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Α thermal model is deseribed whieh is intended to simulate internal heat transfer in glass being eooled by the mold and plunger
after pressing. The heat transfer analysis in glass aecounts for the speetral nature of radiation, the dependence of the thermophysical
properties of glass on temperature and the contact heat transfer between mold and glass as well as plunger and glass during and
after pressing. Heat exchange between glass and mold as well as plunger across a very small gap by contact conducüon and thermal
radiation are also aecounted for. To assess the uülity of the Rosseland diffusion approximaüon for radiative transfer, the results are
compared with those based on rigorous formulaüon of radiative transfer. Numerical soludons have been obtained for typical
condidons simulaüng Symmetrie and asymmetric coohng as well as cyclic Operation, and the results are presented and discussed.
During the dwell time thermal contact conducüon between the glass and the mold as well as plunger is the dominant heat extraction
mechanism from the glass. Results show that radiadon from the surface of the glass plays a relatively small part in the heat extraction
process, but radiadon from the interior of the glass is much more significant but less important than thermal contact conducüon.

Untersuchung der Wärmeübertragung bei der Glasformgebung

Es wird ein thermisches Modell zur Simulierung der Wärmeübertragung im Inneren von Glas beschrieben, das nach dem Preßvor-
gang durch die Form und den Plunger gekühlt wird. Die Wärmeübertragungsanalyse trägt der spektralen Natur der Strahlung, den
thermophysikaUschen Eigenschaften des Glases in Abhängigkeit von der Temperatur und dem Wärmeübergang beim Kontakt
zwischen Form und Glas sowie Plunger und Glas während und nach dem Preßvorgang Rechnung. Ebenso wird der Wärmeaustausch
zwischen Glas, Form und Plunger durch einen sehr kleinen Spalt über Wärmeleitung und thermische Strahlung berücksichtigt. Die
Ergebnisse werden mit solchen, die auf exakten mathematischen Formuherungen der Strahlungsübertragung basieren, verglichen,
um die Gültigkeit der Rosseland-Diffusionsnäherung für die Strahlungsübertragung zu beurteilen. Es sind numerische Lösungen
für typische Bedingungen erhalten worden, die symmetrisches und nichtsymmetrisches Kühlen sowie einen periodischen Verlauf
simulieren. Die Resultate werden vorgestellt und diskutiert. Während der Dauer des Kontakts ist die Wärmeübertragung durch
Wärmeleitung zwischen Glas, Form und Plunger der dominierende Mechanismus der Wärmeabfuhr aus dem Glas. Die Ergebnisse
zeigen, daß die Oberflächenstrahlung des Glases eine relativ geringe Rolle beim Wärmeabfuhrvorgang spielt. Die Strahlung aus
dem Glasinneren ist viel maßgebender, jedoch weniger wichtig als die Wärmeübertragung durch Wärmeleitung.

1 . I n t r o d u c t i o n

Cooling of glass under different forming condi t ions is
an impor tan t step in glass manufaeture, and unders tand-
ing of the process is critical towards improving this vital
stage of Operation. Unders tand ing of glass cooling is es-
sential in order to reduce thermal or forming stresses
and defects. For example, Tatsukoshi et al. [1] have
shown that the depth of a sink m a r k observed on the
product is strongly affected by the initial temperature of
the plunger and mold, pressing dura t ion and pressure.
The quality of glass products such as lenses, T V panels
and others which are manufactured by pressing can be
affected by so-called sink marks , which are slight dents
on the surface of the product .
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H e a t transfer in h igh- tempera ture glass is by c o m -
bined condüc t ion a n d internal t he rma l rad ia t ion [2], a n d
these processes are well u n d e r s t o o d [3 a n d 4]. C o m p u -
ta t iona l difficulties arise u n d e r glass forming a n d cool -
ing condi t ions owing to the complex shapes of glass o b -
jects being formed. Hea t t ransfer from the h o t glass be -
ing pressed to the mo ld and /o r the p lunger is very c o m -
plex, has received m u c h less research a t t en t ion a n d is
no t fully unde r s tood .

T h e exper imenta l a n d theore t i ca l / computa t iona l
studies of heat t ransfer dur ing glass forming have been
reviewed by Fellows and Shaw [5] a n d m o r e recently by
Tatsukoshi et al. [1 a n d 6]. However, u n d e r s t a n d i n g a n d
mode l ing of heat t ransfer du r ing forming of glass a n d
subsequen t cool ing is still no t satisfactory. Fo r example ,
Fel lows a n d Shaw [5] neglected in ternal r ad ia t ion in
glass. They assumed tha t heat t ransfer is only by c o n d u c -



t ion. They de te rmined the t ime-dependent effeetive heat-
transfer coefficient ( the rmal con tac t conduetance) by
measur ing the m o l d t empera tu re a n d heat flux across
the interface. The t h e r m a l contac t condue tance H^T) was
defined by

(1)

where ^ ( 0 is the i n s t an t aneous heat flux at the interface,
and TG(0,T) a n d T^(0,T) are the glass surface and mold
surface temperatures , respectively. T h e conduetance was
found to depend on the initial glass a n d mold tempera-
tures as well as the pressure act ing across the interface.

Very recently, S torck et al. [7] s tudied theoretically
heat t ransfer dur ing pa r i son forming of glass. The spec-
tral na tu re of radiat ive transfer in glass was neglected.
They found that the influence of in ternal radiation in
glass is negligible in compa r i son to condüct ion dur ing
par i son forming a n d de te rmined the tempera ture distri-
bu t ion in glass to be symmetr ical .

