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Abstract--Transient combined conductive-radiative heat transfer is analyzed in an optical quality glass 
disk. Typically semitransparent materials such as a glass have spectrally selective absorption and emission 
characteristics. In the present analysis the spectral dependence of the absorption coefficient on wavelength 
is appropriately accounted for, and discrete ordinates method is used to solve the radiative transfer equation 
for the axisymmetric cylindrical geometry. Specularly reflecting boundaries are considered, and Fresnel's 
equations are used to predict the spectral radiation characteristics at the interfaces. The numerical analysis 
is validated by comparing predictions to the experimental results for soda-lime glass. As an example, BK7 
optical quality glass is considered as a semitransparent medium. © 1998 Elsevier Science Ltd. All rights 

reserved. 

INTRODUCTION 

Accurate prediction of temperature distributions in 
glass and other semitransparent materials at high tem- 
perature are essential during various fabricating oper- 
ations. For example, the annealing of glass plates 
requires prediction of the temperature distribution 
from the transient combined conduction and radi- 
ation heat tran,;fer analysis. During the process of 
annealing optical quality glass which is utilized for 
optical components in imaging systems, the tem- 
perature gradients in the glass must be controlled very 
carefully by imposing a constant cooling rate of the 
order of 0.01 °C/h, because a true geometric and color 
image of an object is generated by using the property 
of refraction. Even small stresses due to the tem- 
perature gradients in the annealing range cause per- 
manent strains and inhomogeneities of the refractive 
index [1]. This can be detrimental to optical glasses of 
high quality. Moreover, the stress-strain relation in 
glass plate during annealing or tempering and danger 
of fracture is also strongly related to the temperature 
gradients [2]. Therefore, it is very important to pre- 
serve the uniform temperature distribution during the 
cooling of high quality optical glass. Thus, to insure 
the uniformity of temperature in glass, it is necessary 
to cool the glass at a very slow rate by varying the 
surrounding anti/or ambient temperature with time. 

In order to accurately predict the temperature dis- 
tribution in the semitransparent materials such as 
glass at high temperature, the radiant energy transfer 
throughout the interior of the medium as well as the 
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heat transfer by conduction needs to be considered. 
Conduction is the diffusive transfer of energy at the 
molecular (phonon) level, while radiation is the trans- 
port of energy by electromagnetic waves (photons) 
over a finite distance. In opaque materials, thermal 
energy is transferred only by conduction throughout 
the interior; however, in semitransparent materials, 
energy is transferred by simultaneous conduction and 
radiation, because the semitransparent nature of the 
material makes internal radiative transfer a very 
important component of overall heat transfer. There- 
fore, the local temperature and the local temperature 
gradients cannot be predicted accurately using the 
concept of the effective (apparent) thermal conduc- 
tivity, and rigorous treatment of radiative transfer 
is needed [3, 4]. Typically, semitransparent materials 
such as glass are homogeneous and the scattering of 
radiation can be neglected in comparison to absorp- 
tion, and this makes it easier to carry out the analysis 
of radiative heat transfer [5]. However, since sem- 
itransparent materials have the spectral absorption 
and refraction characteristics which depend strongly 
on wavelength and specularly reflecting boundaries, 
it is difficult to solve the radiative transfer equation 
analytically. 

Much research has been directed towards the com- 
bined effects of conduction and radiation in glass. A 
pioneering transient analysis by Gardon [6] was on 
the heat treatment of glass plate. Specular boundary 
reflections were considered, and two spectral bands 
were used in the semitransparent spectral region with 
the glass assumed to be opaque for wavelengths larger 
than 4 #m. More recently, Ping and Lallemand [7] 
studied heat transfer in glass plates for several thermal 
and radiative boundary conditions using a nodal 
analysis based on the zonal method. The effects of 
many dimensionless parameters were investigated, 
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c specific heat [J kg -I K -z] 
Fz.op radiative flux defined by 

F~,op = ]'a7 F,,~ d2 [W m -2] 
F~ .... radiative flux defined by 

F~ .... = S~ c F,,z d2 [W m -2] 
F radiative heat flux vector [W m -2] 
g fractional blackbody function defined 

by equation (7) 
G incident radiation flux 

[W m -2] 
h convective heat transfer coefficient 

[W m -2 K-i)]  

I radiative intensity [W m - :  sr-1] 
Ib blackbody intensity [W m -2 sr-l] 
k thermal conductivity [Wm -~ K -1] 
L thickness of the glass disk [In] 
n coordinate normal to the surface 
n unit vector normal to the surface 
nx refractive index 
q conductive heat flux vector [W m -2] 
r radial coordinate [m] 
r spatial position vector [m] 
R radius of the glass disk [m] 
t time Is] 
T temperature [K or °C] 
To initial temperature [K or °C] 
z axial coordinate [m]. 

