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Modeling of drawing thin glass sheet from a preform
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A one-dimensional model of thin glass sheet drawing has been developed. This
model includes momentum, heat and mass balance equations. The density, viscosity and
specific heat of the glass were calculated as functions of temperature, and the glass
emissivity was defined and calculated as a function of both temperature and glass
thickness. After allowed simplifications, two ordinary differential equations were ob-
tained and solved using the Runge Kutte method. The model was used to investigate the
influence of different process parameters (the velocity of lowering the preform into the
furnace, the axial temperature profile of the furnace, the drawing force and 1ts direction,
etc.)on the change in the shape of the drawn glass sheet for different glass compositions
and various geometrical charactenistics of the preform. A laboratory device for drawing
thin glass sheets from rectangular preforms enabled full control of the process parame-
ters, their measurement, as well as data acquisition. The results of the numerical
simulation were compared with the experimental data and good agreement between
them was found.
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Glass sheets of uniform thickness, thinner than 1 mm, are commonly used, for
example, in microelectronics, as small parts of electronic devices, and components
in light microscopy, efc. Drawing glass from rectangular preforms into thin sheets
is one of the manufacturing possibilities. An attempt has been made to develop a
simple method for calculating the distribution of temperature in the glass, as well
as its thickness whilst being drawn from a rectangular preform.

MODEL OVERVIEW

Several processes are simultaneously involved when a thin glass sheet is
drawn from a preform. The cold glass block i1s moved into the furnace at an
appropriate velocity. The glass block is heated in the furnace until it softens and
becomes drawable and stretchable. The drawn glass is cooled so that it hardens into
a thin glass sheet. Considering all these processes as engineering phenomena,
momentum, heat and mass balance equations were established. The process was
regarded as a steady state one.
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The glass properties were considered with most care, none of them was
considered as a constant. The glass density, viscosity and specific heat were
considered to be temperature dependent, and the glass emissivity to be temperature
and glass thickness dependent.

A schematic presentation of the changes in the glass geometry during the drawing
process is given in Fig. 1. The drawing direction, geometric dimensions and some
process variables which change during the drawing process are marked in Fig. 1.
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Fig. 1. Schematic presentation of
the changes in the shape of glass
during the drawing process.

Mass balance
The quantity of glass entering the furnace must equal the quantity of glass
leaving the furnace, so the continuity equation is given by:
p-a-bv. = P1a bV (1)

where is glass velocity at the indicated position. while p, @ and b have the meaning
indicated in Fig. 1.
Force analysis

As the process was regarded as a steady state one, the forces involved in the
glass drawing must be in balance and no time dependent term was considered.
Analogous to the force balancing commonly used in modeling the drawing of glass
fibers.)=3 it can be stated that the drawing force Fyy in the z-direction is balanced
with the algebraic sum of all other forces effecting the glass in the = direction, i.e.,

Fal2) = Fineol 2P Fine D) HF (2 FS(2)HELZ) (2)

where Fy; is the drawing furce; Fiheo the rheological force; Fiper the inertial force;
I, the surface tension; Fy the gravitational force and F, the aerodynamical force.
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The rheological force is the most important one in the drawing process. Most
mathematical models neglect all forces except this one, which is not always correct.
When the sheet is formed the tension? is calculated according to:

0. = 3y Jv, (3)
' 0z
where o- is the tension in the =- direction; N7 the glass viscosity at temperature T
and z-the drawing direction.

The glass viscosity depends on the chemical composition of the glass, as well
as on the glass temperature. Here, the Vogcl-Fulchcr-Tammann's (VFT) equation
was used;”

B (4)

log Nr=Ay ——
. T-Ty

where Ay. By and Ty are VFT coefficients depending on the chemical composition
of the glass, and 7 is the temperature of the glass in K.

The intertial and acrodynamic forces are, under the used experimental condi-
tions.® more than 10000 times smaller than the other forces and so can be neglected
to enable simplification of the equation without introducing any serious error.

The gravitational force ata distance = from the entrance of the furnace, is given

by:6
L
F2)=prg j ab(z)dz (5)
. - - B -

where g is the gravitational constant (9.81 m/s™); L the total length of the sheet; ab(z)
the area of the glass at = position (cross-section of a glass ribbon): p7 the glass
density as a function of glass temperature.

The surface tension is important in the region when the glass viscosity is less

g S . : e
than 10’ Pa s.° The surface tension depends on the glass composition, the tempera-

ture and the shape of the surface. After certain simplifications,'’ the components
of the surface tension n the = direction can be expressed in the form:

Fiz) = Kula, + b,) (0)
The constant K 1s a surface tension constant obtained from the product of the
surface tension and sut face curvature.
Using Egs. (2-6), the equation for the rheological force kan be presented as:
dv Fdr—F,+F,
&~ 3ab.ny (7)
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Heat transfer analysis

Considering the drawing process, three different temperature regions can be
recognized. First, from the furnace entrance to the point where the glass viscosity
is low enough for the glass to be shaped ,second, where the glass viscosity 1s in the
range 10°-107 Pa s where shape changes occur, and third where the glass is cooling.”

