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Identification method for infrared absorption spectra of
semitransparent media by their emission data
Application to lime-aluminosilicate glasses at high temperatures
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The infrared absorption spectra o f four Ume-aluminosihcate glasses have been studied at high temperatures in the spectral range
1 to  5 | im . The glass composition varies essentially by the FeO content. The effect o f temperature is pointed out up to 1450 °C. The
emission spectrometry technique used is appHed to th in slabs of semitransparent materials heated i n plane-parallel p la t inum crucibles
exposed to strong temperature gradients. The absorption coefficient is identified, for each wavelength, by a non-linear constraint
optimization technique. As an illustration o f the major influence o f the spectrum on the heat exchanges in semitransparent devices,
a modeling o f the combined conductive/radiative heat transfer is performed in a glass wal l .

Identifizierung von Infrarotabsorptionsspektren halbdurchlässiger Materialien an Hand der Emissionsdaten. Anwendung
auf Kalk-Alumosilicatgläser bei hohen Temperaturen

Die Infrarotabsorptionsspektren von vier Ka lk-Alumos i l i ca tg läse rn wurden bei hohen Temperaturen i m Spektralbereich  1 bis  5 j i m
untersucht. Die Glaszusammensetzung wies erhebliche Schwankungen des FeO-Gehaltes auf. Der Tempera tu re in f luß bis 1450 °C
wird aufgezeigt. Die Emissionsspektrometrie wi rd auf d ü n n e Platten aus ha lbdurch läss igem Mater ia l angewendet, die i n planparalle-
len Platintiegeln aufgeheizt und dabei hohen Temperaturgradienten unterworfen waren. Der Absorptionskoeffizient w i r d für jede
Wellenlänge mit Hilfe eines nichtlinearen Optimierungsverfahrens (mit Zwangsbedingung) ermittelt . Zu r I l lustrat ion des ü b e r r a g e n -
den Einflusses des Spektrums auf den W ä r m e a u s t a u s c h in ha lbdurchläss igen Medien w i r d ein Mode l l für den kombinierten W ä r -
meübergang durch Leitung und Strahlung in einer Glaswand entwickelt.

1. Introduction
During the melting of glass and most o f the forming
processes, i.e. in the temperature range between 1000
and 1500°C, heat is transferred mainly by radiation (ra
tio of radiative flux/conductive flux >20) in the infrared
spectral interval ranging from  1 to  5 }xm. Thus, thermal
modehng of coupled conduction/convection/radiation
heat transfer of glass tanks or forming devices requires
the knowledge of the optical data of the basic material,
especially of the absorption spectrum and its evolution
with temperature in the solid and liquid states.

There are three main spectrometry methods for the
determination of absorption spectra, the reflection
method [1 and 2], the transmission method [3 to 5] and
the emission method [6 to 8]. The last one appears to be
the most practical way at high temperatures, but i t re
quires special care. Indeed, on the one hand, i f the glass
sample is directly introduced into a furnace, i t is neces-
sary to separate the proper emission from the spurious
radiation o f the heater and, on the other hand, i f the
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glass is studied by the th in plane-parallel crucible tech-
nique, high-temperature gradients are generated in the
specimen and have to be account for in order to deter-
mine the true physical spectrum [9 to 11].

I n the present work, the absorption spectra o f four
lime-aluminosilicate glasses are identified by their emis
sion up to 1450 °C in the wavelength interval  1 to  5 pm.
The experimental emission data is obtained in presence
of controlled temperature gradients by an original t h in
crucible technique and a point-by-point non-linear
identification process is used.

2. Principle of the experimental method
The glass samples are plane-parallel slabs o f Semitrans-
parent Materials (labeffed S T M ) in non-isothermal situ-
ation. The specimens are deposited in a plat inum cru-
cible heated electrically up to 1450 °C. A t each run, two
different samples o f glasses are simultaneously investi-
gated. The first one is the studied sample and the other
one is a reference glass (a high-cobalt containing glass)
o f very high opacity in the whole wavelength range (vis-
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Figure 1. Geometry o f the plane-parallel semitransparent slab.
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Figure 2. Theoretical spectral intensity as a function o f the
optical thickness for different wavelengths.

ible and infrared). One assumes the temperature field in
the slabs to be monodimensional.

When a temperature distribution is set up in a perfect
plane-parallel semitransparent slab o f thickness,  d (fig-
ure 1) l imited by two reflective boundaries, its internal
spectral emission is governed by the Radiative Transfer
Equation (RTE):

dy
+ K,L,{y)  n^K,Ll [T{y)\ (1)

where Lx(y) is the monochromatic intensity, L!i[T{y)] 
the local Planck function and the absorption coef-
ficient.

The problem consists, for a given wavelength, in the
identification o f the coefficient /c^, appearing in the
differential equation (1), from the knowledge o f the cor
responding normal spectral outgoing intensity, Lf^^(d). 

