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Abstract

We compare two methods of characterizing the radiative behavior of 22% porous sintered alumina
disks containing wm-sized pores on the 1um to 7 um wavelength range up to very high tem-
peratures. The first consists of direct spectroscopic measurements of the normal-hemispherical
reflectance and transmittance at room temperature, as well as the normal emittance up to 1300 °C.
The second is a two-step multi-scale numerical approach: the volume radiative properties and sur-
face reflectivity are first determined from physical optics computations on tomography-reconstructed
microstructures, then applied to the resolution of the radiative transfer equation on an equivalent
homogeneous medium to obtain the spectral reflectance, transmittance, and emittance. Uncer-
tainties in the numerical results, mainly due to microstructural variability, are quantified through
sensitivity studies. The good agreement between the experimental and numerical results confirm
the ability of our proposed numerical approach to give accurate predictions of the high-temperature
radiative behavior of porous ceramics.

Keywords: Porous ceramics, Radiative properties, Infrared spectroscopy, Radiative transfer

equation (RTE), High temperature

1. Introduction

The knowledge of radiometric quantities such as the spectral reflectance, transmittance, or

emittance of materials are of great interest notably for high-temperature applications [1-4], and a
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Nomenclature

First- and second-order tensors (“vectors” and “matrices”) are written in bold face.
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Area

Blackbody radiance

Emittance

Basis vector

Volume fraction

Height

Spectral radiance

Absorption index

Chord length

Complex refractive index, n + ik
Real refractive index; Normal vector
Parameter

Reflectance

Sensitivity

Transmittance; Temperature
Direction

Input variable

Position

Output/Observed variable

Difference; interval; absolute uncertainty
Kronecker delta
Scattering phase function
Azimuth angle
Absorption coefficient
Wavelength

Direction cosine
Reflectivity

Scattering coefficient
Transmissivity

Polar angle

Solid angle

Superscripts and Subscripts

! Modified quantity

+,— Positive/Negative neighbourhood
0 Reference; in vacuo

* Basic radiance

abs Absorption
amb  Ambient

diff Diffuse

eff Effective

int Internal

Fr Fresnel

h Hemispherical

inc Incident

ext External

m Matrix

p Pore/Particle

R Related to reflection
sca Scattering

spec  Specular

sub Substrate

T Related to transmission
tr Transport

\' Per unit volume

Operators and accents
Dot product

(o) Weighted average

0) Stochastic mean

. Unit vector

Acronyms

DDA Discrete dipole approximation
OH Hydroxyl

RMS  Root-mean-squared

RTE  Radiative transfer equation
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wide array of experimental methods have been developed for their characterization [5-7]. In the
case of semi-transparent materials such as metal oxide ceramics, these quantities depend not only
on material composition, but also on extrinsic parameters such as sample thickness, surface rough-
ness, and the morphology of pores and other heterogeneities [8—11]. To account for the influence of
some of these parameters, inverse methods based on minimizing the differences between theoreti-
cal predictions and experimental radiometric measurements are often used to identify the intrinsic
effective radiative properties [12—17]. Alternatively, numerical methods are increasingly used to
predict the radiometric quantities of interest from tomography-reconstructed or digitally generated
microstructures. These methods are more suitable for the study of microstructure-property rela-
tions compared to inverse methods, as a large number of microstructurally different samples may
be characterized at a lower cost [8, 18].

In the so-called “discrete-scale” approach [19], the quantities of interest are determined by sim-
ulating the radiation-matter interaction at the microstructural level. Direct Monte Carlo ray-tracing
on 3D microstructures, usually assuming locally smooth interfaces that reflect and refract specu-
larly [8, 16, 20-23], is a popular choice when heterogeneities are large and far apart compared to
the wavelength. When this is not the case, numerical resolution of Maxwell’s equations should be
performed [11, 24], though the high computational cost limits its application to very small geome-
tries. On the other hand, a less computationally demanding “continuum-scale” approach treats
the heterogeneous material as an equivalent homogeneous medium [10, 17], and solves for the
radiometric quantities of interest using the radiative transfer equation (RTE) while usually assum-
ing smooth boundaries [3]. Accurate microstructure-based determination of the effective radiative
properties is the challenge in this case: most past work relied on analytical microstructure-property
relations [4], ray-tracing simulations [25-27], or the independent scattering hypothesis coupled
with Mie theory or electromagnetic scattering computations [10, 28].

