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Abstract— The difficulty in obtaining reliable phonic thermal conductivity of glasses at high temperature leads
the authors to propose a methodology based on an experimental and numerical investigation, in order to separate
the conductive and radiative part in a combined heat transfer in semi-transparent materials. The thermal
conductimeter is composed of a guard plane plate and a Mach—Zehnder interferometer, supplying the total
heat flux and the temperature distribution. With such a device no contacts are needed between sample and hot
plate or heat sink. These measurements are treated numerically by a nodal analysis modelling of simultaneous
conductive-radiative heat transfer. A monodimensional (non-diffusing) non-gray analysis including
multireflections was considered. Determinations of the temperature derivative of the refractive index and the
infrared spectra of materials at high temperature have been carried out. Values of the phonic conductivity of
silica glass up to 900 K and borosilica glass up to 750 K for samples with different thicknesses and frontier’s
emissivities have been obtained by an identification process. Results are in agreement with literature data.

1. INTRODUCTION

HEAT transfer in semi-transparent materials (STM}ata
high temperature results in a cooperation of heat
exchange modes, namely conductive and radiative
ones. Such coupled transfer is significant in numerous
thermal engineering devices and metrology processes.
This is the case for the manufacturing and processing of
glasses, where the energetic balance and temperature
distribution in tanks may be necessary, or for the
growth of synthetic crystals from the melt. In the same
way the vitrification process of nuclear wastes implies
the knowledge of heat exchange capability between the
glassy medium and its environment. Likewise,
problems assoctated with thermal behaviour of optical
windows under high radiative flux, re-entry of space
vehicles, require a rigorous analysis of combined heat
exchanges, often including the possibility of tempera-
ture dependence of thermophysical properties of the
material.

Glasses, especially vitreous silica, because of their
high chemical stability, good dielectric properties and
relatively low cost, present great interest from a
metrological point of view, since they can be used as
standards in measurements of thermal conductivity.
However, the presence of a radiativé contribution
within the total heat flux implies that, what is usually
designed by conductivity, in the sense of Fourier law, is
no longer an intrinsic property of the material, as it
depends, for instance, upon the thickness of the sample,
and upon the emissivity of the boundaries.

A better understanding of the phonon-phonon
interaction in disordered systems, will be possible,
when data concerning the true phonic thermal
conductivity in non-crystalline solids will be available
at high temperature. Then it may be possible to answer
the remaining question: why is the temperature

dependence of thermal conductivity in the vitreous
state so radically different from that in the crystalline
material of the same chemical composition.

Progresses in simultaneous conduction—-radiation
heat transfer problem in an absorbing-emitting
medium (but non-scattering) have been obtained
mainly from theoretical analysis in the case of the one-
dimensional (1-D) scheme; up to now, experimental
works have been a minority.

The 1-D non-linear problem of aslab of gray medium
has been solved iteratively by Viskanta and Grosh [1];
the Schuster—Schwarchild—Chandrasekhar method
[2] of discrete ordinates (discrete directions of
propagation) was used by Anderson and Viskanta [3]
for a non-gray medium the spectral properties of which
were described by a mulitiband model. Other studies
about combined radiative—conductive heat transfer
analysis were summarized up to 1975 by Viskanta and
Anderson [4] and up to the present by Viskanta [5].

Recently one of us [6] improved and developed a
nodal analysis (zoning method) proposed previously by
Hottel and Sarofim [7]. Such a method enabled an
extensive numerical calculation to be made both in the
steady and transient state of the complex thermal
exchanges in SMT, for a system bounded by black
frontiers, including conduction, convection, radiation
phenomena in gray and non-gray media containing
possible internal sources.

The experimental aspect was treated by Nishimura et
al. [8] who measured the temperature distribution ina
layer of molten glass, using thermocouples embedded
in the melt. Eryou et al. [9] determined temperature
and heat flux profiles within a layer of molten glass, with
Planck numbers havingan order of magnitude of about
one. An optical method was used by these authors
based on the knowledge of attenuation by temperature
of a He-Ne laser beam. Viskanta et al. [10] and

2307



2308 T. Kunc, M. LALLEMAND and J. B, SAULNIER
NOMENCLATURE
a,y, fractional spectral emissive power of S; radiative surface relative to node i
spectral band k at nodal temperature T; Sy exchange area between nodes i and j
C: nodal heat capacity [J kg”'K™'] (S:5,), (S;¥)). (V;V}) extended exchange surface
‘;: ; thlckneszolf ?ayer [Tfj . 4 (sj-s?), (sjvvj), (?vj) direct exchange surface
{x) exponential integral function (order n), (555, 5,V (ViV}, extended exchange area
1 B relative to spectral band k
wr e dy —— .
L (858 h» (80} (v;0),  direct exchange area
relative to spectral band k
Fy;  view factor relative to surfaces §; and §; AS  difference of interference order
G;  conduction conductance T temperature [K]
G};  radiative conductance T, nodal temperature [K]
ke phonic thermal conductivity T, glassy transformation temperature [K]
(Wm™'K™1] v, volume relative to node i
ke effective thermal conductivity x;  distance separating node i from node j
[Wm™'K™'] Ax  uniform internodal distance.
L geometric length crossed by the laser
beam inside the sample Greek symbols
m total number of spectral band « linear thermal expansion coefficient
n refractive index [K™1]
My refractive index relative to the spectral 8 emissivity of gray surface S;
band k Ky absorption coefficient relative to spectral
dn/dT temperature derivative of refractive band &
index [K %] i wavelength of laser source
N total number of nodes p; diffuse reflectivity of gray surface S;
&; local source term o Stefan—Boltzmann constant
4, radiative heat flux along x ¢ nodal conductive heat flux
4, total heat flux along x H nodal radiative heat flux.

Anderson [117 in the case of a flat layer with different
radiative boundary characteristics compared local
temperature and total heat flux with predictions
furnished by the rigorous 1-D radiative analysis. Men
and Sergeev [12] used an algorithm to obtain the
variation of the true thermal conductivity coefficient of
fused silica with the temperature from experimental
effective conductivity data. Hayes er al. [13]
investigated thermal conductivity of infrared trans-
parent chalcogenide glasses by a simplified approach of
the radiative contribution.

