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Solar experimental methods for observing melting plateaux and associated
temperature measurements for refractory oxides from 2000 to 3000◦C
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Abstract

Melting points of refractory oxides at high temperature can be obtained through different techniques (resistive furnaces, induction furnaces,
laser beams, imaging furnaces. . .). Here, we present a solar furnace experimental setup and methods developed at the Odeillo Solar Furnace
(IMP-CNRS) and used to measure melting and freezing plateau temperatures between 2000 and 3000◦C.

We detail a new procedure we have developed that produces a controllable, long duration temperature plateau, and we discuss the appropriate
temperature measurement method.
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The principle is to heat a self-crucible product with the solar concentrated flux and to preserve the thermal equilibrium at the me
emperature by providing a continuously regulated solar flux supply. Two critical points are treated: the control of the right level of tem
nd its measurement, which is hampered by the solar reflection.
Results obtained with Al2O3 (melting point = 2053◦C) are presented as example.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The first determinations of the melting points for refrac-
ory oxides were published in 19101 and 19302 and, after
n interruption, further work was conducted from 1950.3 To
btain the melting of the oxides, the means of heating have
volved with technology: from oxyacetylene torches, resis-
ive furnaces, induction furnaces and imaging furnaces to
ower laser beams. The use of a concentrating solar furnace
s radiative heat source appeared in 1960.4

The present work belongs to this last field. In parallel with
he researches devoted to metal–carbon eutectic fixed points
n several National Metrology Institutes,5 we have evaluated
he application of a solar furnace to study the suitability of
etal oxide phase changes to be used as secondary reference
oints,6 on the International Temperature Scale (ITS-90), in

he range 2000–3000◦C.

∗ Corresponding author.
E-mail address: danielh@imp.cnrs.fr (D. Hernandez).

Preliminary results7 are promising; they incorpora
contamination-free melting and the production of the des
freezing phenomena. They are not yet optimal however
we wish to increase the duration of the freezing plateau
to improve the temperature measurement method. The
of the work presented here was to improve these two po

In the first part of this paper, we describe the experim
tal installation and we detail the observation technique
the initial melting point observation. In the second part,
present the new method and analysis of the optical tem
ture measurement in the presence of parasitic reflected
flux. In both cases, we chose alumina to illustrate the ex
imental results.

2. Experimental set-up and previous method

The experimental set-up and the method for free
plateau method observation considered here has been
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oped at our Institute for related applications.4 Both have been
recently improved for the purpose of producing a secondary
reference point.7

To avoid contamination, possible alternatives would be to
use the self-crucible technique with a radiative heat source
such as a concentrating solar furnace, an imaging arc furnace,
or a laser, to reach temperatures above 2000◦C. The radiative
heat flux must be around 10 MW/m2 to melt the material
under investigation.

2.1. Solar furnace facility

As illustrated inFig. 1, our solar facility consists primarily
of a 2 m diameter fixed, horizontal axis parabolic mirror (3)
with a focal length of 0.85 m. The mirror has an aperture
of about 0.2 m in diameter at its center, resulting in a 9◦-
shadowed cone on its axis. The maximum possible incidence
angle is 60◦.

The solar beam is reflected to the parabola by a 3 m× 3 m
heliostat (6). The incident flux on the parabola can be reg-
ulated by means of a primary shutter (8) in the path of the
parallel solar beam (9), between the heliostat and the concen-
trator.

With this facility, an average flux of about 14 MW/m2

can be obtained over a circle of 0.01 m in diameter, which
c

The experimental device, in this case a rotating cylindrical
reactor (1) detailed inFig. 2, is located at the focus of the
concentrator.

The concentrated solar flux (2) can be rapidly and com-
pletely switched off by a small water-cooled shutter (5) lo-
cated on a fast-moving mechanism. This movable shutter,
which we will refer to as a moving mask, is designed to elim-
inate the flux in less than 0.1 s. Moreover, it is large enough
to cut all the concentrated flux, and features a central hole
corresponding to the non-irradiated solid angle of the 0.2 m
parabola aperture. These devices allow measurement without
solar radiation, which can have a hampering effect.

The optical pyrometers are located behind the parabola
(4) and are focused at normal incidence toward the sample.
The measurement distance is about 1 m.

The concentrated solar flux is sufficient to melt the re-
fractory oxides easily; generally times of less than 1 min are
required. Steady state conditions are reached after only 1 or
2 min; this should be noted as an important asset of the method
The primary shutter and moving mask allow the freezing pro-
cess to be rapidly started and precisely controlled.

