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Abstract. Mathematical modelling is reaching a high acceptance level within the glass industry.
Today most new irnaces are being modelled beforc the final design is decided. It is clear that the
modelling helps to optimise the fumace in respect to glass qualily, en€rg/ efficiency and fumace life-
time. The exlra effort ofthe modelling is leading for sure to a quick pay-back ofthis extra investment
and an increased profit over the firmace life-time. Even the fumace life-time can be extended with
better iDsiglt on temperature distribution and glass speeds that corrode the refiactory Many glass
produces are always asking us: 'khat is the optimal glass depth"? There is not just one answer to
this, but the paper demonstrates how mathematical modelling can help to find the optimal fumace
depth lor a certain flunace design.

Introduclion

With mathematical modelling we divide a furnace in small volume elements and calculate over
these volumes the conservation eqrufions for mass, ener&v and momentum. Thg result is that we
obtain a flow and temperature distribution of the glass (and combustion gases) within the glass
furnace. As a second step with post processirg tools we can predict these days what wi1lbe relative
trends with regaxd to the glass quality and production leld, nerl to fumace emissiom and energy
efrciency. We can estimate that more than 60% of irmaces b€ing designed 6nd constructed today
have been optimised before with some mathematical modelling tool. Or y Glass Service already
executes about 40 ofthese optimisation studies per )€ar m-house, Our customerc using our license
are esiimated to make in total about 120- 1 50 fumace design optimisation studies per yeax.

The Bas€ Case

For the purpose of this study we used a non existing but very typical container glass flmace
design. The glass js clear soda lime glass using 30% cullet. The furnace in this example is all the time
melting 180 Tons per day on a surface of74 m2, so 2.43lpd/ri2. The base case design glass depth
is 1.4 meter. The total fuel input was 900 Nm3nu. So specific energy use was about 4 MJ per kg of
glass. The combustion is fted by 2 underport gas injectors injecting the natural gas into the
regenerative preheated airstream,

The following figure 1 will show us a 3D view fiom the top looking to glass surface and the flame
generated above. The colors.show temperatures, liom blue around 1000 'C till red 1800 'C.



Figure 1. 3D view olair fired regenerative irmace.

Tle ne)rt 2 figures show a vertical c t through the length ofthe flrmace. Figure 2, shows a plane
right at the cenler, showing the also the throat. The nerl figure 3 js shifted lo the side showing tlr
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flame development on the firing side ofthis U llame flrnace.

Figure 2. Side view in center plane of fumace with L4 meter glass depth.
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Figure 3 . Side view to the side near firing side of flrmace.

The varialiotr cases

From this base case situation we calculated some variations to amwer one ofihe most DoDular
questions we hear repeatedly when we optimise the design ofa new furnace:

"What is the optirnal depth for this glass furnace?'
Now we have to say that ofcourse the optimal depth depends on several factors. Most important

here is the glass transmissioq eg clear, geen or amber, But there are several other vadations here,
an oidized grcen glass does not have the same efective thermal conductivity as a reduced green
glass will have.

Beside the glass type ofcourse the ideal glass depth is also a vadation of tom€e, fring principle,
bubbling (or no bubbling), electric boosting, barriers etc etc. ln this paper we just demonstrate for a
basic U-flane furmce, melting clear glass what is the optimal depth for this design and torutage. That
means the conclusions are only valid for this fumace and this glass t)pe and fuel mte etc. The
conclusions might change completely when for instance doing the same study for geen glass instead
ofclear glass.

We tested how the fumace would work when the glass depth is decreased or inoeased with steps
of20 and sometimes 10 centimeten. Note that for darker glass the efect will be shonger than for
clear glass (the darker glass will have a higher temperaiure gadient)

Figue 4 shows the results of the glass bath temperatue for five selected cases with 20
centimeters diference, starting fom the most shallow on top and the deepest one on the bottom. We
can clearly see that the more shallow fumace has higher bottom temperatures and less recirculalion
tha.n the deeper ones. The colors represent the temperature. Dark blue is 1300 C and red is 1500 C.

We can see how the shallow flrmace has the highest bottom temperatue, on one side this is good
as it is good for melting conditions, however the bottom refractory co osion will be enlmnced too.
This will have a negative eff'ect on lifetime ofthe fumace but also on glass quality (eg more stones).
If we compare the temperatures also with the velocity profiles in figure 6 we can see how the



recirculation is reduced in the shallow f|llltace. On the other hand in the deeper furnaces the last 20
till 40 centimeters actually are not part;c;pating much in rhe mehing process. TheJ just contain
ceftain amount of "dead glass" that might spoil the good glass when having unstable conditions.
Especially the doghouse comeN in the most deep flunace are geiting very quiet and so relatively
very cold.

When you look at figrre 5 you can see that the most shallow case starts to behave more as a
heating pipe, the tenperatures over the bottom increase. Also there is not enough liee glass
recirculation to heat the area underneath the batch. Also the deepest irmace starls to be more colder
underneath the batch.
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Figure 4. Comparing 5 cases b€low each other, each one being 20 cm deeper than the fomer one.

The Dicture shows the vedical temDerature distdbution in the center ofthe fumace..



temperatures

Figure 5. Shows 1l€ boltom tempemtures of6 cases.

Figure 6. Velocity profile comparison of 5 cases, on top the most shallow one and on bottom the
deepest limace



Results

Using mass less parlicle tracing and iracjng bubbles who really can fine in the model Geach glass
level) helps us 10 erallLale wlral afe tl1e good and \\'hat arc the Less good cases.

The following ilgures show us lhe relalive changes of minimum residence time, melting index,
iining index and the mixing jlde\. For all olthem how higher the value is how beitef the conditions
lbr nelt'ng and qualit) are. In these results re even show results ofvery undeep lirmaces (30 crr,
almosl chamels to give you sone idea $hat \rill be t|e rcsLrll ofa very undeep fufnace.



Percentage of small batch seeds reaching the lhroat
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From the quality indicators we can see that the minimum residence time increases with a deeper
glass melt, due to the higher volume. The most shallow fumace has only a minimum residenc€ time
of I hour, which is much too low to have good glass quality (See also the fining index for melters
around l.meter is very low). However for the very rmdeep clunnel mefter all the glass is wann and
this would lead to very good fining, but on the other hand very bad homogeneiq, (mixine) and high
refiactory corrosion. The barier in the glass melter has olien a similar efect like this. For the
deepest finnace the minimum residence time does not increase ilrther as the lower layers arc
behaving as dead zones.

The batch seed tracing, combined with the fning meltlg and mixing irdex show us the optimum
depth for this (clear) glass qpe and tormage (with no bubbling or boosting) is about 1.5 meter.

Conclusiotrs and Summary

Let us remark again that this is just a demonstration furnace and these results are valid only for
this case melting clear glass. When evaluating the results from the calculation and visaulGe in the
figures above, we may conclude the following

Comparing all qMlity indicators we can conclude that th€ optimum is somewhere between 1.4
and 1.6 meter deep fumace.

So for this furnace design, clear glass and this tonnage the best glass quality wifl be Fobably be
produced with a fimace that is aromd 1.5 meter deep. At the same moment the lower bottom
temperatures will also help the fumace life tjme and reduce defects potential from the bottom.

One must not forget that such optimisation is fumace design and case dependent and might give
different results under different conditions.

There are of cowse also other options to consider, such as a multi level fdnace with steps along
the lengttl (or even banie ), this already has been conmon for some float funraces (being less deep
towards the end) or container fumace with having deep€r refiners than the main melting paxl.
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