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Low-temperature tensile deformation of flat glass containing metal 
particles to generate dichroism^^ 

Reinhard Borek, Klaus-Jürgen Berg and Gunnar Berg 

Fachbereich Physik, Martin-Luther-Universität Halle-Wittenberg, Halle (Germany) 

Uniformly oriented metal particles shaped like prolate spheroids are produced by tensile deformation of flat glasses, containing 
small spherical particles of some 10 nm in diameters. The deformation is performed at temperatures only slightly above Tg. High 
tensile stresses up to 200 N/mm^ and low velocities of deformation characterize the special conditions of this process. The method 
has been improved such as to exceed the previous limitation to relatively small values of the cross section of the specimens. Α 
unidimensional hydromechanical model including the conservation equations for momentum, mass and energy describes the glass 
deformation. The model has been solved numerically Α good agreement has been attained between experimental and theoretical 
results. 

Tieftemperatur-Zugverformung von metallpartikelhaltigem Flachglas zur Erzeugung von Dichroismus 

Gestreckte rotationsellipsoidförmige Metallpartikel einheitlicher Orientierung werden durch eine sogenannte Tieftemperatur-Zugver­
formung von Flachgläsern, die sphärische Partikel mit Durchmessern von einigen 10 nm enthalten, erzeugt. Die Verformung findet 
bei Temperaturen nur wenig oberhalb Tg statt. Charakteristisch sind die dabei auftretenden hohen Zugspannungen bis 200 N/mm^ 
und niedrigen Verformungsgeschwindigkeiten. Das Verfahren wurde in dem Sinne verbessert, daß die bisherige Beschränkung auf 
relativ kleine Probenquerschnitte überwunden werden konnte. Ein eindimensionales hydromechanisches Modell mit den Erhaltungs­
gleichungen für Impuls, Masse und Energie beschreibt die Glasverformung. Die Lösung des Modells erfolgt numerisch. Zwischen 
den theoretischen und experimentellen Ergebnissen konnte eine gute Übereinstimmung erzielt werden. 

1. Introduction 

Uniformly or iented meta l part icles shaped like prolate 

spheroids embedded in glass offer va r ious possibilities of 

apphca t ion due to their interest ing l inear a n d nonlinear 

opt ical proper t ies [1 a n d 2]. For example , they show 

dichroism, which in its s t rength d e p e n d s on the aspect 

ra t io of the particles. This d ichroism c a n be used to pro­

duce colour-selective polar izers [1]. U p to now, the only 

possibili ty of p roduc ing such Systems is the tensile defor­

m a t i o n of glasses con ta in ing spherical particles of some 

10 n m in diameters . I t mus t be pe r fo rmed at tempera­

tures only slightly above to a t ta in a n effective defor­

m a t i o n of the particles. T h e express ion "low-tempera­

tu re tensile de fo rma t ion" is to accen tua te the difference 

to the subs tanda l ly higher t empera tu res used for conven­

d o n a l glass-forming processes. 

To develop a mode l of part icle de fo rmadon it was 

necessary, first, to describe the glass de fo rmadon theo­

retically. Mode l s of similar de fo rmat ion processes, such 

as glass fibre drawing, cou ld n o t be used because of the 

h igher tensile stresses, the lower velocity and tempera­

tures, a n d the rec tangular cross sect ion of the glass at 
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the low-temperature deformation. Therefore, a hydro­

mechanical model of the glass deformation has been de­

veloped for these special process parameters . I t turned 

out that a unidimensional model is sufficient to rep­

resent also the unsteady State at the beginning of the 

deformation process. In the following sections, this 

model will be described. The space and time depend­

ences of the characteristic physical q u a n d d e s calculated 

by using this model will be compared with the experi­

menta l results. 

2. Deformation process 

Α Strip of glass conta ining spherical metal particles un­

der mechanical stress is moved across a na r row immov-

able headng zone dur ing the deformadon process pres­

ently used [1 and 3]. Thus, uniformly deformed glass 

containing now metal prolate spheroids in parallel orien­

tat ion to the tensile axis can be produced by gradual 

specimen deformat ion in the heating zone. T h e whole 

tensile force acts on the required unit that controls the 

velocity, at which the nondeformed glass is moved into 

the heating zone. Therefore, the power of resistance of 

this uni t limits the appHcable tensile force and , conse­

quently, the size of the cross section of the specimens to 

yield the required high tensile stresses for the particle 
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Figure L Scheme of the modified tensile deformation. 

deformadon. Α modified m e t h o d [4], where the headng 

zone is moved towards the nondeformed immovable part 

of the specimen, avoids these l imitations (figure 1). 