2.2. Melting reactor and formation of self-crucible

The cell containing the material is a water-cooled rotat-
i ,

gram o
orresponds to a concentration ratio,Cp, of 14,000.

Fig. 1. Schematic dia
Fig. 2. Rotating reactor for alu
ng reactor with a cylindrical geometry (diameterD = 0.03 m

f the experimental set-up.
mina and photo of a cavity.
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lengthH = 0.04 m), and an apertured = 0.014 m in diameter
(Fig. 2).

The rotational velocity is regulated between 0 and
1200 rpm. The refractory oxides, first in pure extremely fine
powder (<50�m), are preliminary melted to produce larger
pellets, which are then ground to obtain a densitified product.
The interior of the reactor is then packed with this granular
material.

Contamination of the powder in the cavity is prevented
by water-cooling the reactor walls and thereby limiting the
temperature at the interface between the material and the wall.

When the concentrated solar flux from the parabola is fo-
cused on the aperture of the cell, the product starts to melt.
Because of the reactor rotation, a cavity characterized by
diameter d and a length h, progressively develops until it
reaches thermal equilibrium. A self-crucible with a melted
inner side surrounded by partially melted pellets is thus ob-
tained. In our case, the resulting dimensions ared = 1 cm and
h = 1.5 cm.

The contamination of the melted product is avoided by
the use of the self-crucible (the same material exists on both
sides of the liquid–solid interface), the use of non-pollutant
radiative heat source and by water-cooling the reactor walls.

2.3. Previous method for the temperature plateau
m

with
r f the
c on
a pidly
p per-
a tion.
F g an
a .

ob-
s level
1 u at
2 The

F

temperature value 2053◦C reported by International Temper-
ature Scale of 1990 is considered as a real temperature.

The difference between measured and theoretical values
of temperature is due to the material emissivity. Even though
the measurements are realized inside a cavity, this cavity does
not conform to geometrical black body conditions. Typically
the cavities have a ratioh/d = 1.5 cm/1 cm thus according to
Eq.(1) below from,8

εc = ε◦[1 + (1 − ε◦)(s/S − sin2(ω)]

ε◦(1 − s/S) + s/S
(1)

whereε◦ is the product’s emissivity in the normal direction;
εc the emissivity of the cavity;ω the half solid angle of the
surface aperture;S the cavity surface; ands is aperture sur-
face.

The self-crucible is not deep enough to be a black body if
ε < 0.9.

However, the phenomenon is observed through radiance
temperature measurements. The freezing plateau appears
clearly and stable enough with a characteristic Al2O3 super
cooling. It lasts only a few (between 2 and 5 s) seconds, the
time corresponding to the duration of the transformation of
the melted oxide to its solid phase.

3
p

ded
t ezing
p

u is
g

ave
c g to
E

Φ

w
l -
p

this
n The
fi usly
p op-
t ected
s the
t orre-
s rved
r as an
i ed.

s
a ical
c

easurements

The temperatures of the melted oxides are measured
adiation thermometers located in the central aperture o
oncentrator (Fig. 1). To observe the freezing phenomen
nd the temperature plateau, the moving mask is ra
laced in front of the cavity. Under these conditions, tem
tures are measured without the solar reflection contribu
ig. 3gives an example of a temperature recorded durin
lumina-freezing plateau using a 1.6�m optical pyrometer

When the flux is shut down the following features are
erved on the temperature history: an abrupt step from
, a first cooling in the liquid phase (2), the freezing platea
030± 5◦C (3) and a second cooling in solid phase (4).

ig. 3. Example of freezing plateau measurements for Al2O3 at 1.6�m.
. Method developed to obtain controlled duration
lateaus

After considerable work with this system, we conclu
hat it was necessary to increase the duration of the fre
lateau to have improved temperature measurement.

With the previous method the duration of the platea
overned by the melted product mass.

To obtain plateaux with a controlled duration we h
hosen to work at the thermal equilibrium correspondin
q. (2) below (the convection is neglected):

S = ΦR(Tf ) + ΦC(Tf ) (2)

hereΦS is the incident solar flux;ΦR the radiative flux
osses;ΦC the conductive flux losses; andTf is melting tem
erature.

There are two points that need to be solved to make
ew method a valid measurement of the freezing point.
rst challenge is that the solar flux must be continuo
resent; thus we must solve the problem of making an

ical temperature measurement in the presence of refl
olar radiation. The second challenge is to verify that
rue freezing plateau is measured, not a false plateau c
ponding to thermal equilibrium. If the temperature obse
emains constant under changing flux, we may take this
ndication that the true freezing plateau has been reach

These two methods are described in detail in Section3.1
nd 3.2and they are followed by an analysis of the crit
onditions required to produce the desired plateau.
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3.1. Apparent spectral radiance of a target heated by a
solar concentrator

Despite the existence of several possible pyrometric
methodologies, temperature measurement of samples heated
at the focus of a solar concentrator have still not received a
universal and perfect solution. To underscore the necessary
precautions, we present here a short analysis of solar-blind
conditions.

