Original paper

Modelling of the refining space working under reduced pressure
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The refining channel working under reduced pressure and at medium temperatures was modelled experimentally and mathematically.
The bubble growth rate was measured in the temperature interval 1200 to 1450 °C and pressures 15 to 50 kPa for the lead glass
melt with and without refining agent. The bubble nucleation temperature was determined and the glass foam on the level was
observed using high-temperature observation, video recording and image analysis. The temperature—pressure areas were defined in
which the bubble nucleation and glass foaming did not interfere with efficient refining. The simplified mathematical model of bubble
growth or dissolution under nonisothermal conditions was formulated and applied to the mathematical modelling of glass melt and
bubble behaviour in the refining channel. Having applied the critical bubble pathways, the pull rates of the modelled channel have
been calculated in the experimentally examined area of admissible temperatures and pressures. Besides temperature, the reduced
pressure proved to be an efficient refining factor; the temperature increase by 35 K corresponded to the pressure decrease by about
10 kPa under given conditions. The results were discussed with respect to simplified relations between refining efficiency and tem-
perature or pressure. The combination of experimental and mathematical modelling showed to be a sufficient and reliable tool for
acquiring the fundamental parameters of the process under real melting conditions.

Modellierung der unter vermindertem Druck arbeitenden Lauterzone

Der unter vermindertem Druck und bei mittleren Temperaturen arbeitende Lauterkanal wurde experimentell und mathematisch
modelliert. Die Wachstumsrate der Blasen in einer Bleiglasschmelze mit oder ohne Lautermittel wurde im Temperaturbereich von
1200 bis 1450 °C und bei Driicken von 15 bis 50 kPa gemessen. Die Blasenbildungs-Temperatur wurde bestimmt, und der Schaum
auf der Glasbadoberfliche wurde mittels Hochtemperatur-Kamera, Videorekorder und Bildanalyse beobachtet. Es wurden die Tem-
peratur-Druck-Gebiete bestimmt, in denen Blasenbildung und Glasschaum einer wirkungsvollen Lauterung nicht entgegenstanden.
Ein vereinfachtes mathematisches Modell des Blasenwachstums oder der Blasenaufldsung unter nichtisothermen Bedingungen wurde
formuliert und fiir die mathematische Modellierung von Glasschmelze und Blasenverhalten im Lauterkanal verwendet. Unter Einbe-
ziechung des kritischen Blasenaufstiegs wurden die Durchsatzraten des modellierten Kanals fiir den experimentell untersuchten
Temperatur- und Druckbereich berechnet. Neben der Temperatur erwies sich der verminderte Druck als wirkungsvoller Liuterfak-
tor. Der Anstieg der Temperatur um 35 K stimmte unter den gegebenen Bedingungen mit der Verminderung des Drucks um ungefihr
10 kPa tiberein. Die Ergebnisse wurden im Hinblick auf die vereinfachten Beziehungen zwischen Liutergrad und Temperatur oder
Druck diskutiert. Die Kombination von experimentellem und mathematischem Modell erwies sich als zufriedenstellende und verlaB3-
liche Methode, die ProzeBparameter unter realen Schmelzbedingungen zu erhalten.

1. Introduction the sum of differences between internal partial pressures

. ey of single gases in the melt and in the bubble, i.c.:
Two mechanisms can significantly accelerate the glass

fining process — the bubble growth and bubble dissol- ¥ -
ution by gas diffusion out or into the glass melt. How- da % 2 P
i=1

(1)

. . . oL Pimelt
ever, only the former mechanism has technological sig- e

nificance, as the complete bubble dissolution is difficult
for multicomponent bubbles. The driving force of mul-

ticomponent bubble growth in a glass melt is given by wiiere: anis (he Bbblewadiis. = the e @iy theuin-

ternal partial pressure of the i-th gas dissolved in the
melt and p; its partial pressure in the bubble. The exter-
Received 28 October 1999, revised manuscript 30 June 2000. nal pressure drop increases the right side of equation (1)
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as the value of > p; decreases and therefore the fining
i=1

process at reduced pressure seems to be promising [1].
Two problems are faced when applying the refining un-
der reduced pressure: the construction problems due to
glass flow into or out of the fining chamber, and the
participation of other processes producing gas phase un-
der reduced pressure, namely glass foaming and bubble
nucleation in the melt. In addition, the industrial appli-
cation of reduced pressure needs modelling of bubble
behaviour to find the proper dimensions of the chamber.
This fact leads to the laborious measurements of the
bubble model data such as gas concentrations, solubilit-
ies, diffusion coefficients etc. While the construction
problems were solved using siphons [2] or by application
of plungers and screwpumps [3], the question of simple
bubble modelling and participation of other processes,
i.e. bubble nucleation and glass foaming, is usually al-
most neglected.