The phonic thermal conductivity of vitreous silica
and Pyrex at high temperature have been compiled by
Powell et al. [14]. Effective thermal conductivity data
and ‘radiative thermal conductivity’ correction relative
to glasses of various composition in the vitreous state
and smelt have been reviewed by Blazek and co-
workers [15, 16].

The lack of reliable phonic thermal conductivity
determinations of glasses at high temperatures leads
the present authors to propose here an experimental
and numerical approach in order to separate
conductive and radiative contributions in a combined
heat transfer. An attempt was made to test the method
on fused silica and borosilica glasses at elevated
temperatures {up to 950 K for the former and 750K for
the latter). Effects of the variation of the sample

thickness and the radiative boundary conditions have
been examined.

The experimental system used is composed of a
guard plane plate heat fluxmeter in association with a
Mach-Zehnder interferometer for supplying the
temperature distribution along a prescribed direction
into the slab. These measurements are then treated
numerically by the nodal analysis based on a modelling
of the simultaneous conductive and radiative heat
transfer in a 1-D STM Realistic infrared absorption
spectra (represented by a multi-band model) and multi-
reflection phenomena have been taken into account.
Accurate values of the phonic conductivity at various
temperatures are achieved by separation of the two
competing effects.

Theinfrared absorption spectra of vitreous silica and
borosilica for glasses at high temperatures between 1
and 4.8 um, and the temperature derivative of their
refractive index at 0.6328 um are presented in Section 2.
In Section 3 a brief survey of the conductive—radiative
transfer analysis in the scope of the nodal method is
given, for a medium with different models of spectra and
radiative boundary characteristics; Section 4 is
devoted to describing the experimental facility ; Section
5 displays the evolution of the effective conductivity
measurements against temperature for the two types of
glasses; the true thermal conductivity inferred by an
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identification process is finally given in Section 6 with
short comments on the results together with various
sensible tests, against refractive index, absorption
spectra models, and emissivity of the frontiers.

2. INFRARED ABSORPTION SPECTRA AND
TEMPERATURE DERIVATIVE OF REFRACTIVE
INDEX FOR FUSED SILICA AND BOROSILICA

GLASSES AT HIGH TEMPERATURE

In an absorbing—emitting medium at high tempera-
ture an accurate determination of the near infrared
absorption spectrum is needed to evaluate the radiative
heat transfer contribution, in order to separate
conductive and radiative effects. For example, as we
shall see later, the assumption of a semi-gray mediumin
a borosilica glass involves an error larger than 9%, for
the phonic conductivity at 730 K. So, it appears
necessary to carry out the determination of the
absorption spectra of each material and possibly its
evolution with temperature if these data are missing.

Knowledge of the thermo-optic coefficient dn/d T of
the glass with temperature at the working wavelength
and thermal expansion coefficient « are also needed
when using the interferrometric method to evaluate
quantitatively the temperature profile set up in the slab.

2.1. Silica glass

Specimens of silica glass were purchased from
Heraeus Company (Suprasil quality). For this material
there are extensive absorption data available between 1
and 4.8 ym in a temperature range up to 1370 K [17-
21]. The spectrum used in this work is represented in
Fig. 1 at 673,873 and 1073 K for the wavelength range
usable in radiative transfer at moderate temperatures.
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Fi1G. 1. Absorption coefficient of silica glass (Suprasil) and its
eleven multi-band model: , T=673 K; ——, T=
873K;----, T = 1073 K.
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Fi1G. 2. Refractive index of silica glass (Suprasil) and its eleven
multi-band model: ——, T =293 K; — —, T =873 K;
-———T=1073K.

For the 2.2-3.5 um, and 3.5—4.8 um ranges which have
an important contribution to radiative transfer near
1000K, data were taken from Edwards [ 17] and Petrov
and Stepanov [21], respectively.

The spectra display three absorption bands, one
located at 1.4 um, two others at 2.23 and 2.75 uym
attributed to fused quartz to hydroxyl radical, the latter
having strong intensity in usual quality materials.
Between 4.0 and 4.8 um an increase of the absorption
dueto vibrational modes of stretching and flexion of the
SiO, group begins. Beyond 4.8 um vitreous silica can be
considered as opaque in current thermal uses. It can be
noticed in Fig. 1 that an increase in temperature
produces a general rise of the absorption spectra, which
isespecially marked near the base wings of the two main
peaks, and a shift of the opacity frontier toward the low
wavelength range. From these data, the multiband
infrared spectrum model introduced in the nodal
analysis consists of a defined number of rectangular
boxes, the height of which is fixed by a frequency
average over the considered spectral interval. Bands in
the vicinity of the 2.23 and 2.75 um peaks are assumed
to be temperature independent ; intermediate bands are
of variable height according to the temperature level.

The dispersion curve of the refractive index of fused
silica taken from ref. [21] is represented on Fig. 2 at
room temperature, 873 and 1073 K and is considered to
be constant for each absorption band.

2.2. Borosilica glass

Samples of borosilica glass were purchased from
Schott Company (BK7 grade). Because of a lack of
information concerning the absorption spectra in the
infrared for that glass, we had to perform its
measurement at several temperatures.

A modified Perkin—-Elmer monochromator model 98
was used. For a fixed temperature the absorption
coefficient was deduced from an in and out method, by
means of two optical cells containing a sample of
different thickness embedded in a metallic furnace
enclosed in a evacuated chamber. The spectra are
plotted on Fig. 3 for room temperature and 770 K. It
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F1G. 3. Absorption coefficient of borosilicate glass and its nine
multi-band model: ——, T =293 K; — —, T =770 K.

appears that the transparent region is sharply
interrupted by the water band situated near 2.8 um;
beyond that value a region of semi-transparence
follows, showing two others peaks at 3.7 and 4.25 uym.
Like fused silica the medium can be considered opaque
beyond 4.6 um. It will be noticed that between 2.8 and
4.6 ym an increase of temperature has various effects on
the absorption coefficient depending on the spectral
position. However, the general trend may be
considered for borosilica glass as a slight increase of the
absorption especially in the long wavelength range.
The multiband model introduced in the analysis is also
represented in Fig. 3. Its refractive index is taken as
constant all over the spectral range and equal to 1.5
[22].

