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Abstract

Understanding heat transfer within ceria is of great importance in ensuring its effective performance as a volu-
metric solar absorber. This understanding requires knowledge of two key thermal properties: spectral normal emissivity
and thermal diffusivity. In this study, an experimental setup and a measurement methodology for estimating the thermal
properties of ceria at high temperatures are described. The results obtained are presented and discussed at the end of the

paper.

1. Introduction

An understanding of the thermomechanical properties of materials used as solar volumetric receivers is crucial.
Indeed, it enables the structure and porous architecture of the receiver to be optimised in order to: (i) increase its durability
and lifetime, (ii) minimise the risk of breaking, and (iii) maximise efficiency. This study will focus on ceria ceramic (CeO-)
[1] with the aim of producing green hydrogen via solar thermochemistry; this process involves two crucial stages:

Reduction: CeO; — CeOs_5 + gOQ
Oxidation: CeOsz_5 + dH20 — CeO3 + 0H,

Understanding heat transfer during these stages within ceria is essential and therefore requires knowledge of its
thermal properties, in particular its spectral normal emissivity—to understand how ceria absorbs and emits solar radia-
tion—as well as its thermal diffusivity—to understand how the heat propagates within the material.

According to the previous literature review and to the authors’ best knowledge, the emissivity of CeO, has never
been measured at high temperatures. Ackerman and Steinfeld [2] carried out a study of the hemispherical spectral reflec-
tivity of CeO, ceramics at room temperature as a function of its stoichiometric deviation, in post-mortem analysis. This
deviation from stoichiometry is the result of temperature and atmospheric conditions on the material. They observe a
significant decrease in reflectivity as the material moves away from stoichiometry, suggesting high emissivity under solar
fuel production conditions. However, an approach such as this neglects the electronic conduction phenomena enabled
by high temperatures, which absorb in the mid-infrared (IR). It is in this context that an initial modelling work highlighting
the impact of the pO2 and the temperature was carried out [3], and that the next step, naturally, is to access experimental
measurements of the normal spectral emissivity of CeOs.

Regarding thermal diffusivity, very few studies have been reported in the literature. Nelson et al.[4] carried out
measurements of thermal diffusivity and thermal conductivity on ceria using a commercial LFA device; the results from this
study will be used as a point of comparison with the estimated values from our study.

The present work reports the development of an experimental setup for measuring spectral normal emissivity and
thermal diffusivity in ceria at high temperatures. To address this objective, the experimental setup is described in detail,
then, the methods used to determine spectral normal emissivity and thermal diffusivity are presented. Finally, the results
obtained as a function of temperature are presented and discussed.

2. Material and methods
2.1 Experimental setup

Figure [Tla shows the scheme of the experimental setup used to directly measure normal spectral emissivity at
high temperature in air. It consists of a heating source based on a 2 kW LDM Laserline 2000-60 IR laser used to deliver
an intense Gaussian beam 20 mm in diameter at A = 0.98 um. The beam is then split in two by a beam splitter, and a
set of two silver plane mirrors of 50 mm diametre are used to redirect the two resulting beams onto the sample in order to
achieve rapid and uniform volume heating of the sample by providing the same power density on both sides. The sample is
held between 3 ceramic fibre pads connected by steel rods to a water-cooled ring. This enables to perform measurements
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at high temperatures given that the pads can endure temperatures going up to 1800°C. The temperature of the sample is
controlled using an Impac IGAR 6 Smart bichromatic pyrometer operating from 100 to 2550°C, at 1.5 and 2 um. Finally,
a motorised off-axis parabolic mirror is used to collect the fluxes emitted by the sample ®.4m,7.,,. (w) and a Pyrox PY15
blackbody furnace ® 55, 1...., (w) (adjustable in the 400-1000°C temperature range) brought to the same temperature and to
send them back to the detection part, a Bruker 80v Fourier transform infrared spectrometer (FTIR), measuring the spectral
distribution of the fluxes from 100 to 9000 cm~! (beam-splitter: KBr, detector: DLaTGS). It should be noted that the fluxes
emitted by the sample and the black body follow an identical optical path until they reach the detector.
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Fig. 1. Experimental setups developed for measuring thermal properties at high temperatures.

Concerning the estimation of the thermal diffusivity, the experimental setup is modified as shown in Figure[1]b; the
laser heating system and the temperature control via the bichromatic pyrometer remain unchanged. However, measure-
ments are now acquired using an IR camera (FLIR SC7000, 320 x 256 pixels, pitch size 25 pm, spectral range between
1.5 and 5.5 um), equipped with an IR lens with a focal length of 25 mm (giving a spatial resolution of 140 um per pixel),
enabling a map of the sample’s proper emission to be obtained. The pyrometer is used to regulate the setpoint tempera-
ture as before; once this is reached, the laser is controlled to deliver a flash of additional power, previously adjusted by the
user, with a duration of 2 ms. The IR camera is triggered by the flash to ensure that data acquisition begins at the same
time as the flash is emitted. Furthermore, measurements are taken from the front and rear faces for the same setpoint
temperatures and the same flash powers.