In optical pyrometry, the temperature measurement prin-
ciple is based on the spectral radiance of a black body (used
for calibration), and its comparison with the sample’s spectral
radiance.

For a sample heated at the focus of a solar concentrator,
and for a normal-incidence observation, the spectral radiance
can be expressed as follows:

L◦(T, λ) = ε◦(T, λ)Lo(T, λ)

+
∫

Ωp

ρθ,◦ (T, λ, θ)Lp(λ, θ, ϕ) cos(θ) dΩp (3)

whereL◦ is the sample’s radiance in the normal direction
due to solar reflection;Lo the blackbody radiance;Lp the
concentrator’s radiance;T the sample’s temperature;ρθ,◦ the
sample’s bi-directional reflectivity considered to be indepen-
dent ofϕ; λ the wavelength (�m); θ the incident direction
f ;
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Fig. 4. Atmospheric absorption bands in the infrared spectrum.

whereGp = 1/{π[sin2(θM) − sin2(θo)]} is a geometric char-
acteristic of the solar concentrator.

It is important to emphasize that the concentration fac-
tor also acts as an amplifier for the solar reflection from the
sample surface.

To obtain pyrometric measurements without any reflected
solar flux contribution, the second term of Eq.(7) must be
eliminated. This can be achieved in three different physical
ways:

(i) Use the strong absorption bands (Fig. 4) of the atmo-
sphere as a cutting filter to eliminate the solar contribu-
tion; this is referred to as “solar blind pyrometry” with
τa(λ) = 0.

(ii) Design the optical components of the solar furnace as a
perfect cutting filter, such thatR(λ) = 0.

(iii) Use the blackbody behavior of the sample, so that
ρΩp,

◦
(T, λ, θ) = 0.

These configurations have been previously tested, evalu-
ated and successfully used.9 In this paper, we limit our ex-
amples to measurements in a spectral range 8–12�m which
correspond, for Al2O3 (Fig. 5), to the Christiansen region
(emissivity = 1) and so to the third condition.

F
�

rom the concentrator to the sample (θM, θo: max. and min.)
the projection of the incident directionθ on a normal plan

2π ≥ ϕ ≥ 0); Ωp the solid angle of the concentrator; a
Ωp = sin(θ)dθdϕ unit solid angle.

Considering that the radiance,Lp(λ, θ, ϕ), of a parabolic
oncentrator is uniform on its surface, it is possible to re
t to the spectral irradiance at the focus,Ep(λ), through:

p(λ) = Ep(λ)

π[sin2(θM) − sin2(θo)]
(4)

ith

p(λ) = τa(λ)R2(λ)CpEo(λ) (5)

hereCp is the concentration ratio of the solar concentr
=14,000 here);Eo the extraterrestrial irradiance (1367 W/2

t the average sun–earth distance);Ep the irradiance at th
ocus of the concentrator;R the reflectance of a solar fu
ace component (heliostat or concentrator); andτa the atmo
pheric transmittance. The solar extraterrestrial irradia
o(λ), is related to its spectral radiance,Ls(λ), through:

o(λ) = Ls(λ)Ωs (6)

hereLs is the sun radiance andΩs = 0.71× 10−4 solid angle
f the sun (sr).

From Eqs.(3) to (6), the spectral radiance of a sample
nally be expressed as:
◦(T, λ)

= ε◦(T, λ)Lo(T, λ) + Gpτa(λ)R2(λ)Cp(λ)Ls(λ)Ωs∫
Ωp

ρθ,◦ (T, λ, θ) cos(θ) dΩp (7)
 ig. 5. Measured spectral emissivity (ε(λ)) of Al2O3 as a function ofλ in
m at 2087◦C (after Ref.[10]).
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Fig. 6. Example of controlled freezing plateau measurements for Al2O3

at 8–12�m. (1) Self-crucible temperature measurement (◦C left axis). (2)
Level of the observed plateau (◦C left axis). (3) Incident solar flux power
(watt right axis). (4) Plateau observed with the cutting solar flux method.

3.2. Method developed for freezing plateau observation
at thermal equilibrium

Temperature measurements are achievable with this
method if the reflected solar flux problem can be overcome.