2.3. Temperature derivative of the refractive index of
fused silica and borosilica glass

A quantitative determination of the temperature
field within the slab by an interferrometric method
requires data on the temperature derivative of the
refractive index of the material at the wavelength of
the source [23]. For both glasses we performed the
measurements of this coefficient for 0.6328 um. The
Fizeau interferrometer used for these determinations
was described in a previous paper [24] ; temperatures
reached were 873 K for fused silica and 750 K for the
borosilica, this limit being due to the vicinity of vitreous
transformation temperature (T,). The following linear
law was retained : for vitreous silica [24]

(dn/dT) =9.74+0.3x 1076 +0.95 x 10~ 8 T(K)—293)
and for borosilica glass [25]
(dn/dT) = 20+0.2 x 1075 40.63 x 10~ ¥(T(K)—293).

Values obtained for vitreous silica differ somewhat
slightly from those of Wray and Neu [26] measured by
an absolute prism method and used by Anderson and
Viskanta [3] for their experimental temperature profile
determination. They are in agreement with more recent
data by Gustavson and Karawacki [27].
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For borosilica glass our values also agree with those
published by the manufacturer near room temperature.
Unfortunately, noreliable dn/d T data was available for
this material at higher temperatures. Furthermore,
measurements should be stopped near 750 K because of
the drastic variation of the optical path due partly to the
abrupt rise of the thermal expansion coefficient of the
material and partly to the important increase of
the thermooptic coefficient itself beyond T,.

As a consequence of the linear dependence of
coefficient dn/dT and « [22] on temperature of both
materials, for the Mach—Zehnder interferometer, the
temperature deviation associated with an interfrange is
also dependent on the temperature level.

3. THE MODELLING OF THE COUPLED HEAT
TRANSFER IN STM BY THE NODAL METHOD

We shall consider the case of an infinite slab of STM
(excluding diffusion of radiation), limited by two
isothermal parallel opaque walls, diffusively emitting,
of prescribed temperature T, and T, respectively, for the
hot one and for the cold one (Fig. 4). The temperature
and heat flux distribution within the layer can be
calculated by the nodal method both for a gray
absorption spectrum (without spectral effect) and a
non-gray one. In the nodal model, presented here,
multireflexions of light path due to the presence of non-
black frontiers, may also be taken into account.

3.1. The nodal method applied to the gray case

The nodal analysis considers that the system to be
represented, is divided into small isothermal volumes
(here slabs of finite thickness), the center of which is
called a node, labelled i. The heat capacity C; of such a
node is easy to evaluate, and the possible external heat
flux applied within the volume corresponding to node i
will be represented by the source g;.

In these conditions each node can exchange energy
either by conduction or by radiation (more generally by
convection also), for the conductive phenomenon with
its nearer neighbours, and with all other nodes for the
radiative phenomenon. So the energy balance equation
can be written for the node i as

dT;
dt

C; = ¢; + i +4; (1)

When applied to nodes i and j, the Fourier law
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Fi1G. 4. Infinite slab of STM modelling by zone method.
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expresses the conductive flux as

¢f =2 G{T;—T) @
i
with the summation index j=i—1, i+1 only.
Straightforward calculations lead in the present case to
the following expression for the conduction
conductance

S
Gij =k, —. 3)

X;;

An extension of the flux-temperature relation,
equation (2), to the radiative transfer provides the
general expression for the radiative conductance

Gy = T3+ TH(T+ Ty, @

In the case of a black cavity with fully transparent
medium and without internal reflexions gj; is just given
by

g::j = nZO'SiFij (3)

where F;is the view factor relative tosurfaces S;and §;;
the term S;F; is called the ‘exchange surface’.

The formulation of a thermal problem by the nodal
method generally leads to the resolution of a set of non-
linear differential (transient case) or algebraic (steady
state) equations. Thanks to the appropriate software
packages(SINDA, ENSMATHERM) thisresolutionis
now particularly easy [6].

3.2. The nodal model for a gray medium and black
frontiers

For a gray medium the classical concept of radiative
conductance G};remains valuable, but the coefficient g};
has to be re-expressed. In an absorbing emitting gray
medium characterized by an absorption coefficient x
the usual view factor (see Hottel and Sarofim [ 7]) can be
extended. With the help of the energy conservation
principle [6], the final expressions of the exchange
surfaces (s;s;) (s;v;) (vv;) = gﬁj/nza are given by Table 1.

Then for the steady-state problem applied to SMT of
unitary section, with uniform internodal distance Ax,
we only have to solve the non-linear algebraic
equations issued from equations (1), (2) and (4) which
can be written for node i

k N—-1 _
A—“(T.-+1+T,-_1—2T,-)+an2< (o) (T =T}
X j=2

J

+(5,0) (T3 = T+ (5,0) (T — T:‘)) =0 (6)
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or finally an equation of the form

aTt+BT+y =0. U]

3.3 The nodal model for a non-gray medium with black
frontiers

For a non-gray medium, for which spectral
dependence of the absorption coefficient can be
represented by a set of rectangular boxes (that means
the medium is piece-wise gray) the concept of radiative
conductance is now irrelevant [28]. However, by
indentifying the local radiative flux to an impressed
source (cf. the term g; in equation (1)), the spectral
dependence of the problem can be included in the nodal
model. The impressed source g; just depends on all the
nodal temperatures, which makes the algebra a bit
more non-linear. The evaluation of term g; leads to the
following expression

m N—-1 _
4= Z ‘7"13{ Z (vivj)k(ak.TjT;’_ak.TiT?)

k=1 j=2

+ (E)k (aer,Tt—a,r,TH
+(s20k(axr, T —ak_Tl.T;.‘)} ©)

where the index j runs over the different node of the
system, and the index k over the different bands of the
model of absorption spectra.

The different non-gray exchange surfaces (vv;),
(s1v;) appearing in the above equation being re-
expressed from those of Table 1 by solely changing the
gray value x with the value x; of the absorption
coefficient for the rectangular band k.