The goal of this work is to present a simple way to
model bubble behaviour in the refining chamber, to esti-
mate the role of bubble nucleation and glass foaming
under reduced pressure conditions and to model the fin-
ing efficiency of a low-pressure channel using the ob-
tained laboratory data.

2. Experimental

The bubble growth or dissolution rates can be applied
to follow the bubble rising in a fining space. The method
of high-temperature bubble observation and subsequent
image analysis was used for this purpose [4]. The meas-
urements were performed at constant temperature to ob-
tain the stationary bubble growth rates (i.e. the bubble
growth rates after attaining the constant bubble compo-
sition). Lead-silica glass containing 20.6 wt% PbO was
used in all experiments.

In a typical experiment, the silica-glass observation
cell with glass batch was inserted into the chamber fur-
nace to melt up to the fining stage. Subsequently, the
chamber pressure was lowered to the required value and
the processes of bubble evolution, growth, bubble rising
as well as bubble bursting on the glass level were ob-
served and video-recorded. When measuring the bubble
growth rates, the size development of 10 to 15 bubbles
was examined in each experiment to get an average
value. The heterogeneous bubble nucleation and growth
was examined using the same method and bubbles arisen
on the PtRh wire were observed under temperature in-
crease of 2 K/min; the PtRh sheets were assumed to be
the material of the fining chamber walls. The tempera-
ture of bubble nucleation was found by extrapolating the
bubble radius value to zero. Figures la to d show a typi-
cal structure of fining bubbles at 1200 °C and pressures
between 100 and 15 kPa.

3. Semiempirical model of bubble behaviour

The presented model is based on the following assump-
tions:

a) The bubble growth rates under nonisothermal con-
ditions and in the later stages of refining consist of
two components:
= the rate of growth corresponding to the diffusion
of present gases in the bubble under condition of
constant bubble composition, (da/dt)p (this value
can be measured by bubble observation at con-
stant temperature);

= the rate of growth caused by the change of equilib-
rium and kinetic behaviour of the refining gas
when varying temperature, (da/d7)c.

b) Both bubble growth components are considered addi-
tive:

ﬂ_(ﬂ) +(ﬂ>
dr dr /p dr Je’

The values of (da/dt)p can be measured as was already
mentioned and they show steep exponential increase
with temperature. To obtain the value of (da/dr)c, the
dependence between the stationary concentration of the
refining gas in a bubble and temperature during the
stationary period is needed. When applying a suitable
empirical function, the probable dependence has the
form:

2

@G =805 1

T Tso) o

arct
g( 10

where C is the final refining gas concentration in the
bubble (in vol.%) at temperature 7, and T’ the tempera-
ture corresponding to the 50 vol.% concentration of the
refining gas in the bubble. The value of T's, can be exper-
imentally acquired by measuring the bubble partial ab-
sorption after abrupt temperature decrease from the
given value to temperatures between 1100 and 1200 °C.
The volume of a bubble is given by:

4 4
—nai=—na’

3 3

+ ¥ 4)

100

where V is volume fraction of nonrefining gases, e.g.
CO,, N, and argon. After rearranging and deriving,
we get:

(ﬂ) SO 5)
dr /c  300-3C dr
The derivative dC/dz is then obtainable from equation

(3) and from the time-temperature history of a bubble,
d7/dz, in a refining chamber:
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d)

Figures la to d. Optical micrographs of bubble distribution in the lead-silica glass melt at 1200 °C and pressures a) 100 kPa,
b) 50 kPa, ¢) 25 kPa and d) 15 kPa, respectively, S min after the pressure drop.

dC dC dr
ey (6)
dr _ dT dt

The glass model and an iterative procedure were applied
to provide equation (6) with the bubble history, d7/dr
[5], and to follow the bubble pathway.

4. Results of experiments

Two sets of experiments were performed to measure the
bubble growth rates at constant temperature, (da/d7)p:
with glass containing 0.3 wt% of Sb,O; with KNOs as a
refining agent and with glass without any refining agent.
The values of average bubble growth rates, dependent on
pressure and temperature, are plotted in figures 2 and 3:
The value of Ty, for the glass with the refining agent at
normal pressure was 1623 K; nevertheless when model-
ling the glass with and without any refining agent, the
term (da/d7)c in equation (2) could be neglected in the

examined glass melt due to small influence of tempera-
ture on the bubble composition.