This paper, which is the second of two papers on the infrared radiative behavior of low-porosity
ceramics, presents two methods of characterizing the radiometric properties of thin samples of a
22% porous alumina ceramic with wm-sized pores up to very high temperatures. Infrared spec-
troscopy measurements of the room-temperature normal-hemispherical reflectance and transmit-

tance as well as the normal emittance up to 1300 °C are first performed. These are then compared
3
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to numerical simulations of the same radiometric quantities at the same temperatures, obtained
through a two-step multi-scale approach. The first step, described in detail in our first paper [29],
consists of performing physical optics computations on 3D tomography-reconstructed microstruc-
tures to determine the effective radiative properties of the porous alumina ceramic. This novel
approach, developed for ceramics with a weakly absorbing solid matrix and requiring only knowl-
edge of the (temperature-dependent) complex refractive indexes of the different phases present,
takes into account wave effects and dependent scattering by heterogeneities close in size to the
wavelengths of interest. Our first paper concluded with analytical relations linking the porosity
to the volume radiative properties and non-specular surface reflectivity of the porous alumina.
These effective radiative properties are then applied to the second modeling step described in
this paper, in which the reflectance, transmittance, and emittance are simulated via an RTE-based
“continuum-scale” approach that considers non-specular boundaries of the equivalent homoge-
neous medium. Our present experimental and numerical studies aim to provide insights into the
microstructural phenomena governing the high-temperature radiative behavior, and to validate the
proposed multi-scale numerical method (notably the physical optics approach used to determine
the effective radiative properties).

Section 2 describes the samples used in this study, and the experimental methods used for mi-
crostructural and radiometric characterization. Section 3 briefly summarizes the numerical method
and key results of our first paper [29], then presents the RTE-based model used to predict the re-
flectance, transmittance, and emittance of the samples. Section 4 then presents and compares the
experimental and numerical results, with the uncertainties in numerical results quantified through

a sensitivity study.

2. Experimental procedure

2.1. Material and microstructure

The studied material is a high-purity porous alumina ceramic, fabricated as plane-parallel disk
samples for the infrared spectroscopy measurements (presented in section 2.2). A raw powder

mix composed of 99% «-alumina by mass, with a volume median grain diameter of 2.9 um, was
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first dispersed in water to form a homogeneous slurry, then air-dried and ground back up into
powder form. Uniaxial pressing at 10 MPa in a cylindrical mold followed by sintering at 1650 °C
for 6 hours gave porous sintered alumina cylinders 33 mm in diameter. Finally, plane-parallel cuts
perpendicular to the cylinder axis were made with a precision saw to obtain disks of thickness
h = 2.0 £ 0.1 mm. The machined samples were heat-treated at 800 °C for 6 hours to remove all
organic pollutants.

Scanning electron microscopy (Hitachi TM3030, 15kV accelerating voltage, backscattered
electrons mode) was performed at Saint-Gobain Research Provence (Cavaillon, France) on pol-
ished samples of the porous alumina ceramic (see Figure 1). The Fiji software [30] was then used
to perform binarization, denoising, and microstructural analysis on the micrographs. Note that in
our companion paper [29] we also presented the X-ray tomography and image processing protocol

used to obtain the 3D microstructure.

Figure 1: Scanning electron micrograph of a polished section of the porous alumina ceramic, with pores in black.

Physical measurements were also performed at Saint-Gobain Research Provence (Cavaillon,

France) on the porous ceramic cylinders:

o A total porosity of f, = 0.22+0.02 was measured on the cylinders by dividing their apparent
density (caliper method) by the known density of the alumina powder mix. Open porosity
measurements via the water immersion and saturation method [31] gave almost identical
results, showing that little to no closed porosity is negligible (note that the porosity was also

estimated through void pixel counting on 15 electron micrographs giving f, = 0.20 + 0.07,
5
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which is in good agreement with the physical measurement). We thus consider f, = 0.22 +

0.02 as the nominal porosity for the remainder of this study.

e We also performed pore size measurements just to check that the different methods and
samples agree: the mean pore chord length [32] is estimated at {£,) = 1.8 £ 0.3 um from
the electron micrographs (which is in good agreement with value found on the tomographic
reconstruction [29]). It agrees with the value of (£,)) ~ 4f,/Ay = 1.2 + 0.2 um measured us-
ing mercury intrusion porosimetry (Ay is the specific surface area) [33, 34]. The difference
between the physical measurement and the image processing result may be attributed to the
hypothesis of cylindrical pores in mercury intrusion porosimetry, which leads to underesti-

mation when throats are present [34].

