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Evaluation of bubble removing performance in a TV glass furnace
Part 1. Mathematical formulation
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The bubble evolution and dissolution process in a glass furnace is an extremely complicated physico-chemical phenomenon. Most
of the huge number of bubbles, generated in molten glass during the decomposition of the glass batch, are removed during the
trajectory from the charging end to the forming section, but some remain in final products. On the basis of the two mechanisms,
flotation and absorption, in the bubble removing process, a numerical simulator was developed to evaluate the influence of first,
glass and batch composition, including refining agents, second, geometrical tank design and third, furnace operating conditions
upon the bubble quality in products. In particular, the simulator enabled the estimation of the effect of refining gases which are
caused by decomposition of the refining agents. Furthermore, an index was devised to synthetically assess the numbers of bubbles
in final products. In part 1, the principles of the model which composes the simulator are described in mathematical formulation.
The basic equations with boundary conditions and calculation procedures for thermal flow of molten glass, gas concentration in
glass melt and gas evolvement from the refining agents are presented. The calculation strategy of the bubble removing process is
also described.

Beurteilung der Effizienz der Blasenentfernung bei einem Schmelzofen fiir Fernsehréhrenglas
Teil 1. Mathematische Darstellung

Die Bildung und Auflésung von Blasen in einem Glasschmelzofen ist ein duBerst komplizierter physikalisch-chemischer Vorgang.
Die meisten der sehr groBen Menge an Blasen, die bei der Zersetzung des Glasgemenges im geschmolzenen Glas entstehen, werden
im Laufe des Weges vom Einlegeende zum Formgebungsbereich entfernt. Ein Restbestand an Blasen gelangt jedoch ins Endprodukt.
Unter Zugrundelegung der zwei Mechanismen bei der Blasenentfernung, namlich der Flotation und Absorption, wurde ein numeri-
scher Simulator entwickelt, um den EinfluB erstens, der Glas- und Gemengezusammensetzung, einschlieBlich der Lautermittel,
zweitens, der Geometrie der Schmelzwanne und drittens, der Bedingungen des Ofenbetriebes auf die Art der Blasen in den Produkten
zu bewerten. Insbesondere ermoglichte der Simulator die Einschdtzung der Wirkung der Lautergase, die durch die Zersetzung der
Lautermittel entstehen. AuBerdem wurde ein Index entwickelt, um die Anzahl der Blasen im Endprodukt zu bestimmen. Im ersten
Teil der Arbeit werden die Grundlagen des Modells, aus dem sich der Simulator zusammensetzt, mathematisch beschrieben. Die
grundlegenden Gleichungen mit den Grenzbedingungen und Verfahren zur Berechnung des Warmeflusses des geschmolzenen Glases,
der Gaskonzentration in der Glasschmelze und der Gasentwicklung aus den Léutermitteln werden dargestellt. Ebenso wird die
Vorgehensweise bei der Berechnung des Vorganges der Blasenentfernung beschrieben.

1. Introduction

The bubbles in glass products are commonly presumed
to be created by the following processes. The glass batch
charged into a furnace changes into glassy state by the
heat of flame in the superstructure and/or by the Joule
heat of electricity through the molten glass, which causes
large amounts of gases to generate. The majority of
gases generated by the decomposing reaction of the
batch are released into the combustion chamber through
the spaces of batch particles. However, some gases re-
main in the molten glass, become bubbles in the glass
melt and are gradually carried to the forming area by
the glass current in the furnace. Some bubbles veer off
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the flow line and escape through the glass surface. This
phenomenon takes place because the bubble has
buoyancy due to the difference in the density between
the glass melt and the bubble gases. In addition, since
gases in the bubble can diffuse into the glass melt, some
bubbles may disappear as they travel in the furnace. In
order to enhance such bubble removing function, re-
fining agents are generally added to the glass batch.
Glassware containing fewer bubbles have been manufac-
tured by skillfully manipulating many variables based on
long-term experience and keen intuition. Some bubbles
can not be eliminated sufficiently by these degassing
processes, and they stay in the product as glass defects.

