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.sIttúegie.s .frlr intlustt.ial process ttt,a\, also be tackled by tlis lnetltocl'

Description
of the Furnace and the Modellins Method

'fhc l'urnaoe consiclered is the mathernatioally
idealizcd box furnacc dcfined as a I'irst bcnchnrark fbr the

TC 2l'., (figure l ). T|rc physical propcrtics oť this test

cuse arc thc lclllowing:

Pull ratc oÍ.50 tons pcr day asstloiated witlr a fixed
zcro-thickness rnelting batch,
Exponentiiil Variation oť the viscosity with the

tcmperature ,

Constant therrnal conductivity of 30 [W/mK],
Flat input velocity profile zrt the batch, parabolic
output at the throat,
Imposccl ternperiiture prof ile at the nielt surf'ace,

irnposccl llux at tlic rcll'aotory walls

7m

Figure l. The TC Zl l'urnace.

Tlre ťurnace geometry is depicted in figure l where
the flow structure in the (assumed) plane of symmetry is

also represented. As a result of thc imposed temperature
profile, the 1'low structure reveals globally a one-cell

recirculation. The rttinirnal resiclence time was estiniated
to be 6 to 7 hours.

Tlrc finite element grid used tbr this study contains
2tl x 28 x 6 (L x h x w) elernents to decomposc the

conrputed lralÍ.domain' A quadratic interpolation ltlr thc

integration oť energy equation leads to 32000 degrees oÍ.

frcedom fbr temperature to be added to a total of 18000
velocities and pressure unknowns []. Intcgration with
respect to time is realized through a stable implicit
scheme while a predictor-corrector rne thod allows
automatically variable tirne-stepping (ancl thus

significantly reduces the number of tinre iterations).
The rnathelnatical dilTiculty of this Í.urnace rnodel result
nrainly ll'orn thc convective naturc ol'thc encrgy equation
(|righ Péc|et number f1ow) an<i the ncln-linearity
associated with the variation oť thc viscosity witlr the

temperature.

Periodio unsteadvness

A suocession of unsteady calculations have bccn
conclucted by considering diÍl'crcnt periodic varirrtions of
t|rc inlposed surf.ace temperature proÍ.ilc' Thc shape oť the

proťile renrains parallcl to the initial proí.ile while tlre

other boundary conditions (heat llux, batch and output
vclocity) do not change with time. Thc arnplitude oť the

surface temperature periodic variaticlns was kept constant
and cqual to 70 K while the period varies fi'om I hour to
l month' The eťf.ect oťthe we|l-known regenerative cycle

[2] (generally about 20 min) has thus not been studied
hcre.

-) 2l st Tec|rnical Committee oť tlre Internationa| Comrnission on

Glass "Modelling of glass melt".

Paper presented at the XVIIth International Congress on Glass.
Beiling (China), October 1995.

temperature profile
at the suďace
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Al'tcr a startup-clclay thc numerical solution beconres
pcri<ťic itnyw|tcrc. T|rc alnplitucle oÍ. the lcrnperature
variations are tlren measured at 5 dií.l'cr.ent points locatc<l
in the plane of syntntctry. The positions of these
rcf.crcncc prlirtts arc, ílt nlid-lcngtlr clť the furnace and l)
l0 cnr, DZO cnt, 3) 30 cnr bclow the surlacc,4) at the
surÍhcc bcltttlnr ancl. í.ina||y,5) at tlrc throat output
( l'i-gurc 2 ).

Fi-gurc 2. Position o1' thc .5 rcl'ercncc points in the planc of
svlrnrctry.

A c;rrantitativc lllcaSLl|.c rlí' t|rc attcnuation <lÍ. tlrc
tcnrpcr'iltLrrc pcrioclic cvolutiorr is rcalizccl by dividin_u thc
nrcasurcd anrplituclc hy thc inrposccl variation arrrplitucle
ílt thc sut.litcc' lt is tltcrr 1lrlssib|c to stuc'|y thc cvcl|ution ol.
tIrat ratitl (tlr -tailt) ÍilI. c|iÍ.|'cr.cIrt valucs rll.tlrc pcriod.