2.2. Infrared spectroscopy

The spectral radiometric quantities of interest (reflectance, transmittance, and/or emittance) are
measured on the 2 mm thick disks of diameter 33 mm, for vacuum wavelengths 1, between 1 um
and 10 um from room temperature up to 1300 °C using two setups developed at the CEMHTI
laboratory (Orléans, France), briefly described here.

At room temperature, the normal-hemispherical reflectance R, and transmittance 7}, are ac-
quired using a 6-inch integrating sphere with infragold coating and a liquid-nitrogen-cooled mer-
cury cadmium telluride detector, both coupled to a Fourier transform infrared spectrometer (Bruker
Vertex 70) purged with dry air [6]. Measurements were performed at least 4 times (both sides of
two samples) and averaged to account for the influence of material variability, which incidentally
is quite low in the present case. Other sources of uncertainty include imperfections in the inte-
grating sphere [35] and background parasite fluxes [6]. Taking all these sources into account, the
absolute uncertainty is estimated to lie between 0.01 and 0.02 in the general case. However, in the
present case where transmission is low, the uncertainty in 7}, is estimated at 0.005 as some sources
of uncertainty (e.g., those due the integrating sphere coating and opening) scale with magnitude

of the measured signal. According to Kirchhoft’s law [2], the room-temperature normal emittance
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E, equal to the absorbance, is then calculated from Ry, and T}, as follows:

E=1-R,_T, (1)

At high temperatures, the normal emittance E of a sample maintained at a constant elevated
temperature 7 is directly measured as the ratio of the spectral intensity emitted by the sample to
that emitted by a blackbody at the same temperature [5]. The apparatus, shown in Figure 2 and
described in detail in reference [7], consists of a reference blackbody furnace and a sample heat-
ing system mounted on a computer-controlled turntable within a purged enclosure. Two Fourier
transform spectrometers (Bruker Vertex 80v working under vacuum, and Bruker Vertex 70 purged
with dry air) enable measurements from the far infrared to the visible range. The flux emitted by
the sample in the normal direction within an aperture of diameter 1 mm is measured and compared
to the reference blackbody flux, with supplementary measurements to quantify and correct for
the parasite fluxes from the instruments. To minimize the axial temperature gradient within the
sample, a 500 W CO, laser (Coherent K500) separated equally by a beam splitter is used to heat
the sample on both faces. The temperature of the sample is determined by using the spectrome-
ter as a pyrometer at the known Christiansen wavelength of alumina (= 10 um) where it exhibits
blackbody-like emissivity [36]. This methods allows the direct measurement of E with an absolute
uncertainty of 0.02 at extreme temperatures up to 2500 K.

Interested readers are invited to consult references [6] and [7] for more details on the apparatus

used in this study.

3. Numerical method

The normal-hemispherical reflectance R}, and transmittance 7}, of the porous alumina samples
are simulated using a multi-scale approach presented in this section, then used to calculate the
normal emittance E via equation (1). In this approach, effective volume and surface radiative
properties of the porous alumina material are first calculated using analytical relations, deduced
from microstructure-based-simulation results of a novel physical optics model proposed in our
companion paper [29]. We calculated effective radiative properties at selected temperatures from

7
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Figure 2: Apparatus at the CEMHTI laboratory (Orléans, France) used to measure the high-temperature emittance [7].

room temperature up to 1300 °C, which covers common service temperatures for refractory alu-
mina. These effective properties are then used to model the reflectance and transmittance of the
porous alumina disks under normal collimated illumination, by resolving the radiative transfer

equation (RTE) on an equivalent homogeneous medium.

3.1. Effective radiative properties modeling with a physical optics based approach

The effective radiative properties modeling approach proposed in our companion paper [29]
has been developed for porous or multiphase materials with a homogeneous weakly absorbing
dominant phase (henceforth referred to as the matrix, denoted with subscript m) having a much
higher volume fraction compared to the other phases (pore or particle heterogeneities, denoted
with subscript p). As the porous alumina samples in the present study contains 78% of high-
purity oc-alumina by volume, with grain sizes exceeding one-tenth of the wavelengths of interest
allowing grain boundary effects to be neglected [37], they fit the description. The model computes
scattering and absorption in tomography-reconstructed volume elements of the material using the
discrete dipole approximation (DDA) [38, 39], which takes into account physical optics effects
and dependent scattering when heterogeneities are small and close to each other compared to the
wavelength.