T h e first pu rpose of this pape r is to set u p a physical
mode l of in ternal heat transfer in the glass and of heat
exchange across the glass-mold b o u n d a r y for gaining
unde r s t and ing of c o o h n g behavior of glass after form-
ing. T h e second pu rpose of the pape r is to assess the
U t i l i t y of the Rosse land diffusion approximat ion for
radiative transfer, because r igorous formulat ion of radi-
ative transfer in in t r icate-geometry glass objects being
pressed is very complex. T h e intent is no t to simulate
the geometry a n d process details du r ing a complete
cycle, bu t only dur ing the forming a n d cooling phases
when the heat ex t rac t ion from the glass formed is mos t
intense. T h e p rob lem is formulated for a one-dimen-
sional cool ing of a glass panel (sheet) a n d is based on
fundamenta l principles of heat transfer in glass by com-
bined condüc t ion a n d rad ia t ion and o n current under-
s tanding of con tac t heat t ransfer across a small gap (i.e.,
between glass and mold ) .

2 . A n a l y s i s

We consider the cool ing (dur ing a n d after pressing) of
an infinite p lane sheet of glass be tween infinite molds
(mold a n d a p lunger) . Hea t transfer be tween glass gob
before the glass fills the space between p lunger and mold
is n o t considered. Α schematic of the mo d e l is shown in
figure 1. A l t h o u g h the system is idealized, the model
should still enable the effects of changes in the various
pa rame te r s Controlling the cooling processes to be exam-
ined and would no t involve comphca t i o n s inherent in
cylindrical or o ther even m o r e complex geometries. Ex-
cept for the corners , the geometry wou ld approximate
well, for example, the cool ing of a T V panel or the
screen of a Computer moni to r . T h e ou ts ide surfaces of

Cooling Air or Water

Hp 4 ^ Plunger Interface

Glase

7

1

Hm 4 - Mold Interface

TT
Cooling Air or Water

Figure 1. Schematie model of the mold with glass.

the mold have cooling air or water applied continuously
or at a desired time cycle.

The following assumpt ions are made in the analysis:

a) Heat transfer in the glass, mold and plunger is transi-
ent and one-dimensional . The mass of the gas in the gap
between the glass and the mold is negligible in compari -
son to the mass of glass and is neglected.

b) Heat transfer in the glass sheet is by combined con-
düct ion and radiat ion with thermophysical properties
dependent on temperature.

c) The glass is taken to be semitransparent to radiat ion
for wavelengths λ smaller than the cutoff wavelength
and opaque (surface radiat ion) for λ > λ^.

d) Heat transfer in the glass mold and plunger is by con-
düct ion only.

e) The plunger and the mold are not perfectly smooth ,
and there is a finite gap between the plunger and glass
(ΔΡ) as well as the mold and glass (S^). These gaps are
controlled by the rms roughness of the mold construc-
t ion materials and the pressure imposed by the plunger.
The gaps are assumed to be filled with air. The presence
of residues from repeated mold lubrication is ignored,
and the thermophysical propert ies of the gas filling the
gaps are assumed to be those of air.

f) H o t glass is semitransparent to radiation, i.e., capable
of absorbing and emitt ing but no t of scattering radi-
ation. The glass is at local thermodynamic equil ibrium
for which Planck's and Kirchhoff 's laws are valid [8],
and the spatial dimensions of the glass sheet are much
larger than the wavelength of radiat ion in the semitran-
sparent band , i.e., the coherence effects are neghgible.



g) The mold and plunger surfaees are assumed to be
difTuse emitters and reflectors of radiation.

h) Dur ing cooling glass shrinks and its thickness de-
creases, and the shrinkage during the process is ae-
counted for using the thermal expansion coefficient of
the glass.

Based on the assumpt ions made, the energy conser-
vation equat ions in the three components of the system
are:

- for the plunger:

θ Γ ρ _ a 

dz

- for the glass:

a r , a 

dt dz 

dT ^ 

dz

dF
(3)

- for the mold:

dt dz dz
(4)

where the subscripts p, g and m stand for plunger, glass
and mold, respectively. In equat ion (3) F denotes the lo-
cal radiative flux in the par t of the spectrum where the
glass is semitransparent to radiat ion. Analysis for pre-
dicting this flux is presented in the following subsection.

The thermal bounda ry condit ions at the outer sur-
faces, i.e., plunger on the top and mold on the bo t tom,
are expressed in a form of a heat transfer coefficient.

dz
(5)

where i denotes either the plunger or the mold , and is
an appropria te convective heat transfer coefficient which
depends on the fluid used and flow/thermal conditions.
The coolant can be water or air. If the coolant is air,
radiation from the surface may be significant and may
have to be considered.

