
INTRODUCTION

Solubility and diffusion of gases in glass melts are
associated with several significant glass areas such as
glass structure, glass permeability for gases or glass
technology. The interactions between glass melts and
gases influence particularly the melting process of glass
and resulting glass colour. The presence of gases in
glass melts has both chemical and physical nature, but
in most cases the physical solubility of gases and their
diffusion coefficients in melt are data needed for quan-
titative description of bubble behaviour in glass melts
and oxidation-reduction interactions of gases in glass
melts determining both refining and glass colour, as
well as glass heating and its workability. The applica-
tion of rather complicated mathematical models of the
melting process thus considerably depends on the accu-
racy of physical solubility and diffusion coefficients of
appropriate gases in glass melts.

The methods of diffusion coefficient measurement
in glass melts are mostly based on following the inter-
action between defined volume of gas and glass melt.
Bubbles containing the examined gas or diffusion ves-
sels with gas, immersed in the melt, were applied to
measure the gas volume dissolution in the melt [1,2]. To
acquire the appropriate diffusion coefficient, the physi-
cal solubility of the gas in the melt was nevertheless
needed. No other gas was allowed in the melt to prevent
its impact on mass transfer. The physical solubility of
gases in glass melts is in relation to the free volume in
the glass structure, available for molecules of dissolved
gas [3]. The values of the Ostwald's absorption coeffi-

cient of H2, He, Ne and O2 range from 0.01 to 0.03 [4,5]
and are only slightly dependent on temperature. Then
the approximate value of gas solubility in glass melt
varies in the range of tenths of moles per m3 of glass
melt. The very low value of physical solubility is how-
ever determined with high inaccuracy by current analy-
tical methods. That is why we seek for new approaches
to the determination of both diffusion coefficients and
solubilities of gases in glass melts [6].

The goal of this work is to develop the procedure
leading to the acquisition of diffusion coefficients and
physical solubilities of technologically important gases
in glass melts. The mathematical model of multicompo-
nent bubble and the method of visual bubble observa-
tion in the melt are applied to acquire the above-men-
tioned values. The primary aim of the work is to facili-
tate the mathematical modeling of bubbles during mel-
ting process under real conditions.

THEORETICAL

The kinetic equations describing the single bubble
behaviour involve the term Di

2/3 (mib - mia) = Di
2/3 (mib - Lipi)

where Di is the diffusion coefficient of the i-th gas, mib

and mia are gas concentrations in bulk glass and on the
bubble surface. The quantity Li is the physical solubili-
ty of the i-th gas in the melt and pi is its partial pressure
in the bubble. If the sulphate layer is present on the bub-
ble surface, the driving force for the gas transfer can be
expressed by k(pSO2 pO2

1/2 - pSO2s pO2s
1/2) where k is the rate
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constant of the layer formation or decomposition and pi

and pis are the partial pressure and saturation partial
pressure of SO2 and O2 in the bubble. 

Neglecting the formation of the sulphate layer, the
set of equations describing the bubble behaviour at a con-
stant temperature for n diffusing gases has the form [7]:

(1)

(2)

(3)

where A = 0.382RTg1/3ρ1/3/η1/3 , a is the bubble radius, pt

is the total pressure in the bubble, Mi is the molecular
mass of the i-th gas and ρ and η are glass density and
viscosity. 

The constant to be determined in equations (1) and
(2) are Di, mib and Li. As the mentioned quantities
always occur in the form of products Di

2/3mib and Di
2/3Li,

equations (1) and (2) formally involve only two
unknown parameters, namely Di

2/3mib and Di
2/3Li.

The experimental measurements usually provide
bubble size development a = a(τ) and bubble composi-
tion development pi = pi(τ). After fitting both experi-
mental dependences by empirical functions, the deriva-
tives da/dτ and dpi/dτ can be obtained. If the experi-
mental values of da/dτ and dpi/dτ are measured for the
same or at least very similar bubble, the unknown pro-
ducts, Di

2/3mib and Di
2/3Li, can be calculated from equa-

tions (1) and (2). In order to obtain the mentioned val-
ues, at least two experimental points must be known for
both a = a(τ) and pi = pi(τ) dependences.

As equation (1) includes the unknown parameters
of all diffusing gases, the following arrangement should
be performed.

The term 1/Mi(Di
2/3mib - Di

2/3Lipi) is expressed from
equation (2) for all gases with the exception of the gas
whose properties are to be determined:

(4)

The values of 1/Mi(Di
2/3mib - Di

2/3Lipi for (i = 1, 2…
n - 1) are substituted into equation (1):

(5)
Then the appropriate form of equation (2) is:

(6)

where i is the index of the examined gas.