The specimen is fixed on one end. The tensile force 

F acts on the other one. The glass specimen deforms 

inhomogeneously in the spat ial-dependent temperature 

field of the heating zone of length / between x = 0 and 

X = L. Therefore, the physical quanti t ies describing the 

deformadon, glass velocity ό^(χ, T), glass cross secdon 

AG{X, T), and glass tempera ture ^{Χ,Ή depend on time 

and Space. Their dependence on the spatial coordinate 

X, which is connected with the heat ing zone, is essentially 

determined by the temperature distr ibution of the latter, 

which can be represented approximately by a Gaussian 

curve. The velocity of the heat ing zone V^IT) controls the 

measured drawing velocity of the glass Og(T) according 

to the desired degree of deformation. 

3. Development of the unidimensional 
deformation model 

3.1 Basic concep t ion 

The complicated interactions of the t ime-dependent and 

pardal ly spadal-dependent process quant ides are ex­

pressed by the coupled and partially nonl inear hydro­

mechanical conservation equat ions for the m o m e n t u m 

(Navier-Stokes equat ion) , the mass (continuity equa­

t ion), and the energy (heat transfer equat ion) . Fur ther­

more, there are material equations, initial and boundary 

condit ions [5]. The following assumpt ions were made: 

the glass is an isotropic Newton ian liquid, the glass flow 

is incompressible and laminar. Al though the real glass 

flow is three-dimensional , the dependence of the physi­

cal quandt ies on the spadal coordinates Y and ζ is negli­

gible compared to that on the coordinate Χ in tensile 

direction. Therefore, the model was reduced to a unidi­

mensional model . To consider, nevertheless, the changes 

of the glass cross section the conservation equations 

were integrated over the cross secdon according to Vasil-

jev et al. [6 and 7]. For the integration, the reference 

volume in the glass flow 

aV= AGDX 

was defined, which enables one to derive t h e conser ­

va t ion equa t ions as integral balances . In sec t ion 9, t h e 

m o m e n t u m equa t ion of ideal l iquids (Euler e q u a t i o n ) 

was in tegra ted as a n example. 

3.2 Trouton 's nnodel a n d monnen tum e q u a t i o n 

Trou ton ' s mo d e l [8] was appl ied to simplify t h e m o m e n ­

t u m equa t ion . Fo r a N e w t o n i a n hqu id T r o u t o n showed 

exper imenta l ly tha t for e longat ion the shear viscosi ty 

m u s t be muldp l i ed by a factor of three. P ressure Ρ in t h e 

glass flow can be expressed by 

DX 

cons ider ing Trouton ' s result a n d the surface t ens ion . 

Pressure Ρ is de te rmined by the negative surface t ens ion , 

which is the p roduc t of the surface curva tu re Η a n d t h e 

specific surface tens ion A ^ , a n d by the negat ive p r o d u c t 

of t he glass viscosity Η a n d the gradient of the glass ve lo­

city V^. Th is e q u a d o n was successfully appl ied by Vasil-

jev et al. [6 a n d 7] to a un id imens iona l m o d e l , a n d by 

D i a n o v et al. [9] to a two-d imens iona l one. 

I n the following, the un id imens iona l Nav ie r -S tokes 

e q u a t i o n is used: 
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where ρ is the glass density, a n d / χ is the force density. 

I n t r o d u c i n g the pressure e q u a d o n in this e q u a t i o n yields 
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T h e second t e r m o n the r ight in the pressure e q u a t i o n 

leads t o the T r o u t o n factor of three in the t e r m of t he 

rheological tension. Negligible are: 

- t he surface tension c o m p a r e d to the essentially h igher 

rheological tension, 

- t he gravi ta t ional force included in the force dens i ty 

c o m p a r e d to the higher tensile force, a n d 

- t he convect ion t e r m due to the small Reyno lds n u m ­

ber result ing from the high glass viscosity Η{Χ, T). 