At the glass/mold and glass/plunger interfaces glass
is being cooled by contact condüct ion and radiat ion
during pressing. Thermal energy balances at the b o t t o m
and top surfaces of the glass layer yield the requisite
conditions. For example, at the b o t t o m surface (z = 0)
the bounda ry condi t ion is

_ a 7 g

dz ==0
= h,{T.-TJ (6)
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where the first t e rm o n the r ight-hand-s ide of th is e q u a -
t ion accounts for the gap the rma l condue tance a n d the
second for the rad ia t ion in the pa r t of the s p e c t r u m
where glass is considered to be o p a q u e to t h e r m a l r ad i -
at ion. T h e the rmal con tac t condue tance of the gap
between the metal m o l d a n d glass was calculated us ing
accepted me thodo logy by account ing for the m o l d
roughness , con tac t pressure, gas in the gap a n d o t h e r
factors such as the t empera tu re j u m p [9]. T h e gap con -
due tance hc was expressed as

hc = K.J{Ö^ + lg) (7)

(2) where / C g a p is the t he rma l conduct ivi ty of the gas in the
gap, a n d is the m e a n physical gap which d e p e n d s o n
the m e a n roughness a n d con tac t pressure. T h e t e m p e r a -
ture j u m p dis tance g depends on the a c c o m m o d a t i o n co-
efficient and the thermophys ica l proper t ies of the gas
filling the gap. T h e interferenee a n d rad ia t ion tunne l ing
effects caused by the very small {δ^ is of the o rde r of
1 pm) gap filled wi th a dielectric m e d i u m (gas) have been
neglected in wri t ing the second t e rm in equa t ion (6).
Crava lho et al. [10] a n d B o e h m and Tien [11] have
shown that tunnel ing a n d interferenee effects c a n be a p -
preciable if δ^Ιλ < 1, a n d the predict ions of r ad ia t ion
heat exchange can differ significantly from those calcu-
lated using the second t e rm on the r igh t -hand-s ide of
equa t ion (6). Unfortunately, precise calculat ions for m a -
terials and gap height δ^ changing with t ime (because
of the cont rac t ion) have no t been analyzed a n d are n o t
available.

T h e the rmal b o u n d a r y condi t ion at the g lass /p lunger
interface (z = H) can be wri t ten in a similar m a n n e r as
equa t ion (6) and need no t be repeated here. T h e only
difference is that the t empera ture and rad ia t ion p rope r -
ties of the mo ld mus t be replaced with those of the
plunger.

T h e initial t empera tures of the mo ld a n d p lunge r of
a pressing system opera t ing in a cyclic m a n n e r are diffi-
cult to specify. These tempera tures can be m e a s u r e d o r
established computa t iona l ly by performing a large n u m -
ber of pressing cycles. In this analysis the initial m o l d
a n d p lunger tempera tures are chosen on the basis of o b -
servat ions in typical forming Operations. T h e initial t em-
pera ture of the glass is taken to be uni form

r g ( z , 0 ) = FgAt = Oy (8)

2 . 1 R a d i a t i v e t r a n s f e r i n g l a s s - r i g o r o u s

f o r n n u l a t i o n

In the r igorous formulat ion, the glass is cons idered t o
be semi t ransparen t to radia t ion . T h a t is, for 0 < 2 < λ^,
where is the cutoff wavelength, the glass is cons idered
to be semi t ransparent to rad ia t ion , and the spectral ab -
sorp t ion coefficient is taken to be a funct ion of b o t h



t empera ture and wavelength. For λ^^ < λ < ^ glass is where /p ^ is the speetral intensity leaving the plunger
assumed to be opaque , a n d radia t ion is treated as a sur-
face p h e n o m e n o n . In view of the deficiencies of the dif-
fusion approx imat ion for radiative transfer in thin glass
layers [12], radia t ion transfer is formulated rigorously.
T h e radiative flux divergence, 8/76z, in the total energy
conservat ion equa t ion (3) can be expressed as [3]

dF

dz dz
άλ = K,[^NNLHAT)-G,{z)]AX. (9)

surface and consists bo th of emitted and reflected con-
tributions.

The Solution of the R T F , equat ion (12), with the
boundary conditions, equations (13) and (14), can be ob-
tained using a number of methods [3 and 4]. Here, we
use the discrete ordinates me thod ( D O M ) which has
been shown to yield accurate results with a rather mod-
est computa t ional effort [12].

T h e local spectral radiat ive flux Εχ{ζ) and the spectral
i r radiance Οχ{ζ) are defmed as

7^^(ζ) = 2π Ιχ{ζ,μ)μάμ 
ι

- 1

and

1

G,(z) = 2π I 1,{ζ,μ) άμ 

- 1

( 1 0 )

( 1 1 )

respectively. In these equa t ions Ιχ{ζ,μ) denotes the spec-
tral radia t ion intensity which at any pos i t ion ζ is a func-
t ion of direct ion μ{= cos Θ) (see figure 1). This intensity
is ob ta ined by solving the radiative transfer equat ion
(RTF) within the layer of glass [3 a n d 8],

μ 4̂  ^ [NL Ih,x{T) - Ιχ{ζ,μ)]
dz

( 1 2 )

where Ιχ{ζ,μ) is the spectral intensity of radiat ion and is
a function of posi t ion, direct ion a n d wavelength, and
4 , Α ( Γ ) is the spectral intensity of b lackbody radiat ion
given by Planck 's function. T h e b o u n d a r y condit ion for
equa t ion (12) at an optically s m o o t h free surface at
ζ = 0 from the interface condi t ions between the glass
a n d the m o l d is wri t ten as

2 . 2 R A D I A T I V E T R A N S F E R I N G L A S S - R O S S E L A N D
D I F F U S I O N A P P R O X I N N A T I O N

Analysis of radiative transfer in complex-shape glass
products being pressed is exceedingly complex. In spite
of the fact that Rosseland diffusion approximation
(RDA) for radiative transfer is known to perform poorly
for thin layers of glass [3, 12 and 13], its simplicity pos-
sesses great computa t ional advantages and is attractive.
Therefore, it is desirable to assess the Utility of the
approximation for radiative transfer in pressed glass
products being cooled by compar ing the results of calcu-
lations based on the discrete ordinates method for the
Solution of the radiative transfer equation.

