
Original Paper 

Computation procedure for the temperature in hot glass 
Application to the finite element Simulation of hollow glass forming 
Dominique Lochegnies, Christophe Noiret, Charles Thibaud and Jerome Oudin 
Laboratoire d'Automatique et de Mecanique Industrielles et Humaines, Unite de Recherche Associe au CNRS, 
Valenciennes (France) 

Α new incremental procedure is developed for the thermal analysis in 3 D glass p r o d u c t s cons ider ing the one -d imens iona l ana ly t ica l 
Solutions for a semi-infmite glass wall. W h e n coupled to a code be ing capable of Computing large mechan ica l de fo rmat ions , th i s 
allows to analyze efTiciently the glass flow dur ing the pressing, se l f -deformat ion a n d blowing processes. T h e fo rming of a reference 
tumbler is analyzed via fmite e lement simulations. For each forming step, t he t empe ra tu r e d i s t r ibu t ion is ca lcula ted from the press ing 
parameters ; pert inent results are found for this first application. 

Verfahren zur Temperaturberechnung in heißem Glas 
Anwendung der Finite-Element-Simulation der Hohlglasformgebung 

F ü r die thermische Analyse an dre idimensionalen Glasproduk ten wi rd ein neues inkrementel les Verfahren entwickel t , d a s die ein
dimensionalen analytischen Lösungen für eine einseitig begrenzte G l a s w a n d berücksicht ig t . W e n n es mi t e inem K o d e v e r b u n d e n 
wird, der große mechanische Deformat ionen berechnen kann , e r l aub t dieses Verfahren die erfolgreiche Ana lyse de r G l a s s t r ö m u n g 
während des Preß-, Selbstverformungs- u n d Blasprozesses. Die F o r m g e b u n g eines Referenzbechers wi rd ü b e r F in i t e -E lemen t -S imula -
t ionen analysiert. F ü r jeden Schrit t der Fo rmgebung wird die Tempera tu rve r t e i lung a n H a n d der P r e ß p a r a m e t e r be rechne t ; für e ine 
erste A n w e n d u n g geeignete Ergebnisse werden erzielt. 

1. Introduction 
Pressing, self-deformation and blowing are the three 
principal forming processes to produce axisymmetric 
hollow glass items (such as bottles, tumblers, vases, cups, 
ashtrays, test tubes or baby's feeding bottles). For many 
products (tumblers for example), these three processes 
are successively linked to ob ta in the glass item desired. 
Dur ing the step of pressing, the tumbler is only pre-
formed: the glass d rop is placed in the first mould , and 
a piunger presses it to form a par ison with a height of 
u p to 7 0 % of the final tumbler height. For the next step, 
the parison is introduced to the second mould corre
sponding to the final tumbler form. Dur ing the follow
ing second forming due to the action of self-defor
mat ion, the par ison becomes longer until it nearly 
reaches the base of the mould . Then , at the step of blow
ing, pressure is applied to the interior, which is stopped 
when the tumbler is entirely shaped (i.e. when it has the 
same shape as the mould) . Wi th such a me thod of manu
facturing, the item quali ty depends greatly on the geo
metrical constraints, especially on the glass thickness 
distribution of the final product . The achievement of 
this final item quali ty and the compet i t ion of the pack
aging manufacturers compel the glass industry today 
more and more to master and optimize its product ion 
methods. Thus, the supply of the numerical tools is 
essential. 
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M a n y papers concern ing glass i tem p roduc t ion refer 
to exper imenta l investigations of the mechan ica l a n d 
t h e r m a l proper t ies of glass. T h e m a i n result wi th regard 
to the mechanica l proper t ies is the de te rmina t ion of the 
incompress ible l inear viscoplast ic behaviour ( N e w t o n i a n 
type [1]) wi th a t empera tu re -dependen t viscosity [2]. I t is 
n o w a fact tha t the cont ro l of the s t ra in rate evolu t ion 
d u r i n g the forming processes is i m p o r t a n t . W i t h the 
s t ra in exceeding a critical limit, the glass flow becomes 
non- l inear a n d can drastically affect the workabi l i ty 
[3]. Conce rn ing the t he rma l proper t ies of glass, t he 
evolut ion of the heat t ransfer p h e n o m e n a at the 
g lass /mould interface [4] a n d the con tac t t h e r m a l 
resistance dur ing the forming processes [5] have been 
par t icular ly examined. 

A s for the analysis of the glass i tem manufac tu re , 
m o s t exper imenta l a n d numer ica l s tudies of the press ing 
s tep are only interested in the investigation of the 
t h e r m a l con tac t between glass and m o u l d during 
pressing [6] a n d the thickness influence on the t empera 
tu re d is t r ibut ion in the glass [7]. T h e finite e lement Simu
lat ion of the pressing step is rarely t reated. To thei r 
knowledge, for the first t ime, the present a u t h o r s have 
p roposed a finite element Solution wi th adiabat ic b o u n d 
a ry condi t ions [8]. Self-deformation a n d blowing have 
been studied m o r e often wi th the finite element Solution 
m e t h o d s being different wi th respect t o coup led t h e r m o -
mechan ica l formulat ion [9 a n d 10]. Unfor tunate ly , wi th 
this coupl ing, the mode l takes a lot of C P U (Cent ra l 
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Figure 1. D i m e n s i o n i n g of the glass d rop , the p iunge r and the 
m o u l d for the first press ing s tep of the glass t u m b l e r forming 
process. 