NOMENCLATURE 

0 

K' 2 

2 
2c 
Ix, rl,~ 

P 
Pz 
,b 
f l  

polar angle, or angle defined as 
0 = cos-  1 (¢~. n) 
spectral absorption coefficient [cm-1] 
wavelength [m] 
cut-off wavelength [m] 

direction cosines defined by equation 
(lO) 
density [kg m -3] 
reflectivity 
azimuthal angle 
solid angle [sr] 
unit vector into the direction of 
intensity. 

Subscripts 
oo refers to 
b refers to 
c refers to 
op refers to 
s refers to 
sem refers to 

region 
sur refers to 
2 

ambient 
blackbody value 
center 
opaque spectral region 
surface 
semitransparent spectral 

surrounding 
refers to wavelength or per unit 
wavelength. 

Greek symbols 
emissivity in the opaque spectral 
region 

Superscripts 
m, l discrete directions of intensity. 

and internal radiation was found to have a very sub- 
stantial effect on the uniformity of the transient tem- 
perature distributions. Su and Sutton [8] predicted 
temperatures and heat fluxes with 16 spectral bands 
in the silicate glass plate externally heated by a con- 
stant heat input at one boundary for a time interval 
of 5 s. The model considered specularly reflecting sur- 
faces with characteristics described by the Fresnel's 
equation. The refractive index was considered to be a 
function of wavelength and temperature, and the glass 
was assumed opaque for wavelengths larger than 4 
/am. The effect of  variable refractive index on heat 
transfer was found to be small. Field and Viskanta 
[3] are the only investigators who have studied both 
experimentally and theoretically transient cooling of 
soda-lime glass plate. The plate was initially heated to 
a temperature near its softening point (approximately 
550°C) then it was suddenly exposed to the cooling 
by free convection and radiation to the ambient sur- 
roundings. Internal radiation effects were found to 
be very significant as predicted by calculations. Five 

bands were considered in the semitransparent wave- 
length range (0-5/am) and the glass was assumed to 
be opaque at larger wavelengths. 

In this paper, an analysis is reported of transient 
cooling of a two-dimensional, axisymmetric optical 
quality glass disk by combined conduction and radi- 
ation. The problem is of both theoretical and techno- 
logical interest in the manufacture of optical imaging 
components, and to the authors' knowledge has 
not been analyzed. The glass is considered a semi- 
transparent medium capable of absorbing and emit- 
ting radiation, and the dependence of the adsorption 
coefficient on wavelength has been considered. As a 
specific example, the analysis simulates the annealing 
of a BK7 optical quality glass disk. The finite volume 
method is used to solve the thermal energy equation, 
and the discrete ordinates method (DOM, S-N 
method) is used to solve the radiative transfer equa- 
tion (RTE). The numerical analysis has been carried 
out for an axisymmetric cylindrical medium and is 
validated by comparing the predictions with the avail- 
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able experimental data for cooling of a glass plate [3]. 

ANALYSIS 

Model equation of transient conductive-radiative 
cooling 

Consider the energy transport within a cylindrical 
semitransparent medium shown in Fig. 1. The med- 
ium is surrounded by isothermal black walls, and the 
space between the medium and the surrounding wall 
is either a vacuum (n~ = 1) or is occupied by a trans- 
parent entity having the refractive index of unity. In 
addition, the following assumptions are made in 
analysis: (1) the disk is axisymmetric, and heat trans- 
fer by conduction and radiation occurs axi- 
symmetrically ; (2) the medium emits and adsorbs but 
does not scatter thermal radiation ; (3) the medium is 
in local thermodynamic equilibrium for which 
Planck's and Kirchhoff's laws are valid ; (4) the spatial 
dimensions of the medium are much longer than the 
wavelength of radiation for the semitransparent band, 
i.e., the coherence effects are negligible ; (5) the refrac- 
tive index of the medium does not depend on tem- 
perature in the considered range; (6) the interface 
between the medium and the bounding entity is 
optically smooth; and (7) the surrounding walls are 
gray diffuse emitters of radiation. 

