
INTRODUCTION

In the last work, the equations describing the
behavior of small bubbles in a glass melt under effect of
both gravitational and centrifugal forces were derived
[1]. The increasing effort of glass technologists to accel-
erate and economize the industrial glass melting
process, as well as the ingoing production of high qual-
ity glasses, evoke an address to non traditional ways of
glass fining. The novel concepts frequently aim at
avoiding the refining agents owing to their contamina-
tion effect in both glass and environment. The replace-
ment of the classical refining agent by an inert rapidly
diffusing gas [2] or the application of reduced pressure
[3-5] are means how to ensure bubble growth and their
accelerated removal from glass by rising. The applica-
tion of an additional force field influencing bubble
behavior, such as supersonic energy [6] or centrifugal
force, is a further way leading to the physical accelera-
tion of the fining process. The application of rotating
spaces containing glass melt is a promising concept,
particularly for special glasses produced in a low or
medium scale and preferably without a continual pro-
duction. This work deals with bubble removal from a
model rotating cylinder partially filled with the glass for
the production of television bulbs as a model glass melt.
Two representative gases were chosen as a content of
one-component bubbles in the glass melt: oxygen repre-
senting a well soluble gas in the melt owing to its chem-

ical reaction with oxidation-reduction components of
glass, and carbon dioxide, the most usual gas in glass
melting, mostly physically soluble in  glass melts. The
influence of different process parameters on the bubble
removal process was calculated by using appropriate
bubble equations. The examined parameters were the
cylinder rotation velocity, the cylinder radius, the
degree of cylinder filling by the melt, temperature, bub-
ble size and bubble initial position in the cylinder. The
bubble removal time from the melt by any removal
mechanism was calculated to reveal parameter signifi-
cance and process feasibility.

THEORETICAL

The single one-component bubble behavior

A bubble containing pure gas is considered located
in a rotating vertical cylinder with glass melt. The glass
in the cylinder is quiescent (discontinual process). The
positive directions of movement are towards the cylin-
der bottom and to its periphery as it is apparent from
figure 1a. The shapes of melt level at higher angle
velocities are presented in figure 1b. Under the effect of
the gravitational field only, the bubble will move
upwards. The bubble movement in the simultaneous
centrifugal field adds a radial component of bubble in
direction of the cylinder centre. For a single bubble con-
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taining only one gas, the equation providing the rate of
bubble dissolution or growth rate is given by the deriv-
ative of the Gay Lussac's equation for the bubble vol-
ume [1]:

(1)

where a is the bubble radius, τ is time, R is the univer-
sal gas constant, T is temperature in K, Mi is the mole-
cular mass of the i-th gas, pt is the total pressure inside
the bubble, m is the mass of gas in the bubble, ω is the
cylinder angle velocity, r is the radial distance, ρ and η
are glass density and dynamic viscosity.

The total pressure inside the cylinder is [1]:

(2)

where pex is the external pressure, h is the bubble depth
under glass level and σ is the surface tension of the
melt.

The bubble moving velocity involving buoyancy
and the centrifugal component is given by:

(3)

The mass transfer term in equation (1) is generally
given by:

(4)

where mib is the bulk concentration of gas in the melt,
mia is its concentration on the bubble boundary and ki is
the mass transfer coefficient of gas. The value of mia

according to Henry's law is given by:

(5)

where Li is the gas physical solubility in the melt and pi

is its partial pressure inside bubble (for one-component
bubble, pi = pt).

According to [7], the mass transfer coefficient
between moving bubble interacting with the liquid is
given by:

(6)

and Shi and Pei are the Sherwood and Peclet dimension-
less criteria and Di is the diffusion coefficient of gas. 

The Shi expresses the mass transfer between a mo-
ving bubble and the melt, whereas Pei demonstrates the
ratio between the inertial and the diffusion forces on the
bubble surface. The Peclet number of a bubble in the
quiescent melt under the influence of the gravitational
and centrifugal force is then given by:

(7)

If Pe, as well as Pe1/3 » 1, i.e. the bubble moves suf-
ficiently fast (the case of moving in the centrifugal
field), the bubble is not too small or mass transfer is
slow, the mass transfer coefficient has a form:

(8)

and the resulting equation is obtained after the substitu-
tion of equations (4, 5) and (8) into (1):

(9)

The first, second and third term on the right side of
equation (9) express the impact of mass transfer, the
gravitational force and the centrifugal force, respective-
ly, while the last term represents the influence of ther-
mal expansion of gas.

