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Gas exchange between bubbles and molten glass?
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Knowledge about the exchange of gases between bubbles and molten glass is of vital importance for bubble diagnosis. This process
was studied using melting trials with very well-defined test bubbles (tracer bubbles), and bubble analysis. These experiments enable
the direct determination of the gas permeability (the product of solubility and diffusivity) which describes the rate of gas exchange.
In literature, little reliable data on the permeability can be found due to experimental problems with the most common method of
studying gas exchange, gas extraction. For CO, in television screenglass a permeability of about 2 - 10~!7 mol/(m s Pa) at 1305°C
was found.

Gasaustausch zwischen Blasen und geschmolzenem Glas

Fiir die Diagnose von Glasfehlern ist das Verstidndnis des Gasaustauschs zwischen Blasen und geschmolzenem Glas notwendig. Der
Gasaustauschprozel wurde mit Hilfe von sogenannten Tracerblasen, d.h. Blasen mit sehr gut definierter Ausgangszusammensetzung,
untersucht. Tracerblasenversuche erméglichen die direkte experimentelle Bestimmung der Permeabilitdt (= Produkt aus Diffusions-
und Henryschem Koeffizienten), die die Geschwindigkeit des Gasaustauschs beschreibt. VerldBliche Daten iiber die Permeabilitit
sind wegen der experimentellen Schwierigkeiten mit der tiblichen Analysenmethode zur Untersuchung des Gasaustauschs, der Gasex-
traktion, in der Literatur nur schwer zu finden. Aus den Versuchen ergab sich fiir CO, in Fernsehschirmglas eine Permeabilitdt von
2- 107" mol/(m s Pa) bei 1305°C.

1. Introduction J=D-dC/dx . (1)

Bubbles are the most important defect category in the
production of television screenglass. Television screens
are a very critical product with respect to bubbles: A
rate of 6 bubbles/t glass already leads to 10 % reject.
Recent developments concerning increased contrast and
future developments concerning High-Definition Tele-
vision (HDTV) and monitor glass will even make the
product more sensitive, since the maximum allowable
bubble size is becoming smaller and smaller.

The most important restriction for mass transfer lies in
the glass phase. At the interface bubble/glass equilibrium
is assumed, according to Henry’s law (C = ky; - p). Com-
bination of Fick’s and Henry’s law yields:

J=—D"ky-dpldx. 2)

The product diffusivity - Henry coefficient is called the
permeability. This product determines the rate at which
gas diffusses into or out of a bubble. Combination of
equation (2) with the ideal gas law leads to:

The composition of the gases in a bubble gives very
important clues about the source and the residence time
of that bubble. To be able to make full use of the results
of bubble analysis, knowledge about gas exchange rates
and equilibria in molten glass is needed. Theoretically,
the process of gas exchange between bubbles and molten
glass is relatively well known. However, obtaining the
correct physical constants for a good description is a
very big problem. There is no agreement in literature,
not even about the order of magnitude of these con-
stants.

d(p " VIR " T)ldt = —D " ky - 4nr> - Apl§ . (3)

Only under certain assumptions equation (3) can be
solved analytically. The most important cases are:

a) isothermic, constant volume (a minor component dif-
fusing into an inert bubble):

dV/dt and d7/dz can be neglected, so equation (3) be-
comes:

2. Theory

In principle, the gas exchange process between bubbles
and molten glass is described by Fick’s law:

V-dpldt = —D - ky - R-T - 4nr’ - Apl§ ,
l/Ap -dp/ldt = =3 D - kyy - R-Tlr- 95, 4)
dInAp/dt = constant .
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component will approximate the equilibrium pressure in
an exponential way.
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Figure 1. CO, exchange in 100 % argon bubbles in television
screenglass at various temperatures.

Table 1. Fit parameters determined from the results in figure 1

temperature  equilibrium pressure of CO, D - ky

in °C in 10° Pa in mol/(m s Pa)
1305 0.4 2-107Y

1350 0.5 241077
1405 0.6 3-1077

b) Constant concentrations (stationary diffusion)

p-dVidt = =D - ky - R- T -4nr? Apl§ ,

re-drldt = =D - ky-R-T-Apl(p-9). )
As an example equation (5) can be solved for the case
of a pure bubble (ppuppie = 1 bar) dissolving in a strongly
undersaturated melt (p equilibrium = 0 bar). Assuming
the boundary layer thickness to be equal to the bubble
radius (Sherwood number = 2), the dissolution time be-
comes:

laiss =13/(2- D -ky-R-T). (6)

3. Experimental

Most literature sources use the diffusion coefficient and
the solubility of the most important gases dissolved in
glass to describe the gas exchange process. From the
theory presented here, it can be concluded that the per-
meability and the equilibrium pressure suffice to give a
full description. The effect of solubility and diffusivity is
combined in the permeability. The advantage of such an

approach is that it is no longer necessary to extract all
the gas from the glass in order to measure the solubility.
This also evades fundamental problems like the defini-
tion of “chemically dissolved oxygen™.

For the evaluation of the permeability and equilib-
rium pressures of CO,, nitrogen, oxygen and argon in
colour television screenglass, a method was used in
which very well-defined bubbles, so-called ,,tracer bub-
bles“, were introduced into the glass to be investigated.
The bubbles measured 100 to 200 pm in diameter and
contained less than 0.5 vol% impurities. The glass was
then subjected to a specific heat treatment, quenched
and annealed, and the bubbles were analyzed. By filling
the bubbles with an easily detectable, inert gas, like ar-
gon, they could be discriminated from the air and CO,
bubbles that might have formed in the experiments.

Figure 1 shows the result of such a ,tracer bubble
experiments” studying the CO, exchange between bub-
bles and glass in 100 % argon bubbles in television
screenglass at various temperatures. The slope of the
lines gives information about the diffusion rate of CO,.
From these results, and from the results of 6 h gas ex-
change experiments performed to determine the equilib-
rium pressure of CO,, the permeabilities given in table 1
can be fitted. Using these data for the investigated glass
between 1300 and 1400°C, the error in predicted CO,
content is about 25 % (relative).

4. Comparison with literature values

Table 2 summarizes the results of tracer bubble experi-
ments in comparison with some literature values for the
permeability of CO, in silicate glasses. It shows that
there is very little agreement about the permeability of
COs in silicate glass. The fact that most literature data
are based on separate measurements of the solubility
and diffusivity, both very difficult measurements from
an experimental view, might be one of the causes of the
disagreement. Tracer bubble experiments, like the ones
presented here, may help to resolve the uncertainties in
solubility and diffusivity of gases in glass.

5. List of symbols

D diffusion coefficient in m?%s
T mole flux in mol/(m?s)
. . i L kg Henry coefficient in mol/(m? Pa)
Table 2. CO, permeabilities at 1305°C in comparison with lit- p partial pressure in Pa
erature values Ap  difference in equilibrium partial pressure bubble/glass
in Pa
reference D in m?/s ki in D - kyin R gas constant in J/(mol K)
mol/(m* Pa) mol/(m s Pa) r bubble radius in m
T temperature in K
this work = = 2-107Y t time in s
Ramos [1] 51071 43-107° 2.2-10713 |4 volume in m?
Krimer [2] 4.7 -107" 1.9-10°° 9-107" X distance in m
Némec [3] 2.7-1071 43-107° 1.2-107Y . ) )
o boundary layer thickness in m
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