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Arrhenius models were developed for glass viscosity within the processing temperature range for six types of commercial
glasses: low-expansion-borosilicate glasses, E glasses, fiberglass wool, TV panel glasses, container glasses, and float glass-
es. Both local models (for each of the six glass types) and a global model (for the composition region of commercial glasses,
i.e., the six glass types taken together) are presented. The models are based on viscosity data previously obtained with rotat-
ing spindle viscometers within the temperature range between 900°C and 1550°C; the viscosity varied from 1 Pas to 750 Pas.
First-order models were applied to relate Arrhenius coefficients to the mass fractions of 15 components: SiO,, TiO,, ZrO,,
Al,O;, Fe,0; B,0;, MgO, CaO, SrO, BaO, PbO, ZnO, Li,O, Na,0, and K,O. The R’ is 0.98 for the global model and ranges
from 0.97 to 0.99 for the six local models. The models are recommended for glasses containing 42 to 84 mass% SiO; to esti-
mate viscosities or temperatures at a constant viscosity for melts within both the temperature range from 1100°C to 1550°C

and viscosity range from 5 to 400 Pas.

INTRODUCTION

The melting behavior of glasses depends on their
viscosity-temperature relationships. Glassmelting fur-
nace design and operation are largely determined by the
temperature span within which melt viscosity allows
successful melting, fining, and conditioning of the
glass. Therefore, the knowledge of glass viscosity as a
function of temperature and glass composition is crucial
for efficient glassmaking.

The most commonly used viscosity-temperature
relationship for a wide span of viscosities (over 12
orders of magnitude) is the Vogel-Fulcher-Tammann
(VTF) equation,

F2
-1,

Inn = F+ D
where M is the viscosity, T is the absolute temperature,
and F,, F,, and T, are temperature-independent coeffi-
cients [1]. However, during the melting process, the vis-
cosity of molten glass spans only 3 orders of magnitude
(1 to 10° Pas). For this relatively narrow range, the vis-
cosity-temperature relationship is sufficiently well re-
presented by the Arrhenius equation [2,3],

B
Inn=A4+— 2
n T (2)
The Arrhenius coefficients, 4 and B, are functions

of glass composition. Since all mixture properties,
extensive and non-extensive, are expressible in terms of

their partial specific (per mass) or molar values [4],
Arrhenius coefficients for viscosity can be related to
glass composition as

4= z Aixi (3)
i=1
and
N
B=Y Bx, (4)

where 4; and B; are the i-th component partial specific
Arrhenius coefficients, and N is the total number of
components.

The A4; and B; values are relatively constant within
the range of composition of commercial glasses. There-
fore, equations (3) and (4) can be treated as linear mod-
els and 4; and B; as component coefficients for glass vis-
cosity. We can also introduce the i-th component partial
specific viscosity, i.e., a temperature-dependent coeffi-
cient, defined as

" 5

Based on the partial specific values (component
coefficients), the viscosity of molten glass (within the
glass melting temperature range) can be estimated using
the equation

n= exp[i{/g +%H ©)

i=1
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or

N
11’17'} sz,. lnnl. (7)

i=1

which can also be written as
n=[In" (8)

A convenient feature of the Arrhenius equation is
its linearity, which allows us to express explicitly the
temperature at which viscosity has a desired value.
Rearranging equation (6), we obtain

N
Z Bx,
i=1

Inn - i Ax,

i=1

r= )

To develop mathematical models that represent the
viscosity-temperature-composition relationships for
commercial glasses, several steps need to be taken [5].
Roughly, the composition and temperature regions must
be defined and covered with a matrix of a sufficient
number of points. Glasses of the corresponding compo-
sitions are then made and tested at several temperatures
to generate a database to which equation (6) can be fit-
ted.

Table 1. Composition regions of glasses in mass %.

Table 1 lists composition regions of six types of
commercial glasses evaluated in this study: E-glass (E),
float glass (F), low-expansion-borosilicate glass (LE),
TV panel glass (TV), fiberglass wool (FW), and con-
tainer glass (C). The composition matrices of glasses
that cover these six regions are presented in [6]. Figure
1 displays the maximum mass fractions of glass compo-
nents for the overall composition region of commercial
glasses tested (the minimum fractions of all components
but SiO, were 0). As table 1 shows, the SiO, mass frac-
tion range is 0.42 to 0.84, and the maximum mass frac-
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Figure 1. Maximum mass fractions of components in the com-
position region of commercial glasses .