Thus , one ob ta ins the un id imens iona l m o m e n t u m 
equa t ion of the mode l : 
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3.3 Cont inu i ty equa t i on 

T h e cont inui ty equa t ion describes the m a s s conservation 

in the glass flow. T h e following der iva t ion of the unidi­

mens iona l cont inui ty equa t ion c o r r e s p o n d s with Kase 

a n d M a t s u o [10]. Cons ider ing the m a s s velocity 

G(x, t) = ρΑαΌ_ 

δχ 

X χ+Δχ 

Figure 2. Mass flow in a reference volume. 

at the t ime t a n d at the spatial coo rd ina t e x , the glass 

flows wi th a mass velocity G in to a reference volume of 

length Δ χ a n d cross section Ag. A t the spat ia l coordinate 

X + Ax, the glass flows ou t again at a m a s s velocity 

G + (dG/dx)Ax (figure 2). Accord ing t o the continuity 

equa t ion for a subs tant ia l particle, the resul t ing differ­

ence in the mass velocity (dG/dx)Ax corre la tes to the 

t ime change of the vo lume a n d the densi ty of the refer­

ence volume, respectively: 

dx dt 

Taking in to cons ide radon the foregoing a s s u m p d o n of 

an incompressible flow, the glass densi ty is t ime-constant 

a n d the un id imens iona l condnu i ty e q u a d o n in the 

mod e l becomes : 
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Figure 3. Schematic diagram of the real and the approximated 
temperature dependence of the specific heat capacity. 
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3.4 Heat t ransfer equa t i on 

T h e heat t ransfer equa t ion is the m o s t complicated 

equa t ion because of the var ious processes influencing 

the glass t empera tu re d is t r ibut ion a n d the temperature-

dependen t mater ia l pa rame te r s : 

d^ d'^ 

dx dt 

α d ( d^ 
Α 

Ag dx dx 

dv^ 

3QC^ \ dx 
+ S. 

In a d d i d o n to the hea t conduc t ion (diffusion term) with 

the t h e r m a l diffusivity 

α = 
eff 

where Agfr is the effective t he rma l conduct iv i ty and Cp is 

the specific heat capacity, the glass flow in the heating 

zone effects a convective heat t ransfer (convection term). 

Similarly t o the Reyno lds n u m b e r for the m o m e n t u m 

equa t ion , the Peclet n u m b e r is a cr i te r ion for the ratio 

be tween the heat flow caused by c o n d u c t i o n a n d by con­

vect ion. I t is greater t h a n one. T h u s t he convective heat 

t ransfer is n o t neghgible. Α typical p h e n o m e n o n of vis­

cous hquids , i.e. the convers ion of mechan ica l energy 

in to hea t due to in terna l friction, is descr ibed by the dis-

s ipadon term. It is also not negligible because of the 

high glass viscosity. For the dissipation, the Rayleigh dis-

sipation function for the unidimensional flow of a New­

tonian liquid is used [6 and 7]. The source t e rm S implies 

the heat radia t ion interaction between the glass and the 

heat source, i.e. the heating zone. Its derivation results 

from the energy balance of a reference volume and is 

outl ined in detail in [5 to 7]. 

The Arrhen ius e q u a d o n is used for the glass viscosity 

η(Τ) = ηο exp 
RT 

with the cons tan t ηο, the activation energy and the 

gas cons tan t R. 

The specific heat capacity of glass Cp strongly de­

pends on the tempera ture in the low-temperature ränge 

0 ° C < ^ < Tg. A t Tg, it shows a step. In the high-

temperature ränge, Cp is approximately constant and 

equal to the specific heat capacity Cp^ [11 to 13]. There­

fore, in the low-temperature ränge 0°C ^ ϋ < Tg, is 

approximated by a linear curve 

cJT) = Cp(0°C) + mT, 

and at ϋ ^ Tg it is set equal to Cp^. Figure 3 shows 

schematically the real and the approximated temperature 

dependence of the specific heat capacity Cp. 