Taking into account two arbitrary chosen experi-
mental points, namely j and j+1, the values of the pro-
ducts Di, mib and Li (the properties of the examined gas)
can be explicitly expressed by two equations. Starting
from equation (6), we will get:

(7)

(8)

As it is obvious from equation (7), the relation is
applicable only when pi,j = pi,j+1, i.e. in the stage of devel-
oping bubble composition. To get separated values of
Di, mib and Li from both products, one value should be
obtained by another independent method. During later
stages of bubble life, its composition is almost constant
and the bubble growth is almost linear (bubble station-
ary state). Starting from equation (5) or (6) for dpi/dτ,
dpi/dτ = 0 we have after integration:

(9)

where i is the index of the examined gas. If follows for
two experimental points, j and j+1:

(10)

As it is clear from equation (10), only the value of
the term Di

2/3mib - Di
2/3Lipi can be obtained from the arbi-

trary two experimental points j and j+1 lying on curves
a = a(τ) and pi = pi(τ). In order to obtain all three para-
meters, namely Di, mib and Li, two of them should be
acquired by other methods. 

Verification of the empirical procedure

The experimental dependences a = a(τ) and pi =
pi(τ) should be replaced by empirical ones in order to
get the values of appropriate derivatives, i.e. da/dτ and
dpi/dτ. This step may be risky as the values of da/dτ and
dpi/dτ are very sensitive to the course of empirical func-
tions. That is why the verification of the procedure was
undertaken by using experimental tuned values of gas
properties being summarized in table 1. These data were
obtained from the behaviour of air and CO2 bubbles.

The proposed empirical functions respecting the
physical nature of bubble behaviour have the form:

(11)

(12)

where a', k1, k2 and k3 are empirical constants.
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The verification procedure consisted of following
steps:
1.The experimental tuned values of Di, mib and Li were

fed into the mathematical model of bubble behaviour
(eqs. 1-3) and values of da/dτ and dpi/dτ were calcu-
lated.

2.The relations da/dτ and dpi/dτ were replaced by
appropriate empirical functions (11) and (12) and the
new values of a and pi, as well as da/dτ and dpi/dτ
were acquired as a function of time. 

3.The values of products Di
2/3mib and Di

2/3Li were calcu-
lated from equations (7) and (8) and subsequently, the
values of Di and Li were acquired by using the origi-
nal value of mib.

4.The new set of values of Di, mib and Li was used in the
mathematical model to calculate new courses of
a = a(τ) and pi = pi(τ).

The courses of a = a(τ) and pi = pi(τ) from points 1
and 4 are compared in figures 1 and 2. While the com-
position developments exhibit excellent agreement, the
deviation between both courses of a = a(τ) dependences
arises in later stages. The deviation coming from diffe-
rence between original and empirical equations is
acceptable up to about 600 min, i.e. longer than are bub-
ble lifetimes under real conditions. 

Experimentally tuned N2 and CO2 data however
exhibit non-probable high mutual differences. There-
fore we apply also the set of original artificial values
estimated from the molecular size of respective gases.
Table 2 illustrates that the application of the empirical
procedure brings excellent values of gas constants dif-
fering from the original artificial ones within 2 %.
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Figure 1.  The comparison of courses of bubble size development
using original experimental tuned data with those obtained by the
empirical procedure.

Table 1.  The comparison of experimental tuned values of CO2

and N2 constants and those obtained from empirical procedure.
Initial bubble compositions 100% CO2 and 100% N2, at 1200°C.

experimental values resulting
tuned from empirical procedure
values 100% N2 100% CO2

Di (m2/s) 3.818 × 10-14 3.430 × 10-14 4.090 × 10-14

CO2 Li (kg/m3 Pa) 4.588 × 10-6 4.420 × 10-6 4.660 × 10-6

mib (kg/m3) 9.800 × 10-2 9.800 × 10-2 9.800 × 10-2

Di (m2/s) 1.202 × 10-11 1.250 × 10-9 2.200 × 10-11

N2 Li (kg/m3 Pa) 1.919 × 10-9 1.530 × 10-9 2.490 × 10-8

mib (kg/m3) 1.500 × 10-4 1.500 × 10-4 1.500 × 10-4

Table 2.  The comparison of artificial values of CO2 and N2 con-
stants and those obtained from empirical procedure. Initial bub-
ble compositions 100% CO2 and 100% N2, at 1200°C.

artifical values resulting
values from empirical procedure

100% N2 100% CO2

Di (m2/s) 5.00 × 10-13 5.08 × 10-13 5.11 × 10-13

CO2 Li (kg/m3 Pa) 2.00 × 10-6 1.97 × 10-6 1.99 × 10-6

mib (kg/m3) 1.00 × 10-1 1.00 × 10-1 1.00 × 10-1

Di (m2/s) 1.00 × 10-12 0.97 × 10-12 1.08 × 10-12

N2 Li (kg/m3 Pa) 1.00 × 10-6 0.99 × 10-6 0.99 × 10-6

mib (kg/m3) 5.00 × 10-2 5.00 × 10-2 5.00 × 10-2

Figure 2.  The comparison of courses of bubble composition
developments using original experimental tuned data values with
those obtained by the empirical procedure.



