. part 001 4335 7.75 23.60 traces 1934 596 024 6475 35.25 traces 0.22 20.38
4 wall - ref. part 0.01 43.19 771 2448 traces 19.12 550 0.21] 63.83 36.17 traces 0.19 20.26
4 wall - ref. part 005 43.19 7.80 2296 0.005 19.53 6.51 0.30 65.29 3471 0.0076 0.28 20.56
4 wall - ref. part 0.10 4292 784 2243 0.017 1973 7.06 038 65.65 3432 0.0260 0.35 20.73
5 wall - ref. part 0.01 4069 7.72 2672 traces 1848 6.39 035 60.36 39.64 traces 032  20.85
5 wall - ref. part 0.05 39.65 7.78 26.60 0.001 1847 750 045 59.85 40.15 0.0015 0.42 21.37
6 wall - ref. part 0.01 4137 7.66 2723 traces 1830 543 025 60.31 39.69 traces 0.23 20.49
6 wall - ref. part 005 4059 7.74 2642 0.003 1847 679 034 60.57 3942 0.0045 0.32 21.04
6 wall - ref. part 0.10 39.82 7.78 2646 0.013 1850 742 042 60.06 39.92 00196 039 2132
6 wall - ref. part 0.15 39.07 7.82 2666 0025 1843 800 05l 59.41 40.55 0.0380 0.47 21.63
1 wall - melt. part 0.01 4145 7.67 26.65 traces 1834 589 0.23 60.87 39.13 traces 0.22 20.68
1 wall - melt. part 0.05 4056 7.75 2628 0.003 1846 695 0.34 60.68 39.31 0.0045 0.32 21.11
1 wall - melt. part 0.10 39.80 7.80 26.39 0.013 1850 7.50 042 60.12 39.86 0.0196 0.40 2135
1 wall - melt. part 0.15 39.06 7.83 26.61 0.025 1843 806 0.50 59.46 40.51 0.0381 0.47 21.66
2 wall - melt. part 0.01 43.05 7.74 24.57 traces 19.15 549 026 63.67 36.33 traces 0.24 20.33
2 wall - melt. part 0.05 40.07 7.82 2534 0001 19.07 770 0.50 61.25 3874 0.0015 047 21.26
2 wall - melt. part 0.10 3897 7.82 26.69 0006 1859 793 0.54 59.35 40.65 0.0091 050 2154
3 wall - melt. part 0.01 40.15 7.40 30.89 0002 17.73 383 0.09 56.52 4348 0.0028 0.09 20.06

When searching for the bubble source, the results of
analyses of similar bubbles are associated in one group.
These results are compared with results of mathematical
modelling of given bubble source. In the case the final
bubble properties coincide, the appropriate starting points
of mathematically modelled bubbles are designated as
probable regions of bubble source in the glass melting
space.

The procedure can be demonstrated by three
examples. In the first one, the simulated bubble analyses
provided results: cco, (vol.%) € (59;61), ex, (vol.%) e
€ (35;40), c,, (vol.%) € (traces;0.04), a® (mm) €
e (0.20;0.48), p*(kPa) € (20;22). Where ¢; are volume
concentrations of gases found by analyses, a* is the size
of analysed bubble and p* is pressure inside of the bubble
measured at ambient temperature. The results of analyses
are simulated by the mathematical modelling as the
agreement between experimental and calculated values is
not enough sufficient yet. Nevertheless, the simulated
analyses give a change to test the identification
procedure. The identification procedure defined the
most probable region of the air source which is presented
in figure 7. As the furnace is symmetrical along the

central longitudinal plane, the same region can be
defined on the opposite side of the furnace. In the
examined case, the probable location of the bubble source
is in a small region on the wall and bottom close to the
throat.

The second group of simulated analyses gave the
following results: cco, (vol.%) € (60:65), ¢y, (vol.%) €
€ (35,40), c, (vol.%) € (0.2;03), &' (mm) €
€ (0.20;0.60), p‘(kPa) e <(20;22). The results of
identification procedure are obvious from figure 8. The
most probable region of the air bubble source lies on the
walls and bottom of the furnace working part. The
extension of the region of argon concentrations to
{0.01;0.3) extends also the probable source region into
the melting part of the furnace (see the dotted region in
figure 8).

