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Α physical model of the glass pressing process has been developed based on the theory of dimensional analysis. The main objective 
of this approach was to set up an equivalent model process operating on a significantly lower temperature level than the original 
pressing process. Therefore a model glass had to be found that showed the same thermoviscous behavior as the glass used in the 
original production. It is proved mathematically that at least one type of nitrate glass matches these requirements. Initially, the 
process under examination had to be described dimensionlessly. Starting from this dimensionless base, scale equations could be 
derived according to the model laws of dimensional analysis. Besides, the dimensionless mathematical treatment of the thermoviscous 
material properties of glass revealed more common grounds among different types and compositions of glasses than expected. In 
the following paper the fundamental principles and boundary conditions related to the problem of physically modehng a real glass 
forming process are discussed. 

Process Prototyping - Körperliches Modell des Glaspreßprozesses 

Basierend auf der Ähnlichkeitstheorie wurde ein körperliches Modell eines Glaspreßprozesses entwickelt. Ziel dieses Ansatzes war, 
einen technisch gleichwertigen Modellprozeß zu schaffen, der im Vergleich zum Originalprozeß auf einem deutlich reduzierten 
Temperaturniveau abläuft. Dazu mußte ein „Modellglas" gefunden werden, das in seinem thermo-viskosen Stoffverhalten dem in 
der Produktion eingesetzten Glas entsprach. Es kann mathematisch bewiesen werden, daß mindestens ein Nitratglas-Typ diese 
Anforderungen erfüllt. Zunächst mußte der zu untersuchende Prozeß dimensionslos dargestellt werden. Ausgehend von dieser dimen­
sionslosen Basis konnten gemäß der Modellgesetze der Ähnlichkeitstheorie Maßstabsgleichungen abgeleitet werden. Darüber hinaus 
zeigte die dimensionslose Betrachtung des thermo-viskosen Stoffverhaltens von Glas weitere Gemeinsamkeiten auf zwischen unter­
schiedlichen Glasarten und -Zusammensetzungen. Im folgenden Aufsatz werden die grundlegenden Prinzipien und Rahmenbedingun­
gen hinsichüich des Problems der analogen Modellierung eines realen Glasformgebungsprozesses diskutiert. 

1. Forming of glass on an industrial scale 
Technological and economic circumstances surrounding 
the industrial production of glassware, particularly table-
w^are, lead to a conflicting Situation in most of the com­
panies w^hen it comes to scientific investigation of pro­
duction processes. Like other consumer goods, glass 
products also products also show relatively short life 
cycles. Therefore, frequent designing of new products is 
vital to a company's economic success. 

There are usually no installations allowing experi­
ments to be carried out in order to test and pre-optimize 
new tools or molds and their corresponding machine 
parameters before they are going to be used in the actual 
production. Presently, the only practicable Solution is the 
numerical Simulation of the expected behavior of new 
tools by data processing Systems. However, as it will be 
pointed out later on, modeling a glass forming process 
digitally by using finite element method (FEM) or finite 
volume method (FVM) Software applications is ex-
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tremely comphcated. In practice, many companies still 
abstain from the use of numerical methods to investigate 
their production processes. New molds are usually tuned 
iteratively with the existing installation until the func-
tionality of the production line is satisfactory. This test­
ing procedure consumes a considerable amount of time 
and affects the ongoing production. 

According to the institute's experience, gained in Co­
operation with glass producing enterprises, the average 
value of production loss due to introducing one new 
mold into a typical production line of a tableware 
pressing process amounts to approximately 50000 US $. 
Depending on the company's size, at least several dozens 
of new products have to be successfully brought to mar­
ket each year leading to a total annual loss exceeding 
1 mill. US $. 

2. Dimensional analysis 
Models of glass forming processes as an experimental 
basis broaden the possibilities of acquiring knowledge 
about the dynamics and the key interactions of the pro­
cesses. Basically there are two possible kinds of process 
models: physical and digital ones. 



