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The separation of melting and fining processes during glass melting requires the detailed examination of fining space geom-
etry and glass flow character inside the space. This paper deals with removal of single bubbles in horizontal and vertical
channels with different character of glass flow. The fining performance of the channel producing no bubble defects is the fol-
lowed technological quantity. The model glass is the glass for production of TV bulbs, the experimentally measured bubble
growth rates were used to evaluate the fining process. To appreciate the impact of glass flow character in a given channel on
the fining efficiency, the relations valid for the process in channels with plug flow were derived and the numerical model was
applied. The results have shown that channels with plug flow or flow with the parabolic melt velocity profile are most effi-
cient. The appropriate geometry of the channel may be estimated from simple relations governing the fining performance of

channel with plug flow.

INTRODUCTION

The entire glass melting process may be classified
into several partial processes, the batch and melt heat-
ing, batch particle dissolution and bubble removal being
the essential ones. In the last work, the analysis of later
two processes was presented from the point of view of
the specific energy consumption and melting and fining
performance [1]. As the assessed optimum conditions
for the respective processes were not always identical,
the separation of both processes offers an acceptable
way to progressive melting facilities. The efficient melt-
ing factors defined in [1] are:

- temperature ensuring activity of the refining agent

- glass composition (refining agent concentration,
redox state of glass)

- reduced pressure

- additional forces (ultrasonic, microwave, centrifugal)

While the mentioned factors influence particularly
the direct interaction of a bubble and glass, i.e. the melt-
ing kinetics, the macroscopic temperature and velocity
distributions in the melt affect the utilization of the
space for the process and consequently, the fining effi-
ciency. The space disposition used in [1] and described
in details in [2] did not allow nevertheless to involve the
effect of the utilization of the space, especially the frac-
tion of dead space, on the fining efficiency. Even though
the simple parallel glass flow tentatively appears the

good solution of the space utilization, the detailed com-
parison of different flow structures in simple fining
spaces is needed to predict optimum and realistic condi-
tions of advanced fining facilities. The fraction of dead
space for the refining process depends on the character
of glass flow and may not be always simply defined by
circulation flows, by regions with almost quiescent
glass or by regions without bubbles. Mathematical mod-
els provide a detailed picture about distribution of glass
temperature, flow patters, as well as bubbles [3-16], but
general instruction how to set up temperatures, flow
patterns and space geometry to insure best utilization of
the space for the fining process is not unambiguously
provided. This work aims at finding relations between
fining performance and character of glass flow - affect-
ing the utilization of a space for the process - in ele-
mentary fining spaces, horizontal and vertical channels.

THEORETICAL

The fining performance of a space may be defined
by the equation [1]:
V
P=—(1-m 1
L (1-m) m
where V' is the space volume, T is the average residence
time of melt in the space and m is the fraction of dead
space for glass flow. This value is not necessarily equal
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to the fraction of dead space for the fining process as
will be shown later. For plug flow or flow in a channel
without circulation regions, m = 0.

Single bubbles in a horizontal and vertical
channel with plug flow

The value of 7 in equation (1) corresponds to the
flow intensity at which the critical bubble is removed
from the space just before it leaves the space, thus for
the horizontal channel [1]:

T =T, )

The values of 7., is calculated from the kinetics of
the critical bubble in the space.

Bubbles are interacting with melts due to mass
transfer of gases dissolved both physically and chemi-
cally in the melt and diffusing in or out of bubbles.
Under conditions of steady state and during later stages
characterized by almost constant bubble compositions,
the behavior of bubbles may be approximated by linear
dependence between growing bubble radius and time;
this behavior was confirmed by both experiments and
calculations [17]. The bubble behavior may be then
characterized by the bubble growth rate, d. Applying the
Stokes' equation for the bubble rising velocity in the
channel, the value of 7, in the horizontal channel with
glass layer having the height /, may be calculated from
equation [19]:

223
hy = zégi[aémzfmx + a()(‘,rithczrit + a;MJ 3)
where p and 7 are glass density and dynamical viscosi-
ty and ay..;, is initial radius of the critical bubble.

