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ABSTRACT

During recent decades, numerous studies on ceramic foams improved their efficiency and made their use
possible in a myriad of engineering applications. Some studies showed that a good understanding of the
link between structural parameters (porosity, pore diameter, or tortuosity) and thermal properties could
lead to a better system performance. Ceramic foams are often used at high temperatures, where radiation
plays an important role. This paper explores, both conductive and radiative heat transfers in such media,
using a flash method experiment. The direct model developed is based on the resolution of the Energy
Balance Equation (EBE), solved by a Finite Volume Method and the Radiative Transfer Equation (RTE),
computed with an Optimized Emission Reciprocity Method (OERM). An inversion procedure made it pos-
sible to simultaneously characterize both equivalent conductivity for conduction and equivalent optical
thickness for radiation of structured and random foams with different pore size distributions at 800 °C.
Results showed that the influence of each heat transfer mode can be characterized separately with sin-
gle experiment and a good agreement was found between the developed model and the experimental
measurements. Radiative transfers can be described by a single equivalent, Beerian and gray extinction
coefficient dependings strongly on the size of the cells and the organization of the solid matrix. The
equivalent conductivity depends on the porosity, the ceramic constituting the solid matrix, the organiza-
tion of the porous medium and the internal porosity. We estimated the associated equivalent total and
radiative conductivities, allowing the quantification of the conduction/radiation ratio, for a wide variety
of structures.

1. Introduction

improve convective exchanges within the foam. In order to design
and study a system that includes a porous medium with a com-

Due to their numerous interesting thermal, mechanical and
optical properties, open-cell foams are commonly used in differ-
ent engineering applications [1]. A wide diversity of materials,
geometries and structural parameters makes it possible to cover
many processes, such as porous burners [2,3], insulators [4,5],
heat exchangers [6-8], volumetric solar absorbers [9,10], catalysis
[11,12] or gas-phase heat recovery [13].

Many coupled physicals phenomena, such as conduction, con-
vection, transport, radiation or chemical reaction depend on the
geometry of the foam, which can play an important role in the
efficiency of the system. For example, Chavez et al. [14] showed
that higher porosities lead to a higher temperature and thus bet-
ter energy conversion, while [15] demonstrated that low cell sizes
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plex geometry, a numerical solver can be used. However, the com-
putation time needed to obtain a precise solution can be lengthy.
Nevertheless, thise problem can be simplified by considering foam
as a homogeneous medium with equivalent properties.

Equivalent Thermal Conductivity (ETC) represents the overall
thermal diffusion through the media, which includes conduction
and radiation in the solid phase and conduction, convection and
radiation in the fluid phase. ETC estimation was widely studied in
the literature [16]. Models developed provide analytical solutions,
essentially based on the structural parameters, empirical analysis
and numerical computations.

Theoretically, in the simplest case, assuming that the fluid and
solid phase are parallel or perpendicular to the heat flux, two
asymptotic models are written as:
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distance traveled through an element(m)

specific heat (J Kg=! K-1)

adjustment parameter (—)

power carried by the quantum(W)

surface(m?)

radiative volumic source term (W m~3)
volume(m—3)

digital levels ()

cell size of the foam (m)

temperature (K)

time (s)

heat flux density (W m~2)

radiant intensity (W m~2 sr—! Hz(-D)

vector coordinate (m)

radial coordinate (m)

axial coordinate (m)

unit normal vector (—)

convective heat transfer coefficient (W m=2 K1)
radius of the sample (m)

thickness of the system (m)

interval of time (s)

size of the discretised volume along the radial di-
mension (m)

size of the discretised volume along the axial di-
mension (m)

number of element

radiative power (W)

cost function

number of spatial discretization along the radial
axis

number of spatial discretization along the axial axis
number of time discretization

diagonal matrix

sensitivity

space averaged temperature (K)

thermal diffusivity (m? s=1)

thickness of the soleplate (m)

thickness of the foam sample (m)

Greek Symbols

o
A
Op
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structural parameter of the inversion
thermal conductivity (W m~! K1)
standard deviation of the noise
density (Kg m—3)

direction (—)

frequency (Hz)

absorption coefficient (m~1)
scattering coefficient (m~1)
extinction coefficient (m~1)
solid angle (sr)
excitation heating power (W m—2)
Stefan-Boltzmann constant (W m~2 K—4)
emissivity (—)

domain

contour

scattering phase function ()

relaxation coefficient (—)

foam porosity (—)

normalized temperature (—)

optical thickness (7 = B - gpam) (—)