The glass level recording during observations pro-
vided qualitative information about foam arising and
foam stability under given conditions. Figure 4 displays
a typical picture. Regardless of pressure and presence of
the refining agent, the stable foam layer arose only at
temperatures lower than 1200 °C.

In the set of experiments examining the bubble nu-
cleation on the PtRh wire, the bubble nucleation tem-
perature was determined. While almost no bubble nu-
cleation was found below 1400 °C and pressures between
6 to 100 kPa in the glass without any refining agent, the
values of bubble nucleation temperature in the glass melt
containing refining agent and at pressures between 15
and 100 kPa were in a relatively narrow region around
1300 °C. The experimental values of bubble nucleation
temperature are presented in table 1.

The appropriate values of temperatures and press-
ures, resulting from the previous experiments, should be

Glastech. Ber. Glass Sci. Technol. 73 (2000) No. 11

331



Jaroslav Klouzek; Lubomir Némec; Jifi Ullrich:

8.0
T —— 1200 °C
T 6.0 —e— 1300 °C
QE —e— 1400 °C
)
= 4.0
=
<
3
— 2.01

0 r
0 20 40 60 80 100

Pressure in kPa———»

Figure 2. Experimental pressure dependence of the average
bubble growth rate at different temperatures, (Aa/A7)p, for the
lead-silica glass melt with refining agent.
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Figure 3. Experimental pressure dependence of the average bub-
ble growth rate at different temperatures, (Aa/At)p, for the lead-
silica glass melt without refining agent.

Figure 4. Optical micrograph of the lead-silica glass level in
the silica glass cell during refining under reduced pressure at
temperature 1200 °C and a pressure of 15 kPa.

applied which provide efficient refining and avoid both
bubble nucleation and stable foam. As it is obvious from
previous fining experiments [1], the values of bubble

Table 1. Values of the bubble nucleation temperatures obtained
from the observation of the bubble nucleation on the PtRh wire

bubble nucleation temperature in °C

pressure in kPa glass with

refining agent

glass without
refining agent

100 1309 + 13 1490 + 30
75 1268 + 13 not measured
50 1312 £ 13 1455 £+ 30
25 1295 + 13 1440 + 29
15 not measured 1360 * 27
100
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Figure 5. Definition of the temperature—pressure area, appli-
cable to the refining of the lead-silica glass melt containing
refining agent; ----- : the temperature of the stable foam on the
glass level, O: the curve defining the bubble growth rate
Aa/At = 107°ms™', @: the curve defining the bubble nu-
cleation temperature.

growth rates higher than about 10~ ®m s™! ensure rapid
refining. The lowest temperature avoiding glass foaming
shows to be 1200 °C. Finally, the area of appropriate
refining temperatures and pressures is limited by nu-
cleation temperatures. Thus, the areas of acceptable fin-
ing temperatures and pressures for both glasses are de-
fined in figures 5 to 6. Here curve 1 designates the cou-
ples of temperature and pressure, providing the bubble
growth rate 107®m s™!. The area of bubble growth rates
higher then 10 ®m s~ ! is below curve 1. Curve 2 pre-
sents the nucleation temperatures and pressures (see
table 1), the area without bubble nucleation being on the
left side. As for glass foaming, the area of acceptable
temperature and pressures is on the right of the esti-
mated temperature 1200 °C (dashed line). The pressure
20 kPa was chosen as lower limit with respect to techni-
cal problems in practice. Only a part of temperature and
pressure area, designated by number 1V, is therefore ap-
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Figure 6. Definition of the temperature—pressure area, appli-
cable to the refining of the lead-silica glass melt without any
refining agent; ----—- : the temperature of the stable foam on the
glass level, O: curve 1 defining the bubble growth rate Aa/At =
107°m s~', @: curve 2 defining the bubble nucleation tempera-
ture.

plicable for the fining and for the mathematical model-
ling of the fining chamber.

5. Results of mathematical modelling

The basic refining space used in these calculations was
a channel 1160 mm long and 400 mm wide, having the
glass layer 150 mm high, i.e. the refining volume was
0.0696 m®. The glass input and output were square
openings having the side size 160 mm. The inner layer
of the channel was formed by the corrundo-baddelleyite
material (thickness 200 to 250 mm), the outer layer by
the fireclay (thickness 200 mm). When modelling the fin-
ing channel, only parameters of the fining process have
been considered, i.e. the size and shape of the channel,
the presence or absence of the refining agent and the
temperature-pressure conditions. The technical problems
involving glass heating as well as input and output of
glass from the reduced pressure were not included. In all
calculations, the appropriate constant temperature was
put on the glass level as the boundary condition. The
glass model [5] was used to calculate the temperature
and velocity fields of the glass melts in the channel and
to get the pathways of bubbles. The appropriate values
of bubble growth rates were taken from figures 2 and 3
in form of empirical dependencies between (da/dz);, and
temperature under constant pressure. The initial radius
of modelled bubbles was 5 < 10> m.