We determined the effective radiative properties of the porous alumina at temperatures 7 =
8
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For each investigated temperature, we provided the spectral complex refractive index n,+ik,, of the

sintered alumina matrix as input, obtained through directional averaging [40] of the birefringent
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complex refractive indexes of «x-alumina monocrystals [36]. Values are given in Table 1:

Ao

(wm) ny k

T=22°C T =800°C T =1000°C T =1300°C

N km N km N kim

1.718 1.36x10* 1.665 4.17x 107 1.645 6.88x 107 1.629 5.84x 107’

1.0

L.5 1.712 8.12x 102! 1.659 5.93x 107 1.640 9.86x 107" 1.624 8.38x 107’
2.0 1.704 7.22x 10 1.651 7.36x107 1.632 1.24x10° 1.617 1.05x10°
3.0 1.680 4.25x10° 1.628 9.31x107 1.611 1.61x10° 1595 1.40x10°
4.0 1.644 343x107 1594 6.66x10° 1578 120x107° 1.564 1.84x 107
5.0 1.594 278 %107 1547 1.42x10* 1534 2.02x10* 1521 2.77x10*
6.0 1.527 237x10* 1482 997x10* 1473 134x107° 1.462 1.74x107
7.0 1435 1.94x10° 1390 6.03x107° 1392 691x10° 1.385 7.06x 107

Table 1: Complex refractive index of sintered alumina at the studied temperatures.

DDA computations were performed on a large number of subvolumes of the reconstructed

material (8 to 125 depending on wavelength and volume element size). This allowed us to extract

analytical porosity-property relations for porosities ranging from a few percent up to f, = 0.3, and

also to quantify the uncertainty in the computed effective radiative properties as the root-mean-

squared (RMS) deviation between DDA results on all subvolumes and the analytical relation. Key

conclusions from our companion paper [29] are summarized below:

DDA simulations confirmed that thanks to the low alumina absorptivity on the absorption
coefficient k. may be calculated to 7% uncertainty on the wavelength range of interest
with the analytical relation proposed by Dombrovsky et al. [41] for porous ceramics with a

weakly absorbing solid phase:

Ak,
1 fim (2)

Keff =

Indeed, as pure alumina monocrystal data is used as input for the solid matrix, k, very
low for the considered temperatures and wavelengths (< 6 x 107) and k. scales linearly
with the matrix fraction f,. The values of k. at the nominal porosity f, = 0.22 = 1 - f;,

of the porous alumina samples are plotted for the studied wavelengths and temperatures in
9
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Figure 3a. Note that as a logarithmic scale is used, the £7% error bars are barely visible.
At room temperature, the extremely low kg (less than 1 m™) for wavelengths between 1 um
to 4 wm are not represented to improve legibility (practically no absorption occurs in the

mm-sized samples at this temperature and wavelength range).

Based on our discussion in the companion paper [29], we found that the porous alumina
material, initially with scattering coefficient o.¢ and anisotropic phase function ¢.g, is ap-
propriately modeled with a transport scattering coefficient o, associated with an isotropic

phase function ¢ = (47)"! instead [42]:

Oy = Oer(1 _gsca) = O-eff(l _f (beﬂ“(a’ ﬁ/) dQ,) 3)
4

where & and @’ are the unit direction vectors of the incident and scattered light respectively,
dQ’ is the elementary solid angle associated with @', and 47 is the solid angle of a sphere

which represents the entire angular space. Note that in this work ¢.g is normalized such that
[, ben(@,2")d = 1.

The values of o, simulated using the DDA were well described with a second-order poly-

nomial function of the porosity:

Oy = pify + paf? @)

with coefficients p(1y, T) and p,(Ay, T) identified from DDA results for every temperature
and wavelength. The values of o predicted with these correlations at the nominal porosity
of f, = 0.22 are plotted in Figure 3b. Error bars indicate the uncertainty of +20.8%), esti-
mated by taking the RMS deviation between all DDA results and the analytical relation, and

reflects the high microstructural variability.