The R D A is the simplest and the most commonly
used approach. It has been known to glass scientists and
technologists for a long time [3]. Using this approxi-
mat ion the radiative flux in the ζ direction can be ex-
pressed as

ΆΤ

dz
(15)

where / c r is the radiative conductivity of the material
defined as

7,(0,/ /) = τ , ( / / ° ) / ^ , , + ρ,{μ)Ι,φ,-μ) ( 1 3 )

where Ι ^ Χ is the spectral intensity leaving the mold sur-
face; τχ{μ°) is the direct ional t ransmissivi ty of external
radia t ion for direct ion {Θ"" = cos~'^ μ"") and ρχ(μ) is
the internal reflectivity for direct ion μ. T h e angle of inci-
dence of external rad ia t ion is related to the refracted
angle θ in the glass t h rough Snell's law. The radiat ion
intensity Ι ^ , Λ leaving the m o l d consists of bo th emitted
a n d reflected cont r ibut ions . T h e in terac t ion of radiat ion
at the s m o o t h interface between two dielectric media
(i.e., t ransmissivity τχ and reflectivity ρχ) is governed by
SneU's and Fresnel 's laws [8]. T h e b o u n d a r y conditions
at the uppe r surface of the glass layer facing the plunger
(z = H) is similarly wri t ten as

Ι,(ζ,μ) - τ , ( / / ° ) /ρ ,Α + ρ,(μ)ΙΛζ,μ) ( 1 4 )

4 π

ΚΧΧΆΤΐ
ΆΛ. (16)

In this equat ion ΠΧ and ΚΧ are the spectral index of re-
fraction and the spectral absorpt ion coefficient of glass,
respectively, and Ih,/XT) is Planck's blackbody function.
This conductivity is known as the Rosseland radiative
conductivity. The diffusion approximation is very simple,
but it breaks down in the vicinity of the bounda ry and/
or when the opacity of the material is not sufficiently
large. The effective thermal conductivity is the sum of
the p h o n o n thermal conductivity and Rosseland thermal
conductivity given by equat ion (16) [3 and 12].

For consistent t reatment of radiative transfer, the
bounda ry condit ion, equat ion (6) needs to be modified
to



z = 0
= h,{T.-TJ (17)

+ π
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άλ.

The thermal conductivity of glass in equat ion (6) has
been replaced by an effective thermal conductivity of
glass, / :e f f ,g? which is the sum of the p h o n o n and Rosse-
land radiative conductivities. Also, since the glass is con-
sidered to be opaque to external (mold) radiat ion, the
Integration over wavelengths is extended over the entire
spectrum.

2 . 3 M e t h o d o f S o l u t i o n

The S o l u t i o n s of the model e q u a t i o n s , e q u a t i o n s (2) to
(4), and the requisite bounda ry condit ions were obta ined
numerieally using the control volume formulat ion [14].
The discretized total energy equat ion was solved using a 
fully implicit Integration scheme. Thermophysical p rop-
erty Variation with temperature of glass and mold mate-
rials was aecounted for. The radiative flux divergence,
67^/6z, in the glass energy equat ion, equat ion (2), ap-
pears as a local source/sink term. In spite of the fact
that the integral (exact) Solution of the radiative transfer
equat ion is available [3 and 4], the discrete ordinates
me thod [12] was used to solve the equat ion, because it
requires much less Computer resources t han the exact,
integral formulation for the radiative flux. Very accurate
Solutions can be obtained using the Sg level Symmetrie
quadra ture due to Fiveland [12]. Dependence of the ab-
sorpt ion coefficient of glass on wavelength and tempera-
ture has been aecounted for. Numerica l calculations
were performed using six and ten bands in the semitran-
sparent spectral ränge between 0 and 4.7 pm. But, the
Solutions were practically identical, and the numerical
results reported in the paper have been obta ined using
six spectral bands.

The Rosseland radiative conductivity of glass given
by equat ion (16) was evaluated numerieally from the
knowledge of the absorpt ion coefficient dependence on
wavelength and temperature for the specific glass con-
sidered as an example.

Α grid sensitivity study has been conducted, and it
was concluded that for a glass layer 1 cm thick, from
50 to 100 nonuniformly spaced interior gr idpoints were
considered. It was found that 70 gridpoints were suf-
ficient to obtain grid-independent Solutions. Time step
sensitivity study was also conducted, with t ime steps
ranging from O.Ol to 1.0 s. Time step independent Solu-
tions were obta ined with a time increment of O.Ol s.

In order to validate the mathematical /numerical m o -
del, the predictions need to be compared with exper-
imental data. For this purpose two sets of da ta are

2 3 
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Figure 2. Spectral absorption coefficient of TV glass used in
the calculations.

k n o w n to the au thors . T h e extensive exper imenta l d a t a
of Fellows a n d Shaw [5] could no t be used, because the
glass employed was n o t specified a n d the spectra l ab -
sorp t ion coefficient a n d index of refraction of the glass
were no t known . O the r pa rame te r s such as m o l d r o u g h -
ness etc. were also n o t provided. Qualitatively, the m o l d
surface heat fluxes, glass surface t empera tures a n d the
the rma l con tac t conduc tances predicted agreed wi th the
exper imenta l da t a for the condi t ions tested, b u t a q u a n -
titative compar i son could no t be m a d e for the r easons
stated. T h e o ther glass pressing/cooling da t a [1 a n d 6]
are for a very small (50 to 70 g) glass gob being pressed
in a three-dimensional mold . T h e geomet ry was n o t
p l ana r and a direct c o m p a r i s o n could n o t be m a d e .