Employing assumption (1), the transient two- 
dimensional axisymmetric energy equation is 

p c - ~  = - V - ( q + F )  = ;Trr rk 

+~zz k - V - F  (1) 

where q and F denote the conductive and radiative 
heat flux vectors, respectively. The divergence of the 
radiative flux, V- F, is defined by 

V'F= f :  V'F~d2= f :  r~[4~n2Ib~(T)-G~]d2. 

(2) 

The spectral radiative flux vector Fa and the spectral 
irradiance Ga are defined as 

and 

F). = In=,~ I~(r, f l t)n d n  (3) 

r 
Ga = | I~ (r, l ))  df~ (4) 

Jn : 4 1 t  

respectively. In these equations I~(r, gl) denotes the 
spectral radiant intensity which is a function of the 
direction vector at the spatial position Vector r. The 
divergence of the radiative flux vector F defined in 
equation (2) is obtained by solving the radiative trans- 
fer equation (RTE) within the semitransparent 
(absorbing and emitting) medium [9]. 

The solution of the thermal energy equation, equa- 
tion (1), requires the specification of an initial tem- 
perature distribution and the boundary conditions at 
each interface of the semitransparent medium. 
Initially, the semitransparent medium is at uniform 
temperature To, and the initial condition is 

T(r,z,t)= To a t t = 0 .  (5) 

The boundary conditions are obtained from energy 
balances at each interface. The interface energy bal- 
ance provides the following relation for the boundary 
conditions : 

- k ~ns = h(Ts -- Too) + ne[g(T~)Ib(Ts) 

-g(Ts,r)Ib(Ts,O] (6) 

where n denotes the coordinate normal to the surface 
such as r and z, and g(T) denotes the fractional black- 
body function in the opaque spectral range and is 
defined as 

(7) 

T. n ' ~ = l ~  

r 
Fig. l. Schematic of the physical model and coordinate system. 
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The cut-off wavelength 2~ indicates the wavelength 
for which the medium is considered to be opaque to 
radiation. The emissivity e is for the spectral range 
where the medium is considered to be opaque. 

Radiative transfer model 
The radiative transfer equation (RTE) for a spec- 

trally absorbing-emitting medium can be written as 
[10] 

(1~" V)Ia(r, n )  = ~c~[n~Ib~(T) --I~(r, 1~)] (8) 

where I~(r, f l )  is the spectral intensity of radiation; 
Ibm(T) is the spectral intensity of blackbody radiation 
given by Planck's function. 

The radiative transfer equation, equation (8), for 
the spectrally emitting and absorbing axisymmetric 
medium along a specified discrete direction [2m't(0m, Ct) 
can be expressed as 

It mJ a(rI• ,l) 1 0(qm,lI~ ',l) + ~m,t 0I~"t 
r Or r Oc~ Oz 

= xT"["~21b~(T)--I'~'t]. (9) 

In the above equation, ¢ is the azimuthal angle for 
the direction ~'~m.I relative to the local radial direction, 
and #m.~, qm,t and ~,,,l are direction cosines and defined 
by 

# = s i n 0 c o s ¢ ,  r/ = sin 0 sin ¢, ~ = c o s 0 .  

(10) 

The boundary condition for equation (8) at an 
optically smooth bounding surface from the interface 
conditions between the medium and the bounding 
entity is written as 

Ia(r, n )  = [1 --pa(O)l(n~/n'~)2Iba(Tsur) +pa(O)I~(r, n ' )  

for ~ ' n  > 0 ( l l )  

where 0 = cos-  l ( ~ .  n) 
The interaction of radiation at the smooth interface 

between two dielectric media is governed by Snell's 
law and Fresnel's equation [10]. The directional 
reflectivity p~(O) of the interface between two dielectric 
media of different reflective indices is obtained by 
combing Fresnel's equation for reflection and Snell's 
law for refraction [9]. 

Thermophysical and radiative properties of  optical 
quality glass 

As an example, cooling of BK7 glass by combined 
conduction and radiation is considered. The glass is 
of optical quality and is sodium rich, and has excellent 
transmission characteristics in the visible and near 
infrared, making it a popular glass for optical systems. 
In order to accurately predict the temperature dis- 
tribution in the glass disk, the specification of ther- 
mophysical and radiative properties is needed. All of 

these properties are given by the manufacturert and 
the dependence of the properties with temperature is 
neglected. Thermophysical properties are assumed to 
be independent of temperature and are as follows : 

Density: p = 2514.8 kg m -3 
Thermal conductivity : k = 1.672 W m K - 
Specific heat : c = 1239.6 J kg K-1.  