For the surface reflectivity, we assume that the surface of the studied porous alumina is
smooth everywhere save where pores are present. DDA numerical results in our compan-

ion paper [29] for the case of normal illumination by light of wavelength 4 = 1y = 2um

10



10% ¢ A S x10t
O T=22°C —o0e
4 T=800°C & e T 0 T=22°C
1000 el 2 T=800°C
@ T=1000°C & e °1 -1000°
403 & T=1300°C £ @ T=1000°C
' 10° t P £ ( & T=1300°C
o A £ |
3 150
£ 8at &
o) T )
g 10% ¢ , g
5 & @ 23t &b
3 ‘@ 8 i s
3 A s i .
o 1 o2r
< 10 o :
. = AR
588 g i
A =1 v g
10° 0

-
N F

3 4 5 6 7 1 2 3 4 5 6 7

Vacuum wavelength (um) Vacuum wavelength (um)
(a) Absorption coefficient. (b) Transport scattering coefficient.

Figure 3: Spectral volume radiative properties of the porous alumina ceramic, evaluated at its nominal porosity f, =
0.22, for four different temperatures 7.

were rather well described by a geometrical-optics-based analytical model that simply con-
siders perfectly diffuse reflection for incident radiation incident on the pore phase, and per-
fectly specular reflection according to Fresnel’s equations for the remaining radiation. The
directional-hemispherical reflectivity p, and transmissivity 7, for incidence direction & are

then modeled as follows [29]:

on(@) = fupr:@) + fp (Orr) (5a)
S—— N—
Pspec (@) Pdiff
Th(@) = fu(1 = pr(@)) + f,(1 = {OFr)) (5b)
Tspec(ft) Tdiff

Pr:() 1s the specular reflectivity given by Fresnel’s equations [1], here computed for light in
vacuum incident on an alumina surface of refractive index n,,. {og:) is the diffuse reflectivity

obtained by the following weighted average of pg, [42, 43]:

(OFr) = f 2p5(@") dqY’ (6)
a’-n<0

where 7 is the normal vector pointing outwards from the surface. For normally incident
11
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light on a surface with n, = 1.718 (corresponding to the sintered alumina phase at room
temperature and 4y = 1 um), equation (5a) gives p, = 0.0814. Uncertainties are estimated
at 22.6% on py, and 27% on pgpe., mainly due to neglected wave effects and microstructural

variability.

These analytical relations are then used to determine the effective volume and surface radiative
properties of the porous alumina ceramic studied in this paper, by setting f, = 0.22.

In the next section, the determined effective radiative properties are applied to the simulation
of radiometric measurements on the 2 mm thick disks from room temperature to 1300 °C. While
the uncertainties in some of the effective radiative properties are rather high, sensitivity studies
presented in section 4.2 show that they have limited influence on the simulated radiometric prop-

erties.

3.2. Reflectance, transmittance, and emittance modeling

For all the considered temperatures, we first simulate the normal-reflectance Ry, and transmit-
tance T} of the porous alumina disks by resolving the radiative transfer equation (RTE) on an
equivalent homogeneous medium. With these two quantities, the normal emittance E is then cal-
culated via Kirchhoft’s law (equation (1)). The RTE-based model, which has the particularity of
considering non-specular reflection and refraction at boundaries, is described here.

We consider a semi-infinite plane-parallel slab of thickness 4 placed in vacuum (nyy,, = 1),
illuminated on one face by a collimated beam at incidence angle 6;,. (= O in the present work).
The slab, at uniform temperature 7', is composed of a homogeneous absorbing-scattering material
prescribed the absorption (K.g) and transport scattering (o) in Figure 3. Per classic assump-
tions [14, 28, 44] of 1D radiative transfer, azimuthal symmetry, and negligible self-emission, the

RTE simplifies to [2]:

oI (x, u)

H Ox

O-I‘ * ’ ’
= (0 + Kem)] " (x, 1) + ﬁf I (x, 1) dQ (7)

4r

where x is the position along the thickness direction é,, and u = & - €, is the direction cosine for

the unit direction vector & associated with the solid angle dQ2. Note we solve for the spectral basic

12
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radiance I* to account for the conservation of étendue [45] when light refracts at the boundary

between the surrounding vacuum medium and the slab:

I = o) (8)
where [ is the spectral radiance (radiance per unit vacuum wavelength) and # is the local refractive
index: n = 1 in the surrounding vacuum (hence I* = [ for x < 0 or x > h) and n > 1 within the
slab (hence I* # I for 0 < x < h).

As the slab is under normal collimated illumination, the incident radiance I,  is only non-zero
at x = 07, within a narrow solid angle AQ about the normal direction u = 1.