3 . R e s u l t s a n d d i s c u s s i o n

There is a large n u m b e r of pa rame te r s requi red t o de-
scribe the prob lem. Some of the pa rame te r s c a n n o t be
well character ized a n d approx imat ions are necessary. We
examine here two physical si tuations. Firs t , we cons ider
the cool ing to be symmetr ical in order to reduce the
n u m b e r of mode l parameters . Second, we cons ider
asymmet r ic cool ing of the glass p roduc t after it has been
pressed. In b o t h si tuations, T V glass is used as a n ex-
ample , a n d available thermophys ica l a n d radiat ive p r o p -
erty da t a are used in the calculations. Since the focus of
the work is on unde r s t and ing of heat ext ract ion a n d of
the dynamic t empera tu re d is t r ibut ion in the glass, n o at-
t emp t is m a d e to truly mimic the cool ing cycle.

T h e thermophys ica l proper t ies of glass used in the
calculat ions were approx imated by the following: den -
sity, Q = 2779 - 0.1367 (T - 298.15) in k g W ; specific
heat , c = 558.2 + 0.3306 Γ in J/(kg K ) ; t h e r m a l



(phonon) conductivi ty, k= \.5 + 0.000114 ( Γ - 273.15)
in W / ( m K) . T h e radiat ive (Rosseland) componen t of the
effective conduct iv i ty was calculated from equation (16)
with the knowledge of the spectral absorp t ion coefficient
�� a n d the spectral refractive index of glass. The index
of refraction index of the glass was approximated to be
1.55, and the spectral absorp t ion coefficient used in the
analysis is given in figure 2. Fo r clarity, the values of κ-;
are provided only for a few selected temperatures. In the
calculat ions m o r e extensive da t a were available, and ad-
di t ional values needed were ob ta ined by Interpolation.

3 .1 Symmetr ie cooling

To Start, an idealized pressing/cooling Situation is con-
sidered in which the pressing/cooling is assumed to be
Symmetrie abou t the center-plane of the glass panel
(layer). T h e mold /p lunger physical pa ramete r s and cool-
ing condi t ions are assumed to be such to produce Sym-
metr ie cooling. In part icular , the physical parameters
and condi t ions imposed for the s imulat ions are the fol-
lowing:

- initial glass tempera ture , 1050°C;
- cons tan t p lunger /mold tempera ture , 650 °C;
- glass thickness, 10 m m ;
- b lack plunger a n d mold , βρ = 1-0;
- m e a n root square roughness of p lunger and mold,

2 pm;
- pressing/cooling t ime from 0 to 120 s (for 0 < t < 15 s 

pressing; for 15 < t < 60 s forced convection cooling;
for 60 < t < 120 s na tura l convect ion cooling);

- forced convect ion heat transfer coefficient,
200 W/(m2 K) .

To establish a baseline for compar i son , two different
radia t ion heat t ransfer mode ls in glass are considered: 1)
the Rosseland diffusion approx imat ion (RDA) and 2)
the discrete ord ina te m e t h o d ( D O M ) . T h e material (TV
glass) is semi t ransparen t to radia t ion , and the internal
rad ia t ion transfer is t reated as a diffusion process using
the R D A . In te rna l radiat ive transfer is treated rigor-
ously, and the radiat ive transfer equa t ion is solved using
the D O M [12]. T h e na tu ra l a n d forced convection heat-
transfer coefficients were predicted using established
correla t ions repor ted in the l i terature [15]. For eompar i -
son purposes , results were also ob ta ined by treating the
T V glass to be o p a q u e to rad ia t ion (i.e., r ad iadon is con-
sidered as a surface p h e n o m e n o n only).

As expected, the results reveal tha t the glass cools
m u c h m o r e slowly when in ternal rad ia t ion is not con-
sidered (not presented in the paper ) in the total energy
mode l . C o m p a r i s o n of the results wi th those in which
radiative transfer is correctly mode led (figures 3a and
3b) reveals tha t diffusion is a slow process and that neg-
lect of rad ia t ion is inadequa te for predic t ing the transi-
ent cool ing of glass dur ing and after pressing. Use of the
R D A for radiat ive transfer is also inadequate , and both
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Figures 3 a and b. Transient temperature distributions in the TV
glass layer for S Y M M E T R I E eooling: a) RDA and b) DOM.

magni tude and trends of the temperature distribution in
the glass layer are not predicted correctly. Compar i son
of figures 3a and 3b reveals that the R D A for radiative
transfer in glass predicts much lower temperature gradi-
ents near the interface than does the D O M . For ex-
ample, at / = 15 s the R D A (in figure 3a) predicts only
about a 5 Κ lower surface temperature than at the mid-
plane. This is a consequence of the highly nonlinear nat-
ure of radiat ion transfer, interaction between p h o n o n
condüct ion and radiat ion diffusion and imposed thermal
(cooling) bounda ry conditions. Compar i son of the tem-
perature distributions in figures 3a and 3b at ί = 30 s 
reveals that the surface layers of glass lose heat more
readily by contact condüct ion and opaque radiat ion, be-
cause here the temperature gradient is decreasing more
rapidly with distance dur ing the dwell time (figure 3b).
The results are in concert with those reported elsewhere
[12]. In spite of the fact that fraction of the radiat ion
emitted in the interior of the glass layer (near the mid-
plane) is absorbed near the surface, these layers of the
glass radiate heat away to the plunger. The interaction
between condüct ion and radiat ion is substantial and
contr ibutes to the sharp temperature decrease of the
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Figure 4. Variation of eenter-plane and surfaee temperatures
predicted by RDA and DOM models during Symmetrie cooling.

glass dur ing the coohng period. Dur ing this period con-
ductive heat transfer is confined to the surface layers
(0.85
rather uniformly.