Let us observe that in equation (8) we need the
fractional spectral emissive power a,y, which
represents the fraction of energy emitted by a black
body of temperature T; associated with the emission
over the band k. Because a, 1, # @y, r,itcan be seen why
the notion of radiative conductance cannot be used for
the non-gray problem.

3.4. The nodal analysis for a non-gray medium with
reflective frontiers

The boundaries surfaces are now assumed to be gray
and diffusely reflecting (emissivity ¢;, reflectivity p, =
1—¢).

When multireflexions of radiations are taken into
account, Hotteland Sarofim [ 7] gave the expressions of

Table 1

Exchange surface
symbols

Surfaces implied

Exchange surfaces
for a unit surface

(5152)
(s1v)

o)

boundary-boundary
boundary-medium

medium-medium

2E 4(xd)
AEs(kxy ) — Esliexy j4+4))
2AE;(xx; 54 1)— Ea(kxyy)

—Es{iex; 4y jo 1)+ Es(xx; 1 1)
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extended exchange surfaces (V;V)), (S, ¥)),(S,V.), implied
now in equation (8) and which are connected to the
direct exchange surfaces {vw}), (s,v;) and (;27):.). In
Appendix A the relations between these two sets of
factors are presented in the frame of the Gebhart theory
of multireflexions in an enclosure filled with a gray
SMT and then extended in Appendix B to the case
where a non-gray medium is involved in the radiative
transfer. In Appendices A and B are also given the
expressions of the source term ¢; entering into the
energy equation (1) in presence of multireflexions when
the medium is considered as gray and non-gray,
respectively.

4. EXPERIMENT

The experimental device is essentially composed of a
guard plane heater acting as a heat fluxmeter and a
Mach-Zehnder interferometer allowing visualization
of the temperature field setting up across the glass layer.

4.1. The heat fluxmeter

On Fig, Sisrepresented a layout of the fluxmeter. Itis
constituted by the following elements: a pile of thick
copper plates (a) engraved to receive a “Thermocoax’
wire heater. On the upper plate, isolated from the others
by small cylindric pieces of alumina (b) is settled the
central plate of the heat fluxmeter (c); in order to
compensate the lateral heat losses a guard plate (d) is
fitted around it. When the temperatures are balanced
between that of the central heater (¢}, on the one hand
with the temperature of its support (a) and on the other
hand with that of the guard, the balancing electric
power feeding the central plate measures the total heat
flux emitted. The heat sink (e} is sustained at some few
millimeters above the heated surface; whatever the
temperatures of the hot plate are its own temperature is
regulated within +0.1°C near room temperature by a
water circulation thermostat (f). The glass samples (g) of
the same area as the fluxmeter are positioned on the top
of three thermocouples (h), which also measure the
temperature of the sample’s hot face. With this
arrangement no contact between specimen of glasses
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F1G. 5. The heat fluxmeter : (a) heat plate ; (b} alumina ; (c) heat

fluxmeter; (d) guard plate; {e) cold plate; {f) circulation

thermostat; (g) glass sample; (h) thermocouples; (i), (j}
metallic shield.
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and the plates is necessary. A metallic shield (i) is fixed
perpendicularly on the guard plate matching closely
the temperature at the edges of the sample. Several
other shields (j) surround the apparatus but leaving
a viewport for light transmission.

On both hot and cold plates several thermocouples
are soldered and are connected, via a multiplexer to an
automatic voltmeter controlled by a video system
which acquires all the electrical information.

The different heaters are fed separately by a
controlled power supply which performs automatically
the balance of temperature between the different heat
plates.

4.2. The interferometer

The thermo-conductimeter is placed in a secondary
vacuum chamber to avoid convective losses. This
chamber is included in the measurement arm of a
Mach-Zehnder interferometer. The light source is a 5
mW He-Ne laser, the beam of which is first treated by a
space filter and then expanded to reach approximately
a diameter of 30 mm.

After running through the sample, the
{re)combination of the measurement and the reference
beams, produces an interferogram which allows the
visualization of the temperature field inside the glass
layer.

The principal interest of this contactless technique is
to give a more accurate temperature difference across
the sample, than the conventional sandwich assembly
of current thermo-conductimeter. Moreover, the
sample here being free of external mechanical
constraint, it cannot be damaged by stresses imposed
by large temperature gradient.

The main drawbacks of the interferometric
thermo-conductimeter is the need of a necessary
preliminary accurate knowledge of the thermooptic
coefficient dn/dT and of the linear thermal expansion
coefficients, and furthermore as aiready underlined it
limits the temperature range of the experiment to before
the glassy transition temperature.

4.3. Samples

The glass samples are parallelepipedic, with a section
of 70 x 65 mm, and with various thicknesses 6, 10, 15
and 20 mm, allowing a suitable length to thickness
ratio. The two opposite faces perpendicular to the light
beam are polished to /5 and parallel to within 2 fringes
cm™ . In all experiments the part of the basic surfaces
facing the hot or cold plates are covered with a black
paint(Sperex SP 100) the total hemispherical emissivity
of which has been measured up to 650°C by means of
the heat fluxmeter. Emissivity measurements are
comprised between 0.85 at 200°C and 0.92 at 650°C.
The black paint has shown, during the experiments,
good adhesive properties on both glasses even at high
temperature. We also prepared samples with mirror
boundaries thanks to a vacuum evaporated aluminium
layer, which was finally recovered with black paint. The
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edges of thick samples are also mirror boundaries, that
make them of infinite extent.

4.4 Temperature profile determination

Let us consider the Mach—Zehnder interferometer
[23]. If x represents the abscissa in a direction
perpendicular to the beam (and co-linear to the
impressed temperature gradient, Fig. 4), the tempera-
ture difference AT(x) associated with a difference of
interference order AS(x) is given by the expression

A {dn -t
AT(x) = I (dT +(n l)a) AS(x). 9

At steady state two methods for counting the fringes
were used. Either the projection of the magnified
interferogram on a screen where the number and
fractional number of fringes were directly evaluated, or
the record of the interferogram on a film ; both methods
produce the same uncertainty. For a 15 mm thick
sample dAS/AS it is about 19 for a large temperature
gradient and 2% for a low gradient.