Table 1. Significant viscosity values a n d equiva len t strain rates 
of the N B S - 7 1 0 S t a n d a r d glass 

t e m p e r a t u r e 
in °C 

viscosity 
in M P a s " * 

crit ical s t ra in ra te for onset of 
n o n - N e w t o n i a n flow in s~^ 

500 3 1 0 + 9 7 1 0 - 8 
600 1 ΙΟ+'* 9 1 0 - 4 

700 1 1 0 + 1 2 1 0 - 1 
800 2 1 0 - 1 4. 
900 1 1 0 - 2 4 1 0 + 1 

1000 1 1 0 - 3 2 1 0 + 2 

1100 3 1 0 - 4 6 1 0 + 2 

1180 1 1 0 - 4 1 1 0 + 3 

Processing Un i t ) t ime a n d its Implementa t ion in a 
mechanica l finite e lement f ramework is tedious. More
over, the add i t ion of the the rma l c o m p u t a t i o n can bring 
abou t a p rob lem of mesh compat ibi l i ty be tween the two 
c o m p u t a t i o n s which will lead t o numer ica l problems. 
Consequent ly , an al ternat ing uncoup led computa t ion 
a p p r o a c h has been developed [11]. W i t h this, the 
mechanica l p rob l em of forming is incremental ly solved. 
A t each increment level, a t he rma l calculat ion is carried 
ou t on which the evolut ion of the mechan ica l properties 
of the glass for the following increment is based . So, the 
Computer Implementa t ion is easier a n d the finite element 
c o m p u t a t i o n s are also less C P U t ime-consuming, this 
effect being cont inual ly enforced by the evolution of 
Computer power. 

In this finite element f ramework, the developments 
concern a new three-field mixed a p p r o a c h t o the New
ton ian glass flow [12 a n d 13], us ing pena l ty functions 
for the g lass /mould con tac t condi t ion [14]. I t is treated 
as an iterative N e w t o n - R a p h s o n m e t h o d us ing an au to
mat ic remeshing procedure [15 a n d 16]. T h e authors 
p ropose app roach ing the rma l aspects wi th a n uncoupled 
t h e r m o m e c h a n i c a l model . T h e the rma l ca lculadon is 
carr ied ou t at each mechanica l increment level. The 

main idea is to use one-dimensional analytical Solutions 
corresponding to thermal convection or contac t glass 
situations at each point of the surface [17 and 18]. 

With a C P U time reduction, the pressing step of a 
reference tumbler is finally analyzed to emphasize the 
pert inence of the au thors ' developments. 

2. Temperature computation in liot glass under 
free convection and contact heat transfer 
2.1 General glass properties 
In the following, the manufacture of a commercial tum
bler is considered. In part icular the pressing of an N B S -
710 Standard s o d a - l i m e - s i l i c a glass (chemical compo
sition (in wt%): 70.5 Si02, 8.7 Na20, 7.7 K2O, 11.6 CaO, 
1.1 Sb20, 0.2 AI2O3 and 0.2 SO3) between an AISI-316 
steel mou ld and an AISI-316 steel piunger is referred to 
(figure 1). 

The stress-strain rate relationship of the mol ten 
NBS-710 glass is correctly modelled by the Newton ian 
viscoplastic law in terms of the equivalent von Mises 
stress σ and the equivalent strain rate ε [19 and 20] as fol
lows: 

σ = 3η{θ)έ 

where η (θ) is the viscosity of the glass depending on the 
temperature Θ, the incompressibility of the glass has to 
be respected by penalty function. It follows (in M P a s ) 
from the V F T (Vogel-Fulcher-Tammann) [2] logari thmic 
law in the temperature ränge 500 to 1400 °C: 

Μη{θ)] = Α + Β 
(1) 

with Α, Β, TQ being characteristic constants of the glass 
experimentally determined (for the NBS-710 S T A N D A R D 

glass: Α = 8.655; Β = 4266; To = 264.5 °C). 

For a given temperature, this model is acceptable as 
long as the glass strain rate does not exceed the critical 
strain rate value (table 1). A t higher strain rates the glass 
flow becomes non-Newton ian (i.e. non-linear) [3] and 
can drastically affect the workability. This critical strain 
rate value is, however, never exceeded with the speed 
ränge of piunger displacement and the glass melt tem
perature used in this work. 

Other mechanical characteristics are: 

- the density (ρ = 2450 k g m - ^ ) of the NBS-710 Stand
ard glass, 

- the acceleration due to gravity (g = 9.81 m s~^). 

2.2 Free c o n v e c t i o n a n d c o n t a c t h e a t t r a n s f e r 

S o l u t i o n f o r a s e m i - i n f i n i t e g l a s s 

The high temperature dependence of the glass viscosity 
requires control and evaluation of the temperature 
evolution th roughou t the whole process. Dur ing the 



manufacture, the temperature of the glass is influenced 
by the process t ime and the thermal bounda ry con
dit ions: 

- free convection with the ambient air; this effect is 
dominan t dur ing self-deformation and blowing, 

- heat transfer between the glass and the metal sur
faces, especially dur ing pressing and blowing. 