< zlHg < 1.0), and the interior of the glass cools

The Variation of the surface and center-plane tem-
peratures with time is illustrated in figure 4. The tem-
peratures at the quar ter-plane are between those of the
surface and center-planes (but closer to those at the
center) and are not shown for the sake of clarity. It
is clearly shown that , as the plunger is removed (at
t = 15 s), the surface temperatures Hatten out (i.e., only
about a 5 Κ recovery in temperature) owing to reheating
caused by heat condüct ion from within the interior of
the glass. But this rise cannot be clearly indicated in the
figure. The recovery in temperature at / > 60 s is greater
because convective heat transfer for natura l convection
condit ions is much smaller than 200 W/(m'^ K) used for
forced convection from / = 15 s to / = 60 s. As shown
by Tatsukoshi et al. [1], the reheating characteristics are
strongly influenced by the initial temperature of the
plunger, pressure and the pressing dura t ion. It is also
expected to depend on the spectral absorpt ion character-
istics of the glass. The findings concerning reheat are
consistent with the results reported by Rawson [16] and
Merkwitz et al. [17].

The ins tantaneous local (conductive and radiative)
fluxes predicted by R D A and D O M models are shown
in figures 5a and 5b, respectively. Except for the very
early time (/ < 1 s) the fluxes predicted by the two mod-
els exhibit the same trends with time. The heat fluxes
calculated by R D A are higher than those calculated by
D O M . This finding is consistent with results for the tem-
perature distr ibutions (figure 3) calculated by the two
models and is a consequence of the complex interactions
between condüct ion and internal thermal radiat ion.

The heat flux Variation with time at the glass surface
during the pressing/cooling time is illustrated in figure
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Figures 5a and b. Local heat flux distributions in the glass layer
during Symmetrie cooling: a) RDA and b) DOM.
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Figure 6. Comparison of total heat flux variations with time at
the surface in the glass layer during Symmetrie cooling for RDA
and DOM models.

6. T h e results ob ta ined (not shown) reveal tha t t h e r m a l
con tac t condüc t ion p redomina tes over the o p a q u e a n d
semi t ransparent rad ia t ion componen t s . T h e con tac t con-
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Figure 7. Comparison of the fraetional heat extraetion rates at
the glass surface for DOM model.
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Figure 8. Comparison of the centerUne and glass surface tem-
peratures during cyclic, asymmetric cooling of TV glass layer
for DOM model.

duc tance of the gap is largest at the s tar t of eooling and
decreases slowly, because the glass con t rac t s only slightly
a n d the d r o p in condue tance is small. T h e conductances
at the two interfaces are practically independent of t ime
as the shr inkage of glass dur ing cool ing is very small
owing to the small l inear t he rma l expans ion coefficient.
T h e average the rma l con tac t condue tance of the gap
dur ing dwell t ime at the p lunger 8000 W/(m^ K)) is
abou t the same as at the m o l d owing to an identical
initial con tac t gap. T h e the rmal con tac t conductances
agree qualitatively wi th the exper imenta l results reported
in the l i terature [5]. T h e cumulat ive heat extraction rates
(i.e., integrated over t ime) have been calculated for R D A
a n d D O M models , bu t are no t shown for the sake of
brevity. T h e results reveal tha t at ί = 120 s the heat ex-
t rac ted from glass according to R D A is about 2 0 %
higher t h a n by D O M .

T h e fraetional heat extract ion rates predicted by
D O M are il lustrated in figure 7. T h e results show com-
plex behavior of the fraet ional heat removal rates which
depend on the m o d e of cooling. T h e results reveal that
the rma l con tac t condüc t ion is the largest component
a n d decreases to abou t 70 % at t = 1 5 s (at the end of
dwell t ime). O p a q u e rad ia t ion con t r ibu t ion is consider-
ably smaller bu t no t a negligible componen t . F r o m
t = 1 5 s t o t = 6 0 s semi t ransparen t radia t ion compo-
nen t accounts for abou t 20 % of the to ta l heat extraction
rate. This is due to the effective cool ing of the glass sur-
face by forced convect ion with a relatively large heat
transfer coefficient [= 200 W/(m2 K)] . T h e fraction of
heat extracted from the glass layer in the semitranspar-
ent b a n d would be larger if a smaller convective heat
transfer coefficient h a d been selected for the sample cal-
culations. For the per iod of 60 s < t < 120 s when the
glass pane l is cooled by na tu ra l convect ion, semitran-
sparent rad ia t ion accounts for abou t 50 % of the total
heat extract ion rate; o p a q u e rad ia t ion contr ibut ion ac-
coun t s for abou t 40 % a n d na tura l convection for only

10 %. It should be noted that the above results are pro-
cess parameters specific. The heat extraction fractions
from the glass depend on the glass layer thickness,
pressing and cooling conditions, type of glass, mold and
plunger roughness, etc.

The effect of the glass layer thickness on the cumula-
tive heat extraction from the product defined has been
examined. The calculations have been performed for
glass layer thicknesses of 2.5, 5.0 and 10.0 m m using
D O M . The results show that heat extraction is greatest
for the 10 m m thick layer and smallest for the 2.5 mm.
Dur ing the 15 s dwell time the differences are relatively
small. The thermal contact condüct ion accounts for the
largest fraction (i.e., of cumulative total) of the heat ex-
tract ion and opaque radiat ion for the smallest. The
trends in the heat extraction fractions for the three thick-
nesses are the same, and, as expected, the differences for
opaque radiat ion contr ibut ions are the smallest.

