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The analysis of radiative heat transfer in semitransparent media is of interest for several research and
industrial purposes such as material manufacturing and processing, combustion fabrication device, thermal
insulation. In this study we only consider absorbing and non scattering media, which is the case for
homogenous materials such as glass or thin coatings. In order to predict the radiative behavior of a
semitransparent media we have to solve the radiative transfer equation (RTE). Moreover the absorption
dependence with the wavelength of the radiation is taken into account for solving of the RTE.

For an homogeneous purely absorbing medium, we calculated the temperature field and heat fluxes of
a material irradiated under a specific direction. Coupled radiative and conductive heat transfer were
considered for a non grey semitransparent two-dimensional sample. Validation of the model and an original
case for collimated radiation are also presented.

Analysis

Model description

The model we consider here is Cartesian two dimensional geometry where only
absorption and emission are taken into account. Several kind of boundary conditions can be
chosen for the simulation, such as transparent or opaque frontier with specular or diffuse
reflection. Moreover, we are able to set a directional (or not) heat flux impinging a boundary.
The figure 1 describes our model.

The medium properties change with wavelength (complex optical index) and
temperature (thermal conductivity). In order to calculate temperature inside the
semitransparent medium we have to solve two coupled equations which are the RTE (1) and
the energy conservation equation(2).
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The RTE equation can be solved using several numerical techniques. Most of them are
well described in Modest' book. In this study we have used the Discrete Ordinate Method
(DOM) which has been first proposed by Chandrasekhar and further developed by Lathrop®
for heat transfer. This method is well known in radiative transfer simulation and has been
improved over the last ten years. The energy conservation equation is solved using a finite
difference method.

The computation of intensity field over the wavelength domain is obtained iteratively.
Then we calculate the radiative source term to recover the temperature fields through the
energy conservation. The mesh grid non-uniform in order to take into account the stiff
change at the boundaries.



Radiative boundaries
As we said, the medium boundaries could be transparent or opaque. For a transparent
boundary, we assume that the interface between the two media is planar and smooth. Then

the reflection coefficient p;(6) varies with the incidence angle 8 and the optical properties of
the two media. The reflection coefficient is governed by the following relation assuming
K <<n’ in the wavelength range we consider.
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For that kind of boundary the intensity depends on the external temperature 7, the
reflected intensity and the intensity I, of the collimated radiation (if takes into account), it
can be written as (4) :
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where 7)(0) is the transmissivity for a given incidence angle and f (5,50) a normalized

function used to described the 50 as a combination of the Sn fixed directions around 50.

For an opaque boundary, with a wall at the T, temperature with a given emissivity &,
the intensity in the case of specular reflection we will be (5) :
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Thermal boundary conditions

In order to calculate heat transfer within the media, energy equation must be solved. As
in the case of radiative boundary conditions, we have to set thermal boundary conditions
obtain by energy balance at the interface between the two media. Different kinds of
boundary conditions can be assumed, however we consider two of them. One for the
transparent boundary which exchange by means of free convection with the surrounding air.
The second one describes the case of a thick wall at a given temperature far from the
medium.

As an example if we consider the upper boundary of the medium exchanging with air
the energy balance with collimated radiation leads to the following expression (0) :
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We only consider wavelengths greater than A, =5um in the case of glass. Since it is an
opaque materials for infrared radiation above 5um. The measured infrared optical properties
of glass will be given below. The convection heat exchange coefficient 4 is calculated using
classical Nusselt correlation for free convection (above and under) a plate for a given local
film temperature.

In the case of an opaque boundary such as those on the lateral face of the media, we can
write the energy balance such as (7):
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where Ky is a global heat exchange coefficient per surface unit and £ is the radiative heat

flux in the negative x direction which can also be defined as (8) :
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Discretization of the equations

The RTE equation necessitates two discretizations. The first one over a set of chosen
radiative propagation directions. In the case of the S -DOM method, the quadrature sets are
fixed. In our calculations we used Sq (80 directions) and S, (168 directions) for the sake of
precision. In the case of two dimensional model, only half number of the quadrature are
needed. The second discretisation is made on the differential term of the RTE considering a
non uniform grid, which is established with a geometric decrement usually takes equal to
0.85.