As the channel volume is wh,l,, where w is the
channel width and /, is its length, the channel fining per-
formance according to equation (1) is:

_ whyl,
T

P “4)

for ay — 0, the first and second terms on the right side
of equation (3) may be neglected and:

1/3
P =0.420wl 2" [gp] (5)
n

The critical bubble in a vertical channel with plug
flow having the height /, and width and depth 4, and w,
respectively, initially flows down with melt to the space
bottom. As the bubble grows and its relative rising
velocity increases with time, its movement to the space
bottom is slowed down. The critical bubble reaches its
maximal rising velocity, in the absolute value equiva-
lent to the glass descending velocity, just before leaving
the vertical channel. The time 7, necessary for the criti-

cal bubble to reach the space bottom is calculated from

equation:
2gp : 2

I, = o (g at] +24°7) 13) (6)

As the critical glass flow velocity is in the absolute

value equal to the rising velocity of the critical bubble

just before leaving the space:

_2gp

=S (a,,,, +at,)’ and T=

ZO
vglus.\'('ril - 9

(7a,b)

glasscrit
The fining performance of the vertical channel with
plug flow according to equation (1) is given by:
p= 2g phow(
om

If apie = 0, the fining performance is given by:

Ay +aT,) ®)

1/3
P=0.794hwi2 0" (gp] ©)
n

The channel fining efficiency of orthogonal chan-
nels with plug flow (ideal liquid) may be easily recalcu-
lated to isothermal channels characterized by parabolic
velocity profiles (real liquid) [18]. The relations
between the fining performances of orthogonal channels
with plug flow and flow with parabolic velocity profile
are given as:

P(horiz.plugflow

Uhoriz.plugflow) _, 4y (10)
P(horiz.parabol.)
P(vertic.plugflow) 205 (11)

P(vertic.parabol.)

In order to estimate the fining efficiency of chan-
nels with vertical temperature gradient, the temperature
dependences of the glass viscosity and bubble growth
rate should be considered (the temperature dependence
of glass density may be neglected) and the critical bub-
ble fining time, 7., is calculated by numerical integra-
tion of equation:

2gp
=—\a “rit
977(T)( 0Oc

To get an analytical relation between the channel
fining performance and the value of temperature gradi-
ent, the exponential dependences between the viscosity,
as well as bubble growth rate, and temperature are
assumed:

a=a,exp(bT) and n =1, exp(—cT)

+c'z(T)r)2 drt (12)

(13a,b)
And the linear change of temperature between the
channel level and bottom:
T =T,+hgradl
where 4 is the distance from the glass level.

(14)
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Applying the same procedure as for the isothermal
channel with plug flow, the fining performance of the
channel for a small critical bubble is given by [18]:

EPANTE
p=| 28R4 |y
27,

1
cgradT +2bgradT
exp(—cT, —2bT,)—exp [—07}) —2bT, - hy (cgradT + ZbgradT)]

(15)

As in the case of the horizontal channel, the behav-
ior of bubbles in a vertical channel with the vertical
temperature gradient may be expressed by a differential
equation taking into account the temperature depen-
dences of glass viscosity and bubble growth rate. The
element of bubble vertical movement in a vertical chan-
nel with vertically down flowing melt is then given by:

di=v,,..dt—28P (4 +

2
=V ussori (T d
glasscrit 977(T) Cl( )T) 7

(16)

And the time the critical bubble reaches the bottom
of the channel is obtained by numerical integration of
equation (16).

When substituting the viscosity and bubble growth
rate in equation (16) for their temperature dependences
(see equations (13-14)), after arrangement and neglect-
ing the value of a, against a7, equation (16) has the
form:

4 _2gpa;T’
M,

dl=v

glasscrit

(17)
exp[T0 (2b+c¢) +lgradT(2b+c)]dT

The value of V.« may be expressed from the fact
that the critical bubble will reach the same velocity (in
the absolute value) as the glass melt just at the channel
bottom, i.e. dl/dt= 0 for [ = [, where [, is the total chan-
nel height. The value of V. is then given by:

1%

glasserit

2gpact;
_ %:Lexp[% (2b+c)+LgradT(2b+c)] (18)
where 7, is time the critical bubble achieves the channel
bottom.

After substitution of equation (18) into (17), the
equation (17) is numerically solved for 7= 7, and [ = [,
with unknown 7;. The fining performance of the vertical
channel with the vertical temperature gradient and plug
flow is given by:

P=hwv

glasscrit

(19)

Bubbles in channels with temperature gradients
and melt convection currents in the melt

The numerical models are used to calculate bubble
behavior under non-isothermal conditions. Neverthe-
less, the analytical models presented above are benefi-
cial as they give direct references to significance of sin-
gle factors for given process. The numerical model
Glass model was applied in calculations of temperature
and velocity distributions of the melt, as well as bubble
pathways in horizontal and vertical channels [19]. The
required structures of glass flow inside channels were
set up by appropriate boundary conditions. In these cal-
culations, the critical fining performance of the channel
was determined. Under critical fining performance, the
critical bubble was removed from the melt just before
leaving the channel.

