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Thermal behaviour of glass batch on batch heating 
Anne J. Faber, Ruud G. 0 . Beerkens and Henk de Waal 
TNO Institute of Applied Physics, Eindhoven (NL) 

The heating process of a b a r i u m - S t r o n t i u m glass batch has been studied in a 401 pot furnace, using a multiple thermocouple assembly. The 
effect of several batch batch parameters on the heating process has been measured, including lay er thickness, cullet fraction, water content 
and peUets. The results have been evaluated using a heat penetration batch model. In the model two heating stages, below and above a 
certain batch transition temperature ύ^, typicahy 800 to 900 °C, are distinguished. Values for the temperature-dependent thermal diffusivity 
of the batch have been derived from experimental temperature distributions in the batch during heating. Below the thermal diffusivity has 
an almost constant value of 0.4 · 10"^ mVs for a S t a n d a r d (powder) batch blanket; for ύ> the net thermal diffusivity strongly increases 
with temperature, due to the formation of primary melt phases. For < ?̂  < 1100 °C the average value is about 1.4 · 10~^ m^/s. Α 100 % 
cullet layer has a 50 % higher thermal diffusivity for ύ<ύ^; pelletizing the batch is of little influence on the V i r t u a l thermal diffusivity and 
(extra) W e t t i n g has a retarding effect on batch heating due to extra heat absorption. As for the furnace temperatures it appears that 
increasing the temperature of the glass melt is more effective for improving the batch heating rate than increasing the temperature of the 
combustion C h a m b e r . Practical recommendations are given for batch preparation, charging and heating in industrial glass tanks. 

Thermisches Verhalten des Glasgemenges beim Aufwärmprozeß 

Es wird der technische Aufwärmprozeß eines Barium-Strontium-Glasgemenges in einem 40-1-Hafenofen unter Verwendung eines mit 
zahlreichen Thermoelementen ausgestatteten Meßkopfes untersucht. Der Einfluß der verschiedenen Gemengeparameter, wie z. B. die 
Höhe der Gemengedecke, der Scherbenanteil, die Feuchte und die PeUetierung, auf die Aufwärmung des Glasgemenges wurde untersucht. 
Die Ergebnisse sind mit Hilfe eines WärmeeindringmodeUs für das Gemenge überprüft worden. In diesem ModeU wird zwischen zwei 
Stufen unterschieden: unterhalb einer bestimmten Gemengeumwandlungstemperatur ύ^, ungefähr bei 800 bis 900 °C, und oberhalb dieser 
Temperatur. Die Werte für die temperaturbedingte thermische Diffusion sind von den experimenteUen Temperaturverteilungen im 
Gemenge während der Aufwärmung des Gemenges abgeleitet worden. Die thermische Diffusion für eine normale Gemengedecke hat 
unterhalb einen konstanten Wert von 0,4 · 10"^ m^/s. Mit steigender Temperatur -&> nimmt die thermische Diffusion deuthch zu, 
verursacht durch die BUdung von primären Schmelzphasen. Der Mittelwert zwischen und 1100 °C ist ungefähr 1,4 · 10"^ mVs. Eine reine 
Gemengedecke aus Scherben zeigt eine 50 % höhere thermische Diffusion unterhalb ύ^. Der Einfluß der PeUetierung auf den 
Wärmetransport im Gemenge ist gering, und der Einsatz von Gemengefeuchte verzögert den Aufwärmprozeß des Gemenges durch die 
zusätzhch erforderhche Verdampfungswärme. Aus der Betrachtung der Ofentemperaturen geht hervor, daß bei zunehmender Temperatur 
der Glasschmelze bzw. des Oberofens das Gemenge stärker durch die der Schmelze und weniger durch die des Oberofens aufgeheizt wird. 
Zum Schluß werden einige praktische Hinweise gegeben für die Gemengeaufbereitung, das Einlegen und die Feuerung von 
großtechnischen Schmelzöfen. 

1. Introduction 

Knowledge of the thermal behaviour of glass batch is 
of great importance for optimization of the glass 
melting process. However, relatively few studies are 
known, that report experimentally verified descrip-
tions of batch heating (see [1 to 4]). The objective of 
this study is to experimentally determine the thermal 
characteristics of glass batch, hke heating rate and 
effective thermal diffusivity and to describe the 
thermal behaviour in a semi-empirical model. 