2.2 Normal spectral emissivity measurement

The measurement is carried out in three steps. An initial heating step, controlled by the pyrometer, allows precise
temperature increases, assuming that the sample’s emissivity at room temperature is known beforehand. This enables
the measurement of materials sensitive to thermal shock. Once the set temperature has been reached, the second step
consists of acquiring 3 emission spectra: the sample ®,,.., the emission at room temperature ®zr and the blackbody
reference ®zr. This is made possible by the controlled rotation of the off-axis parabolic mirror at spectrometer entrance.
Emission at room temperature is obtained by orienting the mirror towards the ceiling of the bench. Once the 3 spectra have
been acquired, the calculation used to obtain the emissivity spectrum is as follows :

(I)sam,Tsam (w) _ ¢‘1'mvaRT (W) (1 )

e(w,T) = )
1) @BB,Tyum (W) — PrT, TR (W)

where Tsq., and Trr are the surface temperature of the sample and the ambient temperature respectively.
As the temperature of the samples can exceed 1000 °C, the upper limit of the blackbody furnace, it is possible to
extrapolate its emission spectrum using Planck’s law.
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The range of spectra obtained goes from 400 to 7500 cm~' (i.e. from 1.33 to 25 pm). Below 400 cm™', the
spectrometer’s KBr cut-off frequency is reached. Above 7500 cm™', the signal-to-noise ratio is no longer sufficient : the
emissivity spectra are too noisy.

2.2.1 Experimental setup validation on polycrystalline o-SiC (Silicon Carbide)

«-SiC is well known for its constant emissivity in temperature, for the most part of the IR range, making it a good
standard material to validate a new bench [51[6,(7,18,9,[10]. Figure[2]shows the measurement of 5 normal emissivity spectra
of a dense ceramic (98%) of slightly oxidized Mersen Boostec industrial a-SiC (24 mm diameter and 2 mm thickness, from
400 to 800°C). They are compared with ambient temperature spectrum indirectly measured beforehand used as reference.
The measurements are overlapping with the reference from 600°C, except in the range below 1000 cm™*!, where a small
increase of the emissivity is usually observed with the temperature, due to both silica layer on the sample and SiC phonon.
This behaviour is well-retrieved here, validating the bench.
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Fig. 2. Normal spectral emissivity of oxidized SiC ceramic from 400 to 800° C compared with ambiant temperature indirect
measurement.

2.3 Thermal diffusivity estimation

The estimation of the thermal diffusivity involves short-time analytical solutions to the heat equation at the front
and rear surfaces. Let us take the example of a homogeneous material with a density p (kg m™®), a specific heat
cp (Jkg™'K 1), thermal conductivity A (Wm™'K™') and thermal diffusivity a (m?s™'). The thermal problem can be
considered 1D since the material is heated uniformly across its entire surface. Furthermore, convective losses can be
neglected as the analysis will be carried out systematically over very short time scales. Thus, the heat transfer problem is
expressed as follows:

19T(z,t) _ 9T (z,t)

a Ot 022
_ AaT(z,t) = 6(2 = 0,1) (2
0z 0

T(m7y,z7t=0) =0

The short-time solutions for the front (7¢) and rear face (7’.) according to [11] are expressed as follows:

Ty (1) = b&m ast— 0 3)
2
T, (t) = b%/% exp(—i) ast— 0 (4)

where b = /Apc, represents the thermal effusivity of the material.
We can see that the ratio between the two previous solutions [3]and [4] leads to:
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2
T(t) =2 exp(—ﬁ) ast— 0 (5)

By applying the logarithm function, equation [5|becomes:

2
e % ast— 0 (6)

log(T'(t)) = log(2) — 1o
Finally, the thermal diffusivity can be estimated usmg equatlon|§|ln the short-time regime. Indeed, log(T'(t)) varies

linearly as a function of — with a negative slope of —z— and a y-intercept of log(2). The application of a function fit via
a

linear regression will therefore allow the diffusivity to be determined, provided the sample thickness is known in advance.
The advantage of taking measurements at the front and rear faces lies in fixing the y-intercept when applying the linear fit,
with the aim of minimising estimation errors as much as possible.

3. Results

In this section, the results obtained for spectral normal emissivity and thermal diffusivity as a function of tempera-
ture are presented and discussed.

3.1 Normal spectral emissivity
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Fig. 3. Normal spectral emissivity of CeO, ceramic from 600 to 1300° C compared with ambiant temperature indirect
measurement.