RESULTS OF CALCULATIONS

Data and calculation conditions

The horizontal channel having the length /, = 1 m,
height /, = 0.5 m and width w = 0.5 m was chosen, the
corresponding vertical channel was characterized by the
height /, = 1 m, width 4, = 0.5 m and depth w = 0.5 m.
The model glass was the glass for production of TV
bulbs characterized by following fining properties:

p =2790 — 0.2378T (temperature in K)
n=pexp[-11.501 + 4144.6/(T — 710.64)]

The experimental dependence of the bubble growth
rate, measured by the high temperature bubble follow-
ing, was approximated by the equation:

a — 5.7758E — 14T7° — 2.654E — 10T* + 4.076E — 7T —
—2.086F — 4 [m/s], the critical bubble size a,.,,=5x10° m.

In following calculations of channel fining effi-
ciency, the distribution of melt temperatures and veloc-
ities in the channel was calculated as the first step of the
procedure, taking into account the given initial and
boundary conditions. The fraction of the dead space for
glass flow was then calculated by tracing 10* massless
points inputted across the entire entry profile of the
channel. The fraction of dead space was calculated
according to equation:

-t (20)

Thousand bubbles of critical radius were then input
across the entry profile in the second step of calcula-
tions and traced through the channel. The pull out of the
channel was then varied till the bubble on the critical
trajectory left the melt just before leaving the channel.
The resulting pull out, fraction of dead space and the
average residence time of glass in the channel were
quantities characterizing the given case.
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The horizontal channel ~1450°C 1450°C

Both calculations according to equations (3-5) and :._i'"‘:__

(15) and numerical calculations using the Glass Model f———_
were applied to evaluate the fining efficiency of the hor-
izontal channel. To compare the melt and bubble behav-

ior under different flow and temperature conditions, all ;
calculations were performed for the same average tem- e

perature, here 1450°C. The following figures bring —— i
therefore as well the picture of the isothermal channel [[1450°C
and channel with vertical temperature gradient, which projection XY

may be calculated according to equations (5) and (15).
All presented figures involve the critical cases, i.e. situ-
ation when the critical bubble attains the glass level just
before leaving the channel. The projections XY and XZ
of single trajectories are provided. Figure 1 presents the
trajectories of selected bubbles with a, = 5x10° m (cri-
tical bubble size) in the isothermal channel, while figure
2a,b provides selected massless points and bubbles in
the channel with the vertical temperature gradient
100°C/m and higher temperature on the glass level. The
picture of melt and bubble flow in the channel with the
longitudinal temperature gradient 50°C/m gives figure
3a,b.

.1450°C 1450°C

projection XZ

Figure 1. Trajectories of selected bubbles in the horizontal
isothermal channel with glass melt. @, = 5x10° m, the critical
fining performance, temperature 1450°C.

| ==

projection XY

[1425°C__ e S
| I
—— T
1425°C
projection XZ projection XZ
a) Trajectories of massless points b) Trajectories of bubbles

Figure 2. The behavior of massless points and bubbles in the horizontal channel with the vertical temperature gradient 100°C/m,
higher temperature on the glass level, average temperature 1444°C. Critical conditions.
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Table 1. The results of calculations in the horizontal channel.

Temperature distribution |4 Vglasscrit T6 T m T

No. flow characteristics (m’/s) (m/s) (s (s) (°C)

la isothermal, plug flow 8.56x10° 3.42x10* 2924 2924 0 1450
isothermal, paraboli

1b f‘;oci?ynzi’sg?ga(nig) 6.00x10° 2.40x10* 4167 4167 0 1450

tical t . dient
2a Yggi?(*)ergfugg;aovlfn 7.45x10° 2.9810" 3356 3356 0 1450
tical t . dient

2b ‘l’ggi‘é?(*)erggrir?nﬁ) 5.00x10° 2.00x10* 5000 4740 0.052 1444
Tongitudinal temp. grad.

3 1%%%1(3%?1;:?‘) & 1.18x10° 4.70x10° 21277 553 0.974 1439
longitudinal temp. grad.

4 5%‘1“2;?:‘(‘;1;6)‘“" grad 1.25%10° 5.00x10° 20000 840 0.958 1444.5
longitudinal temp. gradient

5 S(Z,rég/;l(:iil )emp gradien 2.13x10% 8.52x10° 11737 1573 0.866 1449.6
longitudinal temp. gradient

6 2(115;1(;?; )emp gradien 5.25%10° 2.10x10* 4762 2633 0.447 1450.2
longitudinal and transversal temp. p §

7 rad, 25 and 50°Cm (aum) 1.50x10 6.00x10 16667 1156 0.931 1446.2
¢ I temp. grad.