Subscripts

eff effective

c conduction

r radiation

v spectral

S solid

wa wall

f fluid

sp specular

ref reference

ext external part of the sample

t total

tot equivalent total (conduction and radiation) property
foam equivalent property of the foam

sole soleplate

00 environment

i computed volume or surface elements
j other volume or surface elements of the domain
max maximum

opt optimal

min minimum

n nth parameter of the inversion

exp from experiment

mod from model

bulk struts

conv convection

Superscripts

bb blackbody

k at kth iteration in time

e emitted

ea emitted and absorbed

p at pth iteration of the inversion
OERM  Optimized Emission Reciprocity Method
exch exchanged

T,z radial and axial

On the one hand, Miller [17] proposed an extension of this asymp-
totic approach in the case of a discontinuous phase. Moreover,
Hashin et al. [18] suggested an equivalent mathematical model
(i.e., an upper and lower bound model), which is more realistic
for an isotropic two-phase material. However, both models assume
that one of the dispersed phases is not inter-connected. Landauer’s
Effective Medium Theory [19], which considers a two-phase ran-
domly distributed situation, proposed a more general formulation.
Yet, these models are still not applicable to an open-cell medium.

On the other hand, many authors presented models based on
a unit-cell approach. In these models, the structure of the foam is
assumed ideal and is described with a unitary pattern, which is
repeated infinitely. Hence, slice by slice, the effective thermal re-
sistance of the foam is computed as the sum of all the equivalent
thermal resistances. This principle was developed for many differ-
ent unit-cell geometries. For example, a 3-D cubic cell unit study
was proposed by Paek et al. [20], while Hsu et al. investigated
a packed bed sphere [21]. Moreover, it was widely demonstrated
that an open-cell foam can be represented by a polyhedron, such
as a tetrakaidecahedron. In 2-D geometry, Calmidi et al. [22] and
Bhattacharya et al. [23] proposed a semi-analytical model with ei-
ther square nodes or spherical nodes, joined by a solid ligament.
Similarly, Boomsma and Poulikakos [24] extended the resolution
to three dimensions with cubic nodes, joined by cylindrical struts.
This last model was found to be in good agreement with experi-
mental data for high porosity aluminum foams, filled with air or
water. Moreover, the analysis demonstrated that cell size has no
influence on the ETC. The conductivity of the solid phase and the



shape of the struts are the two parameters with the most impor-
tant roles.

Experimental and numerical studies at ambient temperature
were then performed to explore the validity of the theoretical
models described above. An empirical correlation was suggested
by fitting either numerical computation data or experimental data.
Singh and Kasana [25] used the data from Boomsma et al. [24] and
expressed effective thermal conductivity as a product of serial and
parallel conductivities: Aqf = )\f/.)nf’m. The empirical constant F
adjusts the fraction of solid in the direction of the heat flux and
depends on the fluid phase. However, it would be relevant to
determine the range of applicability and the possible discrepan-
cies. Coquard and Bailly [26] developed a numerical finite vol-
ume method, in order to compute the thermal behavior of open
or closed 3-D structures from a tomographic image. This study
showed that the shape of the cell and the shape of the cross sec-
tion have no influence on the heat transfer. However, it confirmed
the findings of the previous studies suggesting that the ETC is not
only dependent on porosity. In view of the above, a very great deal
of literature is available on the study of equivalent thermal proper-
ties of heterogeneous media. Interested readers can refer to [16] a
recent review of the subject, which gives a broad overview of the
studied geometries in different scopes of validity.

Applications of ceramic and metal foams often involve high
temperatures, at which radiative transfer plays a leading role. The
description of radiative transfer in such media has mostly been
studied independently of the other physical phenomena. The iden-
tification of the equivalent optical properties can be computed
by analytical method, projection method or Monte Carlo Method
[27,28]. Tancrez and Taine [29] proposed the Radiative Distribu-
tion Function Identification (RDFI), which allows the determina-
tion of the equivalent radiative properties of the medium. For this
prupose, rays are drawn randomly into the medium and a mean
free path is deduced from it. With the same objective, GuA©velou
et al. [30] used a Monte Carlo Ray Tracing (MCRT) method to com-
pute the normal spectral emittance of numerically-generated «-SiC
foams. Loretz et al. [31] proposed a numerical method based on
transmittance, absorbance and reflectance measurement to calcu-
late the equivalent radiative properties.