The heating of barium-Strontium glass batch was 
studied in a laboratory glass furnace, consisting of an 
electrically heated 401 ceramic open pot, additionally 
fired by a gas burner from above the surface. By 
varying several batch parameters including layer 
thickness, cuhet fraction and water content, the 
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influence of these parameters on batch heating has 
been investigated. 

The minimum (inner) temperature of a batch 
layer is described by a model, in which the batch layer 
is considered as an infinite slab, heated from two 
sides. In the model two heating stages, below and 
above a certain batch transition temperature (typi­
cahy 800 to 900 °C), are distinguished. Below the 
batch transition temperature the heat flow through 
the batch is governed by the thermal diffusivity of the 
(powder) lay er. Above the batch transition temper­
ature, low-melting glassy phases also contribute to 
the net thermal diffusivity. 

The relation of the batch heating model to 
melting kinetic models is indicated quahtatively. By 
combining the experimental data and the batch 
model, important conclusions can be drawn for 
processing glass batch in industrial glass tanks. 
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Figures l a and b. Experimental setup of a studio furnace for batch 
heating measurements (figure a) and the arrangement of a number 
of thermocouples in the measuring head of the ceramic tube 
(figure b). 

Table 1. Overview of batch heating experiments 

no. type of batch blanket 
in °C 

^ c h a m b 
in °C 

1 6 kg powder batch (2 wt% HjO) 1200 1200 
2 12 kg powder batch 1200 1200 
3 3 kg powder/3 kg cuhet 1200 1200 
4 6 kg cuhet 1200 1200 
5 6 kg dried batch (Owt% H2O) 1200 1200 
6 6 kg wetted batch (4 wt% H2O) 1200 1200 
7 5 kg pehets 1200 1200 
8 6 kg powder batch 1400 1200 
9 6 kg powder batch 1200 1400 

10 6 kg powder batch 1400 1400 
11 6 kg quartz sand 1400 1400 

including practical recommendations for preparation, 
feeding and heating of glass batch materials. 

pendently. Α hole has been drilled in the refractory of 
the top of the furnace, through which an AI2O3 tube 
with five or six thermocouples can be introduced 
vertically from the top and positioned in a batch 
layer, just above the glass level (figure lb) . The hot 
junctions of the Pt-Pt/Rh (S-type) thermocouples are 
fixed in small holes in the wah of the ceramic tube at 
every 2 or 2.5 cm in height. 

The ceramic tube used is of a porous quality 
(80 wt% AI2O3) and has a low thermal conductivity of 
1.4 W/(m · K) up to 100 °C. At higher temperatures 
the conductivity of the AI2O3 tube is even lower, so 
that the heat flow through its wah (wall thickness: 
2.5 mm) is negligible. 

At the Start of an experiment, the batch is charged 
on the glass melt with help of a special metal 
Container. This Container can be entered through the 
front door into the Upper part of the furnace and 
emptied above the melt within 30 s in such a way that 
a reasonably homogeneous batch blanket is obtained. 
For a central batch thickness of 8 cm, a batch weight 
of approximately 6 kg is needed. After the batch has 
been brought in, the measuring head with the 
multi-thermocouple is positioned in the batch and the 
temperature distribution in the batch in the vertical 
direction is recorded as a function of time, t. 

The glass batch that has been studied most 
extensively has a barium-Strontium composition. 
However, it appeared from prehminary experiments 
with float glass batch that the qualitative thermal 
behaviour of this batch type is very similar. The batch 
parameters that have been varied include: 
a) weight of batch fed into furnace: 6 and 12 kg, 
b) cullet fraction: 0, 50 and 100 wt% cullet (size 
< 8 m m ) , 
c) water content: 0, 2 and 4wt%, 
d) 100% pellets (size 0.5 to 2 cm). 

In a control experiment a 100 % quartz grain 
batch was charged on the melt (grain size: 100 to 
300 μm, average diameter: 200μm). 