4.5, Accuracy

Taking into account the precision on dn/dT and «,
the relative error for the temperature difference
between the hotand cold face of a sampleisabout +3%]
for fused silica and + 6% for the borosilica glass. The
resulting total inaccuracy on heat flux measurement
can be estimated at 3%, so the precision on the effective
thermal conductivity is about + 6% for fused silica and
+ 9%, for borosilica.

5. RESULTS

Two typical interferograms, obtained at steady state
for aninfinite fringe field are shown on Figs. 6(a) and (b).
A fused silica sample hot surface was heated at 983 K,
the cold one at 892.7 K ; for borosilica glass the two
temperatures were 753 and 701.9 K, respectively. The
fringe pattern present is of a high density for the former,
due to the strong impressed thermal gradient, and of a
moderate density for the second. They display a direct
picture of the isotherm configuration along the
thickness of the layers. In Fig. 7 is plotted the
temperature profile deduced from relation (9) for
the interferogram (Fig. 6(a)); it shows a quasi-linear
distribution except in the very vicinity of the edges
where a slight increase of fringe density can be observed
due to the high temperature gradient near the
boundaries. The measured departure from linearity is
0.66 K in the cold region and 1.95 K in the hot region.
For fused silica, with the same temperature conditions
as above, the temperature profile calculated by the
nodal method (20 nodes) and an emissivity surface of
0.9 is also represented on Fig. 7; it can be seen that the
general shape of the experimental temperature
distribution is reproduced, in agreement with the
conductive-radiative transfer modelling. However, the
deviation of the numerical profile from linearity is
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(a) (b)

F1G. 6. Typical steady state interferograms. (a) Silica glass:
T, =983K; T, = 892.7K ;d = 20 mm. (b) Borosilicate glass:
T, =73K; T, =7019K;d = 152 mm.

slightly more accentuated near the cold zone thanin the
hot one.

Let g, be the total heat flux density (experimentally
measured) and AT the corresponding temperature
difference between the two opposite surfaces of the
studied sample (thickness d). One can usually define an
effective thermal conductivity by

kee = g JAT/d)]. (10)

As we know, this quantity is not an intrinsic property
of the material when we are dealing with a combined
heat transfer, as it depends on the temperature level, the
thickness of the sample, its surface emissivities and its
shape. However, from our experimental point of view
this k. 18 yet pertinent.

The variations of kg, against temperature are
presented on Fig. 8 for a 10 and 20 mm thick fused silica
sample, up to 950 K on Fig. 9 for a 6 and 15 mm
borosilica glass sample with high emissivity bound-
aries, and on Fig. 10 for mirror boundaries,up to 730 K.
It i1s observed for each material that from 570 K,
experimental data are distributed following different
curves corresponding to each sample. The scattering of
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F1G. 7. Temperature profile in silica glass: A, experiment ; W,
nodal analysis (20 nodes); ——, linear profile.

measurements can be partly attributed to the different
experimental conditions (the imposed temperature
gradientbeing45K cm ™1 at950K butonly4Kem ™ 'at
470 K}, and partly to experimental errors.

For fused quartz (Fig. 8) the experimental curve for
the 20 mm specimen is in good agreement at 720 K with
those of Chechel’'nitsky [29] with the same sample
thickness and for ‘elevated emissivity’ of surfaces. At
lower temperature, data of this author differ from ours
by about —8% near 570 K. Above 720 K our values are
in agreement with those of Anderson and Viskanta [3]
for their 12.7 mm specimen ; but their data are higher
between 570 and 720 K.

The evolution with respect to temperature of the
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F16. 8. Thermal conductivity of silica glass. Experiment : @, 20
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20 mm thickness; ], 10 mm thickness. Literature: — —,
Sugawara [32]; , Men and Chechel'nitsky [31}; ———,
recommended values by Powell ef al. [14].

effective conductivity of borosilica glass shows a similar
behaviour. However, the magnitude of the effect is
always lower than for fused silica even in the case of
nearly black frontiers. It shows up to 730 K a quite
sensitive influence of the thickness, when similar
emissivity boundaries are used and a noticeable
emissivity effect, at constant thickness, when passing
from & = (.90 to 0.05. Unfortunately, for this glass no
comparison of k¢ is possible with data of the literature.
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Fi1G. 9. Thermal conductivity of borosilicate glass. Experiment : B, 15.2 mm thickness; A, 6 mm thickness.
Phonic conductivity: {1, 15.2 mm thickness; A, 6 mm thickness. Literature: O, Schott [22].
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6. IDENTIFICATION OF THE PHONIC
CONDUCTIVITY

6.1. The identification method

We are now in a position to carry out the
determination of the thermal conductivity of a SMT at
high temperature. In fact, for a fixed temperature of the
SMT slab, we know its surface emissivity, its spectral
internal absorption coefficient and spectral refractive
index ; we are also in possession for a defined thickness,
of the temperature profile and of the total density heat
flux across the sample. So we can connect these data
and results with the thermal model issued from the
nodal analysis and then use a classical identification
approachin order to deduce the phonic conductivity of
a semi-transparent material.

Starting from an initial guess of the thermal
conductivity k.;, the corresponding temperature
profile and density of radiative heat flux are calculated
with the nodal model. Let us design these first two
results by T(k.,,j} and g(k.,,J), respectively. Because
the sensitivity to k_ is stronger for the flux than for the
temperature, we can choose for the second step of the
iteration a new conductivity coefficient such as

1 N
kc2 = E 2 (qx—"qr(kcl’j))/(T(kchj)
i=1

=Tk, j+ DYAx  (11)

where g, is the known experimental value of the total
density heat flux and g,(k.;,j) the radiative heat flux
over the different nodes j relative to the temperature
profile T(k,,/).

The iterative process will be stopped after the ith step
when for example

Ikc,i—kc,i— 1 |
kc,i— 1
We established that the proposed method has a very

fast convergence, since only three iterations are
generally sufficient to satisfy the numerical criterion

< 0.01. (12)

O, & =005

(12). In the most complex radiative situation, ie.
including multireflexions, the time required to identity
a phonic conductivity coefficient is about 10 min on a
Norsk Data 100 minicomputer.