Three heat transfer mechanisms are present in glass. Conduction and convec-
tion are considered in the same way as for all other materials, but radiative heat
transfers are much more complicated in glass as a semi-transparent material and all
emissivity or absorption coefficients must be regarded as bulk coefficients.”$

The general heat transfer equation is given by.8

(8)

(9__7_ ar ar  ar| |9,9T a, 0T d, dT
. dy 'y dv 'dy 0z oz

+u, . || Sk + ke 4k [+ Grad + Geom
I v D.\-+U 3.\‘+U")-’ k +—k + ] Gead + Geom

where x, y and z are directions; ky, ky and k; are the thermal conductivities in the x,
y and z direction, respectively; Vg, Uy and v, are glass velocities in the x, y and z
direction, respectively, while ¢raq and ¢cop are radiative and convective fluxes,
respectively.

Heat accumulation is neglected since the process is considered to be in steady
state. Analysis of Eq. (8) would be a very difficult task, so some assumptions to
simplify the model have to be made:

- the drawing process is continuese and so the time dependent term can be
eliminated, i.e., d77d1T = 0;

- the glass velocities in the direction normal to the drawing direction are
smaller than the velocity in the drawing direction (the z - direction), and the
direction and the change in temperature in directions normal to the drawing direction
are significantly lower than in the z-directions, i.e., Vx 07/dx << v: d7/dz and vy
9T1dy << v: d7/dz. Thus, it is possible to neglect the terms in the equation that are
partial derivatives of temperature with either the x- or the y-direction;

- heat conduction in the direction of sheet drawing can be neglected compared
to convection according to the Peclet number (P(:).9 Under the conditions of the
process, Pe>800, meaning that convection is more than 800 times more intensive
than conduction in the glass drawing direction. Hence, neglecting conduction
introduces an error of less than 0.12%.

To be most exact, it must be admitted that the one-dimensional model is
acceptable for the process of drawing a glass sheet from a preform for all parts of the
glass ribbon except for its edges where thickening occurs. The three-dimensional aspect
must be taken into consideration for an appropriate analysis of this part of the glass
ribbon.

Natural convection can be calculated as: 10
5/4
Geon = Acon( Ts— Teny) (9)
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where 75, is the glass temperature at the sheet surface which was taken to be equal
to the glass temperature, 7, Tepy is the environmental temperature and Acop, is the

natural convection constant.

Heat transfer by radiation can be calculated according to:'!

doi =t 0T =T (10)

where op is the Stefan-Boltzman constant and €7 is the glass emissivity as a
function of temperature 7" in K and glass thicknes @ in mm.

Gardon gave a set of curves showmg the dependence of €7 on temperature
for different thickness of window glass.'? In present model five curves were fitted
giving polynomial equation of the glass emissivity as a function of temperature for
different glass thickness: 10 cm, 1 em, 5§ mm, 2 mm and 1 mm. The €7 values for
glasses of intermediate thicknesses were calculated by interpolation, while for
glasses thinner than | mm the emmisivity was calculated according to the equation
given for | mm thick glass.

The relationship between the emmisivity and temperature (7 in K), for
constant glass thickness, is a regression having the following general form:

e = kT + kT4 ks T+ ky (11)

where the regression coefficients k, k2, k3 and A4 have different values for each
glass thickness.
Equation (8), after simplifications, has the form:

dT Geonv + Grad
d: Prcy L \f(t.h (12)

where c7 the heat capacity, is regarded as a temperature dependent variable.

Three balance equations: the continuity equation, Eq. (1), the heat transfer
equation, Eq. (12), and the force balance equation, Eq. (7), are part of the model of
the glass drawing process. The model mcludc.s three equations giving the tempera-
ture dependmcc of the glass density,'? the glass viscosity, Eq. (4), and the heat
capacity'* of the glass and a set of five equations for the dependence of the glass
emissivity on temperature and glass thickness, Eq. (11).

The model allows three options for the type of glass used for the preform:
window glass, glass of known composition or glass with known characteristics.
These characteristics include: density at room temperature (293 K - pag3); heat
capacity at 273 K (¢273), and VFT coefficients. All these values depend on the glass
composition, and can either be measured or given by the glass producer, and than
directly inputted in computer code. For common window glass the values given in
the literature’ were used.
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Fig. 2. Program algorithm.
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For glasses of given composition these values were calculalgd dependent on
the chemical composition. The heat capacity was calculated acc‘or‘du}g to Sharp ar]d
Ginther,'? the density using the additive factors given by Baillie'? and the VFT
coefficients according to the formula given by Lakatos.