Previous papers on pressing [7], self-deformation and 
blowing [9] have shown that the privileged axis for the 
thermal E X C H A N G E I N the D I F F E R E N T O P E R A T I O N S is per
pendicular to the glass surface. Consequently, a Solution 
to the computa t ion of the thermal evolution in the glass 
can be derived considering one-dimensional analytical 
S O L U T I O N S [17]; these are obta ined by taking a semi-in
fmite glass wall in equivalent thermal situations into ac
count and are applied to the determinat ion of the tem
perature along the thickness of the glass product . 

So, considering a semi-infmite glass wall with its sur
face continuously losing heat explained by free convec
tion in the ambient air at ^inf (in °C) (figure 2a), the 
temperature of a point Μ inside the glass wall, at a dis
tance X from the surface, at the time τ, is: 

A ) 

^ M ( ^ > T ) = Ö0 + (^ in f -^0 ) 

• [ e r fc (JR) - E 2 ^ ^ + ^ e r f c ( J R + Y)] 
(2) 

mthX = 
iJoLT k QC Jno 

erfc(Z) = 1 - e r f ( ^ ) , the initial temperature (corre
sponding to τ = 0), τ the free convection time, h the heat 
transfer coefficient with the ambient air, ρ the density, 
c the specific heat and k the thermal conductivity. 

For the NBS-710 Standard glass at a uniform initial 
temperature: 

^0= 1 1 8 0 ° C ; c = 1 2 0 0 J k g - i ° C - i ^\k= 1 . 8 W m - i ° C - ^ 

For the ambient air: 

/i = 2 0 W m - 2 ° C - i ; ^ i n f = 5 0 ° C . 

As for the heat transfer between the glass and the 
mould or the piunger, it is due to conduct ion and radia
tion exchanges; these are t ime-dependent [18]. This heat 
transfer can be correctly modelled by the previous Solu
tion now using a t ime-dependent heat transfer coef
ficient [18]. 

Considering the semi-infinite glass wall with its 
surface now in contact with the mould or the piunger, 
the temperature of which is ^inf ( I N °C) for the T I M E t 
(figure 2b), the ANALYTICAL S O L U T I O N for a P O I N T I N S I D E the 
glass wall at a distance χ from the interface is obtained 
from equat ion (2) by substi tuting the convection time τ 
for the contact t ime t; thus, only X and Y have to be 
modified by: 

1^ Because all t empera tures in this paper are expressed 
in °C, the au thors always use this unit , but remember: 
1 J k g - i ° C - i = 1 J k g - i K - i . 

SGIM-Ifffinlte gißgg WALL 
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thermal exchange axis Μ 

™ " 1; 
glass thickness 

i -

ambient air 

b) I S^mi-infinit^ glftgg WftH ^ mould or piunger 
JOE 

P , C , K , E O 

thermal exchange axis Μ _ „ ^ 
glass thickness 

1-

Figures 2a a n d b. Semi-infinite glass wall (densi ty ρ (in k g m ^ ^ ) ; 
specific hea t c (in Jkg~^ °C~^); conduc t iv i ty k (in 
W m " i ° C " i ) ) at Θο (in °C) initial t empera tu re , a) exposed t o 
the a m b i e n t air (heat t ransfer coefficient h (in W m " ^ ° C ~ i ) ) a t 
ÖINF(in °C) t empera tu re d u r i n g the free convec t ion t ime τ (in s); 
b) in con tac t wi th a m o u l d o r a p iunger (heat t ransfer coef
ficient h (in W m ~ 2 ° C " i ) ) a t ^INF (in °C) t e m p e r a t u r e d u r i n g the 
hea t t ransfer t ime t (in s). 

X = and Y = 
h{t) 

a t . 

For the contac t between the NBS-710 Standard glass at 
a uni form initial t empera tu re = 1180°C a n d the 
AISI-316 steel m o u l d a n d p iunger at a un i fo rm init ial 
t empera tu re ^inf - 480 °C, the t ime-dependen t funct ion 
h is given in figure 3. 

2.3 Application to a thin glass product 

In the hol low glass manufac ture , the wall of the p r o d 
uct is generally thin (a few mill imetres) a n d the b o u n d 
ary condi t ions are always represented by free convec
t ion and heat transfer t h rough the g l a s s /mou ld o r the 
glass /p lunger contac t surface. This heat t ransfer is de
n o t e d contac t heat transfer. T h e t empera tu re in a th in 
glass i tem, only subjected to free convect ion a n d c o n t a c t 
hea t transfer, is calculated as follows, us ing the two semi-
infinite glass wall formulat ions. 

For a thin glass p roduc t (figure 4), the surface S sub
jected to m b o u n d a r y condi t ions (convection a n d con
tact ) , is decomposed in to e lementary surfaces Sj in such 
a way tha t 

m 

s= Σ Sj. 
J= 1 

E a c h surface Sj is exposed to free convect ion o r c o n t a c t 
hea t transfer deno ted as BCj. Let Μ be a p o i n t inside 



15000 

12000 -

CS 

' s 

I 

9000 

6000 -

3000 -

Figure 3. H e a t t ransfer coefficient evolut ion as a funcdon of 
t ime be tween a n N B S - 7 1 0 Standard glass ( in idal tempera ture 
1180°C) a n d a n AISI -316 steel m o u l d (initial t empera ture 
480 °C) . 

F igure 4. Pos i t ion of a po in t Μ inside the glass volume with 
regard to the surfaces Sj (with a d is tance Xj) influenced by the 
b o u n d a r y c o n d i d o n BC, . 

the th in glass vo lume which is located at a distance Xj 
from each surface Sj, Xj being the min ima l distance 
between Μ a n d a po in t of the surface Sj. 