The refractive index of BK7 glass given by manu- 
facturert is expressed as a function of wavelength by 
Sellmeier dispersion formula : 

~/ B122 B222 B322 
(12) 

where the wavelength is in #m and 

Bi = 1.03961212, CI = 6.00069867 × 10 3 

82 = 2.31792344× 10 -4, C 2 = 2.00197144× 10 -2 

83 = 1.01046945, C3 = 1.03560653 × 102. 

As shown in Fig. 2, the refractive index decreases with 
wavelength. The absorption coefficient is relatively 
small in the visible and near infrared parts of the 
spectrum. BK7 optical glass has good transmission in 
this spectral region. The glass is considered to be 
opaque to radiation for wavelengths larger than cut- 
off wavelength 2c, which is assumed to be 5/lm. The 
emissivity in the opaque spectral region (2 >~ 2c) is 

= 0.9. 

Method of  solution 
Since the energy equation is very complex and non- 

linear when radiative transfer has been included, the 
solution is obtained numerically, The finite volume 
method is used to solve the thermal energy equation, 
and discrete ordinates method [9] is used to solve 
the radiative transfer equation in an axisymmetric 
cylindrical geometry. 

Closed form analytical solution of the RTE, equa- 
tion (8), is not possible because the boundary con- 
ditions are complicated functions of direction and 
wavelength; thus, the discrete ordinates method 
(DOM) is used to obtain a numerical solution. The 
accuracy of the method depends on the choice of the 
quadrature set. Although the choice is arbitrary, a 
completely symmetric quadrature is preferred in order 
to preserve geometric invariance of the solution [11]. 
Moreover, the directional dependence of specularly 
reflecting boundaries is affected by the choice of the 
quadrature set to be used, because a weight represents 
the part of area on a unit sphere for each ordinate 
direction, and the average value of reflectivity within 
the range of a weight varies with the type of the quad- 
rature set. Thus, the dependence of reflectivity on 
quadrature sets was examined [9], and level symmetric 
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Fig. 2. Spectral absorption coefficient and refractive index of BK7 glass. 
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higher-order (LSH) quadrature proposed by Fiveland 
[12] is used in the present analysis. 

While implementing the discrete ordinates approxi- 
mation for the cylindrical geometry, it has been a 
common practice to assume a uniform distribution 
of  the weighting factor over the calculation domain, 
regardless of  the control volume size [10]. When the 
uniform weighting factors are used, the numerical pre- 
dictions often exhibit physically unrealistic negative 
intensities, and then the numerical treatment to obtain 
positive intensities is needed. In the present study, 
an exponential-type scheme proposed by Song and 
Viskanta [13] is used in order to obtain positive radi- 
ative intensity predictions. Details concerning the 
solution method using discrete ordinates method can 
be found elsewhere [9] and need not be repeated here. 

An implicit t ime-marching technique is used to cal- 
culate the transient variation of  temperature. More-  
over, the nonlinearity of  radiative transfer requires an 
' internal integration'  to be performed at each time 
interval to produce consistency between the tem- 
perature profile and the radiation field. The internal 
iterative calculation procedure is shown in Fig. 3. 
When the implicit t ime-marching technique is used, 
the temperature at each node is implicitly updated 
over a time interval. However,  the radiative flux is 
calculated using the temperatures at the previous time 
step. Due to the  nonlinearity of  the energy equation 
with temperature the radiative flux needs to be 
updated with the temperature at the current time step. 
Of  course, i f  very fine time interval (At ~> 0.1 s in the 
present study) i:~ used, the internal i teration may not 
be needed. I f  in~Lernal iteration is used, accurate tem- 
perature predictions can be obtained with a relatively 
large time interval. 

Figure 4 shows the transient temperature variations 
by marching in time. The time step used in the present 
study varies wit]~ time and is given as follows : 

At = 0.01 s f o r 0  ~< t < 0 . I s  

At = 0 . 1 s  for0.1 ~< t <  l s  

A t = l s  f o r l  ~ < t < 3 0 0 s  

A t = 5 s  for 300 ~< t < 1200s 

A t = 1 0 s  for 1200 ~< t < 2400s 

At = 20 s for 2400 ~< t < 3600 s 

At = 30 s for 3600 ~< t < 7200 s 

At = 60 s for t i> 7200 s. 