6.2. Thermal conductivity of fused silica

The thermal conductivity of fused silica was inferred
from the two effective conductivity curves in the case of
an eleven band model whose absorption spectra and
refractive index curve are given in Figs. 1 and 2. The
evolution with temperature of the two samples is
presented up to 950 K on Fig. 8. We can verify that
values obtained from experiments for different material
thicknesses agree within 6% in the high temperature
region. We also notice that effective and phonic thermal
conductivity curves deviate one from the other about
470 K, the true conductivity curve presenting a
monotonous linear increase, although the apparent
conductivity one rises at a fast rate, the ratio of their
magnitudes reaching a factor of 3 near 1000 K.

As a comparison are also reproduced on Fig. 8 some
data of literature selected for minimizing the radiative
transfer contribution. Wray and Connelly reported
measurements obtained with a hot wire transient
technique on fused silica up to 2100 K [30]; Men and
Chechel’nitsky [31] and Sugawara [32] used samples
sandwiched between low emissivity metallic surfaces,
for which conductive transfer is dominant. The
agreement between our results and these previous
measurements is quite good up to 620 K ; for higher
temperatures, data of Sugawara and Men and
Chechel'nitsky diverge, both displaying an increase of
k. with temperature but their curves having opposite
concavity ; at 720 K their data differ by about 9%. Qur
values fall between these two curves, closest to those of
Sugawara below 600 K and approaching those of Men
and Chechelnitsky above 600 K. At 1000 K a 10%
difference is observed with the data of Wray and
Connelly calculated as a mean value over several runs
of their work. We can notice that the N.B.S.
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recommended values of thermal conductivity of fused
quartz are about 40%, higher than the present results at
1000 K, due probably to the non-elimination of
radiative transfer participation.

6.3. Borosilica glasses

The thermal conductivity of borosilica glasses
deduced from our experiments for black and mirror
boundaries (specular boundaries are treated here as
diffuse ones, the rigorous analysis is in development)
presents also a slight linear increase when the
temperature rises (Fig. 9). The extrapolation of our
results near room temperature gives a value of 1.11 W
m~ ! K~ ! in excellent agreement with the data of the
BK 7 manufacturer. Data obtained for the two different
sample thicknesses and different emissivities are
comparable within 6.

The behaviour of k, for that glass is very similar with
that found by Champomier [33] with the hot wire
technique for float glasscs—a soda lime silica—up to
770 K. Other comparisons are possible with results on
Pyrex glass—a borosilica; recommended N.B.S’s
values differ only slightly from ours at low temperature
and by 9%, at 700 K.

6.4. Sensitivity against to several physical parameters

Further aspects concerning the sensitivity of the
model and consequently of the computed thermal
conductivity, with respect to variations of the physical
input parameters are to be examined ; especially those
of the infrared spectral model of absorption, refractive
index spectral model and radiative properties of the
boundaries (emissivity).

6.4.1. Tests on absorption spectra models. The
experimental absorption spectra may serve to define
several box models. Instead of the refined realistic nine
rectangular band model of the borosilica glass leading
to the results on k, given in Section 6.3 asimpler spectral
model consisting, for example, of only three bands:
transparency from visible to 2 um, semi-transparent
between 2 and 4.6 um (x = 660 m~') and opaque
beyond 4.6 um, may be introduced in the nodal
analysis. The resulting effect in the identification of k.,
then, gives at 730 K a value which deviates by 9% from
those for the more realistic model.

For fused silica the simplification consisting in a
division of the infrared spectra into six bands rather
than eleven as in Section 6.2, leads at 940 K to a
difference in k. of about 10%. In the same way
considering the eleven band model at 1000 K, by
lowering only from x = 80 to 70 m ™! the weak band
comprised between 2.94 and 3.73 um, which
corresponds to the region of the maximum Planck
function at 940 K, implies a decrease of k. at this
temperature of only 2%, As this change in absorption
coefficient of the most temperature sensitive band is
weak, it can be possible in the case of vitreous silica to
neglect the temperature dependence of the spectra for
the determination of thermal conductivity. When
taking into account the temperature dependence of the
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spectra of the borosilica glass, again only a slight
difference is observed. In that case, although there is a
significant variation of the radiative flux contribution
for each band, the total null effect is due to an algebraic
cancelling out of the various band deviations.

6.4.2. Tests onrefractive index model. The dispersive
properties of the refractive index of fused silica re-
fractivein the near infrared are well known up to 4.8 um
and they are summarized by Petrov and Stepanov [21],
they vary smoothly between 1.452 at | ym to 1.354 at
4.64 ym asshown on Fig. 3. Calculations of k. in Section
6.2 were made by assigning for each band of the
absorption spectra a constant refractive index value n,
which closely approaches the dispersive curve. The
thermal conductivity at 940 K of fused silica has been
recalculated in the case of a uniform value of n over the
useful spectral region, namely n, = 1.43 for k = 1-11,
all others physical parameters remaining the same. In
such conditions a decrease of 149 of k. has been
obtained.

It seems that this occurrence is not general since
several glasses, for instance, window glass [ 34], have a
refractive index with only small variations in the near
infrared up to 4.8 um. For borosilica glass it seems
correct to take a single refractive index value for
radiative transfer modelling.

6.4.3. Tests on surface emissivity. Determination of
thermal conductivity of fused silica has been performed
for surfaces with diffusely gray emissivity, ¢ = 0.9 and
for black frontiers. At 940 K for emissivity ¢ = 1 the
increase of the radiative transfer with respect to the case
when ¢ = 0.9 is severe; the conductive contribution is
thus lowered and the inferred phonic conductivity
decreased by about 15%,.

7. CONCLUSION

Inacombined radiative and conductive heat transfer
in STM, the two contributions may be separated by
means of the application of a one-dimensional nodal
modelization associated with the experimental de-
termination of the temperature profile and the total
heat flux density. The method has been applied with
success to silica and borosilica glasses at elevated
temperatures. Even in situations when radiative effects
are dominant—black emissivity frontiers, high thick-
ness, temperature above 700 K-—the true phonic
thermal conductivity was identified for both materials
with reasonable accuracy.

