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The behaviour of bubbles in the glass melt for colour-TV screens has been investigated at reduced pressures using modified
high-temperature photography and a mathematical model of single bubbles. The considerable acceleration of the process predicted by the
mathematical model and resulting in high values of bubble-growth rates has been confirmed by experiments. Mathematical modelling of the
small rectangular continual refining room has shown that the main quantity determining refining efficiency is the already mentioned
bubble-growth rate. The value of this quantity needed for effective refining being in the region around 1 - 10~ m/s is only slightly dependent
on temperature, pressure and glass composition. As is obvious from the presented results, the saturation or oversaturation of glass melt by
diffusing gas at given glass composition, pressure and temperature is the general condition of successful refining.

Lautern von Glas bei reduzierten Driicken

Das Verhalten von Blasen in einer Glasschmelze zur Herstellung von Farbfernsehbildschirmen wurde bei niedrigem Druck unter
Verwendung einer modifizierten Hochtemperaturfotografie und eines mathematischen Modells fiir einzelne Blasen untersucht. Die an
Hand des Modells vorhergesagte erhebliche Beschleunigung des Lautervorganges, die zu hohen Werten fiir die Blasenwachstumsge-
schwindigkeit fiihrt, wurde durch Experimente bestitigt. Die mathematische Beschreibung des kleinen rechteckigen Léuterraums hat
gezeigt, daB die entscheidende Grofe fiir die Wirksamkeit der Lauterung die erwahnte Blasenwachstumsgeschwindigkeit ist. Der Wert
dieser fiir eine effektive Lauterung erforderlichen GroBe liegt in einem Bereich von 1 - 1076 m/s. Er ist nur geringfiigig von der Temperatur,
dem Druck und der Glaszusammensetzung abhingig. Wie aus den dargestellten Ergebnissen ersichtlich wird, ist die Sattigung oder
Ubersittigung der Glasschmelze durch diffundierendes Gas bei gegebener Glaszusammensetzung und Temperatur sowie bei gegebenem
Druck die Hauptvoraussetzung fiir eine erfolgreiche Lauterung.

1. Introduction able physico-chemical conditions of the process up to
this time. In this paper, there are theoretical
calculations and experimental results of chemical and
physical refining combination at medium melting
temperatures. The glass for colour-TV screens has
been investigated and chemical refining (combination
of Sb,05; and KNOs) as well as reduced pressure have
been applied.

While temperature is the accelerating factor of both
sand dissolution in glass and glass refining, the glass
stirring or bubbling enhances sand dissolution at the
same time giving unfavourable conditions for refin-
ing. This fact leads in some cases to the requirement
of separated melting and refining rooms [1 and 2].
The application of controlled glass stirring or bub-
bling makes it possible to melt glass at significantly
lower temperatures where the corrosion of refractory
materials and electrodes, respectively, is slowed
down and unfavourable ecological consequences are When any refining agent is applied in the glass-
restricted. melting process, the gas diffusion between bubbles
and glass melt plays an important role in bubble re-
moving. At refining temperatures, especially the gas
released by the refining agents, diffuses into the
bubbles increasing their sizes and thus accelerating
their ascension velocities, the difference between gas
concentration in the bulk glass and on the phase
boundary bubble—glass melt being the driving force
of this process. The value of concentration difference
my; — m; may be influenced either by increasing my;
or by decreasing m;. Usually, m; is decreased by
increasing temperature for gases diffusing chemically
bonded while my; is increased for gases diffusing as
Received September 26, 1991. physically dissolved (oxygen). When, however, low

2. Theory

Nevertheless, the refining in a subsequent refin-
ing room needs the glass to be heated to refining
temperatures when applying classical chemical refin-
ing agents only. That is why a more effective refining
procedure is required ensuring bubble removing at
relatively low temperatures. The physical way of
refining seems to be a good starting point to solve the
problem, especially the refining under reduced
pressures which is the subject of several patents [3
and 4]. However, very little is known about favour-
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Figure 1. Schema of the apparatus for visual bubble observation at
reduced pressures. 1: furnace, 2: refractory tube, 3: silica-glass pot,
4: glass sample, 5: cooled holder, 6: window, 7: photographic
camera or videocamera.
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Figure 2. Comparison between calculated and experimental values
of mean bubble-growth rate, Aa/A7, in the glass melt for
colour-TV screens at an external pressure p., = 16 kPa. Curve 1:
calculated values for glass with refining agent (O: experimental
values), curve 2: calculated values for glass without refining agent
(®: experimental values).