In Fig. 4, the transient temperature variations are 
predicted up to t = 100 s. Fo r  At ~< 0.1 s, the internal 
iteration is not  needed in the problem considered. 
The temperature variations obtained with the variable 
time step are in good agreement with the temperature 
variations without internal iteration for At = 0.1 s. 
Since the variable time step is At = 1 s for 1 ~< t < 300 
s, the temperature variation obtained with the time 
step can be compared to that with At = 1 s and with- 
out  internal iteration. The temperature with At = 1 s 
and without internal iteration overpredicts the tem- 
perature with internal iteration. When the time step 
becomes larger such as At = 5 s, the overprediction 
also becomes larger due to the nonlinear dependence 
of  radiative transfer on temperature. However,  if  the 
internal iteration is used together with large time step 
such as At = 5 s, accurate results can be obtained. 
The internal iteration for At = 1 s converges in three 
iterations to within the accuracy of  1 x 10 -5. Thus, 
the computer  time requirement is reduced by 70% 
when compared to that required to obtain the result 
without internal iteration and with At = 0.1 s. 

The sensitivity of  solution to the choice of  the grid 
system was carried out as shown in Fig. 5. The grid 
spacing used is not  uniform, but is more compact  near 
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Solution from previous time, t - At 

J T--+ TP, T ~ T ° 

Obtain V • F(T*) from RTE 
i 

based on T* 

Obtain T from energy equation, 

p%T -AT" = - V  . q(T) - V . F(T* ) T ~  

at current time t / 

/ 
. . . . . . . . . . . . .  d yes . . . . . . . . . . . . . . . . . .  

( I n c r e m e n t  time, t + At ) 

Fig. 3. Schematic of internal iterative calculation procedure 
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Time (s) 
Fig. 4. Transient temperature variation with marching time increment. 
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the axis of symmetry and the bounding interfaces. 
This was done in order to resolve the steep spatial 
changes in the physical variables expected in these 
regions. The results obtained using 61 x 31 grid are in 
good agreement with that using 81 x 41. The 61 x 31 
grid is used in the numerical results reported in the 
paper. The sensitivity test for the number of spectral 
bands was performed, and eight spectral bands are 
used in the present analysis, since the results with 
eight bands were sufficiently accurate compared to the 
results obtained with larger than 24 bands [9]. 

RESULTS AND D ISCUSSION 

Model validation 
One-dimensional solution is first obtained for the 

purpose of  comparing the numerical predictions to 
the available experimental data [3]. A comparison for 
a two-dimensional axisymmetrical geometry would 
have been highly desirable, but neither experimental 
data nor numerical results which are appropriate for 
the purpose of the present study are available. Thus, 
the boundary conditions have been modified to obtain 
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Fig. 5. Effect of grid size on the transient temperature variations. 
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$ 
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a one-dimensional solution from the two-dimensional 
formulation. The reflectivity at the circumference 
(r = R) of the glass disk was assumed to be unity for 
the entire range of incident angles of the intensity, and 
the boundary condition at the surface for conductive 
transfer was assumed to be adiabatic. Since the exper- 
imental data [3] i,; for a 11.68 mm thick soda-lime glass 
plate, the thermophysical and radiative properties of 
soda-lime glass are taken from those used in the analy- 
sis of Field and Viskanta [3], excluding thermal con- 
ductivity, which is given by an empirical relation by 
Mann et  al. [1411. Five spectral bands are used for 
the radiative transfer calculations, and the natural 
convection heat transfer coefficient is taken to be 
h = 4.25 W m -2 K -1. 

The comparisons are shown in Figs. 6 and 7. Figure 

6 shows that the predictions are in good agreement 
with the experimental data if the uncertainty of exper- 
imental data and thermophysical properties, 
especially the specific heat, is considered. The differ- 
ence between the predicted temperature and the exper- 
imental data at t = 450 s is less than 6%, and is within 
the experimental uncertainty [3]. There is uncertainty 
in the specific heats reported in the literature [14], and 
the specific heat-temperature relations vary from 100 
to 125 J kg K-~ in the temperature range considered 
here. If a smaller specific heat is used, the transient 
temperature shown in Fig. 6 would also be closer to 
the experimental data. Figure 7 shows the temperature 
difference between the center and the surface as a 
function of time. This is a very critical comparison 
between predictions and data. The figure reveals the 

550 . . . .  