In general, there are three factors which substantially
influence the characteristics of bubbles in glass products.
They are:
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Figure 1. Schematic view of a TV glass furnace. 1: melter,
2: refiner, 3: throat, 4: feeder, 5: regenerator, 6: charging-end
wall, 7: bridge wall.

Thermal fluid calculation of molten glass in tank furnace
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Computation of gas concentration in glass melts
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Computation of (re)fining processes of bubbles
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Overall evaluation of bubble removing performance

Figure 2. Submodels and computation procedure.

a) the glass and batch composition, including refining
agents,

b) the geometrical design of the tank furnace, and
¢) the operating conditions of the furnace.

It is one of glass engineers’ dreams to be able to pre-
dict the bubble quality of the glass products when these
process conditions are given.

Many research papers have been published with
regard to the growth and the dissolution of bubbles,
provided that the bubbles already exist in the molten
glass [1 to 7]. However, not many models, in which all
the above factors from a) through c) are taken into con-
sideration and bubble quality can systematically be fore-
cast, have been reported to date, although their need is
strongly felt.

Schill et al. [8 and 9] disclosed that they made a
simulator which connected the thermal fluid model of
a three-dimensional furnace with a multicomponent
bubble model. They stated that the simulator could trace

the trajectory of a bubble and the change of the bubble
size and composition. Unfortunately, only the simulated
result was described and no details of their methodology
was reported.

Ungan and Balkanli [10 to 15] pointed out the
necessity for an overall simulation, by which glass flow
and temperature distribution should be related to glass
quality. They made the necessary formulations for
modeling the (re)fining process. However, they did not
take the effect of refining agents into consideration.

De Waal and Beerkens [16 and 17] mentioned an
example of pursuing bubble behavior in the glass fur-
nace. First of all, the temperature and flow pattern of
the molten glass in the furnace were computed. In the
next step, the concentration of dissolved gases in each
part of the furnace was estimated. Furthermore, the
trajectory of the bubbles, which had left the batch blan-
ket and the refractory wall, was traced. By calculating
the behavior of several thousands of bubbles, they con-
cluded that it was possible to detect the difference of
bubble removing performance with the change of
furnace design and operating conditions. There was no
explicit detail depicted concerning the movement and
reaction of the refining agents in their papers.

In the above-mentioned papers, the possibility of
predicting the bubble removing performance of the fur-
nace was described. Only the simulated results of bubble
behavior are reported, whereas no details were disclosed
so that no one could replicate their results.

Kawachi et al. [18] published an overall model
describing bubble behavior, which makes it possible to
forecast the combustion air temperature preheated by re-
generator, estimate the amount of the radiant heating
onto the molten glass from flame and wall, compute the
thermal convection and temperature distribution of the
molten glass, and predict the bubble removing perform-
ance of the furnace. In their report, the thermal fluid
analysis and the bubble removing behavior were cal-
culated based on a two-dimensional model. In this
paper, making some revisions, the authors have ex-
panded the two-dimensional model to a three-dimen-
sional one in order to reproduce the real furnace be-
havior in a more realistic manner. However, the re-
generator model and the radiant heating model are
omitted because they merely play a supplementary role
in the bubble behavior model. This overall simulator
which predicts the bubble removing performance of a
furnace will be discussed.

2. Bubble removing model

2.1 Structure and calculating procedure of the
model

The simulator which evaluates the bubble removing per-
formance of a furnace (figure 1) is composed of the sub-
models explained in figure 2. Calculations are worked
out according to the sequence as follows:
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— Thermal fluid calculation of molten glass in tank fur-
nace: The convection and temperature of the molten
glass in the furnace are computed. Many research papers
have been published in this field, so far [19 to 24].

— Computation of gas concentration in the melts: The
concentration of the dissolved gases in the molten glass
is procured. This model takes into consideration the fol-
lowing three major factors influencing the gas concen-
tration in the melt:

a) refining gases (for instance, O,, SO,) generated from
refining agents;

b) combustion gases in the superstructure (for instance,
Ny, CO,, 0y);

c¢) batch gases derived from initial reaction of the glass
batch (for instance, N,, CO,, O,, SO,).