8 lrggfg:i(nf;ng gra 2.13x10° 8.52x10° 11737 11214 0.045 14443
longitudinal temp. grad.

g~ netiudina’ femp. gra 2.13x10° 8.50x10° 11765 4442 0.622 1448.1

50°C/m, 2 circulation circles

Remark: (*) - higher temperature on the glass level

B

i
Pt

1475°C

projection XY

projection XY

projection XZ

a) Trajectories of massless points

projection XZ

b) Trajectories of bubbles

Figure 3. The behavior of massless points and bubbles in the horizontal channel with the longitudinal temperature gradient 50°C/m,
average temperature 1444.5°C. Critical conditions.
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Table 1. results of calculations in the vertical channel.

Temperature distribution v Vlasscrit TG T m T
No. flow characteristics (m’/s) (m/s) (s (s) °C)
la isothermal, plug flow 1.29x10* 5.16x10* 1938 1938 0 1450
p isothermal, parabolic 6.38x10° 2.55%10% 3922 3922 0 1450
velocity distrib.(num.)
tical t . dient
2a Yggi?(*)elgfugg?mfn 1.29x10* 5.16x10" 1938 1938 0 1450
tical t . dient
2b Yggi‘g‘(*)ergsrair?nﬁ) 4.24x10° 1.70x10" 5896 5986 0 1450
tical temp. grad.
3a ‘l’ggicca/m‘zﬁl; pglf; 1.48x10° 5.92x10" 1689 1689 0 1450
tical t . dient
3b \lif)i)‘igm?’l‘}:}; gracict the circulation flows set up
longitudinal temp. gradient
4 2"0%%16;51;“ emp. gradien 8.75x10° 3.50x10° 28571 1774 0.938 1452.1
longitudinal temp. gradient
5 l(glz)%lcljnina etp. gradien 1.5%10° 6.00x10° 16667 1978 0.881 1450.9
longitudinal temp. gradient
6 lcz)rz)%lcljr;na ctup. gracien 2.15%10° 8.60x10° 11267 2985 0.743 1450.2
longitudinal temp. gradient
7 4(lncg/1n’1’ld£fabemp gradien 3.95x10° 1.58x10° 6329 4544 0.282 1450
longitudinal temp. gradient
g _ngtudinal femp. gradich 3.15%10° 1.26x10° 7937 2239 0.718 1450.3

50°C/m, parab. (num.),

Remark: (*) - higher temperature on the level, (**) - higher temperature on the bottom

==11450°C

1425°C

projection XZ projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 4. The behavior of massless points and bubbles in the horizontal channel with two circulation circles, longitudinal tempera-
ture gradient 50°C/m, average temperature 1448.1°C. Critical conditions.
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"1475°C 1450°C
5
~
—
=
=
S
x\\\
\
1450°C 1425°C |

projection XY

projection XZ projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 5. The behavior of massless points and bubbles in the horizontal channel with longitudinal temperature gradient 25°C/m
and cross section temperature gradients 50°C/m, average temperature 1446.2°C. Critical conditions.

1475\?%\\%\
RN NN
OIS N,

projection XZ projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 6. The behavior of massless points and bubbles in the horizontal channel with the cross section temperature gradient
100°C/m, average temperature 1444.3°C. Critical conditions.
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Figure 4a,b represents the behavior of massless
points and bubbles in the channel with two circulation
circles and with longitudinal temperature gradients
50°C in one circle and the appropriate behavior of the
melt and bubbles in the channel with the both longitudi-
nal and cross section gradient (both 50°C/m) is given in
figure 5a,b. The trajectories of selected massless points
and bubbles in the channel with only cross section tem-
perature gradient (100°C/m) are presented in figure
6a,b. Table 1 gives the results of calculations in form of
the critical fining performance, the channel, critical
glass velocity, the average residence time of the melt in
the channel and the fraction of dead space. Simultane-
ously with numerical calculations, the dependence
between the channel fining performance and the value
of the vertical temperature gradient was calculated
using equation (15) and keeping the average tempera-
ture 1450°C inside the channel. The mentioned depend-
ence is presented in figure 7. The relation between the
critical fining perfomance of channels with circulation
flows and the value of the fraction of dead space pro-
vides figure 8.