Process prototyping - Pliysical model of the glass pressing process 

Setting up a digital model for the glass forming 
process (e.g. by FEM or FVM) is usually very difficult 
because of the complex material behavior of glass com­
bined v^ith the Problems of heat transfer and fluidic flov^ 
[1]. Here the design of an analogous, physical model 
represents a different approach. Discussing the advan­
tages and disadvantages of different modeling tech­
niques the incredibly fast pace of development in the 
field of application softvs^are for calculating numerical 
Solutions must be taken into account. Therefore, it is 
currently possible only to obtain an extremely tem-
porary result comparing digital and physical modehng 
techniques. 

Α physical model, designed according to the rules of 
dimensional analysis, already contains intrinsically the 
required material properties, which must be described 
with effort in the case of digital modeling. Hence, 
creating a physical model is focussed on finding a suit­
able model substance (in this example to Substitute the 
glass) rather than on describing the material properties 
digitally. On the other hand, numerical methods are ap­
plicable more generally, while a physical model from the 
mathematical point of view represents an analogue 
solver for a defined set of differential equations. 

Thus, it is a specialized method, capable only of 
solving one particular species of problem. However, the 
various kinds of glass forming processes do not differ 
strongly from each other as far as their mathematical 
decriptions are concerned. In addition to that, the key 
problem of modeling the thermoviscous material 
property of glass is not affected by the forming process. 
For these reasons results in modeling one process appear 
to be transferable and widely applicable also to other 
forming processes. 

2.1 Dimensionless description of the glass 
pressing process 

In dimensional analysis the key base to operate from is 
a dimensionless description of the object of investi­
gation. All processes sharing the same values for the 
same dimensionless parameters represent only different 
aspects of the same dimensionless process. Therefore, 
initially a set of dimensionless parameters describing the 
process of glass pressing was deduced by the so-called 
transformation of a relevance list. 

The relevance list contains all parameters of signifi­
cant influence on the examined process. i.e. parameters 
of physical phenomena of the process and boundary 
conditions. Α first step to obtain a relevance hst is to 
collect all the physical effects involved in a process and 
their mathematical descriptions. Regarding the pressing 
of glass, phenomena and describing parameters as listed 
in table 1 occur. 

As it will be shown, the three parameters //o, Γο, y 
describe the temperature dependence of the viscosity r\ 
of the respective glass. and 7Ό represent an arbitrarily 

Table 1. Occurring physical phenomena and corresponding 
parameters (index G: glass; index M: material of the mold) 

phenomena parameters 

heat transfer within mold and glass >^G, > ^ M , fc, ^ M , <̂pG? 
viscous fiow of glass ?/(Γ), η^, Γο, y 

Table 2. Process parameters and boundary conditions 

process entity corresponding parameter 

applied pressure ρ 

characteristic length / 

characteristic period of time Δ/ 

temperature of the glass at the Γοϊη 
beginning of a cycle 

temperature of the outer surface χ T Q S X 

of the mold 

chosen point of reference of the η(Τ) function of the 
glass, while y indicates the 'sensitivity' of the η(Τ) func­
tion at the point of reference Γο · y is defined as 

^ 0 \ d r / r = (1) 

In addiüon to defining the physical phenomena, which 
are related to the materials involved, it is necessary to 
describe the process-related parameters as well as the 
process' boundary conditions. Table 2 contains a list of 
the Parameters found in this group. 

Α change in the examined type of forming process 
would lead to a change in the relevance list, e.g. in the 
case of glass drawing instead of pressing the surface ten­
sion would have to be added, while other parameters 
could be neglected or must be modified corresponding 
to the new boundary conditions. The investigated pro­
cess is considered to be cyclic. The characteristic period 
of time menüoned in table 2 can be chosen arbitrarily. 
Nonetheless it should refer to the observed process, and 
should be constant and easily reproducible, as e.g. the 
cycle period or the duration of the pressing of the hot 
glass. 