T h e t empera tu re is then successively adjusted with 
respect to the e lementary surfaces Sj, the distances Xj 
a n d the free convect ion t ime or the con tac t time with 
each b o u n d a r y using the following expression: 
for j = 1 to m: 

ö'^(x,/i) = Öi i '+ (Ö/„ f -öo) -

[erfc(Z) - e 2 ^ ^ + ^ e r f c ( A ' + Y)] 
(3) 

with X = —%=, Y = ^Jcäsj, α = —, the un i -

form initial temperature of the bounda ry condition j \ OQ 
the uniform initial temperature of the thin glass, tsj the 
contact t ime tj or the convection t ime Ty, hj either the 
heat transfer coefficient of free convection or hj = hj(Tj) 

if the heat transfer is via contact . 

So, at the end of the computa t ion (3), ΘΜ represents 
the evaluated temperature at the point Μ taking all the 
bounda ry condit ions into account. This temperature 
evaluation is validated, as follows, with a finite ele
ments Simulation. 

2.4 Validation for different forming processes of a 
tumbler 
Dür ing the forming process of a glass tumbler (figure 5), 
the glass volume is exposed to heat transfer (with the 
mould or the piunger) and to free convection (with the 
ambient air) at each step of the pressing, the self-defor
mat ion and the blowing. 

To validate the formulation in section 2.3, the tem
perature evolution as a function of time is computed for 
each step considering the most critical geometry of the 
glass volume for the thermal exchange (i.e. the geometry 
with the minimal thickness); the durat ion of the thermal 
exchange is, with this geometry, overestimated through
out the entire dura t ion of the forming step concerned. 
Indeed, with this geometry the glass is influenced by a 
more intense heat exchange. 

D u e to the symmetry of the problem, the thermal 
computa t ion is only carried out for one half of the glass 
volume. The bounda ry condit ions at the free surfaces 
and the surfaces being in contact with the mould 
a n d / o r the piunger are as described in section 2.3. The 
symmetry axis is taken as an insulated surface. The 
propert ies of the glass, the mould and the piunger, the 
heat transfer coefficients for the free convection and the 
direct contact are defined by (see sections 2.1 and 2.2, 
and figure 3). 

The results are compared with a finite element Solu
t ion using an implicit formulation. 

2.4.1 Validation for pressing 
The glass geometry corresponds to the final stage of the 
pressing after 1.5s (0 .5s pressing and I s mainta in ing 
contact) . The temperature distribution in the glass after 
1.5 s is analyzed a long five different lines (figure 6) (hne 
1 crosses the preform at the bo t tom; line 2 crosses the 
preform at the lower curvature; hne 3 crosses the pre
form in the area of the slope; line 4 crosses the preform 
at the higher curvature and line 5 crosses the preform at 
the top) . 

The glass volume is influenced by three the rmal ex
change bounda ry condi t ions (BCi : heat transfer with the 
mould on the surface 5Ί; B C 2 : free convection with the 
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Figure 5. Convect ion and contac t heat exchanges for pressing, 
self-deformation a n d blowing steps of the glass tumbler form
ing process. 

ambient air on the surface . S ' 2 ; B C 3 : heat transfer with 
the mould on the surface Sy, B C 4 : insulation at the sym
metry surface S4). The time evolutions of the tempera
ture along the lines 1 to 5 are given in figures 7a to c. 
Only one half thickness of the glass is regarded due to 
the symmetry of the bounda ry condit ions for the two 
computa t ions (equations (3 and 5) are identical to equa
t ion (1) due to the same glass thickness). 

Inside the glass volume, the error relative to the finite 
element Solution is less than 3.4%. At the glass/mould 
or the glass/plunger interface, the max imum error rela
tive to the finite element Solution is 22 % dur ing the first 
0.3 s; nevertheless, this error decreases sharply to 5 % 
over 0.3 s; 0.5 s being generally the min imum pressing 
step durat ion. 

In this Simulation, where contact exchanges domi
nate, a good Validation of the developments (error less 
t han 5%) is obta ined with a glass thickness close to 
5 m m . 

2.4.2 Validation for self-deformation 

The geometry corresponds to the final stage of the self-
deformation; the time, 3.5 s, corresponds to the whole 
dura t ion of self-deformation. The time evolution of the 
temperature is compared with the finite element Solution 
a long two different lines (figure 8) (line 1 corresponds to 
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heat transfer 
with punch 

S 4 surface 
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8 2 surface 
with B C 2 

free convection 
with ambient air 

SJ surface 
with BCi 

heat transfer 
with mould 

Figure 6. B o u n d a r y cond i t i ons for the press ing a n d glass i nne r 
lines for the t e m p e r a t u r e d i s t r ibu t ion in the glass v o l u m e after 
1.5 s. Lines 1 t o 5 cross the p re fo rm at different levels. 1: b o t 
t o m , 2: lower curva ture , 3: a rea of the slope, 4: h igher cu rva tu re , 
5: t op . 

the m a x i m u m thickness ; line 2 co r responds to the mini
m u m thickness) . 