The vertical channel

The presented results include calculations accord-
ing to equations (6), (8), (9), (16) and (19), as well as
numerical calculations by using the Glass Model. As in
the previous case, the calculations were performed
under keeping the average temperature inside channel
around 1450°C; only critical cases are summarized in
following figures 9-13. Figure 9 brings the trajectories
of selected bubbles in the isothermal vertical channel

9.0x10%
8.5x10° Ja T..=1723K
% 8.0x10% 1
E 7.5x10° 4
% 7.0x10° -
T 6.5x107 -
6.0x10% -
5.5x107®
5.0x107
4.5%x10°

0 50 100 150 200
— grad T (K/m)

250 300

Figure 7. The dependence of the critical fining performance of
the horizontal channel with plug flow on the value vertical tem-
perature gradient between glass level and bottom(temperature
decreases with depth under the glass level). Calculated accor-

ding to equation (15). A - calculated according to equations
(3-4), a, is not neglected.

and figure 10a,b represents the behavior of massless
points and bubbles in the vertical channel with the ver-
tical temperature gradient. The behavior of the melt and
bubbles in the vertical channel with convection circles
is represented by figures 11 and 12. Figure 11a,b shows
massless point and bubble trajectories in the vertical
channel with the horizontal temperature gradient 50°C
for the case of one circulation circle, the relative case
exhibiting two circulation circles is presented in figure
12a,b. Figure 13 provides the dependence between the
fining performance of the vertical channel with vertical
temperature gradients. Figure 14 gives the theoretical
dependence between the critical fining performance of
channels with circulation flows and the fraction of dead
space, as well as the results of numerical calculations.
The results of calculations are summarized in table 2.

DISCUSSION

Results of the horizontal channel summarized in
table 1 may be classified into two groups: Channels
without circulations (cases 1-2 in table 1), characterized
by full utilization of the channel for the process (melt
flow or bubble removal) and channels with circulations
(cases 3-9) with different degree of space utilization.
The critical fining performance of the isothermal hori-
zontal channel was calculated by using equations (3-4)
for the plug flow and by using the Glass Model for the
case of the parabollical velocity distribution (real liquid)
The expected bubble trajectories in the channel show
the utilization of the entire channel profile for bubble
removal. The ratio between the fining performance of
the channel with plug flow and channel with parabolli-

1.0x10*

8.0x10°8 1

6.0x107°

P, (m%/s)

4.0x107® 4

—

2.0x107® 4

00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

— m

Figure 8. The relation between the critical fining performance
of the horizontal channel and the value of the fraction of dead
space.

1 - The channel with one circulation circle. 2 - The channels
with two or even number of circulation circles; A, B - numeri-
cally calculated values (cases 3-7 and 9).
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cal melt velocity distribution is 1.43 this value being in
good consent with equation (10). Under industrial con-
ditions, the vertical temperature gradient with maxi-
mum temperature on the glass level is probable. Both
cases with the vertical temperature gradient, namely in
figure 2 and cases 2a,b in table 1, show a decrease of the
fining performance if the vertical temperature gradient
sets up, however the performance decline is not dramat-
ic. The relatively slow trend of the dependence between
the channel performance and the value of the tempera-
ture gradient is as well obvious from figure 7. Small or
even medium vertical gradients are therefore acceptable
if the average temperature is kept on the same level.
The different pictures provide cases 3-9 from table
1 and presented by figures 3-6. The utilization of the
channel space for glass flow influences significantly
also the bubble removal from the channel. The reduce-
ment of the active space leads to shorter average resi-
dence times of the melt in the channel and decreases
significantly the channel fining performance. The only
exception is the case 8 with the transversal section tem-
perature gradient, characterized by spiral trajectories
and low value of the fraction of dead space. The low fin-
ing performance in this case is nevertheless obvious,

1450°C

projection XY

" L —

1450°C 1450°C

1450°C 1450°C

projection XZ

Figure 9. Trajectories of bubbles of the critical size in the ver-
tical isothermal channel. aq.; = 5%x10° m, critical conditions,
1450°C.

brougt about by a very broad spectrum of residence
times of both melt and bubbles. A short critical bubble
trajectory may be there expected. As is well apparent
from presented results, the longitudinal circulation cir-
cles are obviously unfavourable for the bubble removal
process due to reducement of the active channel volume
and consequently, due to shortening residence times of
bubbles in the space. The pictures and calculations
show the principal significance of the active volume of
the space for the bubble removal process despite bub-
bles may enter also the circulation and dead regions. If
only the active volume of the space plays decisive role
for the fining performance, the average melt residence
time from equation (1) is identical with the critical fin-
ing time, i.e. with time necessary to remove bubble on
the critical trajectory, 7,.

The fining space of the horizontal channel with cir-
culation circles, evoked by longitudinal or mixed longi-
tudinal and cross section temperature gradient, may be
then approximately replaced by the channel with the
layer of glass corresponding to the active volume of the
channel. The channel with the longitudinal temperature

=
5\\ BN /%
SN\ S
SN e ey
T B T L S
1/ 7 1 N RN
oa \\Q\\R
i\

projection XY projection XY

1490°C t 1490°CL
\ :

\\

—F
!