external pressure is applied successively during glass
refining, the value of m; may be substantially
decreased also without temperature increase. For
simple cases, the value of my; is given by the
equation:

my=kp;, (1)

and for multicomponent bubble the equation
Y pi=p @

holds. If the value of p, is lowered, p; is roughly
proportionally decreasing and correspondingly m;;
(see equation (1)). The sufficiently low value of p,
may thus facilitate refining at relatively low temper-
atures or some other gas, such as CO, for example
may be used as refining gas. The partial or complete
elimination of refining agent has favourable ecolog-
ical effects and decreases the electrode corrosion.
The theoretical and experimental quantitative veri-

fication of this effect, however, must be per-
formed.

3. Experimental

The experiments were performed to describe bubble
behaviour at reduced pressure and temperatures
(1200 and 1300 °C), respectively. For this purpose,
the glass batch for colour-TV screens has been melted
at those temperatures until single bubbles were
distinguishable in the melt. The glass batch has been
melted in special silica pots making it possible to
photograph bubbles and to measure their sizes. A
modified apparatus for visual observation of the
glass-melting process has been used which allowed to
work also at lowered pressures. The schema of this
apparatus is given in figure 1. In every experiment 10
to 20 bubbles have been observed and measured.
From the dependences between single bubble radius
and time, the bubble-growth rate has been obtained.
The pressure has been reduced to the required value
just before the bubble-size measurements.

4. Calculations

In order to predict bubble behaviour in experiments
at lowered pressures, the mathematical model of
single bubble behaviour at constant temperature in
the colour-TV glass is necessary. The description of
the simplified model and the results of several
calculations are given in [5 and 6]. In this model the
empirical values of the diffusion coefficients of single
gases at lower temperatures are used to better fit the
results of photographic experiments and analysis of
bubble compositions.

For the investigation of bubble behaviour in the
separate refining room, a calculation procedure has
been applied coupling together the three-dimensional
model of the glass-melting room [7] and the bubble
model mentioned. As results of the calculations, the
trajectories, sizes and compositions of the observed
bubbles are obtained.

5. Results and discussion

5.1. Calculations at constant temperature and labo-
ratory experiments

The effect of reduced pressure on the gas diffusion
into bubbles may be comfortably determined using a
mathematical model. The reliability of the model,
however, must be proved by relatively laborious
experiments. In figure 2, there are plotted the
calculated dependences between the values of bub-
ble-growth rates and temperature at an external
pressure of 16 kPa. The mean values of bub-
ble-growth rates obtained experimentally are plotted
too, showing relatively good agreement between
mathematical model and experiment. This fact makes
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Table 1. Survey of experimental values of average bubble-growth
rates Aa/Ar (in m/s) in the glass for colour-TV screens

#in°C pressure AalAt use of
in kPa in m/s refining
agent
1400 100 3.75-1078 yes
1300 16 1.05- 1076 yes
1300 25 1.07 - 1077 yes
1300 40 3.20-1078 yes
1300 100 ~1.00 - 107 (estimated) yes
1200 16 9.00- 1078 yes
1200 100 <1.00 - 1077 (estimated) yes
1400 16 7.30- 1077 no
1350 16 4.80- 1077 no
1300 16 9.80-108 no
1200 16 1.00 - 1078 (estimated) no

it possible to apply the mathematical model qualita-
tively in more detailed calculations. The survey of all
experimental values is presented in table 1.

The dependence of the calculated value of
bubble-growth rates on external pressure, p.,, is pre-
sented in figures 3a and b, respectively, for the cases
of glass with or without refining agent. The area of
satisfactory and good refining characterized by the
value In Aa/At = — 16 (corresponding approximate-
ly to the value of Aa/At determined experimentally
for the industrial glass batch at 1490 °C) is marked by
the dotted line in both figures. As is obvious from
these figures, there is a significant increase of
bubble-growth rate with pressure reducing at all
temperatures investigated. So that at p., approxi-
mately 10 kPa and ¢ = 1300 °C the glass melt is to be
expected to refine without any refining agent (figure
3b). Similar results may be obtained when calculating
refining times of small bubbles. The corresponding
dependences between refining times of the isother-
mal glass layer (0.25 m thick) and external pressure
are shown in figures 4a and b confirming the distinct
favourable effect of pressure reducing.