The monochromatic normal emergent intensity o f
the slab is given by

( 1 - g i )

[1-^1^2 exp ( -2 /c ; t^)]

'^(\-Q2)LUTr)cxp(-K,d) + 

+ K,cxp(-K,d)jLUny)] 
0

[Qxp(K;^y)  + Q2 Qxp{K;,y)]dy 

where and Q2 are the reflectivities of the STM/air and
the STM/crucible interfaces, respectively, and 7} is the
crucible bottom temperature.

3. Identification method
The spectral absorption coefficient of a glass may be
obtained by an identification process through solving
approximately the non-linear equation

L,(K,,d) Lr\d) (3)

by the constrained optimization method [8]

min\\Lx(K;,,d)  Lf^'(d)\\ subject to the conditions

II f^M\  ^ ^ / i  ^ Real
(4)

where in the expression o f LX{KX, d), given by equation
(2), the measured temperature profile is inserted. I n
equation (4), is an a pr ior i information chosen in such
a way that for each wavelength equation (3) has a unique
solution. I n [11] equation (4) was approached by a 
Newton-Gauss iterative method; here a dichotomy
method is used.

The a pr ior i information is a result of the mathemat-
ical analysis of the model. I n figure  2 the evolution of
the theoretical intensity has been plotted as a func-
tion o f the optical thickness, X, or opacity, z K^d, for
a set of wavelengths; the different curves were calculated
wi th a mean specimen temperature of 1400 C and a 
temperature difference o f 200 K between its two in
terfaces. I t is observed for some values of optical thick-
ness that the two curves and Lf^^ cross each other in
two points, furthermore, passes through a maximum
at TQ. Accordingly, equation (3) has two mathematical
solutions, one of them being physically irrelevant. But
for T < To the problem has a unique solution. Conse-
quently, according to figure  2 one subjects the non-linear
problem to the supplementary constraint z < 1.7. I f no
attention is paid to this special behavior, the solutions
are dependent on the initially chosen values and wrong
spectra may be recovered, as shown in figure 3.

As a matter of fact the proposed problem belongs to
ill-posed problems (no unique solution, sensitivity to
noise).

4. Experimental procedure
The glass sample holder is made up of pure platinum
( (150x30x6 )mm^); i t is electrically heated by an ac cur
rent supply (figures 4a and b). Brass electrodes cooled
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Identification method for infrared absorption spectra . 

by water circulation are clamped on the side pieces and
help to hold the device in place. The sample holder
allows a three-dimensional displacement. The main
platinum device provides four cylindrical crucibles (di
ameter 12 mm), each one of a different depth so that
sample thicknesses can be achieved between 1.2 and
4 mm.

One assumes that in the longitudinal dimension no
temperature gradients are present. On the other hand,
since the glass slab exchanges heat simultaneously by
natural convection and by radiation wi th the surround-
ings,  a high temperature gradient results for the thick-
ness o f the slab. Small holes {dll  0.5 mm/5 mm) are
drilled in the platinum in the vicinity of the glass/plati-
num interface in order to measure the bot tom slab tem-
perature by conventional pyrometry.

A complete sketch of the experimental facility is
shown in figure 5. A water-cooled pipe is placed upon
the glass sample, which serves to collect the useful infra-
red beam in the normal direction. Two diaphragms are
connected to it in order to define the fixed solid angle
of observation; i t is helpful for elimination of spurious
radiation coming from other samples and crucibles. The
radiation beam is brought by a parabolic off-axis mirror
which focuses on the entrance slit o f a grating mono-
chromator (a single beam Perkin-Elmer 112 G connect-
ed to a microcomputer). Two kinds of detectors have
been used, a PbS cell in the 1 to 2.6 | im region and a 
pneumatic detector of Golay for the 2.6 to 5 j im region.
The chopping frequencies were 20 Hz and 1 kHz, re
spectively, for the Golay cell and the PbS detector. The
electrical signal was analyzed by a lock-in amplifier
E G & G 5206.

The emitted intensity of the sample is measured for
each wavelength by determining the ratio between the
emission of the sample and that of the reference me
dium, collected alternatively, by means of a sample
holder translation from the sample to the reference glass,
thus, providing the relative spectral emissivity

^Omes
(5)

The surface temperature, T êf, of the reference glass is
measured by a pyrometer at 0.63 | im. Then, the surface
temperature of the sample is deduced by comparison in
the spectral opacity range of the reference glass emission
and the sample emission, according to the relationship

{LT% L%Tgi) 
(6)

where L5^|f and Lf^^f denote the measured emission
intensity of the sample in the opacity range of the spec-
t rum (i.e. where the absorption is very strong) and the
outgoing intensities. L^x(Tref) and L^xiTgy) are the Planck
function at the temperature of the reference surface and
of the studied glass, respectively.