Center (prediction) 
500t ~tlh,., ~ Front (prediction) 

q~"%, o Center (experiment) 
450 

g 
.~ 400 

~. 350 
E 

300 

25O 

I I I I 

2000 1 O0 200 300 400 500 

T ime  (s) 
Fig. 6. Comparison of predicted transient temperature variations with experimental data of Field and 

Viskanta [3] for an 11.68 mm thick soda-lime glass plate. 
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Fig. 7. Comparison of predicted temperature difference with experimental data of Field and Viskanta [3] 
for an 11.68 mm thick soda-lime glass plate. 
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Fig. 8. Effect of radiation on the transient temperature variations for constant free convection heat transfer 
coefficients. 

f ront  and  rear  surface tempera tures  measured  in the 
exper iment  are no t  the same, and  this suggests tha t  
the cooling in the experiments  was not  symmetric.  
The numerical  solut ion falls between the var ia t ions  
in t empera ture  differences at  two surfaces, and  the 
m a x i m u m  tempera ture  difference occurs at  t = 24 s. 
The measured  m ax i m um  tempera ture  difference 
occurs at  t = 20.9 s. 

Conductive-radiative cooling o f  a BK7 glass disk 
The results for conduct ive- rad ia t ive  cooling of  a 

BK7 optical quali ty glass disk are given in Figs. 8-15. 
The dimensions  of  the disk considered here and  the 
tempera ture  condi t ions  for cooling are as follows : 

Radius  : R = 100 m m  
Thickness  : L = 50 m m  
Init ial  t empera ture  : To = 600°C 
Surroundings  tempera ture  : Tsur = 20°C 
A m b i e n t  t empera ture  : T~ = 20°C. 

In addi t ion,  three types of  ambien t  condi t ions  for 
cooling the glass disk are considered as : 

Rad ia t ion  only : 
Free convect ion and  rad ia t ion  : 
Free convect ion  and  rad ia t ion  : 

h = O  
h = cons tan t  
h ~- h(T). 

W h e n  h = 0 (vacuum),  the the rmal  energy f rom the 
hot  glass disk is t ransferred to the sur roundings  by 
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Fig. 9. Effect of radiation on the temperature difference variations for constant free convection heat transfer 

coefficients. 
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Fig. 10. Effect of ambient conditions on the transient temperature variations, 

radiation only. However,  when the ambient atmo- 
sphere is not  wLcuum, the hot  glass disk is cooled by 
both free convection and thermal radiation. Then, the 
convection heat transfer coefficient has to be specified. 
The correlations for external free convection over iso- 
thermal surfaces [15] are used in the present analysis 
to determine the average heat transfer coefficients at 
each face of  the disk. The Rayleigh numbers for the 
temperature conditions considered here are in the 
range o f  104 < Ra < l0 s. In order to investigate the 
effect of  heat transfer coefficient on the cooling of  the 
glass disk, two types of  heat transfer coefficients such 
as h = constant and h = h(T) are determined. The 
average heat  transfer coefficient h(T) is estimated 
from the empildcal correlations [15] accounting for 
the temperature dependent thermophysical properties 

of  air at each surface. The constant heat transfer 
coefficients are average values over the temperature 
range of  200 < T < 600°C, obtained by using the 
same relation, h = h(T), and are 11.2, 5.6 and 
10.7 W m 2 K -~ in the top, bot tom and vertical faces, 
respectively. 

Temperature distribution 
Figure 8 shows the effect of  radiation on the tran- 

sient temperature variations for h = constant. When 
radiation is not  considered, the glass disk is cooled 
slowly and the temperature differences between the 
surface and the center are relatively small. However,  
it is clear in Fig. 9 that the temperature difference 
between the top surface and the center is much larger 
than that between the bot tom surface and the center, 
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Fig. 12. Center line and midplane temperature distributions with time. 

and a symmetric temperature distribution cannot be 
expected. This is an unrealistic prediction because 
radiation should be included. If  the glass is considered 
to be opaque to radiation, the disk is cooled more 
rapidly, and the maximum temperature difference 
occurs at t ~ 300 s. The surface emissivity is assumed 
to be 0.9. As a first approximation, glass can be 
assumed to be opaque, because the analysis of spectral 
radiative transfer is complex. However, when the glass 
is assumed to be opaque to radiation the cooling of 
the glass disk is much slower than when it is sem- 
itransparent to radiation even though the surface 
emissivity (or absorptivity) is relatively large 
(e = 0.9). Thus, the use of the approximation is not 
recommended. 