! —
ik AN, 13|€?0°C-/,

gy
I §

1390°C

projection XZ projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 10. The behavior of massless points and bubbles in the
vertical channel with the vertical temperature gradient
100°C/m, critical conditions, average temperature 1451.9°C.
The higher temperature is on the level.
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1462.5°C .1462.5°C 1437.5°C |

1437.5°C

(ﬁ\

projection XY projection XY

1462.5°C=—=1437.5°C 1462.5°C 1437.5°C
; ™. ‘.,

1462.5°C==1437.5°C

==
1462 5°C f”“1437 5 C

projection XZ projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 11. The behavior of massless points and bubbles in the
vertical channel with the horizontal temperature gradient
100°C/m and one circulation circle, critical conditions, average
temperature 1450.8 °C.

1.7x10*
1.6x10*
1.5x10 4
& 1.4x10% ] 2
‘E 1.3x10* |
QL q1.2x10% L

T 6.0x10° '\_/

5.0x10°% T T T T T T T T T
0 40 80 120 160 200
— grad T (K/m)

A

Figure 13. The dependence of the critical fining performance
of the vertical channel with plug flow on the value of the verti-
cal temperature gradient between glass level and bottom. Cal-
culated according to equations (16) and (19). 1 - Temperature
increases towards bottom (without natural convenction), ave-
rage temperature 1450°C; 2 - Temperature decreases towards
bottom, average temperature 1450°C; 3 - Temperature decrea-
ses towards bottom, average temperature 1400°C.

projection XZ

projection XZ

a) Trajectories of massless points b) Trajectories of bubbles

Figure 12. The behavior of massless points and bubbles in the
vertical channel with two circulation circles and temperature
gradients 50°C/m, critical conditions, average temperature
1450.3°C.

7.0x10®

6.0x10° -
© 5.0x10°
E
5 4.0x107 .
Q’
3.0x10° - :
T 2.0x10°% - :

1.0x10°

0.0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

— m

Figure 14. The relation between the critical fining performance
of the vertical channel and the value of the fraction of dead
space. ® - numerically calculated values (cases 4-8 in table 2).
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gradient 50°C/m and one circulation circle (case 4) can
be thus replaced by the channel having the same length
and width as the original channel but with glass layer
only 0.021 m. The fining performance of this channel
is according to equation (5) 9.93x10° m’/s while the
numerical solution gives near value 1.25x10° m’/s. The
channel with two circulation circles (case 9) uses only
one half of its length (the horizontal flow close to glass
level) for bubble removal, the effective fining glass
layer being 0.188m. The fining performance of the layer
according to equation (5), 2.12x10° m’/s, is in a full
agreement with the value in table 1. Finely the channel
with both longitudinal and cross section temperature
gradient (case 7) may be replaced by the layer of glass
having thickness 0.035m and the appropriate layer of
glass according to equation (5) exhibits the fining per-
formance 1.37x10° m?/s, i.e. the value being in a good
agreement with the result of numerical solution
1.50x10° m*/s. The presented examples demonstrate the
significance of the active volume of glass for the bubble
removal and the possibility to represent the fining chan-
nel with circulation flow approximately by the appro-
priate layer of glass and its fining performance by equa-
tions (3-4) or (5).

The simple relation between the fining perform-
ance of the channel with plug flow and channels with
circulation flows may be then derived taking into
account the effective glass layer, 4. For the effective
glass layer, we have:

hlyw=V (1=m)= h, = h,(1-m) (21)

After substitution of A, for %, in equation (5), we
have:

1/3
P, :O.42h§/310w(1—m)2/3 (gnp] = P(l—m)2/3 @)

where P is the fining performance of plug flow with
glass layer h,.

Equation (22) was derived for the horizontal chan-
nel with one circulation circle; if two or even number of
circulation circles are present in the horizontal channel,
only half of its length is effective for refining and
approximately:

2/3

P, =P/2(1-m) (23)

and P is again the entire channel with plug flow.

If the dependence between the effective fining per-
formance of the given channel with one and two circu-
lation circles (equations (22-23)) are plotted as a func-
tion of the fraction of dead space, m, we get curves 1
and 2 in the following figure 8. The points on both
curves represent the results of numerical solution and
are in a satisfactory agreement with equations (22-23).
It may be therefore concluded that the relation between
the fining performance of the horizontal channel and the

character of glass flow inside may be approximately
represented by a simple function of the fraction of dead
space according to equations (22-23).