— Computation of (re)fining process of bubbles: Huge
numbers of initial bubbles with various sizes are placed
beneath the batch blanket and their trajectories are
traced. The path of the bubbles is classified into four
categories, as follows:

first, bubbles which disengage from the glass surface due
to flotation;

second, bubbles which disappear in the molten glass due
to absorption;

third, bubbles which flow out of feeder and might be
detected in glass products;

fourth, bubbles which remain in the furnace after a given
period of time.

— Overall evaluation of bubble removing performance:
The number of bubbles raised to the glass surface and
the number of bubbles absorbed into the glass melt are
added. The process with the higher total number is
judged to be superior in bubble removing performance.

2.2 Calculation of thermal flow of molten glass

2.2.1 Fundamental equations

In order to obtain the velocity and temperature distri-
butions of the glass melt in a furnace, three governing
equations, i.e. the continuity equation, the Navier-
Stokes’ motion equation and the energy equation are
solved simultaneously. Each equation is described by the
Cartesian tensor symbol.

On the assumption that glass is an incompressible
fluid, the continuity equation is defined as:

6u,»

ax,-

=0. (1)

Applying the Boussinesq approximation to the unsteady
Navier-Stokes’ equation,

au,' au,' 1 ap azu,’
R AETE L B AR AR

+ K; 2
B 0 i

pox; ax?

is obtained, where K; = {0,0,g (T — Ty)}.

fining

melting

Figure 3. Conceptual function of a glass melting furnace.

The Rosseland approximation being applied, the un-
steady energy equation may be written as:

oT oT *T
—tu—=17 4
ot ax; ax?

3

2.2.2 Numerical calculation method and
boundary conditions

To solve the equations (1 to 3) numerically, the control
volume method for discretization is adopted. The mo-
tion equation is calculated in the up-wind direction by
the Successive Over-Relaxation (SOR) method [25]. In
order to reduce the fluctuation of the solution, the stag-
gered mesh technique is used, defining the velocity at the
side of the calculation cell and defining the pressure and
the temperature in the cell center [26]. In order to get
the solution of the continuity equation, the Highly Sim-
plified Marker And Cell (HSMAC) method is applied
which releases velocity and pressure simultaneously [27].

As the boundary conditions, enforced inflow and
outflow conditions are adopted at the inlet and the out-
let of the molten glass. Namely, it is assumed that the
fluid flows into the furnace at a uniform velocity from
the batch blanket and the glass flows out at the exit of
the refining chamber, i.e. the feeder entrance. The glass
surface temperature including the batch area is given as
the boundary condition of heat. The temperature distri-
bution is decided according to data measured in the
longitudinal direction in the superstructure of a real fur-
nace. It is also supposed that there is no temperature
gradient across the furnace. The heat flux boundary con-
dition is employed in the refractory wall contacting the
molten glass. This value is calculated in one direction
through the wall, assuming the appropriate inside tem-
perature of glass contact refractories and the cooling
influence on them from outside.

2.3 Calculation of gas concentration in glass melt
2.3.1 Basic equations

The growth and shrinkage of a bubble are caused by
diffusion, which is the result of the difference between
the gas concentration in the bubble and in the melt. Ac-
cordingly, the gas concentration at each location of the
molten glass in the furnace must be established in the
next step. The three parameters mentioned in section 2.1
are considered to be the major factors that influence the
gas concentration in the glass melt. The relationship
among these factors is illustrated in figure 3.
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Figure 4. Schematic diagram of batch layer in melter. 1: batch
layer, 2: glass melt contacting batch layer.

Taking the above factors into consideration, the un-
steady diffusion equation concerning the gas concen-
tration is solved to gain the concentration distribution
of the gases in the molten glass in the velocity and tem-
perature fields which have been determined by the ther-
mal fluid analysis. The governing equation written in the
Cartesian tensor expression is given as:

aC aC,
£ I U; k = Dk
ot ax; ax?

9% Cy i Sy
Ax Ay Az

4)

where the subscript k denotes the sort of gases.

The molten glass surface is in contact with the batch
blanket or the combustion gases. This interface becomes
the boundary condition of equation (4). Moreover, the
initial glass produced from the batch is presumed to pass
through the furnace as shown by the arrow in figure 3.
The refining agents are decomposed and the refining gas
is evolved along the flow process. This phenomenon is
described in the source term, the second term of the
right-hand side of equation (4).