In this step, the glass vo lume is influenced by th ree 
t he rma l exchange b o u n d a r y condi t ions (BCi : free con 
vection wi th the ambien t air on the surface 5Ί; BC2: hea t 
t ransfer wi th the m o u l d on the surface .̂ 2; B C 3 : free con 
vect ion wi th the ambien t air on the surface . S 3 ; B C 4 : 

insulat ion at the symmet ry surface S4). T h e t e m p e r a t u r e 
evolut ions a long the lines 1 and 2 are presen ted in 
figures 9a a n d b ; again, for the two c o m p u t a t i o n s only 
a half thickness of the glass is considered d u e t o the 
symmet ry of the b o u n d a r y condi t ions . 

Inside the glass vo lume a n d at the glass vo lume edge, 
the er ror relative to the finite e lement Solution is less 
t h a n 0 . 5 % . 

Finally, the deve lopments are also val idated for a 
the rma l Situation where convect ion exchanges a re t he 
mos t influential on the t empera tu re d is t r ibut ion in the 
glass with a thickness close to 4 m m . 

2.4.3 Validation for blowing 

T h e glass geomet ry is the one at the final stage of the 
blowing; the t ime is 8 s, co r respond ing to the b lowing 
time. T h e t empera tu re evolut ion wi th t ime is ana lyzed 
a long two different lines (figure 10) (line 1 c o r r e s p o n d s 
to the m i n i m u m thickness ; line 2 co r r e sponds t o t he 
m a x i m u m thickness) . 
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Figures 7a to c. F in i te e lement a n d I D t empera tu re distri
bu t ions in the glass v o l u m e a long different lines exposed for 
1.5 s t o hea t t ransfer wi th the m o u l d a n d the piunger, a) lines 
1, 3, a n d 5; b) line 2; c) line 4. 

Figure 8. Boundary condi t ions for the self-deformation and 
glass inner lines for the tempera ture dis tr ibut ion in the glass 
volume after 3.5 s. 

T h e glass v o l u m e is n o w influenced by two thermal 
exchange b o u n d a r y condi t ions (BCi : heat transfer wi th 
the m o u l d on the surface 5 ' i ,BC2: free convect ion wi th 
the ambient air on the surface Sj, B C 3 : insulation at the 
symmet ry surface 5*3). T h e temperature evolut ions a long 
the hnes 1 and 2 are presented in figures I I a and b for 
the two computa t ions . 

T h e error relative to the finite element Solution 
remains lower than 8 % even after 8 s (the b lowing 
durat ion) . T h e con tac t wi th the m o u l d on the whole sur
face o f the glass p roduc t is only effective at the end o f 
the b lowing after abou t 3 s. 

E v e n for b o t h con tac t and convec t ion exchanges, the 
V A L I D A T I O N o f the deve lopments gives a g o o d correlat ion 
(error relative to finite e lement S O L U T I O N less than 8 % ) , 
wi th a glass thickness close to 3.5 m m . 

2.5 Conclusions 
U s i n g the one-d imens iona l analyt ical Solutions for a 
semi-infmite glass wal l (exposed to free convec t ion wi th 
the ambient air a n d / o r to heat transfer wi th a meta l 
too l ) , the au thors p ropose a new Solution to evaluate 
the temperature inside a ho l l ow glass product . T h e one-
dimensional Solutions are extended to a three-dimen
sional body, consider ing, for a point inside the glass vo l 
ume, each b o u n d a r y condi t ion incremental ly wi th the 
dis tance be tween this po in t and the related b o u n d a r y 
surface. 
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Figures 9a and b. Fini te element and I D tempera ture distri
but ions in the glass volume a long line 1 (figure a) a n d line 2 
(figure b) exposed for 3.5 s to free convecdon with the am
bient air. 
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Figure 10. B o u n d a r y c o n d i d o n s for the b lowing a n d glass inne r 
lines for the t empe ra tu r e d i s t r ibu t ion in the glass v o l u m e after 
8 s. 

- the possibility, used in the deve lopments desc r ibed in 
section 3., of its Implementa t ion in a COMPUTER 
procedure for the analysis of large m e c h a n i c a l 
deformat ions of glass products . 

3. Uncoupled thermo-viscoplastic formulation 
For the glass i tem forming process, the m e c h a n i c a l 
p rob lem (related to the large deformat ion of the p a r i s o n ) 
a n d the t he rma l p rob lem (concerned wi th the evo lu t ion 
of the glass t empera tu re dur ing forming) are ind isso-
ciable. 

T h e t empera tu re dis t r ibut ion varies greatly wi th t ime, 
par t icular ly on the p roduc t bounda r i e s (i.e. the glass/air , 
the g lass /mould a n d the glass /plunger Interfaces); con 
sequently, this t empera tu re VARIATION INVOLVES a viscosi ty 
evolurion, c o m p u t e d from equar ion (1). 

Wi th an error less than 8 % (in critical reference 
si tuations issued from the pressing, the self-deformation 
and the blowing of a glass tumbler) , this Solution per
mits the determinat ion of the varying temperature of a 
glass product . Its principal interest in compar ison with a 
three-dimensional finite element computa t ion concerns 

- the easy Computer input, 
- the reduced C P U time, and 

3.1 Mechanical Variation formulation 

T h e bulk behaviour of the glass is correctly mode l l ed by 
the N e w t o n i a n viscoplastic law [1] given by the velocity 
potent ia l I F [ 8 to 12] as: 

^ ( d ) = Y ^ ( ^ ) | | d | P (4) 

where d is the deviatory pa r t of the strain ra te t enso r 
i ) (d = Ό-{{Όχχ + Z)22 + ^33)/3}/, / the s econd-o rde r 
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Figures I I a a n d b. F in i te e lement a n d I D t empera tu re distri
bu t ions in the glass vo lume a long line 1 (figure a) and line 2 
(figure b) exposed for 8 s t o free convec t ion wi th the ambient 
air a n d to hea t t ransfer wi th t he m o u l d . 

uni t tensor) , η(θ) the viscosity of the glass at the tempera
ture Θ. | |d| | represents the d tensor n o r m expressed by 

dW 
. = — = 3 . ( . ) d . 