Due to the explained simplifications, Egs. (7) and (12) were obtained in the
form of two simple differential equations, so they were solvable by the Runge thtc
algorithm.'® All other constituent equations of the model were treated as appropnate

submodules.

The computer program includes three different parts. The first part involves
setting the initial and boundary conditions and the glass properties, the second part
calculating the temperature, viscosity and dimensional changes during changes in
the =-direction and the third part presenting the calculated data graphically. The

algorithm used in this model is given in Fig. 2.

RESULTS OF MATHEMATICAL SIMULATION

The computer program was written and numerical results of glass sheet
drawing were obtained for various supposed experimental conditions. The results
are presented as changes of the glass thickness with axial distance from the entrance
into the furnace. The changes of temperature and viscosity of the glass during
drawing, together with the axial temperature profile of the furnace are presented
graphicaly. In this way it is possible to compare different supposed experimental
conditions, and also to make a comparison between the simulation results and the
actual experimental results.

Using the numerical simulation of the influence of various drawing conditions
on the change in the shape of the drawn glass ribbon, the phenomena of the drawing
process were investigated. The simulated conditions were within real, potential
experimental conditions with the additional condition that the final thickness of the
drawn glass must be in the range 0.1-1.0 mm.

The influence of the following variables on the shape of the glass sheet were
investigated:

- the velocity of lowering the preform into the furnace:

- the axial temperature profile of the furnace:

- the temperature of the glass before entering the furnace (how much the glass
preform was preheated);

- the length of the furnace;
- the drawing force and its direction (upward and downward);
- the type of glass (window glass or glass of known composition);

- the dimensions of the glass preform (diffi ' .
erent width a
constant length of 1 m). nd thickness at a
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Fig. 3. The change of dimensions, temperature and viscosity within a glass block in the =-direction
for common window glass and microscope cover glass

Only part of these investigations is presented in this paper. The influence of
the chemical composition of the glass on the drawing process is illustrated in Fig,
3. The change of dimensions, temperature and viscosity within the glass block in
the z-direction for two different types of glass preforms are presented in Fig. 3.

To enable a comparison of the data all other process variables were kept
constant, except for the type of the glass. The simulation was performed for common
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window glass and for glass envisaged for microscope cover glass." " The composi
tion of this glass is given in Table L.

. 17
TABLE I. Chemical composition of the microscope cover glass

Oxide Mass %
Si0: 65.0
Na>O 8.7
K.O 42
AlO3 42
MgO 1.0
Ca0 2.3
B20; 68
BaO 1.4
Zn0O 2.2
T0; 2.2
Zr0O; 1.4
Sb03 0.6

Both preform block had dimensions 3 mm x 150 mm x 100 mm. The furnace
was 200 mm long with the axial temperature profile in the z-direction as presented
in Fig. 3. The glass ribbon was drawn with a force of 2 N pulling the glass downwards.
The preform was lowered into the furnace with a velocity Vjpi = 5 x 107> m/s.

The heat capacity, density and VFT coefficients were calculated for the cover
glass first as chemical composition dependent functions in the manner explained earlier.
[f the same process parameters were hold for cover glass as for window glass, the glass
would shrink ending up as a glass fiber instead of a glass ribbon. To enable the drawing
of cover glass some process parameters had to be altered. In the case presented in Fig.

3, the lowering velocity was increased to Vi = 2.2 X 1074 mv/s.

In the same way, the influence of all other process parameters was investi-
gated. Special attention was focused on the influence of the temperature profile of
the furnace and the length of the heating zone.

COMPARISON OF RESULTS OF MATHEMATICAL SIMULATION WITH
EXPERIMENTAL

A laboratory device for drawing thin glass sheets from rectangular preforms
enabled the verification of the mathematical model. The first step was to establish
the temperature profile of the furnace. The drawing process was fully controlled. '8
An appropriate mechanism allowed the glass block to be lowered into the furnace
with a controllc:d velocity. The temperatures in the furnace at different positions and
drawing velocities were controlled. All the controlled process parameters were

measured and the values collected using a data acquisition syst
connected to a HP 9386 computer. 1 ystem HP 3497A
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Direct measurement of the dimensions of the glass block inside the furnace 1s
able the measurement of the changes n the dimensions of the
glass block during drawing, the process was "frozen". Abrupt lowering of the
temperature in the furnace resulted in the glass cooling rapidly and so be "frozen"
in the shape it had inside the furnace, The so-called "frozen cone" was used to
measure the changes in the dimensions of the glass block during the drawing process.