The effective thermal conductivity /leff increases with 

temperature. For example, in table glass wäre and flat 



glass the effective thermal conductivi ty strongly in­

creases at approximately 700 °C. A t 1200°C, /Igfr reaches 

values of the thermal conductivi ty in metals [14 and 15]. 

The strong increase is caused by the part ia l t ransparency 

of glass in the region of heat radia t ion at high tempera­

tures. Therefore, the heat is increasingly transferred by 

radiat ion. The addi t ional transfer mechanism is con­

sidered by the Rosseland approximat ion [16 to 18] 

the mater ia l equa t ions : 

;/(r) = / / o e x p ( ^ ) , 

Cp(T) = CpiO'^C) + mT for 0 ° C < T g , 

Cp = Cpra for ^ > Tg, 

8g(dg, ^)=l - Qxp(-kdg) , 

where the subscripts c and r refer to conduct ion and 

radiat ion, respectively. 

However, this approximat ion can be applied only to 

glass of a certain minimal thickness [19 and 20]. Accord­

ing to [11 and 12], Igfr approximates to with decreas­

ing thickness of the glass. For the tensile deformation, 

flat glass up to about 3 m m in thickness is used. There­

fore /leff is assumed to be temperature- independent and 

equal to the thermal conductivi ty of glass at 100°C. 

Stehle and Brückner [11 and 12] have developed a 

new basic approach to the glass emissivity based on 

[20 and 21] taking into considerat ion the part ial t rans­

parency of glass in the region of heat rad iadon. Here, 

the emissivity is a function of the thickness dg and the 

absorpt ion coefficient k of the glass: 

£g(Jg, 1̂) = 1 - Qxp{-kdg) . 

The absorpt ion coefficient is weighted over the wave­

length ränge of the heat radiat ion [11]. It can be assumed 

to be temperature- independent in the interesting tem­

perature ränge from r o o m tempera ture u p to about 

620 °C according to measurements in [19 and 22]. The 

equat ion of the glass emissivity was successfully apphed 

to models of glass fibre drawing, for example in [11 

and 12]. 

The surface of the heat ing zone consists of weakly 

oxidized steel (V2A). Therefore, the emissivity of the 

heat ing zone is considered temperature- independent for 

all wavelengths and rad iadon directions [23]. 

4. The complete model of deformation 

T h e unidimensional model of de formadon consists of 

the conservation equat ions: 

a n d the in idal a n d b o u n d a r y condi t ions : 
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var ian t 1: Ox(t) = —v^it) + Vg(t) . 

du 
^ var ian t 2:F^F^ = 3ηAg 

A t ί = 0 , the glass is n o t deformed, a n d is a t rest . I t s 

t empera tu re is equa l to r o o m tempera ture . A t χ = 0, t he 

g rad ien t of the glass t empera tu re is approx imate ly zero , 

the glass velocity is equal to the negative velocity of t he 

hea t ing zone. A t χ = /, the gradient of the glass t e m p e r a ­

tu re is approximately zero, too . In o rde r t o fulfil t he 

b o u n d a r y condi t ions of the glass t empera tu re as sat is­

factorily as possible, the c o m p u t a t i o n was s t a r t ed u su ­

ally 10 m m in front of the heat ing zone a n d fmished usu ­

ally 30 m m behind it. This is valid for all following c o m ­

p u t e d curves. 

The re are two var iants of b o u n d a r y c o n d i t i o n s as 

to glass velocity. In the first one, the glass veloci ty is 

equa l to the sum of the drawing velocity of glass a n d 

the velocity of the heat ing zone, b o t h m e a s u r e d in a n 

exper iment . Thus , c o m p u t a ü o n s of the n o n m e a s u r e d 

physical quant i t ies Οχ, Ag, ϋ are possible. In t he s econd 

var ian t , the rheological force F^ is set equa l t o t he tensi le 

force, assuming the force balance. Th i s b o u n d a r y c o n ­

d i t ion enabled the Simulation of d rawing expe r imen t s 

based on only inidal cond idons , exper imenta l p a r a m ­

eters a n d mater ia l cons tants . 

T h e mode l equa t ions were discretized by finite differ­

ences. T h e ob ta ined e q u a d o n system h a s been solved by 

the fast Gauss i an el iminat ion [24]. 