The fohowing furnace temperature conditions 
have been apphed for ύ^^^ and î chamb (in °C)* 
^meit/^chamb = 1200/1200; 1400/1200; 1200/1400 and 
1400/1400, respectively. The batch and furnace 
conditions for a number of experiments are summa­
rized in table 1. 

2. Experimental 

The measurements have been carried out in a studio 
furnace, consisting of two parts (figure l a ) . The lower 
part is electrically heated by SiC elements with a total 
power of 20 kW and contains a ceramic pot whh a 
volume of 40 1. This pot is partly fihed with a glass 
melt. The U p p e r part of the furnace is heated by a 
natural gas-fired burner. Combustion Chamber tem­
perature and pot temperature are controhed inde-

3. Results and discussion 

3 . 1 . Time-dependent batch temperature distribu­
tions and influences of different parameters 

3 .1 .1 . Influence of layer thickness 

In figure 2 the temperature-time curves at different 
positions in a 6 kg glass batch are shown. The time 
t = 0 corresponds to the moment of charging the 
batch. During the experiment the temperature of 
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Figure 2. Temperature evolution at different vertical positions in a 
6 kg barium-Strontium powder batch layer (experiment no. 1 with 
2 wt% H2O) at an oven temperature of 1200 °C for a number of 
thermocouples. 

both the combustion C h a m b e r of the furnace and the 
ceramic pot were maintained at 1200 °C. Thermo­
couple no. 1 was positioned in the bottom layer of the 
batch (melt side), thermocouple no. 5 in the top lay er 
(furnace side), see figure l b . 

The resulting temperature distributions in the 
batch at 5 different times after charging are presented 
by figure 3. The position χ = 0 cm corresponds to the 
melt/batch interface; the position jc = 10 cm to the 
batch/combustion C h a m b e r interface. The tempera­
ture distribution in the batch appears to be almost 
symmetrical just after charging (t = 180 s). However, 
after some time the temperature at position 2 (melt 
side) becomes somewhat higher than the temperature 
at Position 4 (furnace side). This implies that the total 
(conductive and radiative) heat transport from the 
melt to the batch is higher than the radiative transport 
from the combustion space, which appears to be in 
agreement with earher studies [2 and 3]. 

To study the influence of the layer thickness, the 
experiment was repeated for a 12 kg batch, having an 
initial central thickness of about 16 cm (these curves 
are not shown here). The heating of the 12 kg batch 
lasts much longer than that of the 6 kg batch. In fact, 
the time t for the inner layer of the 12 kg batch to 
reach 800 °C differs almost by a factor of 4 in com­
parison with the 6 kg batch layer: 

^ i 2 k g f f i = 800°C), ^ 5450/1550 « 3.5 . 
i6kg (i?s = 800°C), 

3.1.2. Influence of cullet fraction, water content, 
pelletizing and furnace temperatures 
Temperature-time curves were also measured for a 
50 % cuhet/50 % batch (not shown here) and for a 
100 % cullet layer under otherwise simhar conditions 
(figure 4). By comparing figures 2 and 4 it can be seen 
that the cullet layer heats up much more rapidly (by a 
factor of 1.6 to 1.7) than the pure batch layer. This is 
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Figure 3. Temperature distributions of a 6 kg b a r i u m - S t r o n t i u m 
powder batch layer during heating (experiment no. 1 with 2 wt% 
H2O) as a function of a the thermocouple positions in the batch 
layer and with record time, i, as parameter. 
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Figure 4. Temperature evolution at different vertical positions in a 
6 kg cuUet lay er (experiment no. 4) as a function of the charging 
time, after charging for a number of thermocouples. 
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Figure 5. Temperature evolution at different vertical positions in a 
6 kg wetted barium-Strontium batch layer (experiment no. 6) as a 
function of time, t, after charging. 
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Figure 6. Temperature e v o l u t i o n a t d i f f e r e n t v e r t i c a l positions i n a 
5 kg b a r i u m - S t r o n t i u m pellet l a y e r ( e x p e r i m e n t n o . 7). 
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partly caused by the absence of heat consumption, 
needed for fusion, in the cuhet lay er. 