EXPERIMENTAL

The method of high temperature observation of gas
bubble in a glass melt was used to get the experimental
dependences a = a(τ) and pi = pi(τ). The TV glass used
for the study was prepared from dried materials of p.a.
purity to get a negligible amount of chemically dis-
solved gases. The glass sample was inserted into a flat
silica glass observation cell and heated to the measuring
temperature in the laboratory furnace with an observa-
tion window. After glass melting and refining, a small
bubble of defined initial composition was created by the
silica glass tube with inlet of defined gas and immersed
in glass. The bubble was subsequently "shuttled" in the
glass melt by sucking and expelling the bubble into or
out of the silica glass tube as is schematically presented
in figure 3.

The bubble size development was continually re-
corded by a digital camera. Figure 4 presents an exam-
ple of a high temperature image. After finishing the
experiment, the small glass sample with the examined
bubble was taken out of the melt and cooled. The bub-
ble composition was determined by mass spectrometry.

The experiments were performed with bubbles ini-
tially containing 100% Ar at temperatures 1300°C and
1400°C. The high temperature observations of bubble
size development followed by the bubble composition
analysis were made at each temperature for 4-7 time
expositions.

RESULTS

Figure 5 shows a typical experimental bubble size
development and the course of empirical function
(equation 11). As it is obvious from this figure, at least
one from the couple of points necessary to calculate
products Di

2/3mib and Di
2/3Li (see equations 7 and 8)
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Figure 3.  Scheme for the "shuttle" method.

Figure 4.  Micrograph of high temperature observation of a bub-
ble in the laboratory furnace.

Figure 5.  Experimental bubble size development and the course
of the empirical function at temperature 1400°C.



should come from the time interval between 0 and about
2000 s. Another set of experimental results involved
bubble analyses after finishing bubble observations at
high temperatures. The experimental dependences of
partial pressures of single gases on time, supplemented
by empirical functions (equation 12) are presented in
figure 6a-c.

The compositions of bubbles at a given time should
be recalculated to the reference diameter using the equa-
tion:

(13)

where c and d are concentration of given gas and diam-
eter of measured bubble, and c0 and d0 are the same
quantities relating to the reference bubble.

The values of both diameters and partial pressures
as well as appropriate derivatives, namely dd/dτ and
dpi/dτ, were acquired from empirical functions and the
products of Di

2/3mib and Di
2/3Li were calculated using

equations (7) and (8). Table 3 presents average values of
the above-mentioned products together with the stan-
dard relative deviation. The values of products were
used to calculate the developments of bubble diameter
and composition in time, i.e. to simulate the behaviour
of experimental bubbles using the obtained data.

Figure 7 brings the comparison of experimental
points and the calculated values of the bubble size at
temperature 1300°C. The appropriate experimental and
calculated values of bubble compositions are presented
in figures 8 (1300°C) and 9 (1400°C).

DISCUSSION

The values of products Di
2/3mib presented in table 3

increase with temperature for all examined gases. This
tendency confirms the theoretical expectation. As the
bulk gas concentration mib is supposed independent on
temperature, the increase of the product with tempera-
ture is affected by an increase of the appropriate diffu-
sion coefficient.
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Figure 6.  The experimental bubble composition developments
simulated by empirical functions at temperature 1400°C. a) CO2,
b) N2 and c) Ar.

a)

b)

c)

Table 3.  The average values of products and their standard
deviation at the temperatures 1300°C and 1400°C.

1300°C
Di

2/3Li Di
2/3mib

CO2 1.41 × 10-14 ± 1.89 × 10-15 1.11 × 10-9 ± 6.34 × 10-11

N2 1.64 × 10-14 ± 2.45 × 10-15 8.48 × 10-11 ± 8.87 × 10-12

Ar 1.22 × 10-14 ± 1.17 × 10-15 6.25 × 10-10 ± 7.59 × 10-11

1400°C
Di

2/3Li Di
2/3mib

CO2 1.04 × 10-14 ± 7.13 × 10-16 1.40 × 10-9 ± 3.08 × 10-11

N2 2.89 × 10-15 ± 1.35 × 10-15 8.72 × 10-11 ± 6.47 × 10-12

Ar 2.56 × 10-14 ± 2.02 × 10-15 1.03 × 10-9 ± 9.22 × 10-11



The product Di
2/3Li may exhibit a complicated tem-

perature dependence. In case of CO2, the decrease of the
product with temperature corresponds to the relatively
steep decrease of CO2 solubility [8]. Only physically
dissolved gases, namely N2 and Ar, should exhibit slight
solubility increase with temperature as a consequence
of thermal expansion of glass structure. However, only
the argon product shows the expected temperature
increase. In addition, the product DN2

2/3LN2 brings the
highest relative experimental deviation 47 % while the
same deviation for Ar and CO2 is up to 10 %.