Thc ltlcasurcc| tcItt1.lcratul.c gains Íbr tlre 5 rcf'crcn<;e
prliltts a|.c l.cl)Icscntccl irr Í.i-uurc 3' on this Figurc, ú) is
tlrc pulsntiorr (ro = 2nlT whcrc 7 (s) is thc pcriod ol'thc
surlhcc tcnrpcraturc variat.iorr). Although this
rcprcscntíl|'itltt is clrlsc t<l a Btlc|c dia-urirnr tlrc seIected
Y-axis |.|lcilsures tlrc lo-g rlÍ. t|rc gain instcad oÍ. thc
classical 20 l<lg cxprcssion. Anotlrcl' and ntrlrc inrportant
clil'll'r'cncc is thc ltorr-lincar ltiltLlt'c ol'thc prcsented rcsult:
t'cportccl vulucs arc olttairrccl lirr thc abovc nrcntionccl
tlpcratittg ctlnc|itirltts altc| hccrltnc rapic|ly invalicJ Íor
dil'l'crcnt variation arn;"llituclcs or tcntpcraturc levcls.

it had been previously observed that, due to their
respective positions in t'hc l.u[nace, the teÍnperature
evolution of the points l),2), and 3) is rnainly driven by
cJiÍ.fusion while teÍnperaturc evo|ution at the bclttonr and
at tlre output (points 4) and 5)) is rather thc conrbinccl
rcsu|t oÍ.convcction and diÍ]usion. That assurnptioll |llíly
now bc quantiljed.

Typical values oťtlrcrnla| and viscrlus tirttc c()nstants
have also bcen estirnated throu_rh dil'l'crent rrurtrcrical
sinrulations [31. It has been shown that convcction is
actin-e within hours while thcrntal equilibrium ntay
rcc1uire Some days to rcach a stcady Statc. Tlrc ratio oť
thcrnral ancl viscous time constants is apprcximativcly
given by the Prandtl number (in this casc Pr = 150).

Diffcrent control stratcgies havc been proposed to
increasc tlrc qua|ity oť nto|tcn g|ass proc|uccd in nrcltirrg
tanks. In that contcxt, the irnportancc ol'thc knowlcd_ec
ol' bottonr ternpcrature cvolution has been previously
cstablishcd [41. For this reason, thc guins mcasured at the

b<lttont o|' tlre Í-urnacc (point 4)) wiIl bc clctailed
(í-i-gurc 4).

100 10" 1 0'
--1' r,r (rad s'')

Figurc 4. Bottorn tclnperaturc Bode diagranr.

On tlrc fi-eure 4, the evolution ol'thc slope scents to
indicatc .l two poles transf'cr function bctwcen bottonr
ancl surfacc tctnpcrature. A f irst pole is locatecl within thc
rangc oť 2 to 3 days while anrltlrcr prl|e lics nlorc clcarly
bctwcen 6 and I hours. These valucs are Lo bc cornpared
t() thc ttbclvc rnentionecl tinle constants Íbr tempcrature
and vclocity or, n"lorc quantitatively, to thc minimal
residencc time. The bottom tcntpcrature dynamics rcsults
thus fl'onr short- and lon_e-term interactions.

Furthermore' the ťirst 3 reÍ'crencc points clo not
present the some evo|ution (Íi.lure 3)' For tlrose poittts,
only a onc pole dynanrics sccn'ls to bc rclevant.
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5 reÍ.crence points.Figurc 3. Tonpcraturc Bodc cliasrarn lbr thc

Thc nrost intportant rcsult illustrated in fi_eure 3 is
t|tc shape ol.thc dil.Í.crcrrt -gain curvcs.

From nuntcrical expcrirnents (i.e. variations of the
conducti vity. rnoc|il.icaticln rlí. the tenlpct.aturc profiIc [3])
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Thc conrputational cost of the Bode diagram is
irnportant: each o1'the reported values is the result of an

unsteady caloulation coupling the 50000 temperature,
velocity iincl prcssure unknowns. Typical number of time
steps is 200 to 300 to ensure that the periodicity is Íully
clevclopecl.

A similar cliagram fbr the phase shift cannot be
obtained without excessive care in the tirne integration
(an enormous computational costs). Classical time
inte-eration metlrods are unable to give phase shiÍt
information with acceptable accuracy.

The static gain measured for the bottom temperature
is sli-uhtly grcatcr than onc. This results fl'om the

inte raction bctween temperaturc and velocity that
rcclrgirnizes the Í]ow Structufe an<l modiÍles tlre
tenrperature prof ile at the bottoni. This tlow shifiing is

already observed ťor slowly vlrriating surf.ace temperature
profiles (period greater than I month).