In the third group of simulated bubble analyses, the
batch source has been examined. The simulated analyses
offered the results: cco, (VOl.%) € (65;67), cy, (vol.%)
€ (33;35), ¢\, = 0, a* (mm) € (0.23;0.29), p* (kPa) €
(20;21). A part of the boundary between glass batch
layer and glass melt corresponding to these results of
analyses is marked in figure 9.
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Figure 7. The probable region of the an air bubble source in the model melting furnace.
Ceo, (VOL.%) € (59:61), ¢y (vol.%) € (39;41), c,, (vol.%) € (traces;0.04), a* (mm) € (0.20;0.48), p*(kPa) € (20;22).
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Figure 8. The probable region of an air bubble source in the model melting furnace.
Cco, (vol.%) € (60:65), ¢y, (vol.%) € (35:40), c,, (vol.%) € 0.01;0.3), a* (mm) e (0.20;0.60), p*(kPa) € (20;22).
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Figure 9. The probable region of the batch melting source in the model melting furnace. c¢o, (vol.%) € (65;67), cy, (vOl.%) €
(33;35), ca, (vOl.%) = 0, a* (mm) € (0.23;0.29), p*(kPa) € (20;21).
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CONCLUSION

The glass melt velocity field and the oxidation-
reduction field of a glass melting space are two important
tools of the melting process modelling, the first one
describing the hydrodynamic aspect of the process
and the second the chemical interactions. Both
fundamental properties are bound by the knowledge of
the temperature field of the space. As is obvious, the
oxidation-reduction space particularly influences the
interactions between gas and glass phase. The appropriate
phvsico-chemical phenomena should be therefore
examined with respect to the actual oxidation-reduction
state of glass. This is especially valid for the
identification of bubble sources in a glass melting space
using the experimental results of bubble source
modelling. The restricted applicability of the experimental
results of bubble modelling, valid for one level of the
oxidation-reduction state of glass only, leads to a more
extended application of the mathematical model which is
fast and can be easily recalculated to another level of the
redox. The results of simulated modelling of two bubble
sources in this work show the applicability of the
mathematical model of bubble behaviour for that purpose,
however, the model accuracy should be heightened. The
most urgent task of the near future in this field seems to
be therefore the verification of the bubble model and the
respective re-measuring of parameters entering the
appropriate equations.
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VYZNAM OXIDACNE-REDUKCNIHO STAVU SKEL
PRO CHOVANI BUBLIN ZA NEIZOTERMN{CH PODMINEK
PROUDICI SKLOVINY

LUBOMIR NEMEC, MARKETA RAKOVA

LaboratoF anorganickych materidli,
spolecné pracovisté UACH AVCR a VSCHT,
Technickd 5, 166 28 Praha

Kombinace vypoctu simultdnnich oxidacné-redukénich
rovnovah ve skloviné s pfenosem sloZek oxida¢né-redukénich
rovnic difidzi a konvekei skloviny poskytuje teoreticky postup pro
vypocet distribuci sloZek reakci v redlném tavicim prostoru.
Vypracovany model spojeny s rovnicemi chovan{ viceslozkové
bubliny byl pouzit pro zkouman{ vlivu pocateéniho redox stavu
skloviny na chovéni bublin. Vypocty byly aplikovéany na sodno-
vépenato-kfemicitou sklovinu obsahujici siranové ionty a ionty
Zeleza a na sklovinu pro vyrobu barevnych televiznich obrazovek
obsahujici ionty antimonu a ceru. Vysledky potvrdily zévéry
ziskané za izotermnich podminek. Vnitfni parcidlni tlaky Cefictho
plynu ve skloviné pro vyrobu TV obrazovek rostly se stoupajici
hodnotou pocatecniho redox stavu skloviny (obr. 2), stejné jako
rychlost procesu odstrafiovdni bublin (obr. 4 a 5). U skla
obsahujiciho siranové ionty existovalo naopak minimum vnitfnich
parcidlnich tlaki SO, a O, a minimum rychlosti odstrafiovan{
bublin pfi stfednich hodnotich pocate¢ni hodnoty redoxu (obr. 2,
4 a 5). Kone¢ny pomér koncentraci CO,/N, v bublinich
vystupujicich z tavictho prostoru rovnéZ rostl za uvedenych
podminek a potvrdil zdvislost kone¢nych vlastnosti bublin na
pocéte€nim redox stavu skloviny. Tento fakt preferuje pouZiti
teoretickych modeltd chovédni bublin pii identifikaci zdroji
bublin v tavicich prostorech pfed modely pouze
experimentdlnimi. S pouZitim teoretického modelu byla ziskdna
znalostni baze vlastnosti bublin ze dvou zdroja: rozkladajici se
vsdzky a Zarovzdornych materidld pece uvolfiujicich vzduchové
bubliny. Pomoci simulovanych analyz bublin a této baze byly pak
ve tfech pfipadech lokalizovany zdroje bublin v tavicim prostoru
(obr. 7 - 9).
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