The velocity potential W (equation (4)) only gives the 
deviatory par t of σ; to obtain the mean stress in the glass 
volume, the following modified potential W* is usually 
introduced: 

W*iD) = Wid) + Y 

with Κ a penalty factor, e = tvD and thus, D = d + I; 

the incompressibility of the glass (e = 0) is successfully 
achieved taking values greater than 10^ η (Θ). 

With this penalty method , the velocity Solution to 
the incompressible Newton ian flow is established and 
then the glass pressure field is obtained. 

In order to obta in a direct pressure estimation and 
more suitable stress distr ibution in the glass, the au thors 
have developed a three-parameter field formulation [12]: 

G(ö, e,p) = J W*(d)dQ - fpiirVü - e)dü - ftödr, 

where Ω is the glass volume, its surface Γ being decom
posed in and Ff. Γ^, where the velocities ν are prescribed 
and Ff, where the surface tractions t are prescribed. V rep
resents the nabla operator, tr the trace of the tensor V^. 

3.2 Solution for the glass/mould and 
glass/plunger contacts 
Dür ing the three-step forming, the contact condit ions 
between the glass and the tools change with time (fig
ure 5). So, the au thors have proposed defining the 
mould or the piunger boundar ies by a set of equations 
ψ {χ, ή = Ο, at time ί (with the concent ion ψ (χ, /) < Ο if 
the X coordinate node is located inside the mould or the 
piunger, ψ(χ, 0 > 0 if the χ coordinate node is located 
outside, ψ(χ, 0 = 0 if the χ coordinate node is located 
on the mould or the piunger boundary ) [13]. 

The contact is examined incrementally; after each At 
t ime increment, the glass node posi t ion has to fulfill: 

Ψ{χ + DAt,t + At)^0 ( 6 ) 

where ν At is the displacement of the χ coordinate node 
dur ing the time At. 

The Solution to keep to the contact constraints 
(equation (6)) for the deformed glass body Ω is an 
external penalization of the potent ia l energy function 
(5) as: 

l|d|| = {d?i + dh + dh + 2Dh + 2Dh + 2DhV^\ σ*{Ό, e,p) = 0{Ό, e,p) + Y {ψ{χ + υΔί , / + At}^ (7) 

T h e derivative of W wi th respect to D leads to the 
deviatory p a r t of the Cauchy stress tensors σ\ 

where α is a large positive number . With a basic set of 
2 D and 3 D primitive bounda ry surfaces for the descrip-



t ion of a classical contactor, the au thors have developed 
efTicient algori thms for contact interiority and sliding 
and an automat ic procedure to keep to the contact [14]. 

3.3 Uncoupled thermomechanical Solution 
In the finite element framework, the Solution to the 
mechanical problem (i.e., the min imum of the functional 
G*{O,e,p) (equation (7)) corresponding to an equi
l ibrium State of the glass body) is found by the Newton-
Raphson method because of the contact nonlinearities. 

At the (« + l ) th increment (corresponding to a stage 
of the pressing step for example), and at the ith Iteration 
of the iterative Newton -Raphson method . 

G^iölilurj) AviltP = -D, G * ( o Ä i , ^ ) (8) 

for all Virtual velocity fields η [12]; G*(D^iι,η) is the 
second linearized η direction derivative of G*(L>^^I,?/) 
and Df, G*(Ό^Jluη) is the linearized η direction derivative 
of G'^iöΆuηy 

The velocity field is then adjusted by o^JtP = v^li + 
+ Aöi'tP with ö^Jli = ön Solution at the previous in
crement n. 

To take the thermal evolution into account during 
mechanical deformation, with the uncoupled thermo-
viscoplastic Solution the glass temperature will be ad
justed, using equation (3) at each mechanical increment 
level at the end of the iterative Solution (8). The con
tact t ime Tj related to each b o u n d a r y condit ion BCj is 
memorized for each node (if a glass node comes into 
contact with the mould or the piunger dur ing the 
mechanical increment, its contac t t ime Zj is initiated; 
then, it will increase, according to this node contact but 
independently of the contact t ime of each other glass 
node) . 

When the temperature evaluation is achieved, the 
mechanical computa t ion continues with the next in
crement (corresponding, for example, to a new descent 
of the piunger) using now for the glass viscosity the new 
temperature distr ibution in the product (equation (1)). 

3.4 Computation complements and conclusions 
For the pressing step, for example, the elements of the 
initial finite element mesh of the glass d rop become very 
distorted, even after an only part ia l descent of the 
piunger, and affect the results. Wi th the evolution of the 
bounda ry contact condit ions, it is impor tan t to generate 
automatically a new mesh, adap ted to a correct mechan
ical compu tadon . For this purpose, using the boundary 
of the glass volume, the au thors have developed three-
and four-node element mesh generat ion [15 and 16]. 

Consequently, the tempera ture and the contact time 
of each glass node, rather than the mechanical data , are 
interpolated from the badly adjusted old mesh to the 
new one. 

