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PHYSICAL SITUATION

The physioal situiition sclectecl lirr this study is thc

Seconcl TC 2l-, reÍ.crence l.urnírct:. This benchmark con-

siclcrs an operating SORG cnd-fired deep refiner l'urnace

runnin-u at l75 tonS pcr day with a melting area oť6l m2.

The gcornetrv of thc l.urnace and the Ílow Structure in the

(assumcd) planc oÍ. symmctry are prcsented in figurc l.

Thc symmetry hypothcsis allows to perfonn the

calculation only on half the l'urnace. Thc computational
c()StS are thcrcÍore significantly reduced. Thc Í.urnacc

over-all dirnensions are Lx w'x h = 10 x 6 x 3 rn. The

scalar mcasurcments in the plane of sYlnmetry are located

at the reÍ.crence poirtts (#l' ..., 12) in the figure l.

Figure l, Geometry and t-low structure of the TC 2l test case

ťurnace.

Foll'owing instructions oť the first run oI the TC 2|

benchmark, a linear temperature profile is imposed at the

glass surl'ace. As this benchmark is mainly concerned
with the thermoconvective currents, neither crowll- nor

wlrere the diÍ.l.usion coefÍ]cient. d, was chosen to ensure

convection-dominated distribution of the "colour"

conccntration C. The value selected Íbr this study is

d = |0a m: s|, resulting in high value oť the mixing
Péclet number:

batch-models are used. Prcscribed heat fluxes at thc

boundaries simulate the heat loss through refractories and

the thermal conductivity is supposed oonstant and equal

to 60 W m' K'.
The unsteacly mixing equation is added to the classic

Bclussincsq Stlt oÍ.equations (Navier-Stokes and energy

cquations) fbr unsteady incompressible flow of molten

sl ass:

DC AC AC
= +y =V(dYC),Dt dt rlr
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where V and L are typical velocity and length values.

The coupling between the concentration field and the

Sct clÍ. basic unknclwns (temperature, velocity and

pressure) is performed through the linear variation of the

conductivity in the energy equation:

k(C(x)) = 30 C(x) + 60 (1 - C(x))
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The initial situation (C = 0 everywhere) thereÍbre
corresponds to the standard TC 2l situation while the
í.ina| concentration distribution (C = l) leads tcl an
unifbrm conductivity value of 30 W mr K-r. Starting at
timc r = 0, a C = I concentration is imposed at the
furnace entry. The aim of this study is the accurate
clescription of the evolution between the two
thermoconvecti ve sol utions.

An implicit timc scheme, combined with a
predictor-corrector cvaluation, is used. That allows
increasingly large time steps (Íiom 30 s up to I day)
whilc the integration time ends up ro l0 clays. Spatial
discrctization results í}om a Finite Elemcnt method [2],
clccomposin_u the computational domain in 2300 elements
while the selected interpolation leads ro a set of 11000
vclocities and 25000 temperature unknowns.

TIME CONSTANTS
IN MELTING GLASS THERMOCONVECTION

The study ol'unsteacly thcrmoconvection in melting
g|ass l.urnacc intrtlduces diÍ'f-erent timc constants:

l. The kincmatic tirnc constant, associated with the
c<lnvcctive crlntribution of heat and mass transÍ.er, is
trivially estintatcd by thc rario LlV. This tirne
c()nstant is dircctly relatcd to the distribution oť thc
rcsidcncc time [31. it was estintatccl, in this study, to

I'',,, i l5 min.
2. J'hc viscous tirnc cclnstant, associatcd with the

viscous Ílow tl|' ttto|tcn g|ass, is measured by the
ratio L:/v, whcrc v is the kinclnatic viscosity,

7,,.. š l hour.
3. Thc thcrmal time constant. associatcd with the heat

conduction (or conductive equivalent in case of the
Rose|and approximation), is given by the raÍio Lllrc,
where r is the thermal difTusivrty, I,n" = I day.
The ratio between viscous and thermal time
constants was prcviously t4l shown to be expe-
rirrrentally olosc to the theoretical a priori value
estimated by the Prandtl number v/r.