The dependence between refining effectiveness
and thickness of the refined glass layer is important
from the point of view of the melting capacity of the
proposed refining room. Figure 5a shows the calcu-
lated dependence between the refining times, 7y, and
the initial depth of the refining bubble at p., = 1 kPa
and different temperatures while the similar depend-
ence at 1400 °C and different external pressures are
plotted in figure Sb for the case of refining-agent
application. As is obvious from these figures, the
refining times for very low pressures are slowly
progressively growing with the growing thickness of
the glass layer (figure 5a), the growth of refining
times at relatively higher pressures having on the
contrary the slowing-down tendency (figure 5b).

When reducing external pressure the mass trans-
port of quickly diffusing gases into bubbles is
enhanced in comparison to other gases. This is
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Figures 3a and b. Dependence between calculated (: ) and
experimental (O) values of mean bubble-growth rates, Aa/Az, with
ap= 0.1 mm, Ay = 0.25m and the external pressure, p,, in the
glass melt for colour-TV screens, a) with refining agent, b) without
refining agent. (Figure b shows only calculated values.)
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Figures 4a and b. Dependence between the calculated refining
times, 7, and the external pressure, p., in the glass melt for
colour-TV screens (ap = 0.1 mm, hy = 0.25m), a) with refining
agent, b) without refining agent.

obvious from table 2, where the calculated volume
concentrations of oxygen and CO,, respectively, at
different temperatures and pressures are collected.
While, for example, the concentration of oxygen in
bubbles at 1200 °C and 100 kPa is 3.8 vol. %, the same
concentration at pressure 1 kPa is 56.2 vol.%. Simi-
larly the concentration of CO, for bubbles in glass
without refining agent increases at the same condi-
tions from 10.5 to 89.5 vol.%. Especially the inten-

Glastech. Ber. 65 (1992) Nr. 5

137



Lubomir Némec; Petr Schill; Josef Chmelaf:

a) b)
20— i 201 —120

¥ =1200°C

Pex= 100 kPa

T in04s ————————
o
< il
&
[
PN,
o

w
=
101 Y -+ =10 A
/ / |
X/ x /o o

05 ,’ =13V st/ ~os
/9 /7

07 ~Pex=25kPa

/ = o - o
//x “gg // o/

, il=s | |y Lo pustkba
0 0.25 0.5 0 025 0.5
h, inm o

Figures 5a and b. Calculated dependences between the refining
times, 7g, and the initial bubble depths, Ay, (a9 = 0.1 mm) in the
glass melt for colour-TV screens, a) with and without (X) refining
agent at p., = 1 kPa and various temperatures, b) with refining
agent at 1400 °C and various values for p.,.

Table 2. Final contents of O, (TV glass melt with refining agent)
and CO, (TV glass melt without refining agent) in bubbles when
different values of external pressure p,, are applied. Initial bubble
depth: 0.25m
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Figure 6. Dependence of equilibrium-partial pressure of oxygen
and CO,, respectively, on temperature in glass for colour-TV
screens. Curve 1: oxygen (glass with refining agent), curve 2:
CO,.

sive oxygen diffusion into the bubbles may have
favourable technological consequences decreasing
distinctly the sizes of undissolved remaining bubbles
after a temperature decrease.