W i t h the uncoup led thermo-viscoplas t ic fo rmula 
t ion , the 2 D numer ica l Simulation of the ax i symmet r i c 
de fo rmat ion of a glass d r o p by pressing, self-defor
m a t i o n a n d blowing, is now possible; the c o m p u t a t i o n 
of the tempera ture , at each mechanica l inc rement level, 
wi th the analyt ical Solutions across the glass th ickness , 
no tab ly reduces the C P U t ime of the t h e r m a l c o m 
p u t a t i o n ( compared to a finite e lement p rocedure ) ; 
moreover , it alloys an easy Implementa t ion in the f rame
w o r k of Comput ing large mechanica l deformat ions . 

4. Application to the pressing step of a 
reference tumbler 
T h e following finite e lement mode ls are only c o n c e r n e d 
wi th the pressing step dur ing the forming of a n ax isym
met r i c tumble r (height: 59 m m , inner d iameter : 58 m m , 
average thickness: 3.5 m m ) . T h e m a i n goal of a n u m e r i 
cal Simulation of this first s tep is to find ou t the t e m p e r a 
tu re d i s t r i budon inside the glass preform; in fact, be
cause of the t empera tu re dependence of the glass vis
cosity, this will directly cont ro l the following self-defor
m a t i o n a n d blowing Operations. Us ing the u n c o u p l e d 
t h e r m o m e c h a n i c a l formulat ion, the a u t h o r s p r o p o s e an 
alyzing numerical ly the sensitivity of the t e m p e r a t u r e 
d i s t r i b u d o n at the end of the pressing step, a cco rd ing to 
the p iunger d isplacement speed. 

I n the indust r ia l field, for the reference tumbler , the 
press ing dura t ion does n o t exceed 1.5 s, c o r r e s p o n d i n g 
to t he p iunger d isp lacement followed by a t oo l m a i n 
t enance stage. 

4.1 Computer input 

T h e AISI-316 steel m o u l d a n d p iunger a re defined 
(figure 1) accord ing to the final form of the N B S - 7 1 0 
reference tumbler ; t ak ing the axial symmet ry i n t o ac
c o u n t , they are model led by twelve geometr ica l po in ts , 
twelve l inear segments a n d four arcs of circle (figure 12). 
T h e mesh of the initial d r o p is m a d e u p of 158 nodes , 
128 Q 4 elements a n d twelve T 3 e lements for a 
56.870 mm^ glass volume. T h e initial glass d r o p a n d too l 
t empera tu res are 1180 a n d 480 °C, respectively, o the r 
t h e r m a l a n d mechanica l character is t ics being def ined in 
sect ions 2.1 a n d 2.2 a n d figure 3. 

F o r a speed ränge of the p iunger of 50 t o 
1000 m m s ~ ^ the finite element Simulation of the entire 
pressing step needs 25 remeshing Operations; the final 
mesh is composed of 394 nodes , 307 Q 4 e lements a n d 
31 T 3 elements for a vo lume error of 0 . 7 8 % . 

4.2 Finite element analysis of the glass 
temperature distribution at the final stage of 
pressing 

T h e t empera tu re d is t r ibut ion after 1.5 s ( co r re spond ing 
to t he p iunger d isplacement t ime a n d the m a i n t e n a n c e 



stage for each p iunger speed) is ana lyzed along five 
dist inct lines (figure 13). Lines 1 a n d 2 correspond to 
glass pa r t s with different final thicknesses, bu t which are 
in con tac t with the m o u l d a n d the p iunge r from the be
ginning of the pressing. Lines 3, 4 a n d 5 correspond to 
glass pa r t s which successively get in con tac t during the 
pressing a n d which present different final thicknesses. 

W i t h the uncoup led t h e r m o m e c h a n i c a l finite ele
m e n t formulat ion, the t empera tu re resul ts (table 2, col-
u m n s 1, 2 a n d 4) are given for each hne at three positions 
(at the g lass /mould interface, in the glass core and at the 
glass /p lunger interface) for the ext reme p iunger veloc
ities. A t the end of the pressing a n d ma in t enance stage 
(i.e., before the self-deformation), the t empera tu re distri
bu t ion in the glass p re form remains the same for the 
entire p iunger speed ränge for this tumbler ; this is ex
pla ined by the long d u r a ü o n of the ma in t enance stage 
(1 s for the m i n i m u m 50 m m s~^ p iunger speed). 

In the glass core, the t empera tu re decreases by 20 to 
50 K. a n d on the glass Interfaces its Variation is about 
600 K; these t empera tu re gradients inside the glass are 
investigated by the manufac tu re r for the following self-
deformat ion achievement . 