Figure 3. Comparison o f the exact spectrum w i t h the recovered
spectra o f a borosilicate glass as a function o f the in i t i a l values
for the non-linear identification process. Curve 1: recovered
spectrum w i t h the in i t ia l value <  TQ, curve 2: recovered spec-
t r u m w i t h the in i t ia l value > TQ, curve 3: exact spectrum.
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Figures 4a and b. Schematic setup o f a glass sample holder
made up o f pure plat inum ( ( 1 5 0 x 3 0 x 6 ) mm^); a) cross-section
in thQ x-y plane, b) cross-secdon i n the x z plane. Numbers
1 to 4 are glass crucibles. : cut line in the x z plane.
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Figure 5. Experimental setup.
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5. Studied glasses
The infrared absorption spectra o f four l ime-a lumino-
silicate glasses (whose compositions are reported i n
table 1) have been investigated by means o f the emission
of the non-isothermal glass slabs. These four glasses
mainly differ in their ferrous iron content f rom which
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Table 1. Glass compositions in w t %

glass Si02 AI2O3 CaO C Fe203 FeO

A 62 15 23 0.003
B 61.5 15 23 - 0.5 0.171
C 61.5 15 23 0.07 0.5 0.374
D 60 15 23 - 2 0.75

reference glass: E-glass w i t h 2 w t % Co

1 2 3 4 
^ in |jm ^ 

Figure 6. Infrared absorption spectra o f lime-aluminosilicate
glasses A to D at 1300°C.
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Figures 7a and b. Comparison o f the absorption spectra o f
lime-aluminosilicate glasses A and D at 1300°C and at room
temperature; a) glass sample A , b) glass sample D .

the absorption band centered around 1.2 | i m originates
which is o f major interest for thermal application in
glass manufacturing.

1 2 3 4 
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Figure 8. Absorpt ion spectra o f glass sample B at temperatures
20, 800, 1000, 1150 and 1300°C.

The bot tom face of the crucible was carefully pol-
ished and the normal reflectivity of the glass/platinum
interface has been determined by the Fresnel formula
taking into account the optical constants of both glass
and platinum. The thickness of the glass layer was ob
tained by means of a video device which allows the op
tical control of the crucible f i l l up.

A temperature difference ranging from 100 K for the
1 m m thick crucible to 180 K for the 4 m m crucible was
observed. A l l measurements have been performed in air
at atmospheric pressure.

6. Identified spectra of lime-aluminosilicate
glasses
For each wavelength of the investigated spectral range
the emitted intensity is measured. Then, the temperature
profile (assumed to be linear) is inserted in the ex
pression of the theoretical intensity emission of the slab
(equation (2)) and the optimization method (equation
(4)) is developed according to the constraint r < 1.7 de
termined from figure 3.
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Figure 9. Absorption spectra of glass sample C at temperatures
20, 900, 1300 and 1450 °C.
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I n figure  6 the absorption spectra of the four speci-
mens have been plotted in the wavelength range from 1 
to  4 | im at 1300°C. I t can be seen that the four absorp-
tion spectra have the same trend, which are character-
istic of the same vitreous network. The influence of the
iron content, the only species which has been changed,
appears clearly. A broad absorption band of Fe^^ ions
centered around 1.1 ^ m can be noted, i t is attributed to
electronic transitions. Beyond 2.7 fim (the hydroxyl
peak) the spectrum is due to atomic arrangement v i
brations. From 2.7 to  4 [im the absorption coefficient is
influenced by the concentration in hydroxyl groups [12
and 13]. Beyond 4.2 | im the observed strong increase of
the spectra (the so-called thermal opacity range) is the
high-frequency wing due to vibrations of the silica ran-
dom lattice.

I n figures  7 a and b the absorption spectra o f glass
specimens A and D at room temperature and at 1300 °C
are reported and figures  8 and  9 display spectra for
specimens B and  C for different temperatures ranging
from room temperature to 1450 °C. The main features
are: the spectral shift o f the opacity cut-off toward the
short wavelength when the temperature increases [4 and
14] and, as a general trend, the lowering of the magni-
tude of all spectra, specially in the wavelength region
from 2.7 to  4 |xm. A n exception is the clear glass (A)
for which the converse effect is observed in the interval
between  1 and 2.7 | im . However, the temperature effect
on the absorption spectrum, even in the extreme tem-
perature conditions, is weak when compared to the effect
due to a small percent variation in the Fe203 content.