2.3.2 Gas evolved from refining agent

When batch changes into glass, a huge number of
bubbles are created. If the gas concentration in the glass
is higher than that in the bubble, the gases in the molten
glass diffuse into the bubble, which increases the bubble
diameter and promotes flotation. Refining agents such
as antimony oxide, arsenic oxide and sodium sulfate,
which generate O, and/or SO, gas in the molten glass,
are added to the batch for this purpose. When the batch
is charged into the furnace and is exposed to a high-
temperature atmosphere, the refining agents tend to de-
compose and evolve the refining gas, which may dissolve
into the glass melt. The gas generation is affected by the
type of glasses, the batch composition and the tempera-
ture where the refining agents exist.

The chemical compound used as a refining agent is
multivalent oxide. Antimony oxide is taken for instance.
Antimony pentoxide exposed to high temperature re-

leases oxygen gas to become antimony trioxide. This
oxygen diffuses into the glass melt and promotes bubble
removal. In contrast, antimony trioxide existing in high-
temperature melts supposedly changes to pentoxide re-
versely as a result of its reaction with oxygen in the melt
and bubbles. This phenomenon is also considered useful
in absorbing the gases in bubbles, resulting in their
deterioration. However, it was not clearly observed that
such a reversible reaction occurred in the TV panel glass
investigated here, which will be discussed in part 2.
Therefore, only the decomposition reaction of the re-
fining agents will be dealt with in this paper.

The gas generation rate from the refining agent Sy, is
defined as equation (5):

Sk = dy (%) Ss . (5)

For example, supposing the decomposition reaction of a
refining agent, such as Sb,Os — Sb,03 + O, 1, one mole
of Sb,05 is known to produce one mole of Sb,03, in which
ar = 1 where M; = 32 g/mol and Ms = 324 g/mol.
Ss is yielded by the reaction rate formula shown in equa-
tion (6):

Ss = (j—’:) Qo = kf" Q. (6)

Further, the reaction rate constant & is hypothesized to
satisfy the Arrhenius’ equation:

E
k Aexp( RT)' (7
The unknown parameters in equations (6 and 7), 4, E
and n, necessary for the analysis, can be determined by
gas profile measurement. The data is obtained by heat-
ing the glass batch, including the refining agent, in a
helium carrier gas and by measuring the evolved gas
quantitatively.

Once all the unknown factors in equations (6 and 7)
are calculated, the amount of evolving gas can be pre-
dicted on condition that the temperature and elapsed
time are yielded.

2.3.3 Calculation of the amount of generated
refining gas

Using the principle stated in section 2.3.2 the refining
gas amount generated in the glass furnace can be com-
puted according to the following procedure. Figure 4,
which shows the batch charging end of the furnace from
an elevated position, illustrates schematically where the
batch blanket contacts the molten glass. Upper layer
no. 1 shows the batch blanket and lower layer no. 2,
lightly shadowed, denotes the molten glass in contact
with the batch. It is hypothesized that initial glass is
formed in layer no. 2, the refining agent begins to de-
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compose and the evolution of refining gas starts there.
Layer no. 2 is divided into small cells. A typical cell is
shown in figure 4 as a darker shadowed cell. When the
amount of the charged batch is divided by the number
of all cells, the amount of the refining agent per cell can
be determined. One particle, a “refining particle”, shown
by a filled circle in figure 4, is placed at the center of the
cell. The gas generation capability of the refining agent
in one cell is hypothesized to be concentrated on the
refining particle.

The refining particle travels in part within various
temperature fields along the glass flow in the furnace.
The amount of the gas generated from the refining par-
ticle is calculated by applying equations (5 to 7) to each
refining particle. During the time step A¢, if it is sym-
bolized that the reacted amount of one refining particle
is Ss,, the amount of the gas generation owing to the
reaction is Spy, and the generated gas concentration at
each cell is Sc;, they may have the following relationship
expressed by equations (8 to 10):

Ssp=kf"Qp0At, (8)
Mk>
Spi = ap | —— | Ss,,, 9
Pk = Ak (Ms Sp )
Spi
Scp, =2 ——. 10
Ck Ve (10)

The location and the reacted amount of the refining par-
ticle are pursued until the remaining amount of the
reacting potential becomes less than 0.01% of its orig-
inal amount or the particle leaves the system. The total
amount of the refining gas at each cell is summed up.
As a result of this calculation, the gas concentration at
each cell can be acquired.