Figure 4 shows one of many comparisons of experimentally obtained data (from
the "frozen cone” and the data acquisition system) with the results of numerical
simulation. The change in the width of the glass ribbon in the z-direction from the point
where shrinkage of the glass begins is presented for the same experimental conditions.

The window glass preform, with dimensions: 8 x 50 x 1000 mm, was drawn with a
drawing force of 1.92 N. The drawing velocity was vy, = 6.125 x 102 nvs while the
velocity of lowering the preform into the furnace was Uy, = 1.92 X 1074 mys.

very difficult. To en
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Fig. 4. Comparison of the experimental data with the results of numerical simulation.

T'here are ccnaiq deviations between the two data, but the agreement is good
cnough to plan experiments and so reduce the number of required experiments.
Certain assumptions made in the model (one-dimensionality, neglection of conduc-

:;on) are probably the reasons why the agreement model-experiment is not even
etter.
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CONCLUSION
al mathematical model of drawing glass from rectangular
preforms has been developed. [The model includes momentum, heat and mass
balance equations. The glass density, viscosity and specific heat were calcul_ulcd as
functions of temperature, and the glass emissivity was calculated as functions ol
both temperature and glass thickness. Two ordinary differential equations were
obtained and solved using the Runge Kutta method.

The presented model takes into consideration various forces afTecting the glass
during the drawing process, not only the rheological force. In addition to this
improvement. the fact that all glass properties are considered as functions of
temperature distinguish this model from previous ones, where all glass properties
were treated as constants. The disadvantage of the model is that, due to its one-di-
mensionality, the effect of surface tension on the edges of the drawn thin glass,
which makes the edges more round and thick, is neglected.

Using the established model, it is possible to investigate the mnfluence of
different process parameters on the characteristics of drawn glass ribbon. It provides
useful data for the construction of the furnace and enables the process to be
optimized with a reduced number of experiments.

I'he validity of the numerical simulation was confirmed by experiments.
Comparison of the results of the numerical simulation and the experimental data
established that good agreement between them exists.

A one-dimension

Hivol
MOJLES USBAAYMEIBA TAHKHUX CTAKJIIEHHUX TPAKA U3 [TPEJIOBJIMKA
ANEKCANIPA MUY THHOBHR-HUKOMNT,! PAJIMMIA JAHUHER n PALIOCIIAB AJIEKCHE®

\ Y= ... ’ B : .
Huciiuinyiit sa sesupy, fresnoaciugy u weiasypeu)y, tbeioweaa 12, i ap. 815, 11000 Beoipad w = Texnoaonixo-
weiaayprunii ghax vaiierii, Kapuetupeaa 4, 11000 beoipao

PasnujcH j¢ JCHONMMMEHINORI MATEMATHYKI MOJIC/T MPOLCCA H3BAAMCHA TAHKIX CTAK-
ackux Tpaka. Mojien obyxsata GMAAHCC KOAMMMHE KpeTawa, Mace W euwepruje. ycruma,
TOITOTHI KAAUNTET it BUCKOSHTCT CTAKAA HIPA'YHATH CY KAO PYHKIME TeMTepaType, 10K
J€ EMHCHBHOCT CTakAn ichHICANA It H3pavyHaTa Kao (PYHKIIa 0 TCMICpaType n nebmie
CTaKa Haxon ysohema 10380/bCHIX NOJEAHOCTARBC A ROGH]CHE CY 1Be OOI-I‘IHC anepen-
WHJATHE JC/IHAYIIE, Koje ¢y peinasane KopuithemeM MeTose Rungé Kutte-a. Mopen je xo-
prithen 30 HenuTHBaLE yruaja pasananmx napameTapa nponeca (Gp3nne cnyurrarsa npe-
no6anka y neh, akeujannor remnepatypror npoduna nehi, CHae HIRAAUCHHA N 1beHor cMepa
HAP.) Ha NPOMERY 06K HIBYICHE CTAKACHE TPAKE 34 PATTHINTC XEMHJCKE CACTABE cmx::)z;
KO I reoMeTpijcke Kapaktepuctike npejoGanka. JlaGoparopujeki ypebaj 1a umnallcm.:
TAHKHX CTAKACHUX Tpaka w3 npuaMaTimor npeaobnnka o6e3deano j'c NOTNYHY KOHTPONY
IPOUCCHIX TAPAMETAPa, IHXOBO MEPCILE 1 NPHKYIULAILE NOJATAKA. chymai‘u.uvmcpu-lm):

CHMyTatmjc yHopehenn ¢y ca eKCIEepUMEHTATHIM PEIYATATHMA I KOHCTATOBANA € 3080
manajyha carnacnoct nimely osnx pesyarara,

(NMpumaewno 14 oxTobpa 1997)
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