2.1.1 Simplifications 

Considering the subject of investigation the set of 
parameters can be further reduced. Regarding the ther­
mal properties of glass it is reasonable to assume that 
during the short period of pressing the glass into shape 
no free convecfion of heat occurs, and that therefore 
conduction is the only mechanism of heat transfer. In 
this case the so called temperature diffusivity α can be 
taken into account instead of the three quantities heat 
conductivity density ρ and specific heat Cp. 
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Table 3. Dimensional and dimensionless parameters describing 
the pressing of glass 

dimensional parameters dimensionless parameters 

Μ 
(Fourier number) 

Ρ 

ι ÜQ · ηο 

Tain · y 
y 

Tosx · y 

To To ' γ (Arrhenius number) 

am aM 
According to Zarzycki radiation plays "a negligible 

role in a typical glass no more than a few millimeters 
thick, being rapidly cooled" [2, p. 28]. In an industrial 
pressing process, the glass forming is done within a 
period of a few seconds. During this period, the glass is 
sufficiently cooled to be stable. In a first approach, 
radiation is hence neglected and internal radiation inside 
the hot glass will be taken into account by applying the 
so-called effective heat conductivity of the glass instead 
of the true heat conductivity [3, p. 361]. 

For reasons of simplicity the free outer surface of the 
mold is considered a boundary of the System. Moreover, 
the temperatures of the outer surfaces of the molds as 
one of the initial boundary conditions are considered 
constant. Even if an reality the outer surfaces do not 
show an exactly constant temperature profile, own meas­
urements revealed that temperature changes on the outer 
surface of the mold are influenced by the environment 
of the mold rather than by the cyclic thermal load inside 
the mold. Thus it can be assumed that arbitrary tem­
perature changes on free mold surfaces do not signifi­
cantly affect processes inside the mold. 

The considerations above lead to a set of dimen­
sionless parameters shown in table 3. The dimensionless 
numbers are obtained as a result of mathematical 
Operations on the dimensional matrix of the parameters 
in the relevance hst. It is generally possible to obtain 
several different sets of dimensionless numbers that 
are linear dependent on each other and therefore all 
represent the same information. For more detailed infor­
mation see [4] and [5]. 

Table 3 further shows that by changing the System 
of description of the process the number of relevant 
parameters was reduced by four from ten so six. This is 
a consequence of the Buckingham-77-theorem, and 
represents a further advantage of applying dimensional 
analysis, as experiments can be planned with a reduced 
number of parameters in consideration. 

The missing four parameters can be interpreted as 
the degrees of freedom the engineer has in designing a 

model process: theoretically there is an infinite number 
of possibilities to realize the abstract process described 
dimensionlessly. This is due to the fact that dimen­
sionless numbers are ratios, which can unambigously 
describe but not determine a process. In order to create 
a definite model process, one particular combination of 
parameter values has to be selected out of this infinite 
amount. Obviously one can arbitrarily select the values 
of four parameters, while the remaining six are deter­
mined thereafter. 

For the considered glass pressing process it was 
also possible to derive the same set of dimensionless 
parameters directly from the involved differential equa­
tions. The set of dimensionless parameters from table 3 
can thus be considered rehable. However, the approach 
by using a relevance hst seems to be applicable more 
generally, as less knowledge about the process itself is 
necessary to obtain a set of dimensionless numbers. 
Moreover, this approach seems suitable especially for 
modeling glass forming processes, since it is much easier 
to gather information about the process based on em­
pirical knowledge than to get a scientific description by 
differential equations. 