2.3.4 Boundary conditions

2.3.4.1 Boundary condition beneath batch
blanket

The gas concentration in the melt beneath the batch
blanket is presumed to be equal to the solubility gov-
erned by the glass composition and the temperature at
its location. Gases in the glass, for instance, CO,, N,
and O,, are sufficiently supplied by raw materials such
as carbonate, nitrate and refining agents, and are influ-
enced by combustion gases. Also, excessive gases over
the solubility are presumed to become bubbles and to
escape from the melt. Accordingly, the above assump-
tion is thought to be a reasonable primary approxi-
mation.

Besides the methodology stated above, the following
approaches will be possible for estimating the gas
amount dissolved at the batch/glass melt boundary:

a) sampling the initial glass from a real furnace and
measuring the dissolved gases directly,

b) melting batch in a crucible according to the same
thermal history as the batch melting in the real furnace
and measuring the dissolved gases in the melt,

c¢) devising a mathematical model of the gas evolution
in melting the batch [10].

The approach used in this work will be described in
section 3.3.2.

2.3.4.2 Boundary conditions in contact with
combustion gases

The gas composition over the glass melt is obtained by
analyzing the combustion gases in a real furnace or by
using a combustion model. The gas concentration in the
molten glass at the boundary is calculated from the par-
tial pressure of the combustion gas, whose governing
model is described by Henry’s law as equation (11):

Ck:Lka. (11)

In a side-port furnace, it is empirically known that the
highest temperature should be attained near the center
of the longitudinal direction through the melter and a
slightly lower temperature should be kept at the charging
end and the bridge wall of the furnace in order to melt
better-quality glass. For the purpose of achieving such a
temperature profile, the amount of fuel consumption
and combustion air at each port are adjusted. In ad-
dition, excessive air is often fed into the refiner because
the main function of the refiner is to cool the molten
glass, so that it will achieve a suitable temperature for
the forming process. Accordingly, the combustion gas
composition at each cell on the glass surface is different.

2.4 Calculation of bubble removing process
2.4.1 Outline

The principles necessary for describing the process of
bubble dissolution or the removal of a bubble from the
furnace as a defect in a product are discussed here. In
this simulation the bubbles are regarded as being created
at the batch/glass melt boundary as the batch is con-
verted to glassy state. These bubbles move along the con-
vection currents of the molten glass in the furnace. Dur-
ing this process the gases are transferred by the concen-
tration difference between the gases in the bubble and
those in the melt. This gas exchange and the temperature
environment change along the bubble movement cause
a change in the diameter and buoyancy of the bubble.
In the bubble moving process, by both convection and
flotation, bubbles primarily disappear by escaping from
the glass surface or by being dissolved into the glass
melt. However, the bubbles which do not escape or dis-
solve and are larger than the product specification may
become the cause of product rejects.
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20

Figure 5. Relationship of v and Sh/Sh, at various Pe numbers
(equations (14 to 17)).

2.4.2 Basic equations regarding the bubble
removing process
2.4.2.1 Ascending velocity of a bubble

The ascending velocity of a bubble in glass melt Vs is
hypothesized to follow Stokes’ law [28] as given in equa-
tion (12):

2 grip
e

Vs = (12)

2.4.2.2 Gas exchange between a bubble and
glass melt

The difference between the gas concentration in the glass
at the bubble/glass melt boundary Ca; and the gas con-
centration in the glass bulk Cb, becomes the driving
force which makes the gas transfer from the higher con-
centration side to the lower one. Since the surface area
of a bubble is given as 4mr?, the weight of the inflow
gas through the bubble surface per unit of time /, may
be described as follows:

Ik = 4Tl:r2 kLk(Cbk_ Cak) 5 (13)

The Sherwood number at unsteady state Sh is given as:

The mass transfer coefficient &, if Pe, > 1000, can be
regarded as the value at Pe, = 1000.

Moreover, the interpolation coefficient B in equa-
tion (14) is obtained by the result shown in the graph of
Abramzon’s paper [29].