Simhar measurements as for pure batch and cuhet 
were carried out for dried batch (0 wt% water) and 
for wetted batch (4wt% water). The S t a n d a r d 
(powder) batch has a water content of approximately 
2 wt%. The thermal behaviour of the dried batch was 
identical to the S t a n d a r d batch. Figure 5 shows the 
temperature-time curves for a 6 kg wetted (4wt% 
water) batch layer, heated to a temperature of 
1200 °C from both sides. In figure 5, the furnace-side 
batch layers (curves for thermocouples no. 5 and 6) 
show a temperature minimum between 500 and 
1000 s after batch charging. This could be caused by 
the extra heat absorption needed for the evaporation 
of the water. By comparing figure 5 to figure 2 it 
appears that the heating rate of the wetted batch layer 
is lower than that of the S t a n d a r d (powder) batch by 
about 5 0 % . 

In figure 6 the temperature-time curves of a 5 kg 
pehet layer (thickness « 7 cm) are shown, heated 
from two sides at 1200 °C. The heating rate of the 
5 kg pellet layer is (ca. 40 %) higher than the rate of 
the 6 kg (powder) batch lay er. This difference in 
heating rate is mainly a result of the difference in 
weight between the two batches, as whl be illustrated 
in section 4. 

The heating curves of 6 kg powder batch for 
different furnace temperature conditions are depicted 
in figures 7a to c. By comparing these figures it can be 
concluded that increasing the glass melt temperature 
from 1200 to 1400 °C accelerates the heating of the 
batch by approximately 40 %. Increasing only the 
combustion C h a m b e r temperature from 1200 to 
1400 °C and leaving the glass melt temperature at 
1200 °C, does not effectively resuh in a higher heating 
rate. This is caused by the better (conductive plus 
radiative) heat transport from the melt side to the 
batch in comparison to the radiative transfer from the 
combustion side (see section 3.1.1.). Partly, it can be 
due to the heat-screening effect of a more fastly 
developing scum layer on the batch in the latter case 
as weh. 

3.1.3. Heating of pure quartz layer instead of 
batch 

In a control experiment, a 6 kg pure quartz layer was 
charged on the glass melt at 1400 °C, with a 
combustion Chamber temperature of 1400 °C as weh. 
The density of the quartz powder (grain size: 100 to 
300 μm, average diameter: 200 μm) is a factor 0.8 

Figures 7a t o c. Temperature e v o l u t i o n at d i f f e r e n t v e r t i c a l 

p o s i t i o n s i n a 6 kg S t a n d a r d ( b a r i u m - S t r o n t i u m ) batch l a y e r w i t h 

a ) i^xneit = 1400 ° C ( e x p e r i m e n t n o . 8), b ) t^chamb = 1400 ° C 

( e x p e r i m e n t n o . 9), c) i^meit = ^ c h a m b = 1400 °C ( e x p e r i m e n t 

n o . 10). 



lower than of the barium—Strontium glass batch, so 
the central quartz layer has a thickness of about 
0.10 m. Again, the time-dependent temperature 
distribution in the batch was measured. The resulting 
temperature curves are shown in figure 8. Obviously, 
the heating rate of the quartz layer is much lower than 
the heating rate of the batch layer in figure 7c, 
recorded under the same furnace temperature con­
ditions. This is explained by two effects: 
a) the quartz layer is 20 % thicker than the batch 
layer, 
b) in the quartz layer no glassy phases arise which 
normally increase the thermal diffusivity. 

3.2. Determination of the Virtual thermal diffusivity 

The Virtual thermal diffusivity α = λ/{ρ - Cp), where λ 
is the thermal conductivity, ρ is the density and Cp the 
specific heat of a batch layer as a function of 
temperature can be obtained by discretization of the 
one-dimensional Fourier equation with data from 
the heating curves of section 3.1. as follows: 