3 . 2 N o n s y m m e t r i c c o o l i n g

Heat transfer processes mimicking glass forming have
been simulated for the typical Situation when heat ex-
tract ion through the plunger and the mold differ, and
this results in an asymmetr ic temperature profile in the
glass. The purpose here is to mimic heat extraction from
the glass during the complete revolution (cycle) of the
carousel (forming machine) . As a specific example, TV
panel glass is considered, and the system is described by
the foHowing parameters :

- initial glass temperature, 950 °C;
- glass thickness, 10 mm;
- initial plunger and mold temperatures, 550°C/550°C;
- plunger/mold thicknesses, 30 mm/30 m m ;
- initial gap distance between plunger and glass, 2 pm;
- initial gap distance between mold and glass, 4 pm;



- emit tance of plunger/mold, 1.0/1.0;
- eonvective heat transfer eoeffieient between eooling

air a n d plunger, 200 Wl(m^ K) ;
- eonvective heat transfer coefTicient between cooling

air a n d mold , 300 W/CM^ K) ;
- total cycle time, 135 s (from 0 < t < 5 s open; from

5 < t < 15 s pressing; from 15 < t < 60 s forced con-
vection cooling after plunger has been removed but
glass stays on the mold; from 60 < t < 102 s natura l
convection cooling but glass stays on the mold; from
102 < t < 135 s forced convection cooling but glass
stays on the mold.

To determine if truly cyclically steady pressing/cool-
ing Operation has been reached, five, six and seven cycles
were simulated using D O M . This was necessary because
the initial plunger and mold temperatures assumed may
not have been consistent with cyclically steady pressing/
cooling Operation. The glass centerline and surface
(glass/mold and glass/plunger) temperatures are illus-
trated in figure 8. After the sixth cycle, for example, the
glass comes out shghtly colder than after the first cycle.
This indicates that the initial mold and plunger tempera-
tures assumed for calculations were inconsistent with the
cyclically steady Operation. Compar i son of the glass
temperatures during the fifth and seventh cycles are
practically the same, and this indicates that cyclically ste-
ady pressing/cooling condit ions have been reached on
the carousel. The mold and plunger surface tempera-
tures show similar trends, but it has taken the mold the
longest to reach cyclically steady temperatures. This is
because of the different thermal contact and convective
cooling condit ions at the glass/plunger and glass/mold
interfaces. The results are not shown for the sake of
brevity.

The local temperature distributions dur ing the first
and sixth pressing/cooling cycles are illustrated in figures
9a and 9b, respectively, and clearly reveal that the tem-
peratures are not symmetrical about the midplane of the
glass layer. This. can also be clearly seen from figure 8 
for the seven cycles. The asymmetrical cooling is due to
greater heat extraction rate at the plunger/glass interface
than at the mold/glass interface because of the differ-
ences in the external thermal condit ions imposed on the
mold and plunger as well as removal of the plunger at
t = 15 s. At early times in the first cycle (i.e., t = 15 s in
figure 3 a) the temperature distr ibution in the glass layer
is nearly symmetrical about the midplane. A t this time
there is only about 5 Κ difference between the glass/
mold and glass/plunger interface temperatures. The
main reason for this result is the fact that the initial
mold and plunger temperatures were assumed to be the
same (550 °C) and that there was insufficient t ime for
the imposed external cooling condit ions at the mold and
plunger to influence heat extraction from the glass dur-
ing the 15 s of the process time. The tempera ture distri-
but ions in the glass illustrated in figures 9a and 9b for
the first and the sixth cycles, respectively, clearly show
the impact of the assumed initial temperatures in the
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Figures 9a and b. Local glass temperature distributions during
cyclic cooling for DOM model: a) first cycle and b) sixth cycle.

p lunger a n d the mold . This is due to the fact tha t the
plunger a n d m o l d are m o r e massive and , therefore, have
higher heat capacit ies t h a n the glass panel , a n d thei r
ou te r bounda r i e s have different imposed cool ing con-
dit ions. T h e local radiat ive flux divergence ( - 0 J F / 8 Z ) in
the energy equa t ion (2) is also no t symmetr ica l a b o u t
the midplane , bu t is no t shown because of the need for
brevity.

T h e Variation of glass tempera tures wi th t ime at the
center a n d the two interfaces for the first cycle are illus-
t ra ted in figure 10 a n d clearly reveal asymmet r ic cool ing .
A t / = 135 s there is only abou t a 50 Κ tempera tu re dif-
ference across the glass. The t rends in the mold/glass a n d
plunger/glass interface tempera tures wi th t ime are n o t
the same because of the differences in the cool ing con-
dit ions. T h e glass p roduc t is in con t inuous con tac t wi th
the mold , whereas the contac t of the p lunger a n d glass
has been t e rmina ted at t = 15 s, a n d the u p p e r glass
surface is first being cooled by forced a n d later by na tu -
ral convect ion.