5. Results 

5.1 Tennperature d is t r ibut ion in g lass in t h e 

s t e a d y State 

A n u n l o a d e d flat glass specimen having a cross sec t ion 

of (15.1 X 2.05) mm^ was pu t in the hea t ing z o n e for 



Figure 4. Experimental and computed temperature distribu­
tions in both glass and heating zone. 

measu r ing the t empera tu re d is t r ibut ion . T h e tempera­

tu re was stepwise measu red on the surface of the headng 

zone a n d o n the specimen surface, us ing a thermocouple 

( N i C r N i , d iameter 0.5 m m ) . T h e t empera tu re max imum 

of the heat ing zone was at i5inax,z = 620 °C. Figure 4 

shows the t empera tu re d is t r ibut ions measu red in the 

hea t ing zone a n d in the nonde fo rmed specimen, and the 

mode l led a n d c o m p u t e d ones. T h e hea t ing zone is 

40 m m long. I ts t empera tu re d is t r ibu t ion is modelled as 

a G a u s s i a n curve to simplify the calcula t ion. Fur ther­

more , the t empera tu re was assumed to be equa l to room 

t empera tu re outs ide the heat ing zone. T h e measured and 

c o m p u t e d glass t empera tu re d is t r ibu t ions agree well, es­

pecially in the ränge ^> Τ^ = 535 °C, in which the main 

p a r t of the glass deformat ion takes place. 

T h e calculated m a x i m u m pos i t ion of the glass tem­

pera tu re Xmax shifts towards x = /, wi th the glass velocity 

increasing due t o the convective hea t transfer. Simul­

taneously, the m a x i m u m of the glass t empera ture ^ ^ a x 

decreases. F igure 5 shows the c o m p u t e d x ^ a x and ^ ^ a x 

values as funct ions of the velocity ra t io νχ(1)/Όχ{0) in the 

steady State of the deformat ion process. x ^ a x depends 

linearly on the velocity ratio, i^^ax decreases exponen­

tially. N o t e tha t the degree of glass deformat ion in­

creases wi th increasing velocity r a ü o . 

5.2 Gross section distribution of glass in the 
Steady State 
Velocity a n d cross section of the glass in the heating 

zone could n o t be measured du r ing t he deformation. In 

the s teady State of deformat ion , the dis t r ibut ions of the 

physical quant i t ies in the heat ing zone are constant , ow­

ing t o the cont ro l system used. Thus , o n e can invesdgate 

the shape of the deformed glass after rap id cooling and 

u n l o a d i n g of the specimen. T h e c o m p a r i s o n of the meas­

u red a n d c o m p u t e d curves of the glass cross section in 
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Figure 5. Computed maximum position of the glass tempera­
ture X M A X and maximum of the glass temperature d ^ A X as func­
tions of the velocity ratio Όχ(1)/Όχ{0) with Όχ(0) = 100 pm/min 
in the steady State. 

Figure 6. Cross secdon and velocity distribution of the glass 
(^g(x) ,T)X(x)) in the heating zone in the steady State. 

the steady State shows a good agreement (figure 6). A t 

X = 0, the glass cross section is equal to that of the 

nondeformed glass. A t χ = /, it is equal to that according 

to the desired degree of deformadon. The small differ­

ence between the measured and computed cross sections 

near χ = / is due mainly to the reduction to a unidimen­

sional flow. This simplification includes the form conser­

vation of the cross section. The form conservation is no t 

strictly fulfilled in the experiment. 

In figure 6, the computed glass velocity is also shown 

as a funcdon of the coordinate χ (the right Ordinate). A t 

X = 0, it is equal to zero, and at χ = /, to the measured 

drawing velocity Dg. 
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Figure 7. Experimental and computed time dependences of the 
maximum temperatures of the heating zone #max,z and of the 
glass dmax at the beginning of the deformation process. 

Figure 9. Experimental and computed time dependences of the 
drawing velocity υ^(ί) and the velocity of the heating zone vM-
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Figure 8. Computed temperature distribution of the glass in 
the heating zone as a function of time 0) at the beginning 
of the deformation process. 

5.3 T ime-dependen t be l iav iour of t l ie 

de format ion process 

The following figures [7 to 11] are based on a defor­

mat ion experiment using the parameters below: 

- The commercial flat glass specimen has a cross sec­

d o n of (22.3 X 2.8) mm^ and a t ransformadon tem­

perature Tg = 535 °C. 