Two points have to be determined:

(1) knowledge of the freezing temperature level, and
(2) regulation of the incident solar flux to maintain thermal

equilibrium corresponding to Eq.(1).

The first is determined from a preliminary observation of
a plateau by using the previous method, completely blocking
the solar flux.

The second is worked out by observing the evolution of
the ratio�T(t)/�ΦS(t): when there is no variation of the tem-
perature at the time that the incident solar flux is changing
we conclude that the freezing plateau equilibrium is obtained,
liquid mass balancing the cooling or the heating of the mate-
rial. Figs. 6–8illustrate these methodologies.

The plateau observed first time inFig. 6and curve (1), is
shown at higher magnitude inFig. 7. The plateau duration
is only about 3 s. After this operation, the incident solar flux
is regulated to approach the registered level of the plateau.
Curve (2) gives the value of the incident solar power. Af-

F

Fig. 8. Example of controlled freezing plateau measurements for Al2O3

at 8–12�m. (1) Self-crucible temperature measurement (◦C left axis). (2)
Level of the observed plateau (◦C left axis). (3) Incident solar flux power
(watt right axis). (4) Plateau observed with the cutting solar flux method.

ter t = 200 s, the temperature of the self-crucible is stabilized
around a plateau at 2045± 15◦C (curve (2)) while the in-
cident flux is increasing on the order of�ΦS = 8.5%. The
duration of this equilibrium can be maintained as long as
required.Fig. 8presents another example of a controlled du-
ration freezing plateau.

The freezing phenomena plateau is first observed at point
5 in the figure and its level corresponds to the curve (2).

Beforet = 650 s, the temperature of the self-crucible is de-
pendent on the value of the solar incident flux. It appears that
the sample is reaching the plateau between 200 s <t < 350 s,
but because the solar flux is also constant in this period it
is impossible to distinguish between a plateau and thermal
equilibrium.

After t = 650 s and untilt = 900 s, the measured temper-
ature is stabilized at 2050± 3◦C while the incident flux is
decreasing on the order of�ΦS = 15%. Here, we can clearly
see that a freezing plateau has been established and that the
solar reflection does not hamper the temperature measure-
ments.

The validity of the method developed for the freezing
plateau observation at the thermal equilibrium is demon-
strated through the presented examples.

3.3. Analysis of the observation condition for the
t
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ig. 7. Higher magnification of self-crucible temperature inFig. 6, zone 4.
hermal equilibrium method

Although it appears that the results obtained with
ethod unequivocally establish a freezing plateau, it is

enient to detail the conditions necessary to obtain a free
lateau.

The radiometer located on the horizontal axis of the
entrator characterizes the bottom of the self-crucible
bservation surface is a disc of 6 mm diameter.

The experiments have shown that for temperature
urements corresponding to a thermal treatment as pres
n Figs. 6 and 8, four periods can be distinguished durin
ooling from the liquid to the solid state:
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Fig. 9. Example of controlled freezing plateau measurements for Al2O3

at 8–12�m. (1) Self-crucible temperature measurement (◦C left axis). (2)
Level of the observed plateau (◦C left axis). (3) Incident solar flux power
(watt right axis). (4) Observed instable plateau. (5) Plateau observed with
the cutting solar flux method.

(1) �T/�ΦS = 0–0.2: the mass of the melted product is thick
enough to minimize the effect of the solar flux variation.

(2) �T/�ΦS = 0.1–0.5: the volume of the liquid mass has
diminished and the surface temperature reacts to a solar
flux variation.

(3) �T/�ΦS = 0: the temperature is governed by the phase
law, this is the freezing plateau.

(4) �T/�ΦS = 0.5–0.9: the material is cooling to a solid
phase.

The control parameter�T/�ΦS has been proven to be
the governing parameter for selecting conditions for good
measurements.

However, it is important to describe the difficulties relative
to the thermal equilibrium. For stable and correct measure-
ments, the target observed by a pyrometer (a 6 mm diameter
disk) has to be composed of intimately mixed solid and liquid.
This is true for the examples shown inFigs. 6 and 8. When
this is not the case, cooled solid or heated liquid disturbs the
freezing plateau.

The example presented inFig. 9 illustrates this phenom-
ena. The freezing temperature had been correctly identified
earlier (stage number 5 of the record), but the temperatures
observed during stage 4 varied around the plateau level while
the incident solar flux was constant, indicating the likely pres-
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These problems underscore the calibration motivation be-
hind our work: the ITS-90 (International Temperature Scale,
1990) does not cover this temperature range and, for us, the
accuracy cannot be certified.

The reproducibility appears as the appropriate parameter
to evaluate the method reliability. For our experiments during
the plateau, it was about 5◦C.