The application of low pressures shifts the oxygen-
reboil temperature (if refining agent is applied) to
lower temperatures. Figure 6 shows the experimen-
tally obtained dependence between oxygen-equilib-
rium pressure and temperature as well as a similar
dependence for CO, at the investigated conditions.
For the pressure p., = 16 kPa applied in photogra-

Pex temperature  vol.% O, vol.% CO,
inkPa in °C (glass with (glass without
refining agent) refining agent)
1200 56.2 89.5 Table 3. Values of external pressures pe, (= 20 kPa) corresponding
1 1300 71.3 94.3 to the bubble removing from the refining room at J,, = 1350 °C
1400 86.7 97.0 for the different shapes of glass flowing
1200 29.7 79.3 sample location of  location of  thermal resistance
10 1300 66.4 91.1 no. glassinput  glass output  of the walls in m¥kW
1400 84.9 95.7
1200 145 545 1 top of the ][ all the walls: 0.1528
LRk 310 e 2 rearwall | 1 the walls: 0.7640
1400 81.6 91.6
{ 1200 7.6 31.0 3 fopishthe oo of all the walls: 0.1528
50 1300 3L.6 48.8 front wall the rear
1400 74.6 70.8 4 s left vs./a.ll: 0.7640
remaining walls: 0.1528
1200 3.8 10.5
100 { 1300 16.1 25.4 5 topofthe  rear wall: 0.0307
1400 56.1 . 38.2 rear wall remaining walls: 0.1528

Table 4. Values of temperatures and pressures, respectively, corresponding to the bubble removing from the refining room and respective

values of bubble-growth rates obtained from isothermal calculations

average refining
temperature in °C

Pex 1n kPa
for glass with
refining agent

Aal/At in m/s
for glass with
refining agent

AalAt
for glass without
refining agent

Pex in kPa
for glass without
refining agent

1275 5 5.8-1077 <1 =

1325 20 4.7-1077 3 4.8-1077
1375 40 4.7-1077 15 3.8-1077
1425 85 4.8-1077 20 5.3-1077
1500 135 6.2-1077 30 5:5-1077
138
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phic experiments e.g., the reboil temperature of
oxygen is about 1300 °C. The potential danger of
oxygen-bubble nucleation on the walls of the pro-
posed refining rooms must therefore be taken into
account.

5.2. - Calculations of the proposed refining room

For the refining of the mentioned glass melt, a
refining room has been proposed being 1.5 m wide,
1.0 m deep and having variable lengths. The constant
output of the room was 80 t glass/d. The considerable
depth of the refining room has been chosen with
respect to potential bubble nucleation on the bound-
aries. It was the purpose of this geometrical shape to
evoke effective backflow in the lower part of the
refining room being able to refine respective nucleat-
ed bubbles as well as prevent bubble nucleation on
the bottom as the consequence of the hydrostatic
pressure there. In a previous work [8], the calcula-
tions of trajectories at the initial glass temperature of
1400 °C made it possible to find the minimum length
of the refining room, i.e. 1.8 m, for the constant
arrangement of the room.

In the present work, at first some other arrange-
ments of the refining room and glass flowing have
been investigated leading to additional reducing of
the room. As in the previous case, the temperature
decrease on the glass level has been linear, being
50K, the maximum temperature of entering glass
melt in this series was 1350 °C. The maximum value
of external pressure, p.,, has been found, ensuring
the bubble refining from nine starting points on the
glass input. However, the calculations have shown
the invariability of the resulting value of p., for the
different arrangements of refining room and glass
flow (location of output, insulations of walls or
bottom, see table 3). These results give evidence of
the fact that for this size of refining room, the only
factor influencing the refining behaviour must be the
gas diffusion into the bubbles.

As the following step of calculations, the couples
of temperature and pressure have been found just
ensuring bubble removing from the refining room
under conditions described in table 3 (case 5). These
values are presented in table 4. In figures 7a to f,
there are shown bubble trajectories in xy and xz
projections, respectively, for the case of glass melt
containing refining agent (Sb,0; and KNO3). Using
the isothermal calculations, the bubble-growth rates
near a glass level have been calculated at given
pressure and average temperature of the glass level.
These values for the case with or without refining
agents are presented in table 4, too. As is obvious
from this table, the average value of bubble-growth
rate ensuring the glass refining is almost independent
from temperature and refining-agent application,
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Figures 7a to f. Bubble trajectories in the refing room from 9
starting points located regularly in the glass input; a) xy-horizontal
projection, ¥ = 1300 to 1250°C, p¢ = SkPa; b) xz-vertical
longitudinal projection, ¥ =1300 to 1250°C, p. = SkPa;
c) xy-horizontal projection, ¢ = 1400 to 1350 °C, p., = 40 kPa;
d) xz-vertical longitudinal projection, ¢ = 1400 to 1350 °C,
Pex = 40 kPa; e) xy-horizontal projection, 9 = 1500 to 1450 °C,
Pex = 135 kPa; f) xz-vertical longitudinal projection, ¢ = 1500 to
1450 °C, pex = 135 kPa.