- The tensile force F equals 100 N. 

- The heating zone has a length of 40 m m and a tem­

perature max imum 'ömax,z - 612 °C at x^ax = 

= 23.9 mm. 

The control is implemented as a propor t iona l inte­

gral differendal a lgor i thm on a personal Computer. 

The deformation process Starts with the heating of 

the glass specimen, loaded with the tensile force F, in the 

heating zone. The computed and measured time depen­

dences of the m a x i m u m tempera tures of the spec imen 

^max aii<i of thc hcat ing zone i^max,z are p lo t t ed in figure 

7. If the t empera tu re m a x i m u m of the hea t ing zone 

reaches the desired value (in figure 7 it is 612 °C) , it is 

kept cons tan t . T h e hea t ing-up per iod is shor t , typically 

u p t o 10 min . T h e i^max value is smaller t h a n the i^max,z 

value d u e to heat losses caused by r a d i a d o n a n d c o n d u c ­

t ion. 

Acco rd ing to the t ime dependence of the t e m p e r a ­

ture m a x i m u m of the glass, in figure 8 the c o m p u t e d 

t empe ra tu r e d i s t r ibudon of the glass is p lo t t ed as a func­

t ion of t ime. T h e t ime dependence of the t e m p e r a t u r e 

d i s t r ibu t ion of the specimen is represented as a th ree-

d imens iona l surface. I t applies t o the following th ree-

d imens iona l d iagrams tha t the x-axis is re lated t o the 

coo rd ina t e x , the y-axis t o t ime t, a n d the z-axis t o the 

respective physical quand ty . 

F igu re 9 shows the exper imenta l a n d s imula ted t ime 

dependences of the drawing velocity (r ight o rd ina te ) a n d 

the velocity of the heat ing zone (left ord ina te) . T h e s imu­

l a d o n was per formed using var ian t two of the b o u n d a r y 

cond i t ions for the drawing velocity. In the uns t eady 

S ta t e , for the t ime ränge 0 < / < 80 min , the glass shape 

changes unti l the desired degree of de fo rmat ion is 

reached . T h e n the m o t i o n of the h e a d n g zone con t ro l s 

the glass cross secdon. Fo r 70 < / < 100 min , t he t rans i ­

ent i n to the steady S ta t e is obvious. 

Significant values of the drawing velocity can only 

be m e a s u r e d after the hea t ing-up per iod ( abou t 6 min ) . 

C o m p a r i n g the dura t ion of the length of h e a d n g - u p pe ­

r iod wi th tha t of the uns teady S ta t e of the de fo rma t ion 

process imphes tha t the heat ing rate does n o t inf luence 

the de format ion qualitatively. Simulat ions in which the 

m a x i m u m tempera tu re of the heat ing zone ^RNAX,Z was 

immedia te ly set equa l to the desired cons t an t value at 

/ = 0 result in only a shift of the curves of the d rawing 

velocity and of the velocity of the hea t ing zone 



Figure 10. Computed velocity distributions of the glass in the 
heating zone as functions of time (ό^(χ, t) + t>z(x, 0)· 

Figure 11. Computed distributions of the glass cross section in 
the headng zone as funcdons of time {Α^{χ, t)). 

t owards ί = 0. In the th ree-d imens iona l diagram 

(figure 10) of the velocity d i s t r i buüons + as func­

t ions of t ime, the t ime dependence of + V.^^ AI Χ = L 
agrees wi th the curve of in figure 9. Compar ing 

figures 8 a n d 10 shows tha t the m a x i m u m pos idon of 

the velocity gradient relative to the pos i t ion of the tem­

pe ra tu re m a x i m u m is shifted towards Χ = L. 

In figure 11, the c o m p u t e d d is t r ibu t ion of the glass 

cross secdon in the heat ing zone is p lo t t ed as a funcdon 

of t ime. Here the t ime axis has an oppos i t e direction as 

in the o the r three-dimensional d iagrams . A t χ = 0, the 

glass cross section is cons t an t a n d equa l s that of the 

nonde fo rmed glass. A t χ = /, the cross section becomes 

smaller a n d smaller as the de formed specimen par ts 

move ou t of the heat ing zone, wi th the cross section 

finally reaching a cons t an t value (s teady State). There is 

a clear shift of the cross section d i s t r ibu t ion towards 

X = 0 for 70 < / < 100 min. This is caused by the tran­

sient into the steady State mentioned in the discussion of 
figure 9. 