Nevertheless, the use of products shows a good
agreement if applied for simulation of experimental
courses pi(τ) as is obvious from figures 8 and 9. The
comparison of bubble size developments, obvious from
figure 7, shows a growing deviation of the model from
the experiment; however, the relative error after
15600 s did not exceed 10 %. Thus, the values of pro-
ducts appear suitably precise for the mathematical si-
mulation of bubbles. This fact facilitates the mathema-
tical modeling of bubbles sources under real conditions
with an acceptable precision.

As it was mentioned in the Theoretical, separated
values of gas properties Di, mib and Li can be obtained
from corresponding products when one gas quantity is
acquired by another independent method. In this study,
the measured values of CO2 bulk concentration and esti-
mated quantities of Ar and N2 were applied [8].

Unfortunately, only values for CO2 may be consi-
dered to correspond to the real ones. The gas solubility
of tenths of mols per m3 of glass is a rasonable value, as
well as the values of the diffusion coefficient when
comparing them with corresponding values in float
glass [8]. However, the only estimated actual concen-
trations of both Ar and N2 in the melt devaluated the
appropriate values of diffusion coefficients and solubi-
lities. As is obvious from table 4, especially the values
of DAr are too high and LAr too low with respect to the
expected values. The more reliable procedure is there-
fore needed to determine one of three quantities by an
independent method. As gas solubilities in glass melts
differ much less than their bulk concentrations in glass,
the physical solubility measurement may become the
required independent measurement.
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Figure 8.  Experimental and calculated courses of bubble compo-
sition developments at temperature 1300°C.

Figure 9.  Experimental and calculated courses of bubble compo-
sition developments at temperature 1400°C.

Figure 7.  Experimental and calculated courses of bubble size
developments at temperatures 1300°C and 1400°C.

Table 4.  The calculated values of CO2, N2, Ar properties and
experimentally obtained bubble growth rates da/dτ at the tem-
peratures 1300°C and 1400°C.

1300°C 1400°C

Di (m2/s) 1.20 × 10-12 1.70 × 10-12

CO2 Li (kg/m3 Pa) 1.24 × 10-6 7.79 × 10-7

mib (kg/m3) 9.80 × 10-2 9.80 × 10-2

Di (m2/s) 4.27 × 10-10 4.44 × 10-10

N2 Li (kg/m3 Pa) 2.89 × 10-8 4.82 × 10-9

mib (kg/m3) 1.50 × 10-4 1.50 × 10-4

Di (m2/s) 4.44 × 10-8 9.40 × 10-8

Ar Li (kg/m3 Pa) 9.81 × 10-10 1.24 × 10-9

mib (kg/m3) 5.00 × 10-5 5.00 × 10-5

da/dτ (m/s) 5.04 × 10-9 1.11 × 10-8



CONCLUSIONS

The procedure based on the experimental measure-
ment of bubble size and composition developments was
used for the acquisition of diffusion coefficients, solu-
bilities and bulk concentrations of CO2, N2 and Ar in TV
glass at temperatures 1300°C and 1400°C.

The presented results show that the applied method
of artificial bubbles is usable for the mathematical si-
mulation of bubbles in melts, but another independent
and sufficiently precise method is missing to get suffi-
ciently true values of physical gas constants in glass
melts, namely their diffusion coefficients, solubilities
and actual concentrations in the melt. 

The question arises about the applicability of the
mentioned procedure for other technologically impor-
tant gases, i.e. O2, SO2 and H2O. This is an object of
authors' next effort.
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KINETICKÁ A ROVNOVÁŽNÁ DATA PLYNÙ
V ROZTAVENÝCH SKLECH
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Metoda vysokoteplotního sledování s následnou analýzou
bublin hmotnostní spektrometrií byla použita pro stanovení
vlastností plynù v roztavených sklech. Metoda vychází z mate-
matického modelu chování bublin v taveninì simulujícího
èasový vývoj jejich rozmìru a složení. Obì závislosti byly
experimentálnì mìøeny a využity ke stanovení difúzních koefi-
cientù, rozpustností a aktuálních koncentrací CO2, N2 a Ar ve
skle pro televizní obrazovky pøi teplotách 1300°C a 1400°C.