2.2 Scale equations 
The equations necessary to design a model process can 
be deduced directly from the dimensionless parameters 
in table 3 by the so-called "idem-condition". The idem-
condition demands that corresponding dimensionless 
numbers must have the same value in the model as in 
the original process. The following example shows how 
a time scale for the model can be deduced from the 
Fourier number (see also table 3): 

Mod 

At ' ÜQ 
\ f I OrigV /2 Mod 

M o d ^ ^ _ Orig^G 

Ovig^t Mod^^G 

Ar OG \ 

Mod^ 

\ Orig^ / 

(2) 

(3) 

(4) 

Equation (4) combines period lengths of the model 
process with those of the original one, dependent on the 
ratio of the thermal diffusivities of the glasses involved 
and on the geometrical scale. Analogously, further five 
scale equations can be derived from the remaining di­
mensionless numbers. According to these model laws 
represented by the scale equations, an experimental 
model for the production plant can be designed and set 
up. As already mentioned one has an infinite number of 
possibilities to realize such a model although not all of 
them might be of practical interest, as scale values may 
exceed the limits of practicability. 

The scale equations represent the mathematical link 
between model and original process. Therefore, the scale 
equations serve also to re-transfer the results gained in 
the experiments with the model process. 



3. Model glass 
The main objective in creating a scale model of a 
pressing process was to transfer experiments from the 
production line to a laboratory. In order to be independ­
ent of the melting furnaces the process temperature had 
to be reduced. Thus, a material had to be found that 
showed the same characteristic thermo-viscous behav­
iour as glass, but at lower temperatures. 

The lack of such a substance h a d so far been the 
main obstacle in realizing an experimental installation 
of a glass forming process. Compared to other quantities 
involved in the process the viscosity of the glass varies 
most. The region of working of the glass according to 
Scholze reaches from at about lO^dPas to approx. 
lO^dPas [3, p. 160], which indicates a change by the 
factor of 1000. However, in the industrial reality the 
relevant viscosity ränge is larger and reaches from 10"̂  
to lO^dPas. 

In the following a low melting nitrate glass is proved 
to be able to represent the thermo-viscous property of 
at least three different types of glasses: B2O3, the Stand­
ard glass I of the German Society of Glass Technology 
(DGG), which is a soda-lime glass, and pure Si02. The 
main emphasis in this investigation was on the Standard 
glass I of the DGG. The Vogel-Fulcher-Tamann (VFT) 
equation of the Standard glass I is [6]: 

\g{η)= -1.5835 + 
4331.6 

Τ - 620.75 
(5) 

3.1 Variable properties 

In order to reproduce the material behavior of glass the 
treatment of variable properties in dimensional analysis 
has to be taken into account. Here a formational indro-
duced first by Pawlowski in 1971 [5] and detailed in 1991 
[7] with regard to chemical apparatus engineering was 
used to describe the thermo-viscous behavior of glass 
dimensionlessly. 

According to Pawlowski the η(Τ) function has to be 
standardized to a dimensionless function Φ (u) in a way 
that the following conditions will be met: 

Φ(0) = 1 , 

\ du /U=o 

(6) 

(7) 

This is achieved by selecting an arbitrary reference point 
(ηο/Το) and applying the following transformation: 

u = 
(T- To) (DN 

0(U) = 

TJO \dTlT=To 
(8) 

(9) 

Table 4. Comparison between the VFT equation and equa­
tion (10) in the area of ^ = 10^ to 10^ dPa s 

temperature \%{η) according Ig(^) according Αη 
in Κ to VFT equation to equation (10) '/eq.(lO) 

923 9.1809 9.1760 1.13· 10-3 
973 7.9912 7.9963 - 1 . 1 7 - 1 0 - 2 

1023 7.0383 7.0416 - 7 . 4 4 - 1 0 -3 
1093 5.9839 5.9812 6.26 - 10-3 
1173 5.0560 5.0517 9.94-10-3 
1293 4.0244 4.0332 -2 .00 - 10-2 

Table 5. Values of constants in equation (10) 