Glastech. Ber. 65 (1992) Nr. 5

139



Lubomir Némec; Petr Schill; Josef Chmelar:

Table 5. Experimental values of average bubble-growth rates
corresponding to the effective refining (tges is about 10 min) of
soda—lime—silica glass (composition in wt%: 74 SiO,, 16 Na,O,
10 CaO) refined by different refining agents [9]

sample refining agent temperature Aa/At

no. in °C in m/s
1 1 wt% As,O3 + 1 wt% NaNO; 1400 7.3-1077
2 1 wt% As,O3 + 1 wt% NaNO; 1450 8.5-1077
3 0.4 wt% Na,O as Na,SO, 1470 1.2-107¢
4 0.5 wt% Na,O as NaCl 1530 7.0-1077
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Figure 8. Difference of the equilibrium-partial pressure of refining
gas and external pressure, p; mei — Pex, VEISUS temperature (at pey
from table 4). X: oxygen (glass with refining agent), O: carbon
dioxide (glass without refining agent).

respectively. This fact confirms once again the
presumption that the gas diffusion into the bubbles
plays the decisive role in glass refining. If no refining
agent is added, the role of refining gas is taking over
by another gas, such as carbon dioxide for example.
The comparison of bubble-growth rates found in this
work with the corresponding values for another glass
and other refining agents (table 5) shows that the
value necessary for efficient refining is also little
dependent on the glass melt or type of refining agent,
being in the region of about 1 - 107% m/s. The more
detailed study confirmed that in all cases favourable
for refining, the value of equilibrium-partial pressure
of refining gas was in the region of an appropriate
value of p., (glass melt has been saturated with the
refining gas). Therefore, one may say that the
principal condition of efficient refining is attaining
approximate equality between the external pressure
and equilibrium-partial pressure at least one gas
present in any form in glass melt. For the slowly
diffusing gases, the conditions p; pmer — Pex > 0 must
be fulfilled.

In figure 8, there is plotted the difference
Di.melt — Pex as a driving force of diffusion against

temperature, for the case with refining agent (refining
gas oxygen) and without refining agent, respectively
(refining gas carbon dioxide). The lower carbon-
dioxide solubility brings about the higher supersatu-
ration required in comparison with oxygen. No
supersaturation by oxygen in glass for colour-TV
screens is necessary above about 1400 °C.

6. Conclusion

The presented work shows considerable refining
acceleration when reduced pressure is applied. The
application of reduced pressure could be advanta-
geous especially in combination with separated
glass-melting rooms using glass stirring. The refining
acceleration predicted in this work has been con-
firmed by laboratory photographic experiments. The
calculations of rectangular non-isothermal refining
room have shown that the main factor influencing
bubble removing is the rate of their growth. The
minimum numerical value of bubble-growth rate
ensuring already effective refining is little dependent
on the combination of temperature, pressure and
glass composition. From the obtained results general
conditions of effective refining follow requiring
saturation or supersaturation of the glass melt with
some diffusing gas contained in the glass at given
temperature, pressure and glass composition. The
application of reduced pressure not requiring high
temperatures or special additives (refining agents)
could be especially effective, however, some techni-
cal problems associated with industrial application of
reduced pressure in glass melting must still be
solved.

7. Nomenclature

7.1. Symbols

Aa/Ar  mean value of bubble-growth rate

a initial bubble radius

hy initial bubble depth under the glass level

k constant

m;; mass concentration of i-th gas component in the phase
boundary bubble—glass melt

my; mass concentration of i-th gas component in the bulk
glass

Dix external pressure

pi partial pressure of i-th component in the bubble

Pimer  equilibrium-partial pressure of i-th gas

Dt total pressure in the bubble

x,y,z space coordinates

by temperature in °C

TR refining time

7.2. Subscripts

~.

interface concentration or component order
0 bulk concentration or initial value

140
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