The spectra obtained from CeO, measurements at temperatures ranging from 600 to 1300 °C are shown in
Figure@ These reveal an increase in emissivity with temperature, as might be expected from the study by Ackermann and
Steinfeld [2]. The emissivity of ceria is very low at 600 °C, and increases with temperature, reaching values between 0.7 and
0.8 at 1300 °C. This suggests that the sample becomes more opaque. This phenomenon is due to the reduction of ceria
with the temperature, increasing both electronic concentration and electronic mobility as a thermally activated phenomenon.
The emissivity measured indirectly at room temperature is also shown, revealing below 815 °C, the emissivity of ceria is
lower (as function of temperatures) than at room temperature, a trend also observed by Guo et al. [12]. All spectra
exhibit a slope in the spectral range above 2500 cm™*, which introduces an error in the surface temperature measurement
performed by the pyrometer in bichromatic mode. The true surface temperature of the sample is determined retrospectively
using Planck’s law via its Christiansen point (the point where the emissivity is close to 1, at 634 cm™* in this case).
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3.2 Thermal diffusivity

Figure [4] shows the steps required to estimate the thermal diffusivity of a 1.9 mm ceria pellet at 500 °C. The
first step in the methodology involves acquiring the temperature fields (in camera units) on the front and rear faces using
the IR camera. Figure |1_3| shows the time evolution of the temperature (in digital levels) on both sides; it can be seen
that the two thermograms join together after a certain time (related to the diffusivity) with a linear decrease due to natural
convection. Next, Figure [4b] shows the time evolution of the ratio between the thermogram on the rear face and that on
the front face, in accordance with Equation [5] The third step involves plotting the evolution of the logarithm of the ratio
obtained previously as a function of the inverse of time; the expected profile is a straight line in accordance with equation
[e] Figure[dc|shows the result obtained, in which three distinct regimes can be distinguished: (i) the first corresponds to the
very short time periods before the temperature rise, (ii) the second corresponds to the long time periods where the front
and rear thermograms meet, (iii) the third varies linearly and is due to the transient regime. Finally, the last step involves
fitting the straight line of the third regime using several straight lines with different slopes, with the y-intercept set to log(2).
Indeed, this approach allows us to determine the thermal diffusivity more accurately; in this example, it is estimated to be
asooec = 1.1880 £ 0.031 mm?/s.

100 . T 1.2
®* Front face 11
80 - 1
) o
=} 008}
= 60 =
c c
S 5 0.6
§ wl g
g o4l
(] (&}
207 0.2
0 ' ' . ' ' . 0 ' ' : ' ' :
0.2 04 06 08 1 1.2 14 0.2 04 06 038 1 1.2 14
Time (s) Time (s)
(a) (b)
10°€F 0.5 . .
- ® region of interest
s o linear fit
T EA5F
E 3
[ T 9
5 10" 5 2
: i
i Q 2.5
=3 =3
g g 3
-3.5
102
4 | | | | R
2 2.5 3 3.5 4 4.5 5
Time™!
(d)

Fig. 4. The different steps for thermal diffusivity estimation : (a) Transient temperature at the front and rear faces, (b) Ratio
between the rear and front faces thermograms, (¢) Logarithm of the ratio as a function of the inverse of time, (d) Thermal
diffusivity estimation using different straight lines fit.

Figure|§|shows the thermal diffusivity map obtained at a temperature of 500 °C; a spatial variation in diffusivity
is observed, with an average value of 1.25 + 0.17 mm?/s. This variation may be caused either by a spatial variation in
thickness (as the estimation method is highly sensitive to variations in thickness), or by a non-uniform distribution of the
excitation heat flux (which can cause thermal diffusion in the plane).
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The results obtained for thermal diffusivity between room temperature and 1000 °C are shown in Table an
exponential decrease in thermal diffusivity with temperature can be observed. These results are compared with the only
similar study found in the literature and shown in figure|§|, carried out by Nelson et al.[4]. Consequently, the values obtained
in this study are very close to, and follow the same behaviour as a function of temperature, as those reported in the
literature.

Table 1. Table to test captions and labels.
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Fig. 6. Thermal diffusivity data obtained for CeO, compared to available data from [4]
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4. Conclusion

A setup allowing the measurement of spectral normal emissivity and thermal diffusivity at high temperatures was

developed in this study. It was used to characterise cerium oxide with the aim of better understanding heat transfer by
conduction and radiation within this ceramic.

The results obtained for spectral normal emissivity demonstrated that it increases with temperature; this increase

is therefore physically interpreted as an opacification of the ceria with temperature.

Concerning thermal diffusivity, the results obtained show a significant and exponential decrease with temperature.

This decrease is estimated to be a diffusivity value five times smaller within a temperature range from room temperature to
1000 °C.
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