α -408.34 

Ig(^o) 7.04 
To 1023 Κ 

μ -0.5972 

"Standard transformation" explained above, //o, TQ and 
γ must belong to the relevance list in order to defme the 
material properties of the glass. Two materials can be 
considered sufficiently similar concerning a certain 
property, if the material's dimensionless descriptions of 
the property are identical. In the case of the Standard 
transformation, the shape of the dimensionless function 
depends to a high degree on the chosen point of refer­
ence. However, there is one dass of functions that allows 
a transformation into a dimensionless coordinate System 
regardless of the point of reference, i.e. the shape of the 
dimensionless function is not affected by choice of the 
point of reference. This practically means that the 
Arrhenius number (see also table 3), which contains ex­
clusively values related to the point of reference, can be 
neglected and hence the set of dimensionless parameters 
can be further reduced. The dass of functions to 
describe the thermo-viscous properties of glass is shown 
in equation (10): 

Ι+μ 
(Τ- To) Ι/Μ 

(10) 

According to the equations (8) and (9) of the so-called 

Generally equation (10) will not provide the same ac­
curacy in describing the thermo-viscous behaviour of 
glass over a wide temperature ränge as the VFT equa­
tion. However, it is sufficient for equation (10) to provide 
correct values in the region of working of glass, i.e. a 
ränge from 10"* to 10^ dPa s. Table 4 reveals that equa­
tion (10) is capable of displaying the thermo-viscous 
property of the examined soda-lime glass with satisfac­
tory accuracy. The constants used in equation (10) were 
the following, calculated by the method of least Squares 
of error out of various measured points (see table 5). 
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Figure 1 . Viscosity of a nitrate glass and three different glasses 
in dependence on the temperature. 

As the transformation function described above is 
Single valued and mathematically sufficient, it is clear 
that only amorphously solidifying materials are able to 
replace glass in the model process. Any form of even 
partial crystallization is characterized by a steep, sudden 
change of viscosity. This instantaneous increase of the 
viscosity w îll be preserved also in the dimensionless 
description of the thermo-viscous behaviour of the 
(partially) crystallizing substance. This is a structural 
property of equation (10). Hence, the dimensionless 
graph of an amorphously solidifying material and that 
of a (partially) crystallizing one can never match. For 
this reason, e.g. w^axes are inadequate as a model sub­
stance for glass. 

Α known amorphously solidifying System with a suf­
ficiently low TQ is a composition of Ca(N03)2 and 
KNO3 [8]. Figure 1 shows a comparison of the tempera­
ture-dependent viscosities of B2O3, the Standard glass I, 
Si02, and the System of nitrates. Due to the different 
temperature ranges of the solidification of the glasses, 
the graphs of the corresponding viscosities differ signi­
ficantly from each other. 

The M O D E L I N G abilities of the nitrate S Y S T E M regarding 
the other glasses are obvious, if the working region of 
the glasses are displayed dimensionlessly as shown in the 
following figures [2 to 4]. The figures show a dimen­
sionless viscosity w{u) as a function of a dimensionless 
temperature w, according to the rules of the Standard 
transformation explained in detail above. The thermo­
viscous behavior had previously been described by equa­
tion (10). In order to illustrate the dimensionless func­
tions the corresponding temperature values have been 
added. 

It is obvious that over a broad ränge of viscosity, the 
thermo-viscous properties of the examined materials are 
identical. This M E A N S that the nitrate S Y S T E M is able to 
portray the temperature-dependent viscosity of the 
examined glasses within the region of 10"* to 10^ or even 
10^^ dPa s. Hence the modeling of the amorphous solidi­
fication is possible. 

As figures 2 to 4 show, the thermo-viscous material 
properties of B2O3, the Standard glass I, Si02, and the 
System of nitrates are identical in their dimensionless 

-5 
783 K; 
2.5\10^dPas 

375 K; 2-104 dPas 

363 K; lO^dPas 

Nitrate System: 
B A : 
Common Function: 

u 10 

w= 1.005 ( 1 - 0 . 0 9 4 ^ ) - ^ ° · ' 

Figure 2. Dimensionless representation of the thermal-viscous 
behavior of the nitrate System and B2O3. 
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Figure 3. Dimensionless representadon of the thermal-viscous 
behavior of the nitrate System and the Standard glass I of the 
DGG. 