(1) 

where Ax = distance (in m ) between neighbouring 
thermocouples, At = time interval (in s) between 
successive measurements, ^ = temperature (in °C) 
at Position (thermocouple) m at moment t, 
^m,t+At =^ temperature (in °C) at position (thermo­
c o u p l e ) m at moment t + At, ύ^-^ = temperature 
( i n °C) at position ( t h e r m o c o u p l e ) m - 1 at moment 
t, '&rn-vij = temperature (in °C) at position (thermo­
c o u p l e ) m + 1 at moment t. The r e s u l t of this 
c a l c u l a t i o n for the experiments 1,3 and 4 (see table 1) 
is shown in figure 9a. It can be seen in this figure that 
the V i r t u a l thermal diffusivity of a pure batch layer 
remains almost constant up to 900 °C at a v a l u e of 
approximately 0.4 · 10"^ m ^ / s . Above 900 °C the 
thermal diffusivity rises steeply. The thermal diffu­
sivity of a 100 % c u l l e t layer increases slowly from 
0.4 · lO-^m^/s at 500 °C to about 0.9 · lO'^m^/s at 
900 °C. Above 900 °C the thermal diffusivity of the 
cuhet rises steeply as weh. However, the V i r t u a l 

thermal diffusivity curves of the 100 % cuhet layer 
and the 100 % batch layer do not coincide in the 
temperature region above 900 °C, due to different 
p h y s i c a l properties, e.g. the formation of scum in the 
powder batch. 

The V i r t u a l thermal diffusivity of a 50 % 
batch/50 % c u l l e t layer is very similar to that of a pure 
batch layer u p to 900 °C. Apparently, there is hardly 
or no effect of the c u l l e t fraction on the thermal 
diffusivity in this temperature region for a c u h e t 

fraction of 50 % or less. Beyond 900 °C the b a t c h / c u l -

let layer shows an intermediate behaviour between 
the 100 % batch and the 100 % c u l l e t layer. 

Figure 8. Temperature evolution at different vertical positions in a 
6 kg quartz sand layer (experiment no. 11). 
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Figures 9a and b. Virtual thermal diffusivity, a, as a function 
of temperature for a) three types of batch blankets (•: 100 % 
Standard powder batch, + : 5 0 % powder batch/50 % cullet, 
o: 100 % cuhet), b) quartz sand (average grain diam­
eter = 200 μm). 

Surprisingly, the Virtual thermal diffusivities 
determined as functions of temperature for both the 
wet (4 wt% water) and the pellet lay er (curves not 
shown here) are very similar to the curve for normal 
batch. Wetting or pehetizing the batch hardly influ­
ences the effective thermal diffusivity of the batch. 
The temperature-dependent thermal diffusivity of the 
quartz powder lay er, calculated with data of figure 8, 
is given in figure 9b. This figure shows a slowly but 
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Figures 10a to c. Fit of the temperature-time curve at the centre of 
different barium-Strontium glass batches; a) 6 kg powder batch 
layer with the parameter values = 0.4 · 10~^ m^/s, 
« 2 = 1.0 · 10-6 M2/s , d = 0.09 m, ύο = 280 °C, = ^,^ρ = 1200 °C, 
i^s = 840 °C; b) 12 kg powder batch layer with the parameter 
values « i = 0.4 · lO'^ mVs, a2 = 1.0 · 10"^ mVs, d = 0.16 m, 
1̂ 0 = 100 °C, î b = ^ t o p = 1200 °C, = 690 °C; c) 6 kg (50 % 
powder/50 % cuhet) batch with the parameter values 

= 0.4 · 10-6 M2/s , «2 = 1.0 · 10-6 ^ 2 / 5 ^ ^ ^ 0 . O 8 m, 1̂ 0 = 50 °C, 

= ^ t o p = 1200 °C, = 800 °C. 

continuously rising function, as expected, increasing 
from a value of ca. 0.4 · 10"^ mVs at 500 °C to 
approximately 0.7 · 10"^ mVs at 1300 °C. 

an infinite slab of an isotropic material with thermal 
diffusivity, a, and thickness, d, heated from two sides 
starting at time t = 0, can be calculated by the 
fohowing equation [5]: 

= (^b + + (1^0 - (^b + ^top)/2)) 
• exp(-jr^ α tld^) , (2) 

where = temperature at bottom of slab, 
i?top = temperature at top of slab, = initial slab 
temperature. 