7. Application
The experimental results described in section 6. have
been used to illustrate the influence of the ferrous band
in the heat transfer of silicate glass. A plane-parallel
glass wall is considered whose spectrum is of a variable
magnitude in the spectral band from  1 to 2.7 [im. The
wall has a thickness of 5 cm and exchanges heat by con-
duction and radiation only. The boundary conditions
are as follows: One interface is at the fixed temperature,

 1500°C, o f emissivity  0.4, the other interface
is exposed to a heat loss flux up to 100 kW/m^, its emis-
sivity is 82  1. The refractive index is taken as «  1.5,
the thermal conductivity of the medium is k 

 2 W / ( m K ) and is assumed to be temperature-inde-
pendent.

The absorption spectrum is divided into four gray
bands

À  0.5 to 1.0 ^m:  0.01 c m - ^

A  1 to 2.7 ^im: K;,  0.05, 0.5, 1.0 and 3.0 c m - ^

À  2.7 to 4.5 ^im:  2.5 c m ' ^ ;

À  4.5 to 15 | im: K"^  100 c m - ^

The one-dimensional coupled conductive/radiative
heat transfer problem has been solved by a multiflux

0 0.01 0.02 0.03 0.04 0.05
d in m 

Figure 10. Influence o f the 1 to 2.7 [im band on the temperature
profile o f a one-dimensional semitransparent wa l l . One tem-
perature boundary is prescribed, the other is exposed to a con-
stant heat loss.

method [9] and the results are shown i n figure 10. I t
is demonstrated that the temperature gradient increases
highly w i th the darkening o f the second infrared spec-
t rum band.

8. Conclusions
A special simple experimental emission spectrometry de
vice has been used for the absorption spectra determi-
nation o f semitransparent media. Its effectiveness i n
creases highly w i th elevated temperature. I t has the ad
vantage to work in presence o f important temperature
gradients. Thanks to the non-linear proposed identif i-
cation technique a clear identification o f the spectrum
is obtained.

9. Nomenclature
9.1. Symbols

constraint factor
d thickness in cm
k thermal conductivity W / ( m K )

specific intensity in W/(m^ sr)
Planck function in W/(m^ sr)

n refractive index
S T M semitransparent medium (material)
T temperature in K 
y abscissa

relative emissivity
wall emissivity
absorption coefficient in cm~^

X wavelength in | i m

Qu Qi reflectivity
T optical thickness or opacity

^max maximum optical thickness

9.2. Superscripts

mes measure
rel relative
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9.3. Subscr ipts

f bottom of crucible
gl glass
X monochromatic quantity
ref reference
1,2 interfaces

10. References

[1] Gentzel, L . : Messung der Ultrarot-Absorption von Glas
zwischen 20 und 1360°C. Glastech. Ber. 24 (1951) no. 3,
p. 55-63.

[2] Neuroth, N.: Der Temperatureinfluß auf die optischen
Konstanten von Glas im Gebiet starker Absorption. Glas-
tech. Ber. 28 (1955) no. 11, p. 411-422.

[3] Blazek, A.: Strahlungswärmeleitfahigkeit von Glas. Glas-
tech. Ber. 49 (1976) no. 4. p. 75-81.

[4] Wedding, B.: Measurements of high-temperature absorp-
don coefficients of glasses. J. Am. Ceram. Soc. 58 (1975)
no. 3-4, p. 102-105.

[5] Adès, C. : Propriétés optiques des verres de silicates à haute
température. University of Toulouse (France), thesis 1989.

[6] Berg, J. L : Near infrared absorption coefficient of molten
glass by emission spectroscopy. Int. J. Thermophys. 2 
(1981) p. 381-394.

[7] Goldman, D. S.; Berg, J. I.: Spectral study of ferrous iron
in Ca-Al borosilicate glass at room and melt temperature.
J. Non-Cryst. Solids. 38 & 39 (1980) p. 183-188.

[8] Banner, D.: Propriétés radiatives des verres et des fontes
de silicates en fonction de la température. Ecole Centrale
Paris, thesis 1990.

[9] Fabris, R.: Modéhsation des transferts thermiques couplés
convection-conduction-rayonnement dans les milieux
semi-transparents fluides. Détermination expérimentale
des propriétés radiatives des silicates alumino-calciques à 
haute température. University of Poitiers (France), thesis
1991.

[10] Fabris, R.; Lallemand, M.; Huclin, J. C : Absorption spec-
tra of fused alumina-lime silicate. In: Eurotherm Seminar
21, Lyon 1992, p. 271-279.

[11] Sakami, M.; Lallemand, M.: Spectres infrarouges de verres
à haute temperature par inversion de l'émission de couches
anisothermes. J. Phys. III. (In prep.)

[12] Scholze, H.: Le verre. Nature, structure et propriétés. Paris:
Institut du Verre, 1974.

[13] FanderUk, I.: Optical properties of glass. Amsterdam (et
al.): Elsevier 1983.

[14] Grove, F. J.; Jellyman, P. E . : The infra-red transmission of
glass in the range room temperature to 1400 °C. J. Soc.
Glass Technol. 39 (1961) no. 1, p. 3-15.

<- 0494P00i