When modelling the bubble pathways in the refining
space, the bubble concentration model was applied [6],

SR

b)

Figures 7a and b. Determination of the critical bubble pathway
(———) through the refining channel at 1200 °C and a pressure
of 30 kPa for the glass melt with refining agent and a pull rate
of 10 t/d; a) top view, b) side view.
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Figure 8. Pull rate of the modelled refining space as a function
of temperature and pressure for the lead-silica glass melt with
refining agent.

making it possible to acquire both bubble pathways and
bubble concentrations in the space. In each experiment,
100 representative bubbles were distributed in the input
opening to define the critical bubble pathway under
given conditions. Figures 7a and b present an example
of determination of the critical bubble pathway at
1200 °C and pressure 30 kPa for the glass melt with re-
fining agent and the pull rate 10 t/d. The critical bubble
is characterized by its refining just before the output of
the space (the remaining bubbles are removed earlier).
The average temperature along the critical bubble path-
way and applied pressure characterize the overall con-
ditions of refining in the space and consequently, the
refining output of the low-pressure space. The depen-
dences between calculated channel pull rate and tem-
perature and pressure in the applicable area (see figures
5 and 6) are presented in figures 8 and 9.
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Figure 9. Pull rate of the modelled refining space as a function
of temperature and pressure for the lead-silica glass melt with-
out refining agent.

6. Discussion of results

The presented results show that the coupling of math-
ematical modelling and laboratory studies provides tech-
nologically acceptable conditions for industrial appli-
cations. While the laboratory studies are used to get
some input data into mathematical models, as are the
bubble growth rates in the presented case, and to specify
the participation of other potentially critical phenom-
ena, as here are bubble nucleation and glass foaming,
the mathematical modelling provides values correspond-
ing to the real conditions and technical needs (see figures
8 and 9).

The bubble growth and refining data presented in
figures 2 and 3 confirm the already presented fact [1]
that the values of bubble growth rates characterizing ef-
ficient refining may be acquired at relatively low refining
temperatures 1200 to 1300 °C and pressures 20 to
30 kPa. The additional constraints evoked by bubble nu-
cleation on the walls of the refining channel and by glass
foaming restrict the entire temperature and pressure area
of refining to 1200 to 1300 °C and 20 to 50 kPa for the
lead glass melt containing refining agents and to 1250
to 1450 °C and 20 to 50 kPa for the same melt without
any refining agents (see figures 5 and 6).

The estimation of refining behaviour based on the
knowledge of several simple relations is significant when
only a limited amount of experimental data is at dis-
posal. The refining output of a horizontal channel with
piston flow is given by:

|4
L (7)

TR

pull =

where V is the channel volume, g is the glass density and
7R 1s the refining time of the critical bubble.

For the efficient refining (growing bubble) and the
sufficiently small critical bubble, the value of tz may be
obtained from [7]:

N WE e
Wy Y il 8)
K (2g9) a3 (

where /1 is the height of glass in the channel, # the glass
viscosity and @ the constant value of bubble growth rate.
As it is obvious from equation (8), the value of 7z under
the constant /i exhibits a stronger dependence on the
bubble growth rate when compared with glass viscosity.

The temperature increase accelerates bubble rising by
both increasing the bubble growth rate and decreasing
viscosity. The pressure drop, however, evokes only in-
crease accrual of bubble growth rate. The separated im-
pacts of temperature and pressure on the refining output
are expressed by rectangular cuts through the output
areas in figures 8 and 9. For the quiescent glass melt,
the dependence between the refining time, g, and tem-
perature may be roughly expressed by [7]:

E
Tr = KL exp (R—RT> )

where Ey involves the activation energy of diffusion, the
reaction enthalpy of refining agent decomposition and
activation energy of viscosity, and K} is constant.

The pressure effect may be expressed by [7]:

2/3

pCX
(KEI - K'r){zpex)zm

(10)

TR

where p.y is the external pressure and K%, as well as
K%, are constants.