In the model IT is assumed that the glass batch 
layer can be considered as an infinite slab WITH 

thermal diffusivity Ui UNTIL the whole batch has 
reached a certain 'batch transition' temperature, ϋ^. 
This batch transition corresponds to the onset of the 
ACTUAL melting process, involving the melting of the 
alkali components in the batch and RESULTING I N the 
formation of primary transparent glassy phases. So, 
the batch transition temperature lies I N the ränge 
between 700 and 900 °C. It is assumed further that for 
temperatures ϋ'> ύ^, the VIRTUAL thermal diffusivity of 
the batch can be described by: = Ui + where « 2 
is the CONTRIBUTION of the molten phases in the batch 
to the net thermal diffusivity. In summary, the inner 
batch temperature can thus be described B Y the 
fohowing two equations: 

for ύ<ϋ, 

= (^b + ^ton)/2 + (1^0 - (4 + Aop)'2) 

• exp(-7R^fli t/d^) , 

and for '&>ύ, 
= (4 + ^top)/2 + ( ^ 0 - (^b + Kp)'2) 

• exp(-jr^(fl„ t - « 2 Q/d^) ? 

(3) 

(4) 

where the subscripts c, b, top and 0 have the same 
meaning as in equation (2) with 'slab' replaced by 
batch layer, where t is the time passed after the 
moment of charging and where is the required time 
for the batch to reach ύ^. The equations (3 and 4) are 
based on a simplified description of the complex 
heating process of a batch blanket. More sophisti­
cated mathematical models, that take into account 
continuously varying batch properties, inner heat 
sources and gas percolation in the batch are described 
in the literature, see e.g. [6]. However, in section 4.2. 
it wih be shown that the results of the semi-empirical 
model are in satisfactory agreement with the expe­
riments so that the simplifications of this model 
appear to be justified. 

4. Modelling 

4.1. Description of model 

Assuming a heat penetration model, the time-
dependent minimum temperature, ύ^, at the centre of 

4.2. Verification of model by fitting experimental 
curves 

The equations (3 and 4) are verified by fitting the 
experimental curves for the temperature evolution of 
the inner batch layer of section 3.1. , using the 



semi-empirical VALUES for the VIRTUAL thermal diffusi­
vity, found in section 3.2. 

The results of the fitting procedure, including the 
fitting parameters « i , ô̂  ^ b . ^top^ are 
shown in figures 10a to c through 13. With regard to 
these figures the fohowing remarks can be made: 
a) Generally, the agreement between theoretical 
curves and experimental data is very good. This 
supports the assumption that batch heating can be 
described by a heat penetration model. 
b) The experimental heating curve of the 6 kg 
Standard batch layer (figure 10a) is well approximated 
by the equations (3 and 4), with the fohowing 
parameter values: 
- «1 = 0.4 · 10"^ m^/s, on the basis of experiments 

(see section 3.2.); 
- ύ,^ 840 °C and = 1800 s, by a 'quahtative best 

fit' procedure; 
- «2 = 1.0 · 10~^m^/s, an estimated average value 

for ύ,<ύ< 1100 °C with reference to figure 9a. 
Of course, in fact this parameter is strongly 
temperature-dependent (figure 9a); 

- d ~ 0.087 m, within 10 % of the estimated value 
(0.08 m); 

- (^b + ^top)/2 = 1200 °C, on the basis of the actual 
furnace temperatures; 

- i?o = 280 "Ό, by extrapolating the experimental 
curve to ί = 0; i?o differs from room temperature 
because the thermocouple tube has an initial 
temperature equal to the furnace temperature so 
that is the temperature at which the thermo­
couple tube and the cold batch reach thermal 
equihbrium. 