Process simulation

Despite their meanin_9ful representation, Bode
diagrams are -qenerally not available Íbr identification and
oontrol of an industrial process. While a succession of
perr<;clic cvolution o1' one input is almost always
econonrically arrd tcclrnically unpracticable, a single set

clf successive steps may generally be tested on industrial
ccluipnrcnts.

A tttclI'e realistic unsteady simulation was thereÍbre
conducted.

Figure 5 slrows tlte evolution oť the temperature
profiles Íbr a tirne intel.val up to 8 days containing a

sucoession oť 9 Steps imposed at the surf'ace' The
sampling period selected is 5 minutes.

0 500 1000 1500 2000 2500
number of samoles

Frgure 5. E,volutions o1' surface (dotted; and bottorn (full)
tcrnpcrature.

With these time evolutions, it is a simple exercise to

I'ind a rrrodel that selects the surf'ace temperature as input
and the bottom tcmperature measurement as output.

A first order model already provides a non predictive
acouracy within 5 K. The Bode diagram of this first
order model is represented (dotted lines) in figure 4. The
only pole contained in that model lies at 7 hours. It

seems thus that the long-term contribution could be

neglected without aÍ1-ecting the accuracy of that
Ílrst-order model.

Consideration of multivariable identification and
control may take full beneÍit of this kind of numerical
experiments.

Velocity periodic evaluation

Velocity measurements are less commonly used in
l.urnace control. The mathematical nature of the Í.urnace

allows however to detail the evolution ol' the velocity
with periodic variation of the surf-ace temperature. Figure
6 represents the Bode diagram fbr the horizontal (axial)
velocity measured at the surf.ace at mid-length oť the

furnace. An increase of the velocity variation amplitude
is observed Íbr periods smaller than 4 lrours' Sudden
velocity overshoots [3] seem to explain these short-term
variations.
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Figure ó' Surface lrorizontal ve|ocity Bode

Conclusions and future works

The main result of this study is the quantitative
measurement oť time constants acting on the complex
thermoconvective equilibrium that takes place in melting
glass furnaces. The relevancy and accuracy of control
strategy may be measured within the rnathematical
Iaboratory oť Íurnace modelling. The consideration of
industrial Í.urnaces shou]d include a list oí sub-models
(refiactories, batch, crown, ...) which may acld their own
time constants.

Acknowledgment

This' research is supportecl bv Walloon Rcgional
Covernnrcnt under the "Convention de Recherche" ST 2576.

Celamics _ Silikáty 40 (3) 8l.84 (1996) 83



N. Vanandt'uel, B. de Haas. V. Wertz.

Ref.erences MATEMAT|CKÉ MODELOVÁNí
n ŘÍznní PRoVoZU VANoVÉ sKLÁŘsKÉ pncp

l' Vanandruel N': Proc' Int' symp' on Glass sci' and NrcoLAS 
'ANANDRUEL. 

BERNARD DE HAAS, 
'TNCENT 

*ERTZ
Technol., p.95. Atlrerrs. October 1993.

2, Carvallro M'G.. Nogueira M. and Silva P.:Proc. 2nd ESG Université Catholique de Louvain,
Conť.,p.(ll9' Venice. Junc |993. Unité de Mécanique Appliquée (CESAME),

3. Vananclruel N.. Deville M.: Proc. 2ncl ESG Conf., p.85, IJtttiment Euler, Av.G. Lentaítre 4-6,

Vcnice. Junc 1993. 1348 Louvain-la-Neuve, Belgiunr

4' Sirnon J.F.. Wertz V': Proc. 2rrd ESG Conť., p.85. Venice. 
V]/s|edky uvedené v tomto pÍíspěvku sc tyka.|í ana|yzy aJunc |993. 

konstrukce systému Íízení pro čistě počítačov1f rnoc|e| sk|áí.ské
pece. Tento mode| umožřuje zvládnout široky rozsah provozníc|r

Submittett in English by the auÍlrcrs, vfkyv a získat nekonečné mnoŽství rněÍících da.iŮ. I kc|yž.iak
|natematick;Ý rnode| pece tak identifikační nástro.je .isou
z.jednodušené, |ze metodu použít pro navrlrování strategie
kornplexních systérnri pro Íízení prŮmys|ov;/ch procesri.

84 Ceramics _ Si|ikáty 40 (3) 8l-84 (l996)