6. Summary 

The unidimensional hydromechanical mode l describes 

the tensile deformation of glass Strips at temperatures 

only slightly above Tg in good agreement with the real 

three-dimensional glass flow. Different a s sumpdons 

were m a d e to use the special parameters of the defor­

mat ion process such as high tensile stresses, low drawing 

velocity and high glass viscosity Despite these consider­

able simplifications, experimental and calculated time 

and Space dependences of the character isdc physical 

quanti t ies are in good agreement. The compu ted space 

dependence shows strong gradients in the heat ing zone. 

This behaviour is characterisdc of the tensile defor­

mat ion at relatively low temperature. 

The equadons of the deformation model can be com­

puted on a usual personal Computer as fast as to enable 

simulations dur ing the deformadon to suppor t the con­

trol. 

This unidimensional model serves as the basis for 

two- and three-dimensional models of the deformation 

of glass and the metal particles therein. 

The authors would like to thank Dr. L. Bergmann, Fachbereich 
Ingenieurwissenschaften, Martin-Luther-Universität Halle-
Wittenberg, Halle (Germany) for helpful discussions. 

7. Nomenclature 

Α 

DV 
DX 
Ea 

/ x 
F 

G 
Η 
k 
l 

Ρ 
R 
S 
t 
Τ 

Τ, 

Η 

X 

thermal diffusivity in m^/s 
glass cross section in mm^ 
specific heat capacity in J/(kg K) 
specific heat capacity of melting glass in J/(kg K) 
glass thickness in mm 
control volume in mm^ 
infinitesimal length in mm 
activation energy in J/mol 
force density in N/m^ 
tensile force in Ν 
rheological force in Ν 
mass velocity in kg/s 
surface curvature of glass in mm~^ 
absorption coefficient cm~^ 
length of the headng zone in mm 
constant of the linear approximation of the tem­
perature dependence of the specific heat capacity in 
J/(kg K2) 
pressure in N/mm^ 
gas constant in J/(mol K) 
source term in the heat transfer equation K/s 
time in min 
glass temperature in Κ 
glass transformation temperature in°C 
drawing velocity of glass in pm/min 
velocity of the heating zone in pm/min 
glass velocity in pm/min 
Space co-ordinate in mm 
Position of the maximum of glass temperature in mm 
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Ax 

y space co-ordinate in mm 
ζ Space co-ordinate in mm 

specific surface tension of glass in N/mm 
length of control volume in mm 
glass emissivity 
glass viscosity in Pa s 
prefactor of Arrhenius equation of viscosity in Pa s 
glass temperature in°C 
maximum of glass temperature in °C 

^max,z maximum temperature of the heating zone in°C 
Aeff effective thermal conductivity in W/(m K) 
Xc pure thermal conductivity in W/(m K) 
Ar contribution of heat radiation to thermal conduc­

tivity in W/(m K) 
ρ glass density in kg/m^ 
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9. Appendix: Integration over the cross section of the Euler 
equation 

Introducing the reference volume 

aV= Agax 

enables the integration of unidimensional conservation equa­
tions over the cross section, which is shown by applying the 
Euler equation 

/ ρ - ^ d F ^ / QfaV- / ράΑ. 
AV dt AV (AV) 

Introducing the reference volume into the Euler equation yields 

j Q-^Agdx= j QfAgdx- J pdAg. 

AV dt AV (AV) 

The integral over the area of the pressure ρ 

J pdAg 
AV 

can be solved on the assumption that the pressure is constant 
over the cross section of the glass flow Ag. This assumption 
corresponds with the reduction to a unidimensional model. 
Subsequent derivation to χ and respective rearrangements 
lead to 

dt Ag dx 

The integration over the cross section can be considered an 
averaging of pressure and velocity, respectively, over the cross 
section. The changes of the physical quantities in y and ζ direc­
tions are replaced by constant values. 
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