E F LE TV FwW C All
Si0, 41.6-71.5 67.5-77.3 63-84 50-83 48.6-78 62.5-81 41.6-84
B,0O; 0-9 10-15 3-9 0-15
AlO; 12-16 0.1-2 2-7 1.3-3.5 0-6 1-3 0-16
MgO 0.5-4.5 3-4 0-1.5 1-5 0-3 0-5
CaO 16-24 7-9 0-2 0-3.5 5-11 7-12 0-24
Na,O 0-2 12-15 4-8 6-9 13-17 11-15 0-17
K,O 0-0.5 0-2 0-3 6-9 0-2 0-2 0-9
Fe,0s 0-0.8 0.1-1.5 0-0.6 0-0.4 0-1.5
TiO, 0-1 0-1 0.1-0.5 0-0.5 0-1
F 0-0.6 0-0.7 0-0.6 0-0.7
SO, 0-0.2 0-0.3 0-0.3
Li,O 0-0.5 0-1 0-1
Cr,0; 0-0.4 0-0.3 0-0.4
BaO 0-2 2-13 0-0.1 0-13
CeO, 0-0.7 0-0.7
7O, 0-3 0-3
PbO 0-3 0-3
ZnO 0-1.5 0-1.5
As,0; 0-0.3 0-0.3
Sb,0; 0.2-0.6 0-0.6
SrO 1-10 0-10
MnO, 0-0.3 0-0.3
Se 0-0.03 0-0.03
Co;0, 0-0.2 0-0.2
FeO 0-0.1 0-0.1 0-0.1

E - E glass, F - float glass, LE - low-expansion-borosilicate glass, TV - TV panel glass, FW-fiberglass wool, C - container glass
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High-temperature viscosity of commercial glasses

tions of major components are CaO 0.24, Na,O 0.17,
Al,0O; 0.16, B,0O; 0.15, BaO 0.13, SrO 0.10, K,0 0.09,
and MgO 0.05.

Out of the total number of 150 different composi-
tions (25 compositions-baseline plus 24 variations-for
each of the six groups), 147 were fabricated at Alfred
University and tested in Pacific Northwest National
Laboratory (PNNL) where viscosity was measured with
rotating spindle viscometers. Hrma et al., Chapter 7 in
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[6], describe the details of measurement and list the
measured viscosity data. Figure 2 maps the viscosity-
temperature data points. Note that LE and E glasses
occupy the high—viscosity—high—temperature corner, F
glasses have relatively small viscosity variations, and
FW glasses cover the largest viscosity-temperature area.
Overall, the temperature of measurements spanned an
interval from 899°C to 1554°C, and the viscosity varied
from 1 Pas to 747 Pas.
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Figure 2. Maps of viscosity-temperature data points for six types of commercial glasses: E glass (E), float glass (F), low-expan-
sion-borosilicate glass (LE), TV panel glass (TV), fiberglass wool (FW), and container glass (C).
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Fluegel et al. [7] augmented these low-viscosity
data by high-viscosity data measured with the beam
bending and parallel plate methods [6] and by published
viscosities of an additional 150 glasses. They used the
resulting large database to obtain component coeffi-
cients for isokoms, i.e., temperatures at constant visco-
sity (7,) using the formula

T, =T,+10°) T, +10* Y T cc, +106%T e (10)
1 1] L]
where Ty, T, T;, and T are composition-independent
coefficients, and ¢; is the i-th component mole fraction.
The composition-independent coefficients are functions
of viscosity and are listed in table 2 for three viscosity
values corresponding to log(n (Pas)) = 1.5, 6.6, and 12.0.
Fluegel et al., Chapter 9 in [6], provide also four
first-order models for log(n (Pas)) = 1.5, 6.6, and 12.0
isokoms for the following five composition regions:
F+C (float glasses plus container glasses), E, TV, LE,
and FW. They report the significant coefficients and the
intercept, corresponding to the equation

ik~

S
T,=T,+Y bx, (11)
i=1
where b; is the significant component coefficient, and S
is the number of significant components. This equation
can be conveniently rearranged into the form

N
T, =2.ax,
i=1

where ;= b, + T, (i=1,...,5), N=S+ 1, and a, = Ty; here
the n-th component, called "others" in table 3, comprises
all other than significant components plus SiO,. Hence,

(12)

(13)

Table 2. Component coefficients for isokoms.