B, = — 0.166 + 0.177y — 0.00751 y* —
— 0.00669 > — 0.00242 y* + (15)
+0.260z + 0.08270z2 — 0.02770 23

where

y = In(z)/In (10) (16)
and

z = In(Pey)/In (10) . (17)

When By evaluated by equation (15) is less than 0, it is
regarded as B, = 0.

For 0 = Pe = 1000, there exists the relationship
shown in figure 5 between 7 and Sh/Shy, provided that
the Sherwood number at steady state is Shy.

2.4.2.3 Equation of state for gas

The gas in a bubble is assumed to change according to
the law of ideal gas shown in equation (18):

my
P.V=——RT. 18
X M, (18)

The total pressure against a bubble being expressed as P
becomes P = X P,.

2.4.2.4 Gas concentration at the gas/glass melt
boundary

At the place where gas contacts liquid, the gas concen-
tration in the liquid at the boundary is assumed to fol-
low Henry’s law [1], given in equation (11). This law
describes the situations in which the combustion gas
contacts the molten glass and the gas in the bubble
touches the glass melt.

2.4.3 Change of diameter and composition of a
bubble by gas exchange

When a small time step is assumed to be At, Az, is
regarded as the time which a bubble takes to reach any
cell side or the time until #+ Az elapses. With the as-
sumption that my is the gas weight in a bubble at the
starting time of computation and mj is the gas weight
after At, has lapsed, the change of gas weight mj is
expressed by the following equation (19):

Shy = kr(2r)
Dy,
:2<1+ 1 )+Bk~Pe}J3- (14)
T Ty
D) su/s
: [0.956 + Pe}(’3> ] "

T Ty
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At the same time, the volume V" and the radius r of the
bubble will change in accordance with equations (20
and 21):

X RT
5 e (20)
M, Py
3V \1/3
r=— ) 21
(41:) @

Gas pressure P of a bubble in glass melt is expressed by
equation (22):

P=Py+pgh+20alr. (22)

The volume change described in equation (20) causes the
pressure change in the bubble, which will follow equa-
tion (18).

Finally, the partial pressure ratio of gas element k in

the bubble N, may be calculated according to equation
(23):

Nk = Pk/P . (23)

2.4.4 Computation procedure of the bubble
removing process

Using the basic equations stated in sections 2.4.2 and
2.4.3, the trajectories of all the bubbles generated be-
neath the batch blanket can be pursued. Figure 6 shows
the calculation flow of the procedure, which accounts
for the details in the following:

a) Starting the calculation.

b) Setting the starting condition of a bubble.
A bubble with a given gas composition N, of radius r is
assumed to be created at a cell.

c¢) Calculating the volume and weight of the bubble.
The volume of the bubble is calculated as V' = 4w r3/3.
The gas weight in the bubble is obtained by the trans-
formation of equation (18), where T is the cell tempera-
ture.

d) Deciding the time step for loop calculation.

The bubble movement is calculated at every short
time step Atz. The value of Az should be given before-
hand as input data. The elapse time is accumulated as
t = t + At by the loop calculation.

e) Identifying the cell number where the bubble exists.

f) Referring to the glass velocity in the cell and adding
the ascending velocity.

Because molten glass velocity is defined at the cell side,
the speed and direction of the bubble are calculated
based on the weighted average of those values. The bub-
ble ascending velocity is obtained according to equation
(12), from the assumed bubble diameter. This value is
superimposed onto the glass flow velocity.

(1) Start the calculation D)
[

[ 2) Set the starting condition of a bubble ]
1

3) Calculate the volume and weight of the
bubble

[
—»|_4) Decide the time step for loop calculation |

5) Identify cell number where the bubble
exists

'
6) Refer to the glass velocity in the cell and

add the ascending velocity
7) Calculate the time, At, ,which a bubble
takes to reach any cell side or the time

until t+At, elapses
I
8) Loop gas components |
I

9) Calculate the weight m,” after At, |

<

10) Calculate the new volume and radius
of the bubble

yes

11) Judge the calculation time left

ﬁ 2) Write the calculation result to file ]

(13) Finish the calculation B

Figure 6. Flow chart of calculation of bubble trajectory.

g) Calculating the time Az,,.