c) The effect of layer thickness is readily accounted 
for by the thickness parameter d: J = 0.16 m for a 
12 kg batch (figure 10b). 
d) The influence of 100% cullet (figure IIa) is 
accounted for by the thermal diffusivity parameter a^. 
ai = 0.6 · 10"^ mVs (average value) for a 100 % cuhet 
layer (see figure 9a). Since it was found in section 3.2. 
that Ul of the 5 0 % batch/50 % cullet layer is 
approximately the same as that of the 100 % batch 
layer (figure 9a) the heating curves of these two batch 
types are virtually identical (see figure 10c). 
e) Fitting the heating curve of the wetted batch lay er, 
a value for Ui of 0.4 · 10"^ mVs as for Standard batch 
is used, in view of experimental results (see section 
3.2.). To account for the slower heating rate of the 
wetted batch, the parameter d was increased to 
0 .1m, representing an "effective thickness" of the 
wetted batch layer (figure IIb). 
f) The heating curve of the 5 kg pellet layer is fitted 
by using a value for Ui of 0.4 · 10"^ m^/s, also on the 
basis of experimental results (section 3.2.), and a 
thickness d of (5/6) · 8 cm ~ 7 cm (figure 11c). 
g) The values for of the different batch types, 
heated at 1200 °C, are all in the ränge between 800 
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Figures IIa to c. Fit of temperature-time curves at the centre of 
different barium-Strontium glass batches; a) 6 kg cullet batch 
layer with the parameter values αχ = 0.6 · lO^^ m^/s, 
«2 = 1.0 · 10-6 JN2/s, d = 0.08 m, ύο = 200 °C, d^ = ύ,^ρ = 1200 °C, 
i^s = 810°C; b) 6 kg wetted batch layer (4 wt% H 2 O ) with 
the parameter values = 0.4 · IQ-^ mVs, ^2 = 1 0 · 10-^ mVs, 
d = 0.1m,ÜQ= 175 °C, 1̂ 5 = i^top = 1200 °C, = 810 °C; c) 5 kg 
pellet layer with the parameter values = 0 . 4 - 1 0 - 6 j^2/g^ 
«2 = 1.0 · 10-6 JJJ2/g^ ̂  ^ 0.07 m, ύο = 400 °C, = ύ,^ρ = 1200 °C, 

= 890 °C. 

and 900 °C; no unambiguous dependence of t̂ ^ on 
batch type has been found. Obviously, for 
ύ < 800 °C, heat penetration is the determining 
process during batch heating, rather than chemical 
reactions. 
h) The effects of higher furnace temperatures are 
accounted for by the temperature parameters and 
i?t, (figures 12 a and b). However, the model does not 
discriminate between the (conductive and radiative) 
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Figures 12a to c. Fit of temperature-time curves at the centre 
of different b a r i u m - S t r o n t i u m glass batches; a) 6 kg powder 
batch layer with the parameter values «1 = 0 . 4 · IQ-^ m^/s, 
« 2 = 1.0· 10-6m2/s, J = 0.08 m, ^o = 280°C, i^b=1400°C, 
i^top = 1200 °C, d^ = 940 °C; b) 6 kg powder batch layer with the 
parameter values = 0.4 · 10"^ m^/s, «2 = 1-0 · lO'^ m^/s, 
d = 0.07 m, = 300 °C, = ϋ,^^ = 1400 °C, = 990 °C. 

heat transport from the glass melt and the radiative 
heat transport from the combustion Chamber, 
i) The heating curve at the inner quartz layer of 6 kg 
is approximated by using the temperature-dependent 
thermal diffusivity curve α{ύ) of figure 9b and an 
actual thickness of 0.1 m (figure 13). Of course, in the 
case of the quartz layer no batch transition due to the 
occurrence of low^-melting phases is taken into 
account. 

5. Relation to melting kinetics models and future 
work 

During the heating of the batch blanket of raw 
materials, chemical reactions take place depending 
on the local composition of the batch and the local 
temperature. At a certain temperature, hquid melt­
ing phases wih occur and dissociation of for example 
carbonates, nitrates and sulphates wih lead to the 
evolution of gases from the batch blanket. The 
processes in this stage are very complex and an 
accurate quantitative description of the conversions 
of batch into a melt is very difficult. 

Figure 13. Fit of the temperature-time curve at the centre of a 
6 kg quartz sand layer with the parameter values 
α(<ύ>) = - 3.0 · 10-^ + <ύ> 2.5 · 10-^ - < ^ > 3.0 · lO-^^ + 
+ <ϋ^> 1.3 · 10-15 m^/s, ^jti^ ^ ^^e average temperature 
in the central sand layers at time t - At, d = 0Λ m, = 200 °C, 

, = i ^ t o p = 1400°C. 