Table 3 lists the a; coefficients for the log(n (Pas)) =
= 1.5 isokom.

In this contribution, the values of 4; and B; coeffi-
cients were obtained by fitting equation (6) to viscosity
versus temperature and composition data for individual
glass types (local models) as well as for all commercial
glasses tested (a global model). Generally, global mo-
dels cover large composition regions whereas local mo-
dels are developed for compositional neighborhoods of
base glasses formulated for various applications and
production technologies.

Table 3. Component coefficients for 1 = 31.6 Pas isokom in °C
(Fluegel et al., Chapter 9 in [6]).

F+C E vV Fw
AL, 2183
B,0; -15 -306
BaO 700
CaO 237 -82 371 260
F -3140
Fe,O; 322
K0 398 300 -427
Li,O -4707 1837 -3463
MgO 698 494 1287
Na,O -533 93 912 -670
PbO 727
SrO 535
TiO, -295 -3483
Others 1811 1837 1865 1848

The F+C column lists coefficients for float glass (F) plus con-
tainer glass (C). Component coefficients for n = 31.6 Pas iso-
kom are not reported for low-expansion (LE) glasses."Others"
are all remaining components including SiO, [see equation

(13)].

n (Pas)  3.16x10' 3.98x10°  1.00x10" n (Pas) 3.16x10°  3.98x10°  1.00x10"
Ty (K) Ty
1816.4 876.7 618.4 ALO:xB,0; -0.625 -0.626
T, ALO:xMgO -0.526 -0.911
ALO; 435 15.48 11.24 ALO:xNa,0 0.761 -0.686
B,O; -13.49 -3.16 -3.10 B,O:xK,0 0.585
BaO 22.26 4.16 B,0,xNa,0 -0.536 0.156 0.573
CaO -18.00 2.77 1.05 B,0;xCa0 -0.225 -0.117
F -14.73 -6.14 9.33 CaOxF 1.017
FeOx -15.33 -6.79 Ca0xK,0 0.334 0.468
K.O -19.21 -11.90 -11.94 CaOxNa,0 0.215 0.207 0.157
Li,O -29.14 -16.81 -21.06 FxK,0 -0.565
MgO -5.99 4.02 -1.54 K.OxMgO 0.788
Na,0 -25.10 -11.27 -7.30 MgOxNa,0 -0.174
PbO 23.22 -8.62 -4.61 Tk
SrO -20.09 -3.01 2.25 ALO;xB,0;xNa,0 -0.0449
ZnO 9.42 -1.67 ALO;xCaOxNa,0 -0.0285
710, 9.51 9.03 ALO:xMgOxNa,O 0.0732
B,0:xCaOxNa,0 -0.0111
Ca0xMgOxNa,0 -0.0211 -0.0282
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RESULTS

Viscosity data for three (LE 16, FW 18, and E 20)

Table 5. Component coefficients for viscosity (in Pas), local
models.