In section 3.1, we chose to model the directional-hemispherical reflectivity p;, of the slab
boundary under external illumination from the surrounding vacuum medium as the sum of a per-
fectly specular component pg,.. and a perfectly diffuse component pgis (equation (5a)). These
terms are henceforth denoted with the superscript “ext” to distinguish them from their counter-
parts for radiation arriving at the boundary from within the material (internal illumination), de-
noted with the superscript “int”. Based on microscopic reversibility principles [46], we assume
that p™ is also modeled in the same manner as p®** using equations (5a) and (6), with pi?r‘ =1 for
incident angles exceeding the critical angle for total internal reflection.

The boundary conditions are then expressed using the definitions in equations (5a) and (5b),

e Forx=0":

T
P> 0) = s+ 0 [ 1o
pi’!‘m (9a)
+ Pl ()T () + =20 f I'(u')u' dgY
w<0

T

where 0 represents the Kronecker delta, here defined as 6x = 1 if X = 0, and 6y = O

otherwise;

e Forx="h":
int

* in INTRL pi *7 oINS ’
< 0) = G ) + 228 [ g ao (9b)
w>0

13



where up = —u represents the direction prior to a specular reflection event that reflected light

towards the direction u. These boundary conditions are illustrated in Figure 4.

Iinc(ﬁ)

ext
p spec

Ramp = 1 Pdiff
_ x=0
i 1 »
. f Tdiff
m Jp
e
T X
ext
Tspec
i
int
pspec
Ketr '/ilﬁ O
L-. pint
diff x=h
int
7“Jspec

Figure 4: Diagram of the reflectance and transmittance model.

Equations (7) and (9) were resolved with the Monte Carlo method [2, 23]: converged results

were obtained using 10° equal-energy packets. The reflected and transmitted radiance fields are

14



then calculated:

ext
I*(X = 07’11 < O) = p(:g;C(/l)I;nc51+p + pdlff f Ii*nc do’
T Jao
£int (10a)
+ Topec (W (x = 07, p7) + jrlﬁ f OI*(x = 0", 1) deY
H<
‘ int
I'(x=h"p>0) =i (WpI"(x = b, ) + <0 f IF(x=h, 1) 4 (10b)
T w>0

where p7. represents the direction prior to an outgoing specular refraction event that refracted light
towards the direction , calculated using the Snell-Descartes law [45]: n2,(1 —4?) = n2_ (1 — ).

The normal-hemispherical reflectance Ry, and transmittance 7}, are then obtained as follows:

fﬂ oI =07, ppdQ

R, = - (11a)
fAQ I dQ
o= h ) dQ
T, =% - (11b)
fm I dQ

200 after which the normal emittance is simply calculated as £ = 1 — Ry, — T}, per equation (1).

4. Results and Discussion

4.1. Comparison of experimental and numerical results

Figure 5 compares the experimentally measured reflectance (R},) and transmittance (7},) at room

temperature to the ones simulated at selected wavelengths using our new physical-optics-based

205 approach. An excellent agreement is found between the two results at wavelengths smaller than

2.5 um and greater than 5 um, well within experimental uncertainties (+0.01), which is extremely
encouraging for validation of our proposed numerical approach.

Note that the error bars represent numerical uncertainties denoted AY for an observed quantity

Y € {Ry, Ty, E}, evaluated assuming that the input parameters X vary independently of one another:

2
(AY)? = Z (SY(X)% X 100%) (12)

X

15
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Figure 5: Measured (lines) and simulated (o) spectral normal-hemispherical reflectance and transmittance of the
porous alumina disks at room temperature (7" = 22 °C).

where (AX/X() X 100% is the relative uncertainty in % on X, and Sy(X) is the sensitivity coefficient

defined as the variation in Y per % increase in X, all other input parameters being constant:

Y| X
X)= —
%)= 5% %, 100%

(13)

Note that Sy(X) is studied later in section 4.2, with values given in Figure 7. Table 2 summarizes
the input parameters X considered and their relative uncertainties. The computed uncertainties

range from 0.01 to 0.07 depending on the radiometric quantity and wavelength.

ext int ext int
AKeﬁ-‘ A(Ttr AlOspec _ Apspec Apdiff _ Apdiff Ah
ext ~ int ext ~_int T
Keff.0 010 pSpCC,O pspec,O Piifr0 Pifr0 ho

7%  21% 26% 40% 5%

Table 2: Uncertainties in input parameters: effective absorption coefficient (Keg), transport scattering coefficient (o),
specular (pspec) and diffuse (pgir) components of the surface reflectivity (for both external/internal illumination), and
sample thickness (k).