At, is the time which a bubble takes to reach any cell
side or the time until # + At elapses. During the set time
step At, there are three possibilities regarding its lo-
cation. These are: first, the bubble moves into the
neighboring cell, second, the bubble reaches the cell
boundary, or third, the bubble continues to exist inside
the cell. In the first case, the required time for the bubble
to reach the cell boundary from the original position
must be calculated again.

h) Calculating each gas element sequentially by means
of a calculation loop.

1) Calculating the weight mj after Az,.

The weight of each gas element mj after At, is given by
equation (19). The gas weight I, which flows in or out
of the bubble, is yielded by equation (13). Gas concen-
tration at the bubble/glass melt boundary Ca; used in
equation (13) is decided by equation (11). Furthermore,
the partial gas pressure N, in equation (11) is given by
equations (18 and 23). The above-mentioned calcu-
lations are repeated on all the gas elements.
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j) Calculating the new volume and radius of the bubble.
Using the newly calculated mj, the new volume V' and
radius r can be obtained based on equations (20 to 22).

k) Judging the calculation time left.

When the scheduled calculation time is over, the cal-
culation is ended. But if it is within the time, the cal-
culation is continued.

1) Writing the calculation result to file.
The location, the diameter and the gas composition of

the bubble at each calculation loop are written on disk
file.

m) Finishing the calculation.

In the next step, the trajectory calculation is applied to
a large number of bubbles. It is possible to investigate
the whereabouts of the bubbles, whether they are re-
moved by flotation or absorption, they pass through the
furnace to become defects in glass products, or they re-
main in the furnace.

The mechanism of removing bubbles will be better
understood by applying the methodology proposed in
this paper. Better glass-making conditions will be discov-
ered by changing the variables which govern (re)fining
processes, occasionally by more than can be inferred
from a real furnace.

3. Nomenclature
3.1 Symbols

a mole ratio of system of product and system of
reactant

A frequency factor in s™!

B interpolation coefficient

(@ gas concentration in kg/m?

Ca gas concentration at bubble/glass melt boundary

in kg/m?

gas concentration in glass melt in kg/m?

gas diffusivity in m?/s

activation energy in J/mol

ratio of unreacted amount against total amount

of refining agent

gravitational acceleration in m/s?

distance between a bubble and glass melt surface

in m

1 gas amount transferring into/out of a bubble in
kg/s

k reaction rate constant in s~

kr mass transfer coefficient in m/s

K force to unit mass in m/s?

IE gas solubility in kg/m?3

m

m

o

S Q

=0

1

gas weight in a bubble in kg

¥ gas weight in a bubble after Az, time in kg
M molecular weight of generated gas or gas in a
bubble
molecular weight of refining agent
reaction order
partial gas pressure in Pa
pressure in glass melt in Pa
P gas pressure in a bubble in Pa
Py atmospheric pressure in Pa
Pe Péclet number Pe = (2r V)/D

Qo reaction potential at initial stage in kg, i.e. value
of charging rate of refining agent divided by reac-
tion rate constant

Opo gas generation potential of a refining particle in
kg

r bubble radius in mm

R gas constant in J/(mol K)

S gas generation rate from refining agent in kg/s

Sc gas concentration evolved in a cell in kg/m?

Sh Sherwood number at an unsteady state

Shy Sherwood number at a steady state
Shy =1+ (1 + Pe)'”?

Sp generated gas amount of a refining particle in kg

Ss reacted amount of refining agent in kg

Ss, reacted amount of a refining particle in kg

t time in s

At time step in s

At, time which a bubble takes to reach any cell side
or the time ¢ + At elapses in s

T temperature in K

Ty reference temperature in K

u velocity in m/s

vV bubble volume in m?

Ve cell volume in m?

Vs bubble rising velocity in m/s

x length in m

Ax, Ay, Az lengths of unit cell in m

B volume expansion coefficient in K ™!

n viscosity in Pa s

y) thermal conductivity in W/(m K)

v kinematic viscosity in m?/s

p density in kg/m?

a surface tension in N/m

T dimensionless time t = (D1)/r?

3.2 Subscripts

i
J
k

direction
direction
sort of gases
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