The level shape in the rotating cylinder

At higher rotation velocities, the level has the shape
shown in figure 1b. The values of abscissa hu, hd, ru and
rd for this case are given by following equations [1]:

(10)

The removal of one-component bubbles from glass melts in a rotating cylinder

Ceramics − Silikáty 50 (4) 216-224 (2006) 217

Figure 1.  a) The scheme of the cylinder with positive radial and
axial directions; b) The shape of glass level in the rotating
cylinder at higher rotation velocities.
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(11)

(12)

(13)

where V is the melt volume in the cylinder.

RESULTS OF CALCULATIONSN

Extent of calculations and experimental data

The following calculations were realized at con-
stant temperature, only the influence of gas diffusion
and the centrifugal force on the bubble movement and
growth or dissolution was considered. Consequently,
the third and fourth members on the right side of equa-
tion (9) were omitted. The important factors of the bub-
ble removal were defined and arranged into a decreas-
ing sequence corresponding to how easily their values
can be adjusted in the process:

ω > V/V0 > R0 > t > c0i > f (a0), r0 (r) (14)

where f (a0) - the initial distribution of bubble sizes in
the cylinder, r0 (r) - radial starting bubble positions, c0i -
the initial bubble composition, t - temperature (°C), R0 -
the cylinder radius, V/V0 - filling by glass, ω - angle
velocity of the cylinder. The bubble size distribution
and initial bubble positions in the melt are natural con-
sequences of the melting process and are only hardly
adjustable.

The extent of calculations involved the following
quantity intervals:

a0 (a0 ∈ 〈1×10-4; 5×10-4〉 m; a0 = 5×10-5),
r0 (r0 = 0.20; 0.225 and 0.25 m),
ω (ω = 25, 50, 100, 200 s-1),
t (t = 1300, 1400, 1500°C),
V/V0 (V/V0 = 1; 0.75; 0.5),
R0 (R0 = 0.25, 0.375, 0.5 m),
h0 (h0 = 0.5 m), 
c0i (O2 as a fast diffusing and well soluble gas, CO2 as a
slowly diffusing gas).

TV panel glass and both gases were characterized
by the following values:
ρ = 2790 - 0.2378T (kg/m3),
η = ρ exp [-11.501 + 6144.6/(T - 710.6)] (Pa.s.)
DO2 = exp(-18.53 - 5755/T), DCO2 = exp(-14.0 - 24890/T)
(m2/s), mCO2 b = 0.098 (kg/m3),
LO2 = exp(0.8372 - 5750/T), LCO2 = exp(-6.96 - 9100/T)
(kg/m3 bar).

The oxygen solubility was calculated from the
chemical equilibrium of oxygen with antimony ions in
the melt. The following values were applied:

t (°C) 1300 1400 1500
mO2b (kg/m3) 0.0178 0.0902 0.1803

The time developments of the bubble radius and the
bubble radial position were followed. The quantity τmax

corresponding to the maximum time needed to remove
a bubble either by dissolution (denoted by asterisks in
pictures) or by separation to the curved glass level
(denoted by circles) were used as a criterion for the fin-
ing efficiency.

Results

In all the calculations, the time developments of the
bubble radius and the bubble radial position were fol-
lowed, and the resulting value of τmax was ascertained by
comparison of either dissolution times or separation
times of bubbles of different initial radii under given
conditions. The most initial positions of bubbles in the
cylinder were located on the cylinder periphery, the
impact of the initial bubble radial position was exam-
ined by a series of calculations. As the standard calcula-
tion, the following conditions were chosen: ω = 50 s-1,
V/V0 = 0.5, R0 = r0 = 0.25 m, t = 1300-1500°C,
a0 ∈ 〈1×10-4 m, 5×10-4 m〉. The standard gas was oxygen.