Between 2.5 uwm and 5 um, a sharp dip is observed in the measured spectra for both Ry, and
T;, but is absent from the numerical results. This difference between numerical and experimental
results at room temperature is expected: it is due to the characteristic absorption by hydroxyl (OH)

groups and adsorbed water molecules, which are almost always present on the surface of alumina
16
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ceramics [47] but are not taken into account in the input data for our numerical model. Recall that
we worked with complex refractive indexes derived from measurements on impurity-free alumina
monocrystals [36]. Precise determination of impurity content and its influence on radiometric
quantities is generally challenging: Rozenbaum et al. [8] recently proposed an inverse method to
identify the OH content in porous silica, which combines emittance measurements on dense and
porous samples with discrete-scale ray-tracing simulations.

While this absorption peak is clearly seen on the room-temperature emittance curve in Figure 6,
it is absent from the high-temperature emittance spectra since near-complete desorption of the OH
groups occur at 800 °C and above [47]. With the increase in temperature, the absorption front
(sharp increase in emittance between 4; ~ 3um and Ay ~ 7um) shifts slightly towards shorter
wavelengths under the influence of multiphonon processes [36]. The low emittance at wavelengths

below 2.5 um for all temperatures is a testament to the high purity of the alumina matrix.
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Figure 6: Measured (lines) and simulated (symols) spectral normal emittance of the porous alumina disks at different
temperatures 7: 22 °C (dotted lines vs. o), 800 °C (dashed lines vs. A), 1000 °C (dash-dotted lines vs. ), 1300 °C
(continuous lines vs. ¢). The inset shows the near-zero emittances at wavelengths between 1 um and 3 pm.

In the absence of OH absorption peaks, the high-temperature emittance spectra are extremely
well reproduced by the numerical models. The numerical results appear to slightly overestimate

the experimental results at all wavelengths, though the differences still remain within their re-
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spective confidence intervals. Notably, uncertainties in the temperature and reference blackbody
flux determination during high-temperature emittance measurements give an estimated absolute
uncertainty of +0.02.

These results validate our numerical modeling approach, notably the DDA-based method pro-
posed in our companion paper [29] to compute the effective radiative properties, the use of alumina

monocrystal data as input while neglecting grain boundary scattering.

4.2. Sensitivity study

Figure 7 shows the sensitivity coefficients Sy(X) defined in equation (13) as a function of wave-
length X = {Gtr, Keff» Pspecs Odiff» h} and Y = {Ry, Ty, E} at temperature 7 = 800 °C (note that similar
trends are also observed at the other studied temperatures). The magnitude of Sy(X) indicates the
sensitivity of Y to small changes in X, while its sign indicates whether a small increase in X leads
to an increase (Sy > 0) or decrease (Sy < 0)in Y.

We observe that while Sy is generally quite low, it is always non-zero except when the ob-
served quantity Y is null or very low. The non-zero value of S, shows the extrinsic nature of the

radiometric quantities. Some interesting observations are summarized below:

e The signs of Sy(oy) and Sy(Kkeq) are physically coherent: increasing oy increases Ry, de-
creases T}, and decreases E, while increasing k.g decreases Ry, decreases Ty, and increases E.
The similar trends in their magnitudes suggest that the influence of oy, and K.g are correlated.

This is discussed further in section 4.3.

e The sensitivity coeflicients for pg,e. and pgig are very similar, since Ry, Ty, and E are quite
insensitive to the exact angular distribution of radiative energy. Surprisingly, an increase in
either of these parameters decrease Ry, while increasing T, and E. This is because a large part
of the total reflected radiation is actually composed of radiation initially transmitted into the
slab before exiting it from the illuminated face. When pgec Or pgig 18 increased, the fraction of
incident radiation transmitted into the slab decreases, and the probability of internal radiation
exiting the slab also decreases. This “trapping” effect by the slab boundaries [23] increases

the emittance especially, and also the transmittance to a smaller extent.
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Figure 7: Spectral sensitivity coefficients (see equation (13)) for the normal-hemispherical reflectance (left), normal-
hemispherical transmittance (center) and normal emittance (right) at 800 °C, with respect to five input parameters:
transport scattering coeflicient oy, (o), absorption coeflicient Kk g (2), diffuse reflectivity component pgis (L), specular
reflectivity component pgpe. (¢), and slab thickness A ().
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e While the thickness 4 is the most influential parameter on 7}, on the semi-transparent range
(1o < 5Sum), its effect on Ry, and E on this range appears limited. Indeed, when scattering
dominates, the optical paths traveled by radiation within the material is generally tortuous
with multiple internal reflections off the boundary, and are therefore insensitive to small
changes in 4. In the opaque range (1o > 5 um), & has practically no influence on all radio-
metric properties since radiation-matter interaction is limited to a small region close to the

incident surface.