In addition, the characterization of radiative transfers in porous
media and the associated modelling are often handled separately
from other modes of heat transport. However, the experimental
methods currently used for high temperature characterization on
these media do not allow the separation of conduction transfers
from radiation transfers. This is due to the stationary aspect of
these methods such as the hot guarded plate or hot plane. Only an
equivalent total conductivity could be estimated. The estimation of
the influence of each transfer mode requires the use of an approx-
imation such as Rosseland’s. As highlighted by Mendes et al. [32],
such an approximation is not always valid and a significant bias
can be observed. These authors identified an equivalent extinction
coefficient using a ray-tracing method and showed that the radia-
tive conductivity according to Rosseland overestimates the experi-
mentally measured radiative conductivity. This type of observation
was also observed by the same authors by applying a hot plate
method using a complete numerical approach [33]. Hence, as ex-
plained by Baillis et al. [34], the experimental characterization of
the conductive and radiative properties of solid foams at high tem-
perature remains an unsolved problem and an interesting scientific
challenge.

Transient characterization methods such as the flash method
appear a potentially interesting way forward thanks to their abil-
ity to identify several parameters describing different heat trans-
fer modes. The characterization procedure requires the use of a
fast and accurate coupled model. Concerning characterization of
semi-transparent media, Lazard et al. [35] first proposed a com-

plete procedure to estimate the so-called phononic conductivity of
silica glass. Moreover, Schick et al. [36] investigated properties of
liquid glass at high temperatures with a 3-D model. Niezgoda et al.
[37] applied the method more specifically to the study of a silica
aerogel and other thermal insulators. However, the possibility of
accurately identifying conductive and radiative transfers depends
on the experimental and on the different parameters of the prob-
lem. These latest studies have shown that the identification of ra-
diative properties was difficult due to a lack of sensitivity or to cor-
relations between parameters. However, for the first time, Coquard
et al. [38] characterized both equivalent conductivity and optical
thickness simultaneously using a flash method. This work investi-
gated metallic/ceramic foams (NiCrAl, Fecralloy, Mullite and Zirco-
nia) with small cell sizes ( < 1.4 mm) over a temperature range of
296 K-673 K.

In the present paper, we applied a flash method for different
ceramic foams up to 1073 K. A wide variety of geometries (struc-
tured and random) or structural parameters (cell size, porosity or
organization of the solid matrix) were investigated. Moreover, a di-
rect model, which solves Radiative Transfer Equation (RTE) using
an Optimized Emission Reciprocity Method (OERM) was developed
and allowed a fast and accurate calculation of the solution.

2. Methods

We assumed that the thermal and optical properties of the
foam can be homogenized. Hence, the foam is comparable to a
semi-transparent medium characterized by an equivalent conduc-
tivity and an equivalent extinction coefficient. The characterization
procedure and the experimental set up were based on the flash
method. The studied foam was placed between two opaque sole-
plates inside a furnace at a given temperature. A CO, laser pro-
vided a heat excitation on the front face of the sample, while the
temporal evolution of the temperature on the rear face (thermo-
gram) was measured with an infrared camera. The inversion pro-
cedure estimates the set of parameters which minimizes the dis-
crepancy between the model and the experiment.

The next part of this paper details, governing equations and
boundary conditions. We then explain the numerical model that
allows the physical problems to be solved. Finally, the principle of
the inversion technique and identifiability of parameters are pre-
sented.

2.1. Governing equations

Their good mechanical, thermal and optical properties of ce-
ramic foams mean that they are often used for high temperature
applications (800 K to 1300 K). At such high temperatures, radia-
tion becomes the dominant heat transfer mode. Thus, we consider
that a foam is a participating medium where absorbing, emitting
and possibly scattering phenomena occur. During a flash method
experiment, only a very low increase of the equilibrium tempera-
ture T, on the rear face (1 K to 2 K) is necessary. We can there-
fore assume that there is no thermal dependence of the parame-
ters in this small temperature range. The first soleplate, which is
opaque and grey, absorbs the excitation and homogenizes the heat
flux. The second one, made of the same medium, makes it possible
to measure the space averaged temperature of the rear face. Heat
conduction through the soleplates is described by the Energy Bal-
ance Equation (EBE), with the assumption that their properties are
homogeneous and isotropic:

aT = .
(pCp)soleW =-V “qc (2)



The conductive flux is related to the temperature according to the
well-known Fourier’s law:

Go=-AVT (3)

In order to describe a participating medium, the radiative transfer
is taken into account through the divergence of the radiative flux
Gr. In this case, the EBE becomes:

oT — B B E
(/)Cp)foamﬁ =-V.-(G+@)=-V  -qc+5 (4)

where S; = —6 - qr is the radiative volumetric source term. Let us
note that no heat flux through air, due to convection or conduction,
is considered because the experiment is performed in a vacuum.