The typical courses of the bubble wandering in the
form of radial distance versus time are shown in figure
2. Only bubbles of considered minimum and maximum
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Figure 2.  The typical courses of movement of oxygen bubbles
from the cylinder mantel to its centre under the effect of the
centrifugal force. The dependence between the bubble radial
distance and time. Two grey bands correspond to the level
extent for V/V0 = 0.5 and 0.75. R0 = 0.25 m. The initial bubble
radius is a0 = 1×10-4 m; 5×10-4 m.



bubble sizes are plotted in the figure. The two grey hor-
izontal bands in the figure correspond to the radial inter-
val of glass levels at V/V0 = 0.5 and V/V0 = 0.75 (see fi-
gure 1b). The bubble is separated from the melt when
reaching its proper position in the grey band, dependent
on its initial depth under glass level. The asterisks in the
figure denote the bubble dissolution. The slowing down
of the bubble movement towards the cylinder centre is
obvious during later stages. This is a consequence of a
decreasing effect of the centrifugal force. Therefore par-
tial filling of the cylinder by the melt appears to be only
precondition for an effective bubble separation. Figure
3 provides the picture of the same case in the form of
bubble radii versus time. The almost linear dissolution
of small oxygen bubbles is obvious whereas bigger bub-

bles grow due to a pressure decrease inside them. CO2

bubbles exhibit a partially different behavior. The CO2

gas has only a limited solubility in the melt and the rate
of its diffusion is simultaneously restricted by low val-
ues of its diffusion coefficient in the melt. That is why
all bubbles, including small bubbles a0 = 5×10-5 m,
should be separated by wandering to the glass level,
nevertheless the separation of small bubbles is signifi-
cantly slow as is shown in the corresponding figure 4,
providing  the bubble radial distance as a function of
time. The very slow increase of radii of small bubbles
a0 = 5×10-5 m is presented in figure 5.

The initial radial position of the bubble in the cylin-
der plays a role in the bubble removal as both pressure
inside a bubble and the gas concentration gradient on its
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Figure 5.  The typical dependences between radii of CO2 bub-
bles and the time corresponding to bubbles in figure 4. 
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surface are affected. Figures 6 and 7 show, that the
effect of the initial bubble position is dependent on the
mechanism of bubble removal. The small dissolving
bubbles need high internal pressure. Consequently, bub-
bles close to the cylinder periphery dissolve slightly
faster than others in the cylinder with R0 = 0.25 m (the
typical case is shown in figure 6). On the contrary, the
bigger bubbles removed by the separation mechanism
are separated faster if their initial distance from the
cylinder centre is small. This is obvious from the figure
7. Only the mechanism of bubble separation is relevant
for bubbles containing CO2; the character of the depend-
ence between the bubble separation time and its initial
radial distance is depicted in figure 7. 

Temperature always plays an important role in bub-
ble behavior, particularly under conditions of chemical
solubility of gas in glass melt. The maximum bubble
removal times were obtained from calculations of the
bubble behavior at different temperatures and the results
for the case of standard cylinder (R0 = 0.25 m) and for
initial bubble positions at the cylinder periphery are
plotted for both gases in figure 8. The bubble removal
times of CO2 always decrease with temperature increas-
ing due to decreasing glass viscosity. The removal times
of oxygen, however, show maxima or minima at
1400°C and at lower rotation velocities. The maximum
removal times were obtained for bubbles exhibiting the
combined removal mechanism: the bubble of the medi-
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um radius progressed fairly to the cylinder centre during
earlier stages and consequently only slowly dissolved in
the melt, the dissolution being the removal mechanism.
If, on the contrary, the separation mechanism dominat-
ed and bubble partially dissolved during earlier stages,
the subsequent separation mechanism is slow and the
separation time is high as is demonstrated by the curve
for ω = 25 s-1 and R0 = 0.25 m in figures 8 and 9. Figure
9 summarizes the temperature impact on τmax for cylin-
ders having R0 = 0.25, 0.375 and 0.5 m. Both figures 8
and 9 also show that temperature almost stops to be an
important factor at higher rotation velocities, character-
ized by low values of bubble removal times. 

Figure 9 also demonstrates the expected beneficial
influence of a greater cylinder radius on the rate of the
bubble removal by both mechanisms. The dependence
of τmax on the cylinder radius at all temperatures and ini-
tial bubble radii, and at given value of ω, is given by
figure 10. The figure reveals that a greater cylinder
radius is beneficial at lower rotation velocities, but the
tendency is flat for rapid rotations. The impact of the
degree of the cylinder filling by melt is obvious from
figure 11. The lower filling sets up a thinner glass layer
on the cylinder mantle and decreases the bubble separa-
tion times.
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The most significant factor of the process appeared
to be the cylinder rotation velocity affecting both impor-
tant phenomena during the bubble removal: the rate of
bubble dissolving or growth and bubble movement.
Figure 12 demonstrates this fact for oxygen bubbles and
for three cylinder radii. The dissolution mechanism of
smaller bubbles appeared to be the critical one in most
cases. The increase of the rotation velocity from ω =
= 25 s-1 to ω = 50 s-1 was generally decisive for a sub-
stantial decrease of maximum bubble removal times.
The different preference of the removal mechanism for
oxygen and CO2 gas in the standard cylinder R0 = 0.25 m
is obvious from figure 13. The only feasible mechanism
for bubbles containing CO2 was the separation to the

glass level, this mechanism being slow at lower rotation
velocities. That is why only the rotation velocity ω =
= 100 s-1 decreased the maximum bubble separation
times of CO2 bubbles to the value standard for oxygen
bubbles.