It has been shown that a preliminary extensive
knowledge of the infrared optical properties of the
materials was necessary, if not, the accumulation of
neglected effects will bring out quite erroneous
determinations.

Finally if conducting experiments for samples with
low emissivity boundaries, small enough thickness and
by taking into account the multireflexion
phenomena-thus minimizing radiative participation,
the method could be used to deduce the true phonic
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conductivity of semi-transparent materials at high
temperatures.
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APPENDIX A

THE GEBHART THEORY OF MULTIREFLEXIONS
IN A GRAY MEDIUM

Radiative heat exchanges among surfaces diffusely
reflecting, separated by a participating medium (i.e. emitting
and absorbing) may be obtained starting from the well-known
Gebhart theory [35] for cavities filled with a transparent
medium.

Let us design by (S;S;) the total exchange surface associated
with surfaces §;and §;in a cavity composed of M such surfaces
each characterized by a reflectivity p,, and separated by a
transparent medium. The Gebhart theory expresses a relation
between the extended exchange surfaces and the direct
exchange surfaces (s,s;) introduced in the main text. The
Gebhart relations can be written as

I — M e
(S.8) = gilss;)+ Y, pdss)SiS)/S,

=1

(A1)

The first term on the RHS of the above equation represents
the direct exchange between surfaces §; and S, leading 1o an

absorption by §; of flux emitted by 5, ((s;5;) = §;F;, F;, being
the view factor); in the second term p(s;s,)(5,S,)/S, leads to an
indirect transfer from S, to §; via reflecting surface S,.

Extended exchange surfaces for a one-dimensional
absorbing—emittingsystem enclosed by reflecting walls(Fig. 4)
can be derived by simple energetic arguments from direct
exchange surfaces.

For the direct exchange surfaces associated with radiative
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transfer between surface and medium, it can be written [7]

(50 = (58)—(58541); i=1,2 (A2)
and for those between medium and medium
(02) = (05~ (05,21 ) (A3)

When multireflections are taken into account, similar
relations can be obtained for extended exchange surfaces
(A4)

(5:V) = (8:5)—(5:5;+1)

and
ViV = (MS)— (ViS4 1) (AS)

Letting each emissivity for the surfaces of internal nodes
equal to 1 and so the corresponding reflectivity equal to zero,
the Gebhart relations for a semi-transparent medium can be
written by substituting equations (A1) and (A2) into equation
(Ad)

(S ) = (?U )+ 2 s Sl)(SIV)/Sh i=12 (A6}
and in a similar way from equations (A3), (A5) and (A6)
(Vi¥) = o)+ Z LSSV S, (A7)

So, extended factors may be expressed from direct factors
and reflectivity of surfaces.

From the above expressions it is easy to estabhsh the
extended exchange terms (S,S,), (S ), (S,V) and (VV) with
respect to direct exchange surface terms One obtains

(5,5,) = s152) (A8)
1 _Plpz(slsz)z/(sx *S3)
(E:i}:) - ((;171)‘*'/72}5152) (v,52)/82) (A9)
1—p1pals;5, Y /S, *S2)
(V) = o)
P1(31”) (51”1)+P2(51Sz)(szv )/Sz
Sy 1—pypa 5152) /(S1°53)
. 50 Gavtpisa) GolfSs

S2 1—pypals;5:)4(5,-S2)

where the expressions of the direct exchange surfaces can be
taken from Table 1 of the main text.

Furthermore, the extended reciprocity relation can be
written

s V) =S (W) =)

and
£,(815,) = £(5,8,).

In these conditions at the steady state, the energy balance
equation in a slab of gray material, for a given node i, can be
written

kdTs1 =T —2T)+q, =0
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where the source term may be expressed as

[ Y (VV)(TE~TH+e,(8,V)(TH =T

+s:@%}(ﬁ~?‘i}] (AL1)

still allowing the use of ‘radiative conductance’ concept.

APPENDIX B

EXPRESSION OF THE SOURCE TERM ¢q; FOR A
NON-GRAY MEDIUM ENCLOSED IN A SLAB
WITH MULTIREFLECTIONS

When multireflections are present in an enclosure
composed of several diffusely reflecting surfaces of emissivity
(¢1,€2,...,€;...) and containing a non-gray participating
medium which absorption spectra may be represented by a
box model, in the source term g; appeared non-gray extended
surfaces (V.V}, (51 V)i (5, Vi), associated with each spectral
band k. Besides the non-gray extended reciprocity relation
becomes

Z glak‘T((:g—;E;)k = Z Biak.ﬂ(ggr)k (B
k=1

k=1

where q r, is the fractional emissive power at the nodal
temperature T; associated with band k.

The source term ¢, for a slab bounded by surfaces §, and §,
of respective emissivity ¢, and &, may now be written

m N-1
4 = Z ank{ Z (VV)k(ak T; j"ak X )

k=1 J=2

+61(S; Vihay v, TT— (VS i r T7

+eoSo Vit r, T — (“Vsi)kak.T.T?} (B2)

but the following expression holds

Y e r (VS k= 3 ntaur(SSh—(Si 1500 (B3)
k=1

k=1

which from equation (B1) is equal to
Z glnfak,r,((ﬁi)k —{5:8;+ )
k=1
or

m
Z &ni a4, 7,(S1 Vide

k=1

In these conditions

4= {z VV)k(akr, '—QH H

"M’

+e4(S Wl r, T — a1, TH)
+ Ez(ﬁk(ak,n TS ~ar, Tﬂ} (B4)

which generalizes equation (8) when the emissivity of
boundaries are different from one.
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QUELQUES DEVELOPPEMENTS NOUVEAUX SUR LE TRANSFERT DE CHALEUR COUPLE
CONDUCTION-RAYONNEMENT DANS LES VERRES: EXPERIENCE ET MODELISATION