In a semitransparent material such as glass, thermal 
energy is redistributed within the glass by radiation 
and is transferred from the interior of the glass to 
surroundings by 'long range' radiative transfer. Thus, 
the analysis based on the opaque model cannot predict 
the local heat transfer rate correctly. The glass is 
cooled rapidly when spectral radiation is considered 
(Fig. 8), and the maximum temperature difference 
between the surfaces and the center occur at t ~ 200 
s (Fig. 9). Even though the maximum temperature 
differences between the surfaces and the center are 
larger than those based on the opaque model, the 
temperature differences decrease with time and finally 
become smaller than those predicted for the opaque 
model. Moreover,  since the temperature difference 
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Fig. 14. Effect of convective heat transfer on the surface temperature gradients. 
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between the top surface and the bottom surface is 
relatively small, the degree of asymmetry in the tem- 
perature distribution within the glass disk caused by 
free convection is also not large. This means that 
thermal energy is effectively redistributed by radiation 
within the glass disk. The finding is apparent by com- 
paring the results with those for the case in the absence 
of radiation. 

Figures 10 and 11 show the effect of ambient con- 
ditions on the transient temperature variations. As 
mentioned above, the results obtained with three types 
of ambient conditions are compared in the figures. 
Figure 10 shows the transient temperature variations 
at the center and surfaces of the glass disk. When 
the ambient surroundings are assumed to be vacuum 
(h = 0), the hot glass disk is cooled only by radiation, 
and the temperature distribution is symmetric about 
the center plane (z = 0.5L) as noted in Figs. 12 and 
13. Under free convection conditions, the symmetric 
temperature distribution cannot be preserved, because 
the heat transfer coefficients, are different at the top 
and bottom faces. The average heat transfer coefficient 
at the top surface is about two times greater than that 
at the bottom surface. However, since the fraction of 
cooling by radiation is much larger than that by free 
convection and the thermal energy is redistributed by 
radiation within the glass disk, the degree of asym- 
metry is greatly reduced when compared to the cooling 
in the absence of radiation. The glass disk is cooled 
more rapidly when free convection and radiation are 
considered. In the case of h = constant, temperature 
at the center (r = 0, z = 0.5L) decreases by 3.1°C at 
t = 211 s, and temperatures at the top (r = 0, z = L) 
and bottom surfaces (r = 0, z = 0) decrease by 24 and 
12.6°C, respectively, when compared to the case with 
h = 0 .  

Figure 11 shows the temperature differences 
between the top (r = 0,z = L) or bottom surfaces 

(r = 0, z = 0) and the center (r = 0, z = 0.5L) with 
time. Since the temperature difference between the 
surface and the center is usually used as a first approxi- 
mation for the rate of cooling, it is interesting to 
compare the maximum temperature difference. The 
differences between the top or bottom surfaces and 
the center occur at about 200 s. When h = 0, the 
maximum temperature difference between the surface 
and the center is 91.12°C at t = 211 s, whereas when 
h = constant, the maximum temperature difference is 
113.6°C at t = 217 s at the top surface and 101.7°C 
at t = 202 s at the bottom surface. Thus, when free 
convection is considered, the maximum temperature 
difference is larger than that when only radiation is 
accounted for, and the glass disk is cooled more 
rapidly. 

Figure 12 shows the temperature distributions 
along the center lines in the r- and z-directions. The 
temperature distribution in the glass disk becomes 
nonuniform very rapidly. After 10 s, the temperature 
in the radial direction is nearly uniform within the 
glass, except in the immediate vicinity of the bound- 
aries. At t = 60 s, the temperature distribution in the 
radial direction is nearly uniform except in the vicinity 
of the circumference, but the distribution in the axial 
direction has become less uniform. Moreover, when 
the glass is cooled by free convection and radiation, 
the temperature distribution in the axial direction 
becomes non-symmetric. This is clearly evident from 
the results given in Fig. 13, which shows the isotherms 
in the glass disk at different times for two different 
ambient cooling conditions. 