For example for soda-l ime batches, at first a 
hquid phase is formed, which is rieh in calcium and 
sodium oxides. Above 1100 °C only sand grains are 
not completely dissolved in this melt; the other 
components react very fast at these temperature 
levels and are dissolved completely. The dissolution 
of the remaining sand grains at temperatures above 
1100 °C is important for obtaining a homogeneous 
melt whhout grains. 

The dissolution of mono-sized sand grains in 
isothermahy heated batch has been described by 
Mühlbauer and Nemec [7] and experiments have 
been carried out for soda—lime—sihca glass batch by 
Benes [8]. Α semi-empirical model suitable for 
non-isothermal shuations has been proposed by 
Beerkens [9]. The dissolution kinetics of sand grains 
of different sizes can be described for the batch 
blanket Situation above 1100 °C as a function of the 
temperature and the course of the melting process. 
The model describes the decrease of the diameter of 
sand grains for different size classes and depending on 
the temperature course and the already dissolved 
amount of sand. As the dissolution proceeds, the 
silica content of the melt increases which leads to a 
decrease in the solubility of the remaining undis­
solved Si02 in the hquid phase. Otherwise the 
solubhity and diffusivity of Si02 in the melt increases 
with the temperature. The sand dissolution model 
considers these effects: The amount of dissolved Si02 
is calculated during the melting process and from this 
the driving force (Q - C^) for dissolution can be 
derived, where Q = the concentration of Si02 in the 
melt at the interface with the sand grain and = the 
concentration of this component in the bulk of the 
melt. The value of depends on the amount of sand 
already dissolved, the value of Q is determined by the 
thermodynamics of Si02 in soda-l ime mehs. De­
tailed information of the derivation of Q, and the 



dissolution rate dR/dt (decrease of sand grain radius, 
R) which is proportional to (Q - C^) and the 
diffusivity is given in [9]. 

By a combination of the sand dissolution model 
with the present heat penetration batch blanket 
model it will be possible to calculate the kinetics of 
melting during the heating of the batch. The 
combined model directly calculates the local amount 
of undissolved sand during batch blanket heating. 
Thus, it is possible to determine the locations in the 
batch blanket where sand dissolution takes place and 
the local State of the batch blanket. Future work will 
be focused on the integration of the heat transfer 
model and the sand dissolution model in glass tank 
modehing. 

6. Conclusions and recommendations 

In conclusion I T can be stated that a two-stage heat 
penetration model F O R glass batch, considered as an 
infinite slab heated from two sides, gives A F A I R L Y good 
approximation of its thermal behaviour during 
heating and melting down (up to 1100 °C). Below a 
certain batch transition temperature, 1 ? ^ , (typicahy 
from 700 to 900 °C) the thermal diffusivity of 
B A R I U M - S t r o n t i u m glass B A T C H has a value O F A P ­

proximately 0.4 · 10"^ mVs. At higher temperatures 
than low-melting glassy phases also contribute to 
the net thermal diffusivity, R E S U L T I N G I N a V I R T U A L V A L U E 

of 1.4 · 10"^ mVs for 100 % batch in the temperature 
region i?̂  < < 1100 °C. 

The batch model described here, can cope W I T H 

the effects of several batch characteristics, including 
lay er thickness and composition (cullet fraction, 
water content, pehets) and W I T H the influence of the 
temperature conditions. By combining experimental 
data and model I T is concluded that layer thickness 
and cuhet fraction have a major effect on the heating 
rate of glass batch B U T pehets only have a M I N O R 

effect. However, the B E N E F I C I A L effect of C U L L E T on 
batch heating only becomes apparent for C U H E T 

fractions higher than 50 %. Furthermore, W E T T I N G the 
batch to a S U R P L U S water content of 4 W T % gives no 
increase of the V I R T U A L thermal diffusivity, but on the 

contrary it has a retarding effect on the heating rate 
due to extra heat consumption by water. It appears 
that increasing the temperature of the glass melt is 
more effective for improving the batch heating rate 
than increasing the temperature of the combustion 
Chamber. 

Summarizing, for accelerating the heating and 
melting down of glass batch in industrial glass tanks, 
h is recommended to use batch with a cullet fraction 
as high as possible, to feed the furnace with thin batch 
blankets, and to operate the furnace in such a way 
that much heat is supplied from the lower (meh) side 
of the batch. 
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