Α c o m p a r i s o n of the ins tan taneous heat t ransfer co -
efficients ( the rmal con tac t conductances) a n d of the t o -
tal heat fluxes dur ing the first and sixth cycles predic ted
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Figure 10. Variation with time of the midplane and surfaee tem-
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Figure 12. Comparison of total heat flux variations with time
at the mold/glass and plunger/glass interfaces during the first
and sixth cycles using DOM model.
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Figure 11. Comparison of thermal contact conductances at the
mold/glass and plunger/glass interfaces during the first and
sixth cycles using DOM model.
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Figure 13. Comparison of cumulative heat extraction rates at
mold/glass and plunger/glass interfaces during the first and
sixth cycles using DOM model.

by D O M mode l are i l lustrated in figures 11 and 12,
respectively. T h e results reveal complex t rends which are
consistent wi th the m o d e s of heat t ransfer during the
cycle. N o t e tha t the con tac t condue tance at the mold/
glass interface (z/Hg = 0) is practically constant for
ί > 15 s (figure 11). D u r i n g this t ime per iod the glass is
si tuated on t o p of the mold , a n d the con tac t pressure is
considered to be due to the weight of the glass. The total
heat flux (figure 12) dur ing this t ime per iod decreases
slowly, because the t empera tu re of the glass decreases as
the heat is extracted. T h e cumulat ive heat extraction
rates from t o p a n d b o t t o m interfaces of the panel during
the first and sixth cycles are c o m p a r e d in figure 13. The
results, as expected, show tha t m o r e heat is extracted
from the b o t t o m t h a n the t o p a n d tha t after six cycles
steady (cyclically) t he rma l condi t ions have not yet been
reached.

In a paper which has become available to the au thors
(after this manuscr ipt has been submitted for publi-
cation), Merkwitz et al. [17] have demonst ra ted the im-
por tance of radiat ion heat transfer dur ing glass forming
processes when there exists a strong contact between
mold and glass. The major findings reported in their
paper are completely consistent with the results of this
work.

4 . C O N C L U D I N G R E M A R K S

Temperature distr ibutions in glass pressing/cooling have
been calculated for a TV glass panel having wavelength-
and temperature-dependent spectral absorpt ion coef-
ficient. The temperature distributions for Symmetrie and



asymmetr ic cyclic pressing/cooling situations have been
analyzed to show the local rates of heat loss by condüc-
tion and radiat ion in the glass. Based on the resuUs ob-
tained, the following conclusions can be drawn:

a) For the condit ions considered, radiat ion from the
surface in the opaque par t of the spectrum and from the
interior of the glass in the semitransparent pa r t of the
spectrum plays a small but impor tan t par t in the extrac-
tion of heat from the glass. In the center of the glass the
loss of heat by radiat ion at the start of the cooling pro-
cess is virtually the only cooling process.

b) Use of the Rosseland diffusion approximat ion for
radiative transfer in glass during pressing/ cooling is not
recommended and is discouraged. The approximat ion
overpredicts the cooling rates in the central regions of
the panel and underpredicts the glass temperatures in
the surface regions.

c) The results of calculations for bo th Symmetrie and
asymmetric cooling condit ions show that the thermal
contact condüct ion is the dominant mechanism for heat
extraction from the glass to the plunger and the mold
during the dwell time. The gap distances (rms roughness)
between the glass and the plunger and the glass and the
mold are impor tan t parameters which control cooling of
the glass dur ing the dwell time.

d) The interaction between condüct ion and radiat ion
within the glass is such that change in thermal contact
condüct ion affects radiative transfer to compensate for
this change particularly in the surface layers.

e) The results clearly show that Computer codes which
do no t account for internal radiat ion transfer in the glass
or use the Rosseland diffusion approximat ion will be in-
capable of predicting correctly the temperature distri-
but ion and residual stresses in a glass product .

We have shown that it is possible to study theoreti-
cally the effects of different plunger and mold materials,
as well as of thermal condit ions on heat extract ion from
glass being formed/cooled. It is also possible to couple
the thermal problem for predicting glass temperature
distr ibutions to that for calculating thermal and form
stresses resulting from forming/cooling of the glass.

5. Nomenclature

5.1 Symbols

c
F
Fx

Η
h

h

k

specific heat in Js/(kg K)
local total radiative flux in W/m-
local spectral radiative flux defined by equation (11) in
W/(m2 pm)
spectral irradiance defined by equation (12) in
W/(m2 pm)
temperature jump distance in m 
thickness in m 
convective heat transfer coefficient in W/(m- K)
gap conduetance defined by equation (1) in W/(m2 K)
spectral radiation intensity in W/(m^ pm sr)
spectral black body intensities of radiation given by
Planck's law in W/(m- pm sr)
thermal conductivity in W/(m K)

k^ Rosseland radiative conductivity defined by equation
(16) in W/(m K)

η index of refraction
q instantaneous heat flux at the interface
s unit vector, see figure 1 
Τ temperature in Κ
t time in s 
ζ depth in pm

α thermal expansion coefficient in 1/K
ε emissivity
δ gap distance in m 
θ reflection angle, see figure 1 
κ absorpdon coefficient in 1/m
λ wavelength in pm
μ direction cosine, cos θ

directon cosine, cos θ°
ρ density in kg/m^ or reflectivity (dimensionless)
τχ(//°) transmissivity of external radiation for direction μ^

5.2 Subscripts

amb refers to ambient or conduetance
b refers to a black body
c refers to cutoff wavelength
g refers to glass
gap refers to gap
i index refers to either plunger or mold
m refers to mold
ρ refers to plunger
R refers to Rosseland radiative conductivity
λ refers to wavelength

5.3 Superscripts

ο refers to the direction of external radiation
refers to angle of incidence, see figure 1 

The authors are indebted to Mr. John Chumley of Techneglas
Inc. for numerous technical discussions on TV glass forming
and subsequent cooling.
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