The divergence of the radiative flux term is equivalent to an in-
ternal source, which quantifies gain/loss of energy due to radia-
tive exchanges. According to the vector coordinate Tf the radiative
heat flux corresponds to the integration of the intensity I, (TQ), 5)
over all wavelengths and directions:

a(®) = [[ LK. & Tded (5)
vJ Q=4m
The divergence of ¢; is computed as:
srzﬁ’.cﬂzﬁ’.// 1,(R, $)SdQdv (6)
v JQ=4r
:/Kau<47TIBb(T)—/ IU(Ta’,s_i)dsz>dv 7)
v Q=41

The intensity is determined with the Radiative Transfer Equation
(RTE) [39]:

B VLR, 9) = -l (R. Q) +kal®(T(R, 1))
1 — — — —>
b | K@ - LR D (8)
A Jor—ar

where kg, kay and B, are the spectral scattering, absorption and
extinction coefficients, respectively. Because of the high speed in-
teraction of the radiative transfer compared with conductive trans-
fer, intensity is not dependent on time explicitly but implicitly via
the temperature field T(TQ), t).

In the case of an opaque wall, the radiative boundary condition
is written as:

—
I, (Tgwa, ?2)) = SVIBD(T(TQ)WA)) + psply (E)wa, Q")

+ @/ I (R wa, @)|.1dS 9)
T Jovii<0
where ¢y, psp, pq and i are the spectral emissivity, specular reflec-
tivity, scattering reflectivity and the outward unit normal vector of
the surface, respectively.

This transient problem requires an initial condition. At the be-
ginning (t = 0), the sample is at thermal equilibrium at the desired
temperature To,:

T(R,0)=T. VR (10)

Then, the CO, laser generates a time and space-dependent excita-
tion, entirely absorbed by the first soleplate. All external surfaces
exchange with the environment. At high temperature, the major
heat loss is due to radiative transfer. In the case of a slight increase
in temperature, radiative losses are linearized:

€0 (T — T) ~ 460 T2 (Text — Tuo) = e (Texe — To) (11)

re

Hence, the boundary condition is defined with a total exchange co-
efficient hy = hy + heonv, including both transfers and T = (Text +
T~ )/2 the reference temperature.

The investigated samples were cylindrical (see Fig. 1). Assum-
ing invariance along the angle coordinate, we solved the system
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Fig. 1. Flash method multilayer 2-D in cylindrical coordinates system.

of equations in a cylindrical coordinate system with R = ré; + 26,
where r is the radial coordinate and z the axial coordinate. At both
horizontal interfaces between the soleplates and the environment,
the heat flux balance leads to

—m(%ﬁ) = h(T(r.0.0) = T) + $(r.0) Vr (12)
z=0

oT
—Asole (82) =—h(T(r,L,t) - T,) Vr (13)
z=L

At the interfaces between the soleplates and the foam, we assumed
that there was no thermal contact resistance. Heat flux continuity
is then written as:

oT oT Lo
—Asole (82) = —Afoam <82) + (Gr - M)z Vr (14)
sole,z=e foam,z=e

and:

oT aT S
—Asole < 3 ) = _)"foam< ) + (G- M)yer—e V1
z 0z
sole,z=L—e foam,z=L—e

(15)

At the lateral side of the cylinder, boundary conditions for the sole-
plates at the radius r = R are as follows:

—Asole (32) =—h(T(R,z,t) -T,) Vze[O;e]n[L—e; L]
r=R

(16)
and for the foam:
oT
+on(r)
oam ar x
=—h(TRR, z,t) — Too) + (Gr - Mg Vze[e;L—e] (17)

2.2. Models

The set of equations described above is solved with two dif-
ferent methods. The first one, applied to the EBE, is deterministic,
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while the second one, applied to the RTE, is stochastic. The prin-
ciple is to compute the temperature field at a discretized time t
with a finite volume method. Then, the temperature field is trans-
mitted as an input to the RTE solver. A Monte-Carlo method es-
timates the energy exchanges due to the radiative interaction and
returns the radiative source term for all volume and surface ele-
ments. Finally, the temperature is computed at a new time step
tk+1, This procedure, which aims to evaluate a radiation intensity
field from the previous time step, corresponds to a weak coupling
between EBE and RTE is a commonly made assumption [40].