A
out of 150 glasses originally designed were not avail- E F LE TV FW C
able because these glasses were never fabricated. With ;
. . . Si0, -5.65 -6.52 -9.64 -11.36 -17.97 -8.43
two exceptions, Li,O and K,O, only mass fractions of TiO, 3862 -59.51
components with =1 mass% were selected for fitting. 710, 17.19
Although fluorine is a minor component that strongly ALO, -28.47 972 6739 2972 413 -6.78
impacts viscosity, its mass fraction was not included as  ge,Q, 37.04
a variable because including it did not improve the out-  g,0,  10.17 1.15 -11.48
come. To obtain 4, and B, values, equation (6) was fitted MgO -49.06 -48.40 2432 31.82 -16.66
to data. The compositions were not renormalized (to CaO -34.53 -48.11 -57.84 -12.15 -66.91 -16.62
make the sum of mass fractions equal to 1) when minor  SrO -21.97
components were excluded from calculations. Of the BaO -53.64  -15.36
147 glasses for which viscosity data were available, PbO -41.12
three were eliminated as outliers (E 3, F 9, and TV 8).  ZnO -28.75
Several individual data points were also removed as out- Li,0 -98.08
liers. The outliers were selected based on local models as N0 091 751  -44.15 2528  45.54 2140
glasses with unusually high values of A* = [In(m,/mop, 20 7802 -16.67 3183 -3379 8352 -784
where the subscript m stands for measured and c for cal-
culated values (using local models with outliers 10° B; (K)
removed). In the extreme case of E-glasses, the differ- E F LE TV FW C
ence between A’ values for outliers was substantially  gijo, 2762 2325 31.01 3128 4164 2616
higher than A’ values for regular data (A* = 4.5 for out-  Ti0, -69.55 90.75
liers and A? < 0.28 for all other data). For other glass  zro, 39.28
groups, these differences were lower: 3.6 and 0.57 for ALO, 47.71 245 -69.48 -26.18 8.73 3493
LE, 0.77 and 0.31 for FW, 0.50 and 0.39 for FW, 0.45  Fe,0, 60.30
and 0.13 for F; no outliers were identified in C glasses. ~ B:O;  -28.43 -11.78 -2.20
Table 4 lists 4, and B; values of the global model ~MgO  65.01  69.96 49.27 5473 20.68
obtained by fitting equation (6) to all data except out- €20 ~ 34.30  63.10  30.83 5.67 9441 1497
liers. Table 5 summarizes the values of A4, B, and SrO 26.59
In(M;1500c) for individual types of glasses (local models). Eljg 84.06 ;Zig
ZnO 49.55
Li,O 77.22
Na,0O -22.82 -8.16 11.39  -72.05 -91.92 1297
Table 4. Component coefficients for viscosity in Pas, global K0 11293 1844 23.14 004 093 1152
model.
4 B10°K  In(n(Pas)) at 1500°C In(Miisooec (Pas))
Si0, -6.25 24.14 737 E F LE v W C
TiO, -26.72 28.15 -10.84 SiO, 9.93 6.60 7.85 6.28 5.51 6.32
Zr0, -8.41 22.88 4.49 TiO,  -0.61 -833
ALO; 12.68 -4.66 10.06 71O, 4.97
Fe,0; 19.39 -35.05 -0.37 ALO, -156 11.11 2820  14.95 9.06 12.92
B.O, 0.45 -14.74 -7.86 Fe,0. 3.03
MgO -41.91 60.26 -7.93 B.O; -5.86 -5.50 _12.72
gr"‘g fg}g Sg'ﬁﬂ '12'32 MgO -1239  -8.94 347 095 -5.00
BaO _15:99 19:51 _4:99 CaO  -15.18 -12.52  -12.25 -8.95 -13.66 -8.17
PbO 1339 11.89 -6.68 S10 -6.97
Zn0 -39.25 67.15 -1.38 BaO 623 447
Li,O -80.42 50.11 -52.16 PbO -10.47
Na,0 -13.02 -2.12 -14.22 ZnO -0.80
K,O -27.10 30.05 -10.15 Li,O -54.53
R 0.984 Na,0 -1197 -12.11 -37.73  -1536 -6.31 -14.08
Readi 0.983 KO -1433 -627 -18.78  -556 -9.04 -134
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DISCUSSION

Figure 3 compares calculated versus measured va-
lues for viscosity, and table 6 lists the values of R* and
R’ that express the fraction of variability accounted for
by the model (R’,; is adjusted for the number of para-
meters used in fitting the model). As expected, both fi-
gure 3 and table 6 show that the individual fits predict
viscosity values better than the overall fit. The differ-
ence between viscosity predicted by the local models
and the global model is the smallest for float glass
(F) and the largest for low-expansion glass (LE). As fi-
gure 2 shows, float glass has the smallest variability of
data, and low-expansion glass is the most difficult to
melt. Models for all individual glass types have high R
values ranging from 0.97 for TV glasses to 0.99 for float
glasses. The global model represents viscosity data as a
whole with a good R* value of 0.98. However, when the
global model is applied to individual glass types, R* va-
lues vary from 0.92 to 0.98, except for low-expansion
glasses for which the fit is rather poor (R*> = 0.75).

