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Various numerical simulations are currently available for the representation of flow and heat transfer in glass melts. Increasing
computer performance allows 3D complex simulation coupled with electrical boosting, flame radiation heat transfer, chemical
reaction, bubbling, etc. We present the numerical results of unsteady modeling of glass flow and heat transfer in the glass
melting tank. The use of finite-element spatial discretization decreases the total number of degrees of freedom required to achieve
acceptable accuracy, while efficient integration schemes (implicit predictor-corrector) lead to time step sizes which reduce the
number of solutions even for studies of long term duration.

First, different variations on the TC21 test-case (modification of the pull rate, thermal boundary profiles) are performed. This
reference situation was selected by the 21st Technical Committee of the International Commission on Glass. Following this, a
reduced-scale mixed electrical-fuel furnace is studied, allowing the modeling of unsteady boosting heat transfer. Finally an
unsteady advection-diffusion problem is solved to represent the mixing of two different types of glasses. The interest in unsteady
modeling is two-fold: (1) the accurate time evolution of flow and temperature sheds light on the structure and stability of the
Sflow related to a given set of physical properties and boundary conditions; and (2) the transient solution gives reproducible and
inexpensive information for the definition of a control process.

The main result of this study is the clear distinction between kinematic and thermal time constants and the feasibility of direct
exchanges between unsteady simulation and control models.

SPACE AND TIME DISCRETIZATION

Glass tank modeling has been a topic of intense
study in the last decade [1-4]. The spatial discretization
selected for the thermoconvective simulation has
generally been the finite volume method. We choose
another technique for this study by using the environment
of the Polyflow [5] finite element code.

As indicated by the high value of the Prandtl
number, thermal boundary layers are observed even
though the velocity field usually presents a smooth
profile. For this reason, we select different interpolations
for the velocity and the temperature unknowns. A
quadratic thermal and a linear velocity interpolation (on
the same grid) provide sufficient accuracy at a low CPU
cost. The pressure is interpolated with constant
discontinuous functions, ensuring the incompressibility
of the molten glass. Time integration is performed
through a predictor-corrector scheme. The implicit cor-
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rector allows large time steps, while analysis of the
difference between predictor and corrector provides
robust indication for time step variation.

TC 217
The test-case of the TC 21

This test reference situation is the benchmark
proposed by the TC 21 [6], for which several simulation
models have been compared. In this case a small glass
furnace (7 X 3 X 1 m) is considered with a pull rate of
50 tons/day. The viscosity law is an exponential function
of temperature while a low constant thermal conductivity
(30 W/mK) is imposed. The operating conditions are:
a flat isothermal batch is located at 0 < x < 2 m
and parabolic output is imposed at the exit (x = 7 m;
0 <y <0.25m; 1.2 < z < 1.8 m); the temperature profile
generates a global one-cell recirculation flow (see Figure
2a for the circulation patterns).

* 21 st Technical Committee of the International Commission on
Glass "Modelling of glass melt”
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2D/3D simulations and conductivity effects

It is now generally accepted that 3D simulation is
requested to embody the complex structure of molten
glass flow in industrial melting tanks. However, 2D
simulations still present some interest due to the
advantage of a low CPU cost. For this reason, we will
compare the 2D and 3D transient responses of the TC 21
model perturbed by two sudden modifications of the
boundary conditions: (1) a 7 degree decrease of the tem-
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Figure 1. Time evolution of the TC21 test case

perature level; and (2) 10% increase of the pull rate. For
all these simulations, the initial state is the steady-state of
the reference TC 21 case. Figures la-b show the
comparison between 2D and 3D results for the sudden
decrease of the temperature level. A set of three
reference points (x =24 and 6 m; y=0m; z= 1.5 m)
was selected. While the time constants of both 2D and
3D temperature evolutions are nearly equal (1 day), the
spatial temperature distributions are quite different. The
2D simulation preserves the spatial temperature gradient
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a) - 3D simulation of sudden temperature increase, temperature measured at x = 2,4 and 5 m (y = 0 m, z =1.5 m); b) - 2D simulation,
same reference points; ¢) - 2D simulation, higher conductivity; d) - 3D simulation of sudden pull increase, U velocity at point x = 2 m,

y=05m,z=15m
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at the earth but 3D evolution gives a quasi-isothermal
profile with spatial temperature modification. The
velocity evolution (not reproduced here) yields a much
lower value of the time constant (15 min). The value of
the Prandtl number (150) appears, therefore, to be a good
indication of the ratio between thermal and viscous time
constants. A verification of this relationship can be found
on Figure 1¢ where the simulation considers glass with
a conductivity 3 times greater. As expected, the
temperature evolution results in time constants reduced
by the same ratio while no significant difference can be
found for the velocity evolution.

A sudden increase of the pull rate produces the
velocity evolution represented on Figure 1d. For this
kinematic evolution, two time constants can be observed:
a typical viscous reaction after 10 min., and the reorgani-
zation of the convection cells appears after 1 hour.
This second evolution structure is not detected for 2D
study.