As the results of calculations presented in figures 8
and 9 were not acquired at constant temperature, the
following equations express the cuts through the output
surfaces only qualitatively:

Vo E

pUllTE']<—_l£eXp<_ R;)y (11)
Vo

pullP = —— (K} — KR, Pex) - (12)

ex

If the appropriate experimental data characterizing the
temperature and pressure impact are acquired, the pre-
liminary assessments of the industrial refining efficiency
may be done, using equations (11) and (12).

The significance of the temperature or pressure vari-
ances on the refining efficiency can be evaluated from
the dependence between the pull rate of refining space
and the bubble growth rate as the principal refining par-
ameter. Figure 10 presents this dependence for the glass
melt containing refining agent. The full line represents
the dependence between the pull rate and pressure at
temperature 1225 °C, the average value, on the pathway
of the critical bubble. The dashed lines express the tem-
perature dependencies of the pull rate at given pressures

334

Glastech. Ber. Glass Sci. Technol. 73 (2000) No. 11



Modelling of the refining space working under reduced pressure

20 © temperature 1225 °C )f
x temperatures of 1190 °C to 1260 °C
T amp r 20kPa
4 30kPa X
3 7
= 40kPay
€. | s0kPa ]
= 10
o r
0 T T T
0.5 1.0 15 2.0 25

Aalatin10°m g —

Figure 10. Pull rate of the modelled refining space as a function
of the bubble growth rate for the lead-silica glass melt with re-
fining agent; . pressure dependence at 1225 °C, ———:
temperature dependencies at the appropriate values of pressure.

Table 2. Values of E/R for the bubble growth rates in the studied
lead-silica glass and soda-lime-silica glass melt (refined by so-
dium sulphate)

E./R in K E,/R in K
lead-silica glass 20262 —4667"
soda-lime-silica glass 22521 —60086

Y The value valid for the glass melt containing refining agents
at pressure 20 kPa.

in the range 1225 °C £ 35 K. The dependence makes it
possible to assess the participation of the particular
quantities in the refining process. As it is obvious from
figure 10, the temperature variance by =35 K has the
same refining effect as the pressure variance 10 kPa.
From the point of view of energy consumption, the
pressure application is much more favourable under
these conditions.

The difference between the pull rate values on the
full line in figure 10 (pressure dependence) and dashed
line (temperature dependence) at the same value of the
bubble growth rate expresses the separated influence of
viscosity variance on the refining pull. The relatively sig-
nificant influence of the viscosity variance on the re-
fining efficiency can be seen from this figure. This fact
results from the relatively insignificant dependence be-
tween bubble growth rate and temperature (see figure
2). The participation of the viscosity change and bubble
growth rate in the refining acceleration can be assessed
from the appropriate activation energies. Table 2 pro-
vides the terms E/R involving the activation energy of
viscosity, £, , and apparent activation energy of the bub-
ble growth rate, E,, for the studied lead glass and soda-
lime-silica glass. The latter glass is characterized by the
steep temperature dependence of the bubble growth rate.
The comparison between E,/R and E,/R for both glasses
shows that in contrast to the studied lead glass, the im=

pact of the bubble growth rate on the refining process
acceleration is determining for the soda-lime-silica glass.

The presented results and considerations give the
procedure leading to the proper industrial refining con-
ditions: at first definition of admissible temperature and
pressure areas without interference of other processes
deteriorating glass quality or restricting the main process
efficiency. The laboratory realization of this step seems
to be more accessible at present. Equations (7 and 8)
or (11 and 12) can help when estimating the mentioned
temperature and pressure areas from the technical and
economical point of view. The chosen areas should be
subsequently submitted to the mathematical modelling
under real conditions. The combined laboratory and
theoretical modelling thus provides the technical docu-
mentation of the process character and parameters of
industrial equipment.

7. Conclusion

The presented study aspires to combination of both lab-
oratory data and mathematical modelling when de-
termining the construction and conditions of an indus-
trial refining space. The combined experimental and
theoretical approach seems to be the most reliable at pre-
sent as the complete mathematical models are mostly
not at disposal. The laboratory studies are predomi-
nantly concentrated on the melting microphenomena
(bubble behaviour, particle dissolution etc.), whereas the
macrobehaviour is acquired from mathematical models
(temperature and velocity distribution). Despite the fact
that the micro- and macrophenomena mutually affect
each other, their separate laboratory and mathematical
treating mostly leads to acceptable predictions for an in-
dustrial case. As to the presented case, more detailed lab-
oratory studies of glass foaming and bubble nucleation
are needed in the future.

This work was supplied with a subvention by The Ministry of
Education, Youth and Sports of the Czech Republic, project
no. VS 96 065.
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