This kind of discretization is well known for the DOM method and has been discussed
several time’. Each rectangular cell face of the domain is marked with a label. The it is easy
to calculate the intensity at the center of the cell using a combination of the faces intensities
through a differencing scheme. Several kind of differencing scheme exist, we have used the
step scheme and the variable weighted scheme which is well designed to minimize ray effect
(also known as false scattering) that might affect calculations.

The discretization of the energy equation is not a simple problem since the thermal
conductivity of the media depends on the temperature. Some new approaches using finite
elements has been developed for the one dimensional radiative and conductive heat transfer
in semitransparent media’. Nevertheless this technique doesn’t exist yet for two dimensional
medium. In our case, we will set the temperature field at the beginning of the calculation and
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use for the “1” iteration the “i-1”” temperature field in order to calculate ;.

Optical and thermal properties of the medium

In order to test our model we needed a semitransparent material, silica or float glass is
an interesting media for this application. Our research team is specialized in visible and
infrared spectroscopy. Complex index of the material can be retrieve from reflection and
transmission on bulk material combined with Kramers-Kronig transformation. Typical
values of n and k are given on the figure 2. We can easily see that the medium is non grey.



For more realistic computation we will have to take into account the evolution on the
complex index with temperature. Glass radiative properties at high temperatures has been
recently investigated by Van Nijnatten’ et al.

Concerning the heat conduction coefficient k;, a large set of experimental data is
available. Several measurements in the range of room temperature till 1500K have been
achieved. The following values of &, (9) have been obtained for float glass, with T"in Celsius
degree, by Banner®, Mann’ and Andre®.

k,=11+129- 10T : D. Banner
k, =1,14+6,24-107*T : D. Mann )
k, =0,995+8,58-107*T : S. Andre

Results and discussion

Test case

In order to check our model we compared our results with those of Lee’ et al. Who
have recently published paper about radiative heating of molten glass in industrial furnaces.
The test case is the following one figure 3. The dimension of the medium are : W=0.2 m,
H=0.1m. The material is heated by hot gases (TG=1800K) at the upper face which is
transparent. The other boundaries are assumed to be black thick walls with temperature far
from the medium equal to 7, =300K . The grid size is 50X 50, and we used a Sy angular
discretization. For the spectral discretization we used 25 bands and we take the D. Mann
correlation for thermal conductivity.

The results are almost the same. There is a slight variation that may be due to the
difference the sets of optical properties. Another point that should be consider is the
difference existing between the DOM method and the Rosseland approximation.

Heating with variable incidence

Here we are going to deal with lightning of the same glass medium by a collimated
external blackbody at 1000K.The surrounding gas and the walls are at the room temperature
(300K) According to the Wien’s law the maximal intensity occurs at 2.9u, the resulting
temperature field in the medium is colder. The collimated radiation impinges the upper part
of the media with an incidence angle equal to : 0°, 30°, 45° and 60°. The results are given on
figure 4 and figure 5.

One can easily that temperature field are quite as we would expect. The hottest one is
obtained for normal incident radiation where isothermal lines are parallel to the upper face.
For 30° incidence angle the maximum temperature is shifted to the left part of the glass
sample according to the direction of the collimated radiation. The temperature level in the
lower part of the medium is almost the same since conduction is the main heat transfer
mode in this area. For higher incidence angle 45° and 60° the reflection occurring at the
north boundary become non neglictible and there is less radiant energy getting inside the
glass sample. In these last cases there is essentially conduction. This remarks can also been
achieved from the heat fluxes observation.



Conclusion

The model presented here is able to solve radiative and conductive heat transfer in a
semitransparent media. Several points concerning the numerical resolution have been
investigated. We show that DOM method for radiative heat transfer gave better results than
the Rosseland approximation. Concerning the collimated radiation above such sample we
have shown that the temperature fields are strongly affected by the incidence angle of the
impinging radiation. Other points which have not been discussed here have been studied,
such as the influence of the differencing scheme, the effect of the spatial and the angular
discretization modification on the computed results. They have been discussed in a more
detail work we have been accepted for publication. Further works will have to take into
account scattering inside inhomogeneous media, in order to consider more media.
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