4.3. Influence of porosity

Before concluding, we study the influence of porosity on the radiometric properties by compar-
ing the room-temperature reflectance (R},), transmittance (7}) and emittance (E) of our 22% porous
alumina disks to those of a dense sintered alumina. Literature data on dense sintered alumina are
often obtained from experiments on fine-grained samples in which grain boundary scattering due
to material birefringence, impurities, and residual pores is significant [17, 37, 48]. This makes it
difficult to draw meaningful conclusions as to the role of porosity in the present material, in which
grain boundary scattering is shown to be negligible by our experimental and numerical results. We
therefore considered a hypothetical dense sample with no volume scattering, modeled with Fres-
nel’s equations using the same complex refractive index ny, + ik, used for the DDA computations
(section 3.1. Figure 8 shows a remarkable increase in R, by more than 0.8 (and a corresponding
decrease in T},) due to the porosity of 22%. While the increase in reflectance and decrease in trans-
mittance are natural when pores are present, the magnitude of these variations is much higher than
past investigations on porous ceramics [8, 21]. This shows the interest in being able to incorporate
physical optics effects in radiative transfer modeling.

In addition, between the wavelengths of 4 um to 8§ um on the emittance (=absorbance) plot,
we see that the absorption front is significantly modified by the presence of pores, with higher
emittance in the porous material between 4 um to 6 um and higher emittance in the dense material
beyond 6 um. In fact, when the porosity increases, two competing mechanisms are in play: on
one hand, the increased volume scattering within the porous material prolongs the optical paths

traveled by light and thus the probability of being absorbed [21]; on the other hand, the probability
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Figure 8: Room-temperature normal-hemispherical reflectance (left), normal-hemispherical transmittance (center),
and normal emittance (right): measurements and physical-optics-based simulations on porous alumina disks (dashed
lines and o respectively) compared to calculations with Fresnel’s equations for a hypothetical dense alumina (contin-
uous lines).

of being absorbed for the same optical path length is lower in the porous material than in the dense
material due to the lower matrix fraction. The prevalence of one over another depends on the
relative magnitudes of the absorbing and scattering coefficients and also on the shape of the phase
function, which explains the correlation observed between the sensitivity coefficients taken with
respect to oy and K.g (see section 4.2). In the present case, it would appear that the first mechanism
dominates for wavelengths below 6 um, while for wavelengths beyond this threshold the second

mechanism dominates.

5. Conclusion

The reflectance, transmittance and emittance of porous alumina disks are measured from room
temperature up to 1300 °C are compared to numerical results obtained using a novel multi-scale
approach: effective radiative properties are first determined from physical optics computations on
3D microstructures, then applied to the simulation of an equivalent homogeneous medium using
the radiative transfer equation (RTE).

A sensitivity study using the RTE-based model was performed to quantify the uncertainties
in numerical results, mainly arising from microstructural variability due to the small volume el-
ements used in physical optics modeling. Uncertainties in the simulated radiometric quantities
(reflectance, transmittance and emittance) are generally low, varying from 0.01 to 0.07 depending
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on wavelength. The sensitivity coeflicients also provided insight to the influence of different input
parameters and the physical phenomena in play.

The excellent agreement between experimental and numerical results confirm the validity of
the proposed multi-scale approach, in particular the microstructure-based modeling approach pro-
posed in our companion paper [29] to determine the effective radiative properties. The extremely
high reflectance and low transmittance in the present porous alumina samples for such a low poros-
ity is never observed in the geometrical optics limit. It illustrates the strong influence of small
heterogeneities on the macro-scale radiative properties, and highlights the need for more accurate
physical-optics-based radiative transfer models.

Future work should focus on using the DDA numerical results to establish more accurate ana-
lytical modeling of microstructure-property relations, taking into account not just the porosity as
we did, but also other parameters such pore size or pore shape. Application of the present DDA-
RTE approach to the simulation and validation on other types of materials (e.g., multiple particle
phases), or other types of radiometric quantities (e.g., bidirectional quantities) would also be of

great interest to test the capabilities of the proposed approach.
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