Results of fining behavior in the vertical channel
are summarized in table 2 and may be as well classified
into group of channels without and with circulation cir-
cles. As for the differences between horizontal and ver-
tical channels, the ratio between fining performances of
horizontal and vertical channels according to equations
(5) and (9) (plug flow) is given by:

P(horizont.channel ) , '’
=0.529| =
P(vertic.channel )

(24a)

The ratio between both fining performances for
ly=1m and &, = 0.5 m is 0.666. i.e the vertical channel
exhibits higher fining performance than the horizontal
one. This is also obvious from tables 1 and 2 where the
ratio between fining performances of the horizontal and
vertical channels with plug flow gives this value. From
equation (24a) results simultancously that the fining
performances of the isothermal and vertical channels
with plug flow are identical when /o/h, = 6.75. The hori-
zontal channel with //h, > 6.75 has therefore higher fi-
ning performance than the appropriate vertical one,
shorter channel is more advantageous as the vertical
one. If channels with parabollical velocity profile are
considered, equation (24a) with the help of equations
(10-11) has the form:

P (horizont. bol.
( orizont.parabo ):0.794 170
P(vertic.parabol.)

A ] (24b)

In case of parabollical velocity profile, the fining
efficiencies of the horizontal and vertical channels are
equivalent at //h, = 2. This also approximately results
from tables 1 and 2 (cases 1b in both tables).

In cases of both horizontal and vertical channels,
the impact of the channel geometry may be assessed
from equations (5) and (9). Both relations show that the
fining efficiency of channels may be increased also by
raising the thickness or height of the glass layer in chan-
nels. If bubbles do not grow, however, no increase in
fining performance is feasible by only increasing the
glass layer thickness.

The ratio between the fining performance of the
vertical channel with plug flow and the channel charac-
terized by the parabollical melt velocity profile is 2.02 ,
i.e is very close to the theoretical value 2.25 predicted
by equation (11) (cases la and 1b in table 2). An inter-
esting picture of variations in fining efficiency offer
channels with vertical temperature gradients. The value
of the fining performance in case of the channel with
hot glass on the level and plug flow (case 2a in table 2)
is 1.29x10* m¥/s, this value being in good relation to the
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appropriate case with parabollical velocity profile (case
2b in table 2) where the fining performance amounts to
4.20x10° m’/s, i.e. the fining performance ratio is 3.07.
The fining performance of channels with vertical tem-
peraturte gradients has been calculated by numerical
solution of equation (16) or by using simplified rela-
tions (17-19). If no convection glass currents would
develop in the case with colder glass close to the glass
level (case 3 in table 2), the critical fining performance
of the channel with colder glass on the level exhibits the
higher value compared to the isothermal channel (see
case 3a in table 2). The case with the inverse tempera-
ture gradient is characterized by the identical fining per-
formance with the isothermal one (see case 2a in
table 2), as if the gradient would not influence the fi-
ning performance. The reason of different behavior in
case 3a should be found in bubble residence times
inside the high temperature region. The bubble resi-
dence times in surrounding melt increase with the bub-
ble depth under glass level as the difference between
bubble rising and melt sinking velocity decreases
towards channel bottom. Bubbles in the channel with
colder glass close to the melt level spend thus more time
in the high temperature region near channel bottom and
the channel fining efficiency is consequently high. The
benefit of the vertical gradient in this case may be how-
ever utilized only at lower temperature differences
between channel bottom and melt level as convection
currents develop at higher temperature gradients. The
results indicate that the character of dependences may
be dependent on the numerical value of the temperature
gradient. The full dependences between the perform-
ance of the vertical channel with plug flow and both
kinds of temperature gradients, calculated according to
equation (16), are presented in figure 13. The fining per-
formance of the channel with hot glass near level and at
average temperature 1450°C (curve 2 in figure 13)
slightly decreases up to the tempertature gradient
approximately 50°C/m and then steadily grows. While
the initial decrease in the fining performance is brought
about by the reduced bubble residence time in the high
temperature region close to level, the growth of the
average temperature in this layer at higher temperature
gradients is responsible for the subsequent staedy
increase in the fining performance. The minimum value
of the fining performance is shifted to the temperature
gradient about 30°C/m at lower average temperature
1400°C as is as well obvious from figure 13 (curve 3).
The increase in average temperature of the layer close to
level plays consequently crucial role at lower average
temperatures in the entire channel. In consent with
already mentioned in this paragraph, the fining per-
formance of the channel with colder glass near the level
steadily grows with increasing temperature gradient
(see also figure 13, curve 1).