Heat transfer 
Figure 14 shows the temperature gradients at the 

top and vertical surfaces. When free convection and 
radiation occur simultaneously, the temperature 
gradients are about a factor of 1.5 greater than when 
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heat transfer from the disk is only by radiation. The 
gradients are relatively uniform over the edge of the 
disk, except in the vicinity of the edge of the disk (at 
r = R and z = 0 or z = L). The temperature gradients 
are smaller at the edge than at the face owing to the 
strongly two-dimensional nature of heat transfer by 
conduction and radiation in this region of the glass 
disk. 

Figure 15 illustrates the transient temperature vari- 
ations at two selected locations for h = constant. The 
temperature gradients at the surfaces decrease rapidly 
during the early times (<  100 s) and then the decrease 
is much slower. The cooling rate by free convection is 
smaller than by radiation, and the heat flux by free 
convection also decrease more slowly than by radi- 
ation. At early times, the radiative cooling pre- 
dominates over the cooling by free convection. The 
latter becomes dominant at later times after the tem- 
perature has decreased. 

The cooling by radiation can be easily explained 
by dividing the spectrum into semitransparent and 
opaque wavelenglLh regions. Initially, the radiative flux 
is larger in the semitransparent spectral region than 
in the opaque region. When temperature is high, the 
fraction of the radiation emitted in the sem- 
itransparent region (0 ~< 2 < 2~) is greater than in the 
opaque region (2¢ ~< 2 < oo). As the temperature 
decreases, a larger fraction of radiation is emitted in 
the opaque spectral region [9]. Thus, as the tem- 
perature of the di,;k decreases, the fraction of radiative 
cooling in the opaque region becomes larger than in 
the semitransparent region (after t = 49 s at the top 
surface and t = 5.4 s at the bottom surface). Figure 15 
also shows that the cooling by free convection causes 
the temperature distribution within the disk to become 
nonsymmetric due to the large difference in the con- 
vective heat fluxes at the two surface. The heat transfer 
coefficient at the top surface is greater than at the 
bottom surface by a factor of about two, and the heat 
loss by free convection at the top surface is also as 
much greater than at the bottom surface. However, 
since the radiatiw~ fluxes, F2 .... and Fz.op, at the bottom 
surface are a little greater than those at the top surface 
due to higher temperature at the bottom surface, this 
reduces the degree of asymmetry in the temperature 
distribution within the disk in the axial direction. 

CONCLUSION 

The problem of transient heat transfer by combined 
conduction and radiation in an optical quality glass 
disk has been solved numerically. The radiative trans- 
fer equation for an axisymmetric cylindrical geometry 
has been solved using the discrete ordinates method, 
and spectral nature of radiation as well as direction- 
dependent reflection and transmission across the 
interfaces have been accounted for. The physical 
model and the numerical procedure used are validated 
by comparing the predicted transient temperatures 
against experimental data for float glass. 

Based on the numerical results obtained the fol- 
lowing conclusions can be drawn. The results obtained 
show that the spectral nature of radiation should be 
considered to accurately predict the temperature dis- 
tribution in a semitransparent medium such as glass. 
When the optical quality glass disk is assumed to be 
opaque to radiation, the predicted temperature vari- 
ations differ greatly from those obtained on the basis 
spectral radiative transfer, and the disk is cooled more 
slowly. 

The presence of convection during cooling of glass 
disks increases the temperature nonuniformity in the 
glass, particularly near the edge. Since the free con- 
vection heat transfer rates at the top and bottom faces 
of the glass disk are different, the temperature dis- 
tributions predicted are not symmetric about the mid- 
plane ; however, radiative transfer reduces the degrees 
of asymmetry. 

Radiation accounts for a large fraction of the total 
heat transfer rate during the initial cooling phase when 
temperature is high, and the rapid variation of tem- 
perature and temperature gradients is detrimental to 
achieving the glass disks of high optical quality. The 
fraction of radiative cooling in the semitransparent 
part of the spectral is larger than in the opaque region 
when the temperature of the glass is high. As the 
temperature decreases, the role of radiation heat 
transfer from the surface in the opaque spectral region 
increases. Thus, in order to accurately predict the 
cooling process of an optical quality glass, analysis of 
radiative transfer including the spectral dependence 
of the absorption coefficient on wavelength must be 
accounted for. 
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