Table 6. R’ values for viscosity models.

E F LE TV FW C All
Riq 0982 0989 0967 0.965 0.967 0.983
R 0.939 0981 0.748 0.923 0.940 0.962 0.984
Rigima 0979 0987 0961 0.955 0.961 0.981
R 0926 0.978 0.700 0.901 0.930 0.957 0.983

As figure 3 and table 6 indicate, local models are
generally more accurate than the global model within
the composition regions of their databases (listed in
table 1). The global model is recommended for compo-
sitions within the overall composition region that are
not covered by any of the local models. However, for
high-viscosity-high-temperature glasses (the LE type),
the global model may perform rather poorly.

The effect of composition change on viscosity can
be expressed as the change in viscosity, An;, caused by
replacing a mass fraction of silica (-Ax) with the same
mass fraction (Ax) of j-th oxide. By equation (7),

An;=nq {exp [Ax (Z; - Zso,)] - 1}

where 1, is the melt viscosity before the fraction of si-
lica was replaced with the same mass of j-th oxide, and
Z; = In[n;(T)] is the partial specific logarithmic viscosi-
ty at temperature 7 (shown in tables 3 and 4 for T =
= 1500°C). By equation (14), the j-th component tends
to increase the melt viscosity when An; > 0 at 1500°C.
Calculations were performed for Z; = In(n;;s00ec (Pas)),
Ax =0.02 (2 mass% replacement) and 1, = 10 Pas. Figu-
res 4 and 5 display the results for several major glass
components. In figure 4, the An; values are based on Z

(14)

values from the global model. Figure 5 compares An;
values based on local models with those from the glo-
bal model. As expected, B,Os;, Na,O, K,O, MgO, and
CaO decrease glass viscosity when replacing SiO,
whereas AL,O; tends to increase viscosity except for the
low-alkali E-glass. Note that in the high—silica—high—
—boria LE glass, AL,O; and Na,O have a significantly
higher impact on viscosity than in any other glass tested.
In glass technology, it is often important to know
how rapidly viscosity changes with changing tempera-
ture and how the rate of change is affected by glass
composition. By equation (2),
olnn B

oT T’

(15)

Since viscosity decreases as temperature increases,
B is always positive, and the higher the B at a given
temperature, the steeper the slope. Consequently, as
molten glass gets cooler, its viscosity increases less with
decreasing temperature when the B value is small; such
a glass is called a "long" glass because it takes a longer
time to reach a high viscosity at a given rate of cooling.
This is illustrated in figure 6, which plots the tempera-
ture increase (starting from 1500°C) associated with a
10-times increase in melt viscosity as a function of B.

The average B value for glasses tested in this study
is B, = 2.38 10* K. With a glass "length" component
effect defined as L; = B; - B,, components with L; > 0
tend to "lengthen" the glass and components with L; <0
tend to "shorten" it. Figure 7 compares the effects of
several components on the melt "length" at glass pro-
cessing temperatures. This picture will change at glass-
forming temperatures because the Arrhenius relation-
ship no longer represents the melt viscosity-temperature
relationship for commercial glasses below 1000°C.