The instability of the measured area due to non-controlled
mixing can reach±15◦ even if the cavity conditions are fa-
vorable.

The emissivity data is difficult to obtain. For alumina, the
bibliography offers a large range of emissivity values over
the appropriate wavelength range. Taking the freezing tem-
perature equal to 2053◦C, the calculated cavity emissivity
corresponding to the pyrometer calibration, is about 0.996
in accord with Eq.(1) and the value given inFig. 5. When
the emissivity of the product is unknown, the operator must
choose a solar blind window to eliminate the parasitic reflec-
tions. In this case, the measured radiance temperature can
vary greatly from the theoretical value. For black body con-
ditions, it is necessary to deploy spectroradiometer measure-
ment to determine the Christiansen wavelength.10,11

After this critical analysis, we can conclude that the
method described if carefully done is a valid mean to obtain
controlled freezing plateaux.
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nce of a mixture consisting of large regions of cooled s
aterial and small volumes of superheated liquid.
The operator thus has the responsibility to conduc

xperiment and principally the self-crucible formation c
ully to obtain favorable conditions. In the case of the
ina, these are generally obtained for cavities characte
y h = 1.5d.

The second point to discuss is the measurement me
ith the disturbing influence of solar reflection solved (S

ion 2), the problems of measuring the true temperature
ain classical: calibration of the radiometer and knowle
f the product emissivity.
. Conclusions

The work presented here confirms the capability
olar technique to obtain freezing plateaux for refrac
xides.

Although others have presented similar results using
urements taken during a freezing plateau obtained wit
olar flux completely eliminated by some type of shutter
ice, our work presents the first example of measurem
aken during a freezing plateau with controlled duration
ained under conditions of carefully controlled solar flux

The study of the materials’ monochromatic radiative p
rties appears as a fundamental complementary app
easurements at the Christiansen region,10,11which is gen
rally present in polar dielectric materials and more pa
larly in dielectric oxide materials, would offer black bo
onditions and so improve reproducibility.

A special metrological approach has to be impleme
o achieve the determination of the melt–freeze tempera
ith a clear traceability to ITS-90.
At this time, it can be concluded that the method propo

ere has merit and offers potential for accurate measure
f high-temperature melting processes up to about 300◦C.
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Rev. Int. Htes Temp. Réfract., 1966,3, 309–326.

5. Yamada, Y., Sakate, H., Sakuma, F. and Ono, A., Short
Communication–Radiometric observation of melting and freez-
ing plateaus for a series of metal-carbon eutectic points in
the range 1330◦C to 1950◦C. Metrologia, 1999, 36(3), 206–
209.

6. Bedford, R. E., Bonnier, G., Maas, H. and Pavese, F., Recommended
values of temperature on the International Temperature Scale of 1990
for a selected set of secondary reference points.Metrologia, 1996,
33, 133–154.

7. Hernandez, D., Olalde, G., Bonnier, G., Le Frious, F. and Sadli,
M., Evaluation of solar furnace application to study the ability of
metal oxides to be used as secondary reference points in the range
2000–3000◦C. Measurements, 2003,34, 101–109.

8. Gouff́e, A., Transmission de la chaleur par Rayonnement, Cahier 1.
Eyrolles, 1978.

9. Hernandez, D., Olalde, G., Gineste, J. M. and Gueymard, C., Analysis
and experimental results of solar-blind temperature measurements in
solar furnaces.J. Solar Energy Eng., 2004,126, 645–653.

10. Rozenbaum, O., De Sousa Meneses, D., Auger, Y., Chermanne, S.
and Echegut, P., A spectroscopic method to measure the spectral
emissivity of semi-transparent materials up to high temperature.Rev.
Sci. Instrum., 1999,70(10), 4020–4025.

11. Markaham, J. R., Best, P. E., Solomon, P. R. and Yu, Z. Z., Measure-
ment of radiative properties of ash and slag by FT-IR emission and
reflection spectroscopy.Trans. ASME J. Heat Transfer, 1992, 114,
458–464.


	Solar experimental methods for observing melting plateaux and associated temperature measurements for refractory oxides from 2000 to 3000°C
	Introduction
	Experimental set-up and previous method
	Solar furnace facility
	Melting reactor and formation of self-crucible
	Previous method for the temperature plateau measurements

	Method developed to obtain controlled duration plateaus
	Apparent spectral radiance of a target heated by a solar concentrator
	Method developed for freezing plateau observation at thermal equilibrium
	Analysis of the observation condition for the thermal equilibrium method

	Conclusions
	Acknowledgements
	References