Unsteady Mixing Simulation

When operating an industrial furnace, changes of
glass types do not occur suddenly in the whole domain
but an unsteady mixing is realized. Figure 2 shows the
numerical simulation of the mixing evolution for the
TC21 case. The concentration evolution is the result of
an unsteady advection-diffusion equation. We choose a
low diffusion coefficient (107 an thus a high Péclet
number (10%) to show the accuracy of the numerical
resolution. It should be noted that the concentration is not
the result of a tracking calculation but another variable of
the global set of partial differential equations. Depending
on the concentration, the conductivity varies from 30 to
100 W/mK. Temperature evolution (not shown here)
shows the effects of two time constants that can be
observed on the concentration evolution. The advective
dynamics-related to the velocity fields- produces a time
constant of 15 min. while diffusion only acts for much
longer term (3 days). Similarly with the comparison of
thermal and viscous time constants, the ratio of the
diffusion and advection time constants is related to the
value of the Péclet number.

Unsteady Boosting Simulation

The second test case we consider is and unsteady
simulation of a mixed electric-fuel melting furnace. A
sudden potential difference imposed between electrodes
generates an evolution of the thermoconvective currents
and the temperature distribution. Figure 3¢ shows the
temperature evolution for 7 points represented in
Figure 3b. Steady state is reached after 14 hrs. Combined

effects of thermal and viscous evolutions can be detected
on the velocity profile (Figure 3d) where a rapid
modification is then carried away by long-term boosting
evolution. The succession of increasing potential,

steady-state solutions is compared with the time evolution
in Figure 3e. Clearly, no equivalence can be deduced
between successive steady solutions and unsteady
evolution.

=————=xp

Figure 2. Time evolution of the concentration for Unsteady
Mixing Simulation

a) - Isovalues of the stream function for the initial steady state;
b) - Isovalues of the concentration at different times: 1. - 10
min., 2. - 40 min,, 3. - 3 hrs., 4. - S hrs,, 5. - 8 hrs., 6. - 1 day

CONCLUSION

Unsteady simulations have been realized for glass
melting tank reference situations. Accurate measurements
of the thermal and kinematic dynamics are now
attainable. In collaboration with regulation/identification
studies [7], the regulation of a "numerical" furnace
provides reproducible and inexpensive information for
"industrial” furnace control.
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Figure 3. Unsteady Boosting Simulation
a) - Geometry of the furnace and Isovalues of the potential for
steady state 100 V solution; b) - Location of the reference points;
19 ¢) - Evolution of the temperature at the reference points; d) -
Evolution of the U velocity at ref. point 4; ¢) Isovalues of the
stream function for steady state solutions: 1. -0V, 2. -60 V, 3.
123 . . + ’ 4 - 100V and Isovalues of the stream function for unsteady 100 V
0 1 2 3 4 5 solutions at different times, 4. - 12 min, 5. - 30 min, 6. - § hrs
— t10%s)
d)
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MATEMATICKE MODELOVAN{ NEUSTALENEHO
PROUDEN{ A PRENOSU TEPLA VE SKLARSKE PECI

NICOLAS VANANDRUEL, MICHEL DEVILLE

Université Catholique de Louvain,
Unité de Mécanique Appliquée (CESAME), Bétiment Euler,
Av. G. Lemaitre, 4-6, B-1348 Louvain-la-Neuve, Belgium

Pro popis proud&ni a pfenosu tepla ve sklovin€ jsou v
ptitomné dobé k dispozici rizné matematické modely. ZvySend
vykonnost poéitalli umoZiiuje trojrozmérné modelovani vietné
elektrického ptihfevu, pfenosu tepla radiaci, chemickych reakef,
vlivu bublinek, atd. Zde uvddime matematické fedeni modelovani
neustdleného proudéni taveniny a pfenosu tepla v kontinuélni
skléfské peci. PouZit{ prostorové diskretizace koneinych prvkd
umoZiiuje sniZit celkovy poet stupii volnosti potfebny pro
dosaZeni pfijatelné pfesnosti, pfiemZ uplatnéni efektivnich
integranich postupt (implicitn{ prediktory a korektory) vede k
takovym velikostem Casovych kroki, které sniZuji pocet feSen{
i pro delsi ¢asov4 obdobi.

Nejdiive se feSi nizné varianty zku3ebniho piipadu TC 21
(zmény intenzity odb&€rového proudéni, mezni tepelné reZimy).
Tento referenéni stav byl zvolen 21. technickou komisf Mezin4-
rodni skldfské komise. Poté je pfedmétem studia sklafska vana
zmenSeného méfitka, s elektrickym pfihfevem, umoZiujici
modelovin{ neustdleného pfenosu tepla pfthfevem. Posléze se fes{
pfipad neustdleného pifipadu advekce-difuze, ktery pfedstavuje
miseni dvou odli¥nych druhil sklovin. Modelovéni neustilenych
stavi mé dva cile: 1) pfesné Casové podchyceni priibéhii
proudéni a teplot poskytuje informace o struktufe a stabilité
proudéni v zévislosti na daném souhrnu fyzikédlnich vlastnosti a
meznich podminek, a 2) pfisluiné pfechodné feSeni poskytuje
reprodukovatelné a levné ddaje potiebné pro definovani procesu
fizeni.

Hlavnim vysledkem této studie je jasné oddé€lovan{ kinema-
tickych a tepelné Easovych konstant, a proveditelnost pfimych
vymén mezi modely neustdlenych stavii a modely fizeni.
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