The log(n (Pas)) = 1.5 (n = 31.6 (Pas)) isokoms
were obtained from equation (9) with the coefficient
values listed in table 4. To compare the results of calcu-
lations with experimental data, the temperature, T5,,, at
which 1 = 31.6 Pas, was obtained by fitting equation (2)
to data for each glass. Figure 8 shows the result toge-
ther with a similar plot in which the Fuegel et al. [7]
model is compared with 73 values obtained from
experimental data. The vertical lines in figure 8§ indicate
the maximum temperature of the viscosity measure-
ment, beyond which all values are extrapolated. As figu-
re 9 shows, both models predict similar T, s values for
T < 1400°C. For higher temperatures, the Fluegel et al.
[7] model seems to underpredict the isokoms, provided
that extrapolated data can be trusted. However, high
temperatures are outside the application limits of the
Fluegel et al. model; most extrapolated temperature val-
ues from data obtained at lower temperatures were
excluded from the model database [7].
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Figure 3. Calculated versus measured values for viscosity; solid points represent local models, and hollow points stand for the glo-
bal model applied to individual glass types.
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Figure 5. Effect of replacing 2 mass% SiO, with another oxide on melt viscosity at 1500°C: comparison of individual glass types
with the full set of data.
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Figure 7. Effect of glass components on melt "length".
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Figure 10. Effect of components on high-level waste glass viscosity (left) and "length" (right).
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Finally, it may be of interest to compare commer-
cial and waste glasses with respect to the effects of glass
components on their viscosity. Table 7 lists the compo-
sition region and the Arrhenius coefficients for the vis-
cosity of these glasses [3]. Viscosity data for the waste
glasses were measured within 950°C and 1250°C, and
viscosity values ranged from 0.4 to 90 Pas at 1150°C.
Figure 10 shows the values of An; (Ax = 0.02, n, =
=10 Pas, and 7= 1150°C) and L;. A comparison of fig-
ures 4 and 10 reveals that the impact of replacing SiO,
with an equal mass of another component is very simi-
lar in commercial and waste glasses. However, the
impacts of glass components on melt "length" are dif-
ferent, indicating that the differences in composition
regions and temperature ranges significantly influence
the secondary properties (such as the temperature deriv-
ative of viscosity) of melts.

Table 7. Composition region and viscosity coefficients for
high-level waste glasses [3].

Mass fraction ranges Viscosity coefficients

nius model was found in good agreement with a nonlin-
ear model developed by Fluegel et al. [7]. The compo-
nent effects were found similar to those previously
established for high-level waste glasses.
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Xoin Xonen A; 10°B; (K)

Sio, 0.42 0.57 111 28.5
B,O; 0.05 0.20 -13.7 10.9
Na;0 0.05 0.20 9.6 12
Li,O 0.01 0.07 45 423
CaO 0.00 0.10 228 215
MgO 0.00 0.08 21.1 25.8
Fe,0; 0.005 0.15 6.4 8.8

ALO; 0.00 0.17 4.1 21.2
710, 0.00 0.13 313 54.6
Others 0.01 0.10 -17.0 23.0

CONCLUSION

For the processing temperature range for common
commercial glasses (1100°C to 1550°C), the Arrhenius
relationship represents the viscosity-temperature rela-
tionship reasonably well; the R* ranges from 0.97 to
0.99 for six local models developed for individual glass
types (E glass, float glass, low-expansion-borosilicate
glass, TV panel glass, fiberglass wool, and container
glass) and 0.98 for the global model covering the whole
composition region of commercial glasses containing
42 to 84 mass% SiO,. The models adequately represent
the viscosity-temperature relationship of glass atn < 10°
Pas, or, more accurately, 5 to 400 Pas. The global Arrhe-

VYSOKOTEPLOTNI VISKOZITA
PRUMYSLOVYCH SKEL

PAVEL HRMA

Pacific Northwest National Laboratory
Richland, WA 99352, United States of America

Zavislost viskozity skelnych tavenin v oblasti tavicich
teplot byla aproximovana linedrnimi modely na bazi Arrhe-
niovy rovnice pro Sest typl prumyslovych skel: borosilikatova
skla s nizkym koeficientem tepelné roztaznosti, E skla, skelna
vata, skla pro televizni obrazovky, obalova skla, a skla float.
Modely reprezentuji zavislost viskozity na teploté a slozeni jak
pro jednotlivé typy skel (lokalni modely) tak pro celkovou
oblast slozeni primyslovych skel (globalni model). Modelové
koeficienty byly optimalizovany s pouzitim viskozitnich dat
zméfenych rotaénim viskozimetrem v rozmezi 900-1550°C,
ve kterém viskozita nabyvala hodnot 1-750 Pas, pro 15 slozek:
Si0,, TiO,, Zr0O,, ALOs, Fe,0;, B,0;, MgO, CaO, SrO, BaO,
PbO, ZnO, Li,0O, Na,O a K,O. R? nabyla hodnoty 0.98 pro
globalni model a 0.97 az 0.99 pro Sest lokalnich modeli. Mode-
ly 1ze doporucit pro primyslova skla s obsahem 42-84 % SiO,
k odhadu viskozit nebo teplot pro danou hodnotu viskozity
skelnych tavenin v rozmezi teplot 1100-1550°C a viskozit
5-400 Pas.
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