DISCUSSION

The primitive mechanism of the particle separation
from a liquid in rotating cylinders is their wandering to
the periphery or the centre of the cylinder due to densi-
ty differences between particles and liquid, bubbles
swimming to the cylinder centre. In addition, the
gaseous particles may increase their sizes due to the
pressure drop from the cylinder periphery to its centre,
and they may dissolve or grow if the gas inside a bub-
ble has a remarkable solubility in the melt, e.g. due to a
chemical reaction. The bubbles in glass melt exhibit all
the mentioned effects according to bubble and glass
properties, and with respect to the parameters of cen-
trifuging. As a result of that, bubbles may disappear
from the melt either by the complete dissolution or by
the separation to the curved glass level in the cylinder.

The dissolution mechanism is obviously significant
for small bubbles under otherwise equal conditions (see
figure 3). The wandering of small bubbles in the radial
direction is slow (figure 4), the pressure inside a bubble
supporting bubble dissolution is therefore high for a
long time. As oxygen chemical solubility increases with
decreasing temperature and the diffusion coefficient
grows, the temperature dependence of bubble dissolu-
tion time is less significant. The average dissolution and
growth rates  of  oxygen bubbles at 1300°C and 1500°C
are presented in figures 14 and 15 as a function of the
cylinder rotation velocity. Small bubbles (a0 = 1×10-4 m)
exhibit a slight increase of their absolute values with
growing ω. The dissolution is partly characteristic also
for bubbles with a0 = 2×10-4 m at lower temperatures.

The bubbles of greater sizes grow under identical
conditions, even if the gas diffused out of bubbles. The
rapid initial radial bubble wandering, results in a pres-
sure drop inside bubbles, which is responsible for a con-
siderable bubble growth. This fact is clear as well from
figures 14 and 15 for bubble sizes greater than about
2×10-4 m. The pressure drop in bubbles, compensated by
the growth of bubble size, significantly increases the
bubble radial velocity and the bubble quickly reaches
the curved glass boundary. The pressure drop decreases
towards the cylinder centre and the effect of the cen-
trifugal force is therefore more significant for cylinders
having a low filling by glass. The problem occurs with
medium bubble sizes, here about a0 = 2×10-4 m, exhibi-
ting both mechanisms in a comparable intensity. The
dissolution mechanism is considerably slowed down if
a bubble wandered to the glass boundary before (the
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case of bubble a0 = 2×10-4 m, ω = 25 s-1 at 1300°C). The
separation mechanism is slowed down by bubble`s pre-
vious partial dissolving in the melt. In order to find the
most disadvantageous conditions for the bubble remo-
val, the values of bubble removal times were plotted as
a function of the initial bubble radius. The example is
provided by figure 16 for the case of R0 = r0 = 0.25 m,
V/V0 = 0.5 and temperature 1300°C. The bubble disso-
lution times (asterisks) in this figure grow linearly with
the initial bubble radius whereas the bubble separation
times (circles) progressively increase with decreasing
initial bubble radius. If both dependences are extrapo-

lated to their intersection, the maximum bubble removal
time is found, corresponding to the case when both
mechanisms are of equal value. As it is apparent from
figure 16, the value of the bubble radius, corresponding
to the maximal bubble removal time, a0max, decreases
with growing cylinder rotation velocity, which was also
obvious fact at higher temperatures. The dependences
between values of a0max and the cylinder rotational
velocity are presented by figure 17 showing that the
value of a0max at high rotation velocities is almost inde-
pendent of temperature. Notice that the value of τmax

at 1500°C and ω = 25 s-1 is absent in figure 17 as only
the mechanism of the bubble separation is present under
these conditions. Despite the fact that two equally reali-
zed mechanisms lead to maximal bubble removal times,
the bubble removal times are always definite and the
acceptable bubble removal conditions for bubbles con-
taining soluble gas may always be found.