Résumé—La difficulté d’obtenir des valeurs fiables de la conductivité thermique des verres a haute
température a conduit 4 proposer une méthodologie expérimentale et numérique permettant la séparation des
effets conductif et radiatif dans un transfert de chaleur combiné dans un milieu semi-transparent. Le thermo-
conductimétre se compose d’une plaque plane gardée et d’un interférométre Mach-Zehnder qui fournissent
d’une part le flux de chaleur total et d’autre part la distribution de température. Au moyen d’un tel dispositif
aucun contact n’est nécessaire entre ’échantillon et les plaques chaude ou froide. Les mesures sont ensuite
traitées numériquement a I'aide de 'analyse nodale modélisant le transfert couplé conduction—radiation dans
le cas monodimensionnel d’un milieu non gris (non diffusant), siége de multiréflexions. Des déterminations du
coefficient de température de I'indice de réfraction et du spectre d’absorption infrarouge a haute température
ont été effectuées. Les valeurs de la conductivitié phonique de la silice vitreuse jusque’a 900 K et d'un verre de
borosilicate jusqu'a 750 K ont été obtenues par une méthode d’identification pour différentes valeurs
d’épaisseur d’échantillons et d’émissivité aux frontiéres. Les résultats sont en accord avec ceux de la littérature.

NEUERE ERKENNTNISSE ZUR GEKOPPELTEN WARMEUBERTRAGUNG DURCH
STRAHLUNG UND LEITUNG IN GLASERN—EXPERIMENT UND THEORIE

Zusammenfassung—Die Schwierigkeit, die Wirmeleitfahigkeit von Glisern bei hohen Temperaturen
zuverlissig zu bestimmen, veranlaBt die Autoren, ein Verfahren vorzuschlagen, das auf experimentellen
und numerischen Untersuchungen aufbaut und das Ziel hat, den {berlagerten Wérmetransport in
halbtransparenten Materialien in Wirmeleitung und Wirmestrahlung zu trennen. Die Wirmeleitfahigkeits-
MeBeinrichtung besteht aus einer ebenen Schutzplatte und einem Mach-Zehnder-Interferometer zur
Aufbringung der Wirmestromdichte und der Temperaturverteilung. Bei einer solchen Einrichtung besteht
kein Kontakt zwischen der MeBprobe und der beheizten Platte oder der Warmesenke. Die Messungen werden
numerisch mit Hilfe eines Knotenmodells, welches den simultanen Wérmetransport durch Strahlung und
Leitung beriicksichtigt, ausgewertet. Eine eindimensionale (nicht streuende) Analyse, die Mehrfachreflexion
beriicksichtigt, wurde durchgefiihrt. Der TemperatureinfluB auf den Brechungsindex und auf das Infrarot-
Spektrum von Materialien hoher Temperatur wurde bestimmt. Mit Hilfe eines Identifikationsverfahrens
wurde die Wirmeleitfihigkeit von Silikatglas bis zu 900 K und die von Borsilikatglas bis zu 750 K fiir
Proben von unterschiedlicher Dicke und Oberflichenemission bestimmt. Die Ergebnisse stimmen mit
Literaturangaben Uberein.

HEKOTOPBIE HOBBIE PA3BPABOTKH B3ANMOCBSA3AHHOI'O
JYYUCTO-KOHAYKTHUBHOI'O TEIUJIOIIEPEHOCA B CTEKJIAX.
IKCNEPUMEHT U MOJEJIHMPOBAHUE

Annoraums—TpyAHOCTL TOMHOTO ONpeae/ICHHS TElIONPOBOJHOCTH CTEKOJI MPH BBICOKHX TEMIepa-
Typax aKyCTHYECKHM METOJIOM HaBeJla JaBTOPOB Ha MbIC/Ib MPEIOKHTE METOMA, OCHOBaHHBIH Ha
IKCHEPHMEHTAIBHOM M 4YHCIEHHOM MCCICAOBAHMM M 3aKJIIOYAIOLLMICS B pa3/e/IcHHH KOHAYKTHBHOH
M JYYHCTOH KOMIIOHEHT CIOXKHOTIO TeMIONEpeHoca B TOJyNnpo3payHelx MaTepHanax. W3mepurens
TEIJIONPOBOAHOCTH COCTOMT M3 NPEAOXPAaHHTEILHON IUIOCKOHM MJACTHHBI M HATepdepoMeTpa Maxa-
Llenaepa, ¢ noMOLLBLIO KOTOPOrO ONPEAEAAETCS BEJIMYMHA CYMMAapHOro TEMJIOBOTO NOTOKAa M pacnpe-
aevenre Temrepatyp. [Ipy HCMOJNBL30BaHHH Takoro npuboOpa OTCYTCTBYET KOHTAaKT Mexay obpa3uoM
M HarpeToi NJIACTHHOM MM TETUIOBBIM CTOKOM. Pe3ynbTaThl H3MepeHHs 0OpabaThiBalOTCH YHCIIEHHBIM
METOIOM Ha OCHOBE aHA/N3a Y3JIOBBIX TOYEK, MOIEIHPYIOIUMX COBMECTHbIA KOHAYKTHBHO-JYYHCTBIH
teronepernoc. Ucnosbzosad onHoMepHslil (Heauddy3noHHBIH) HecepsId MOAXOX € YHETOM MHOTOKpaAT-
HBIX oTpaxenuit. OnpeneneHb! TeMilepaTypHas NPOM3BOMHANA 110Ka3aTeNs NPEJOMIICHHA ¥ HH(pakpac-
Hble CNEKTPbl MAaTepHajoB NPH BBICOKHX TeMIeparypax. MeToaoM HAEHTHQHKALUMH [OJIYYeHbl
3HaYeHHA 3BYKOBOH MPOBOAMMOCTH KPEMHHEBOTO cTekia NpH Temnepatypax ao 900 K u 6opocunu-
kaTHoro crekia go 750 K B obpa3max pa3Hoif TOSUWMHBI M C Pa3HOM TpaHHYHOH CTCNEHbIO
yepHOThl. Pe3ynbTaTel corjacyroTcs ¢ JaHHBIMHM, MMEIOLIMMHCS B JIMTEPATypeE.
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