4' The mixine dií'l.usirln tirne constant; is associated
with thc concentration diťfusion and measurecl by
the rati<> Llld, I,nir f 5 days.

Other time constants, related to crown- or batch-
interactions, can be encountered. The regenerative cycle
[5] is a well-known industrial cause to (periodic) time
evolution, and generates a cycle about 20 min. The
symmetry hypothesis, that was assumed in this study,
leads to neglect this cycle.

RESULTS

Evo|ution oť temperature profiles along the bottom
line (through ref'erence points # 6, J, 8 and 9), is

represented in figure 2. Note that, even iť this line
crosses the step, the temperature profiles are continuously
plotted. Dotted Iines in Íigure 2 represent the steady solu-
tions obtained fbr 5 different values of the conductivity
between the extreme values of 60 and 30 W m 'K-'. The
main result observed on this figure is the evolution of the
temperature gradients fbr the unsteady solutions while
quasi-parallel profiles are obtained fbr successive steady
situations.
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Figure 2. Spatial distribution of steady and unsteady temperature
proÍiles'

The evolution of the concentration distribution is
shown in the l'igure 3. Whilc carly-time concentration

-uradients (beneath the batch) are mainly driven by
convection and appear thereÍbre wlthin the first hours,
long term distribution is acting through at the time soale
o1' I day (dif1bsion is also acting in the cross stream
direction). Some local concentration evolutions are
represented in the Íigure 4a where the enclosed figure
details the start-up delay (up to 3 hours fbr the "exit"
point #12, that value can be regarded as a close
indication of the minimal residence tirne). Evolutions oť
the concentration at reÍ.erence points # 1l and |2 are
shown to be very close at all time values. The coupling
betwcen concentration and velocity distributions is
quantiÍled in the figure 4b where horizontal u and
vertical v velooity evolutions are represented Íbr the
reÍ.erence points # 1, 3 and 5. Significant variations of the
velocities values are observed and motivate the coupling
between concentration and Boussinesq equations. The
similarity between velocity and concentration dynamics
shows that convection is dominant for the concentration
early-time evolution.

The evolution of temperature is illustrated in figures
5a and 5á fbr which a different time scale is used (up to
the Ílnal time value of l0 days). Like in the figure 2,
both steady and unsteady values are represented.
Continuous lines represent the time evolutions of
temperature at se|ected reÍ.erence points while markers
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Ntunerical sinutlation of unsteady colour change in glass melting tank

Concentration
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Figure 3. Evolution of the
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concentration distribution in the plane of symmetry.
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Figure 4. Concentration a) and ve|ocities á) evo|utions.
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indicate the temperature value Íbr steady solution at

uniform conductivity distribution. Interesting
phenomenons are the temperature overshoot at the early
time of the # 5 ref'erence point temperature (due to

convection) and the modification of the temperature
hierarchy between ref'erence points # I 1, 12 and # 6, 7,

8 and 9. For the t = 60 steady solution the temperature
at the exit lies between earth values while lower
conductivities increase the gradients.
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Figure 5. Steady and unsteady temperature evolutions.
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CONCLLISIONS AND PERSPECTIVES

The unsteady mixing was numerically simulated for
a short deep refiner furnace. Coupling between
concentration and thermoconvection equations appears to

be a necessary complexity to ensure realistic evaluation
of the transient evolution. No equivalence between
time and conductivity can be deduced from this simula-
tion. Further research would consider other important
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Nunterical sinrulation of unsteady coltrur change in g,lass ntelting tank

sub-models sinrulating crown, batch' boosting or bubbling MATEMATICKÉ MODELOVÁNÍ

interactions' NEUSTÁI,ENÝCH ZMĚN BARVY SKLoVINY
VE SKLÁŘsrÉ vnNĚ
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