The bubble containing gas almost insoluble in the
melt exhibits only the separation mechanism. The
mechanism is fast, only slightly dependent on tempera-
ture, and it is significantly accelerated by the increasing
cylinder rotation velocity. However, the problem of the
separation of very small bubbles arises as the bubble
separation time tends to infinity for the zero bubble size.
The dependence between the separation time of the CO2

bubble and its initial size plotted in a logarithmical form
in figure 18 indicates that the problem of the bubble
separation may occur for bubbles having the size less
than about 0.1 mm.
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Figure 17.  The initial radius of the bubble, characterized by the
maximum removal time, as a function of the cylinder rotation
velocity. Oxygen bubble, V/V0 = 0.5, R0 = 0.25 m, r0 = 0.25 m.
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Figure 18.  The dependence between the maximum bubble sep-
aration time (regardless of temperature) and the initial bubble
radius. CO2 bubbles, temperature 1500°C, V/V0 = 0.5, R0 = 0.25
m, r0 = 0.25 m.
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Figure 19.  The original bubble radius (at pressure 1 bar) as a
function of the cylinder rotation velocity, corresponding to the
value of the maximum bubble separation time 1000 s (regard-
less of temperature), CO2 bubbles, V/V0 = 0.5, R0 = 0.25 m,
r0 = 0.25 m.



CONCLUSION

The main physico-chemical problem bound with
the application of the centrifugal force for the bubble
removal is the separation of very small bubbles contain-
ing slowly diffusing and in melt slightly soluble gas.
Only the mechanism of the bubble separation to the
cylinder centre is relevant because the bubble dissolu-
tion is a too slow process here. The problem with very
small bubbles is given by the fact that, τmax → ∞ for
a0 → 0 for a totally insoluble gas. This fact should be
taken into account as well the fact that the original bub-
ble size decreased due to a pressure increase just after
the bubble entered the rotating cylinder. Figure 19
shows the dependence between the original bubble size
(at pressure 1 bar) and the cylinder rotation velocity for
the bubble removal time τmax = 1000 s and CO2 bubbles.
The bubbles with the original size smaller than about
0.15 mm already have relatively high separation times
even at the rotation velocity of 200 s-1.  Bubbles in the
real melting process always contain a mixture of gases
both soluble and almost insoluble in the melt. The prob-
lem of a proper initial bubble composition then becomes
significant and its solution calls for an examination of
the behavior of multi component bubbles in the cen-
trifugal field.
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ODSTRAÒOVÁNÍ JEDNOSLOŽKOVÝCH BUBLIN
ZE SKELNÉ TAVENINY V ROTUJÍCÍM VÁLCI

LUBOMÍR NÌMEC, VLADISLAVA TONAROVÁ

Laboratoø anorganických materiálù, spoleèné pracovištì
Vysoké školy chemicko-technologické v Praze

a Ústavu anorganické chemie AVÈR
Technická 5, 166 28 Praha

V této práci jsme zkoumali chování bublin obsahujících
èistý kyslík nebo oxid uhlièitý nacházejících se v rotujícím
válci se skelnou taveninou.  Pro výpoèty chování byla použita
rovnice popisující chování bubliny za podmínek ustáleného
koncentraèního gradientu plynu na povrchu bubliny a za
pùsobení odstøedivé síly. Vyšetøovali jsme vliv úhlové rychlosti
rotace, stupnì naplnìní válce taveninou, polomìru válce, teplo-
ty, poèáteèní velikosti bublin a jejich poèáteèní polohy ve válci
na dobu potøebou k odstranìní bubliny z taveniny s cílem nalézt
optimální podmínky pro tento proces. Pøi odstraòování se
uplatnil jak mechanismus úplného rozpuštìní nìkterých bublin,
tak mechanismus jejich odstøedìní ke støedu válce. Pùsobící
mechanismus byl závislý pøedevším na poèáteèním složení
bublin. Rozpouštìcí mechanismus byl vedle mechanismu
odstøedìní významný pro bubliny obsahující ve skelné taveninì
dobøe rozpustný plyn, kterým byl kyslík, zatímco málo roz-
pustný oxid uhlièitý  byl odstraòován pouze odstøedìním. Oba
mechanismy urychlovala zvyšující se rychlost rotace. Aplikace
odstøedivé síly pøi výrobì skla vyžaduje zkoumat rovnìž
chování vícesložkových bublin, jejichž složení odpovídá reál-
ným podmínkám.
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