Nitrate System: 
SiO^: 
Common Function: 

u - 9 . 6 8 
w= 1.011 (1-0.10 

Figure 4. Dimensionless representation of the thermal-viscous 
behavior of the nitrate System and Si02. 

representation. Therefore, those parts of the glass 
pressing process concerning the thermo-viscous proper-



ties of glass can be investigated by a model process using 
the nitrate System mentioned above as a model glass. 
The temperatures of the model process run through a 
region from approx. 400 down to 360 K, which leads to 
a reduction of the temperature of more than 600 Κ in 
the case of soda-lime glass. The temperature reduction 
is even higher if Si02 is concerned. 

However, it would be incorrect to emphasize only the 
modehng ability of the nitrate glass. From a dimen­
sionless point of view, the thermal solidification of the 
nitrate glass in terms of a temperature-viscosity relation­
ship is indistinguishable from that of the three other 
glasses. Thus, each of the examined glasses is able to 
replace all the others. To give an outlook, it might be 
possible to describe significant parts of the thermo-vis­
cous properties of many different glasses with only one 
Single dimensionless equation. 

3.2 Remarks on an experinnental installation 

An important factor concerning the resulting size and 
costs of an installation of a model process is the pressure 
necessary to form the model glass in its molds. Α closer 
look at the scale equation determining the pressure ρ 
in the model process reveals two possible ways to vary 
this parameter. 

^ _ / M o d ^ G \ / Orig^ V / Mod^O 

ΜοάΡ - Orig/^ 1 I 1 7 ) l 
V Grig^G / V Mod^ / V Orig^O 

Firstly, the necessary pressures to form the model glass 
can be reduced by shifting the points of reference 
(?/o; Γο) of the model glass along their graph to lower 
viscosities (higher temperatures). Shifting the points of 
reference along the graph of the viscosity function with­
out affecting the shape of their dimensionless function is 
possible by using equation (10) to describe the thermo­
viscous property of the glass. 

Secondly, it is also obvious in equation (11) that the 
necessary pressure in the model process can be reduced 
by varying the geometric scale. Α model mold twice as 
large as the original one would reduce the necessary 
pressure in the model process to a fourth of the original 
value. For practical reasons, however, a geometric scale 
of 1:1, i.e. a real size model, appears to be particularly 
advantageous, as real size prototypes of the products are 
obtained in the experiments on the model installation. 
This can add further valuable information to the com­
pany's process of product development. 

Α third possibility to vary the pressure of the model 
process lies in the involved temperature diffusivities QQ. 
However, the temperature diffusivities UQ in equation 

(11) 

(11) directly refer to material properties, thus have to be 
considered invariable, and can therefore not contribute 
to a V A R I A T I O N of the pressure. 

Of course the whole model process has to be set up 
according to the derived scale equations. In the case of 
modeling the glass pressing process fortunately no op-
posing demands occur from the scale equations with 
regard to the parameters involved. This fact makes the 
design of a completely similar or equivalent model pro­
cess generally possible. 

4. Conclusion 
The existing experience of pressing processes in the 
glass industry is sufficient to develop a physical model of 
the glass pressing process. Starting from a list of relevant 
parameters a set of dimensionless numbers is derived. 
The dimensionless numbers are transformed to scale 
equations that serve to create an installation of a model 
process, and to re-transfer results obtained with it. 

Within a significant viscosity region the thermo-vis­
cous properties of the three investigated types of glasses 
can be represented by a nitrate glass. This includes the 
process of solidification. On condition that all previously 
mentioned laws of dimensional analysis are obeyed, the 
temperatures of the original process can be reduced to 
temperatures of 360 to 400 Κ in the model process. 
Experiments can thus be carried out independent of pro­
duction installations. 
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