Finally, the a u t h o r s have proceeded wi th another nu
merical Simulation, assuming tha t 

- du r ing the pressing, the adiabat ic hypothes is (i.e., the 
glass t empera tu re remains at 1180°C) is justified 
( thus, n o the rma l c o m p u t a t i o n is car r ied out at the 
mechanica l level increment) ; 

— all the heat t ransfer occurs du r ing the maintenance 
stage (i.e., only one the rma l c o m p u t a t i o n is carried 
ou t of the final pressing geometry, wi th initial tem
pera tures of 1180 for the glass a n d 480 °C for the 
tool ; these will then change du r ing the maintenance 
t ime) . Wi th only twelve remeshings for the Simulation 
of the pressing, the t empera tu re resul ts are sum
mar ized in table 2, co lumns 3 a n d 5, for the five lines. 
T h e m a i n result ist that , for this t umble r forming, 

the t empera tu re d is t r ibut ion at the end of the first step 
is no t sensitive to the p iunger speed (finite element ther-
momechanica l ly uncoup led analysis); a correct evalua
t ion of the t empera tu re d is t r ibut ion can be also obtained 
by this m e t h o d ; the m a x i m u m error is only 3 % locally 
in the glass core. In fact, accord ing t o section 2.4, the 
t h e r m a l evolut ion wi th t ime is m o r e i m p o r t a n t at the 
beginning of con tac t a n d remains quas i -cons tan t after
wards. In the present case, the con t ac t evolutions for 
the two c o m p u t a t i o n s are n o t the s ame (in the thermo-
mechanical ly uncoup led Solution, t he contac t zones 
increase progress ive^ , in the second Solution, the contact 
zones geomet ry co r re sponds to the final contac t zones 
geometry) ; the du ra t ion of the m a i n t e n a n c e stage finally 
deletes this difference. 

4.3 Conclusions on the pressing step 
For the first forming step of the reference tumbler, using 
the finite e lement t he rmomechan ica l formulat ion, the 

b) 

beginning of pressing (0 s) 

(figure 9.a) 

e n d o f pressing (1.5 s) 
(figure 9.b) 

Figures 12a and b. Fini te element meshes of the glass d r o p dur
ing pressing; a) initial mesh (initial t ime 0 s), b) deformed mesh 
after 1.5 s. 

S3 surface 
with BC3 

heat-transfer 
with piunger 

84 surface 
insulated 

82 surface 
with BC2 

free convection 
with ambient air 

81 surface 
with BCi 

heat transfer 
with mould 

Figure 13. B o u n d a r y condi t ions for the pressing and glass inner 
lines for the tempera ture dis tr ibut ion in the glass volume after 
1.5 s according to the piunger displacement. 

temperature distr ibution can be calculated, which is im
por t an t for the next forming Operations. 

For this product , the numerical analysis shows that 
the heat exchanges have more influence during the main
tenance stage (even for the longer pressing durat ions) . 
In this case, only one thermal computa t ion is necessary 
and concerns the maintenance stage. Consequently, with 
a mean 3 % error, the C P U time saving is greater than 
7 0 % . 



Table 2. Tempera ture dis t r ibut ions in t h e glass for the fmite e lement u n c o u p l e d thermo-v iscop las t i c fo rmula t ions a c c o r d i n g t o 
different piunger speed values 

line Posit ion tempera ture dis tr ibut ion in °C 
no. co lumn 1: column 2: c o l u m n 3: c o l u m n 4: c o l u m n 5: 

50 m m s - i 1000 m m s'^ t h e r m a l e r ror in % be tween e r ro r in % b e t w e e n 
piunger speed piunger speed S o l u t i o n c o l u m n s 1 a n d 2 c o l u m n s 1 a n d 3 

® glass/mould 590.85 590.85 590.85 0.00 0.00 
center 1125.20 1122.40 1122.07 0.25 0.28 
glass/plunger 590.85 590.85 590.85 0.00 0.00 

® glass/mould 591.00 591.00 591.00 0.00 0.00 
center 1173.57 1167.12 1166.47 0.55 0.61 
glass/plunger 591.00 591.00 591.00 0.00 0.00 

(D glass/mould 593.86 591.05 590.85 0.47 0.51 
center 1150.62 1125.05 1122.07 2.22 2.54 
glass/plunger 591.65 590.97 590.85 0.11 0.14 

® glass/mould 595.56 591.42 591.00 0.70 0.77 
center 1176.88 1169.22 1166.47 0.65 0.89 
glass/plunger 594.39 591.28 591.00 0.52 0.57 

© glass/mould 595.86 591.45 590.85 0.74 0.85 
center 1158.11 1126.03 1122.07 2.77 3.21 
glass/plunger 594.54 591.36 590.85 0.53 0.62 

5. Conclusions 
Α new uncoupled thermomechanica l formulation has 

been developed in order to analyze the three forming 

steps (pressing self-deformation and blowing) of hollow 

glass item manufacture. 

a) The new thermal formulaüon uses the one-dimen

sional analytical Solutions for a semi-infmite glass wall 

(exposed to free convection with ambient air and contact 

with steel tools) for 3 D glass products . 

b) With less than 8 % error (only in critical situations) 
compared to the fmite element Solution, this yields a re

duced C P U time of computation. 

c) In addit ion, its integration has been achieved, at each 

increment level, into the viscoplastic three-field formu

lation, which is based u p o n an iterative Newton-Raph

son method, including contact procedures and remesh

ing Solutions for large deformations. 

d) For the pressing of a reference tumbler, the numerical 

simulations have shown: 

- the importance of the main tenance stage on the tem

perature distr ibution in the glass before the self-de

formation, and 

- the efTicient numerical analysis of this Operation, con

sidering only one final thermal computa t ion after the 

total adiabatic glass deformation of pressing. 

The contact procedures, the related automat ic mesh-

ing Option and the Interpolation procedure of the glass 

Sta te variables are available in the A S T R I D finite ele

ment code, developed in the Laboratoi re d 'Automat ique 

et de Mecanique Industrielles et Humaines , Valenci

ennes (France). 
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