The cases with circulation currents are represented
by items 4-8 in table 2. The fining performance of the
vertical channel falls down as the circulation currents
develop in the channel. Both cases with one and two cir-
culation circles provide fining performance values fit-
ting approximately equation (23), showing thus simple
dependence between fining efficiency and character of
glass flow. This fact is obvious from figure 14 where the
curve expresses equation (23). The only scarce agree-
ment between the curve and numerical solution for the
case 8 with two circulation circles was brought about by
problems to determine more accurately the fraction of
dead space. The fining in vertical channels with circula-
tion currents may be - in analogy with horizontal chan-
nels - described by the effective (vertical) layer of glass,
characterized by throughflow of melt. To exclude or
suppress the free convection currents in refining chan-
nels, only very small horizontal temperature gradients
are admittable and proper channel geometry (see equa-
tions (24a,b)) should be chosen. The specific energy
consumption of refining channels is dependent on the
reciprocal value of their fining performance (equations
(1) and (7) in [1]. That is why the proper glass flow
structure in refining channels is significant also for
energy balance of glass melting.

CONCLUSION

Both channel geometry and glass flow structure
influence apparently the fining efficiency of the contin-
ual fining process. The channels with parallel flow
appear the most advantageous (channels with plug flow
or with parabollical melt velocity profile). The long
channels are more efficient in the horizontal form but
relatively high heat losses by boundaries may be expect-
ed, short channels should be set up vertically with melt
input from above. Due to bubble growth, the perform-
ance of both kinds of channels increases with the thick-
ness of glass layer in the horizontal channel or with its
height in the vertical one. The small vertical tempera-
ture gradients do not influence the fining performance
of channels with hot glass near level appreciably pro-
vided average temperature is kept on the same level.
The fining performance of vertical channels with vert-
cal temperature gradients and colder glass close to level
grows with the value of the temperature gradient, but
the development of circulation currents has to be
expected at higher gradient values. The structure of the
glass flow in channels is particularly significant factor.
The horizontal temperature gradients evoke circulation
currents in both types of channels and the longitudinal
temperature gradients increase steeply the fraction of
dead space and shorten the melt residence times in
channels. The results in horizontal channels show that
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the fining performance of channels with circulation cur-
rents is as well substantially restricted despite the fact
that bubbles do not follow the melt pathways. The effec-
tive fining performance of horizontal channels with lon-
gitudinal temperature gradients may be then approxi-
mately expressed by a simple function of the fraction of
dead space. The development of circular flows in verti-
cal channels with horizontal temperature gradients fol-
lowed the same dependence on the fraction of dead
space as exhibited horizontal channels. The simple rela-
tion between the fining performance and character of
glass flow has been therefore revealed by process mod-
eling.
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ODSTRANOVAN{ BUBLIN ZE SKELNYCH TAVENIN
V HORIZONTALNICH A VERTIKALNICH KANALECH
S RUZNYM TYPEM PROUDENI

LUBOMIR NEMEC, MARCELA JEBAVA,
PETRA CINCIBUSOVA

Laborator anorganickych materialil,
spolecné pracovisté Vysoké skoly chemicko-technologické
v Praze a Ustavu anorganické chemie AVCR
Technicka 5, 166 28 Praha 6

Prostorové oddéleni rozpoustéciho (taviciho) procesu
od procesu odstraniovani bublin pfi taveni skel vyzaduje
podrobného vysetieni geometrie Ceficiho prostoru a charakteru
proudéni uvnitf prostoru. Tento ¢lanek se zabyva odstramo-
vanim jednotlivych bublin z horizontalnich a vertikélnich kon-
tinudlnich kanalti obsahujicich roztavené sklo s rliznym charak-
terem proudéni. Jako rozhodujici technologickad veli¢ina je
uvazovan Cefici vykon kanalu. Jako modelové sklo bylo pouzi-
to sklo pro vyrobu televiznich obrazovek, pro kvantitativni
vyhodnocovani procesu byly pouzity experimentalné zmétené
rychlosti riistu bublin. Teoretickym zakladem vyhodnoceni
byly vztahy odvozené pro cefici vykon kanalli s pistovym
tokem a dale byl pouzit numericky model vypoctu chovéani
taveniny a bublin v kandlu. Vypocty prokézaly, ze nejefek-
tivnéjSimi prostory se jevi kandly s pistovym tokem nebo kana-
ly s parabolickym profilem rychlosti taveniny. Vhodna geome-
trie kanalth miZze byt odhadnuta z jednoduchych vztaht fidicich
Cefici vykon v kandlech s pistovym tokem. Vypocty prokazaly,
ze existuje jednoduchy vztah mezi Ceficim vykonem a podilem
mrtvého prostoru u kanadli s vyvinutym cirkula¢nim
proudénim.
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