2.2.1. Solving the energy balance equation

In order to solve the EBE, the domain I' is discretized into
N; x N; control volume nodes. As shown in Fig. 2, we developed
a cell-centered scheme based on a structured mesh. The tempera-
ture is assumed constant in the control volume. The Finite Volume
Method is based on the calculation of the EBE at each node. For
the nodes included in the semi-transparent medium, Eq. (4) is re-

written as:
(/v . dr — /sr dr) (18)

/pcp at

and with the application of Green-Ostrograski theorem:

/rpcp% dr — —(/arqz.ﬁ d(ar) — /rsr dr) (19)

where 0T is the contour of the elementary domain I. If we inte-
grate over the surface, we obtain:

aT
T2 - rgv)mpc,gW =27 (rwqly — Teqh) Az 0)

+70 (12— 13,)(@5 — 43) + 7 (12 — 13) Az, p

All boundary conditions appear in the heat flux term g, with
1 = (r,z) and m = (w,e,n,s). The detailed set of equations is not
given for the sake of readability. Then, a first order backward time-
step discretization (Implicit Euler scheme) was chosen. For an in-

ternal node with no boundary condition, the following relation can
be written:

T&H! — Tk 2a

At T Ar(R-n) (re(TE =TT — o (G = Ty™))
e w
Tk+1 _ TI(H T/<+1 _ T"H 1
+a< N AZZP _P Azzs )+pc Skp (21)

where a=A/pC, is the thermal diffusivity. Hence, all nodes are
scanned and the associated thermal value (soleplate or foam) is
attributed. Finally, the temperature field at the time step k+1 is
estimated by solving the set of equations such as Eq. (21) at each
node.

2.2.2. Solving the radiative transfer equation

The term S;;, quantifying the radiation interaction in the cell i,
is computed using an improved Monte-Carlo Method (MCM). Dur-
ing the past decade, the MCM appeared to be one of the refer-
ence methods for solving the RTE. The main idea of this method
is to send a large amount of “Energy carriers”, called quanta, to
compute the radiative exchange between the cells. In Eq. (7), the
first term represents the energy sent from a cell i to the rest of
the domain (emission of radiation by the cell) while the second
term corresponds to the energy provided to the cell i (absorp-
tion of radiation by the cell). For the sake of simplicity, the spa-
tial discretization is the same as that described in the previous
section (Section 2.2.1). Moreover, if i is the cell in which the ra-
diative source term is computed, j represents all the other cells of
the domain. Hence, the energy balance of a cell i of volume V; is
determined as:

Vmax

S,V = va (Pe2, — P2,y dv = P — Z/U P dy(22)
where Psav is the spectral radiative power emitted by the cell i and
absorbed by the cell j, and P is the total radiative power, emitted
by the cell i. The frequencies v,,;, and vmax were chosen to take
into account 99% of the emission of the blackbody. Eq. (22) simply
expresses the balance between the energy emitted and absorbed
in one cell. For a boundary element of surface S;, the net radiative
flux exchanged at the interface is computed as:

Vinax

(G- n)S—Z / (PG5, —Piiy) dv = Ff — Z / Py dv

me min
(23)
The emission power of a volume element i is computed as:
+00
P — f / 47k PP (Ty) dV dv (24)
0o Jv

whereas the power emitted at a boundary element is expressed as:

+00
PS =f0 /Snsul,tjb(Ti) ds dv (25)

Each quantum carries the same fraction of this power, and is at-
tenuated in the medium according to the Beer-Lambert law. Hence,
the power exchanged between the ngh quantum emitted by i and
the crossed cell j is:
— — —

Pﬁxﬂlq = Pq(R 1) _Pq(RZ) = Pq( R1) (1 —exp(—«a» AR)) (26)
where R1 and TQ)Z are the entry and exit position of the crossed
cell, respectively, Py is the carried power, and AR is the distance
travelled through the cell j. The power lost by the ng™" quantum
corresponds to a power gain for the cell j. Let us note that in such
a cylindrical coordinates system, a cell takes the form of a ring
with a square section.



This approach is called Forward Method (FM). Improved Monte-
Carlo Methods make it possible to greatly reduce the number of
quanta needed to achieve a given precision. Hence, based on the
radiation reciprocal principle, which includes aspect ratio and ra-
diative energetic exchange, Absorption Reciprocity Method (ARM)
and Emission Reciprocity Method (ERM) were proposed [41]. How-
ever, it was demonstrated that some discrepancies are possible
while computing the divergence term in cold regions of the do-
main. Hence, Zhang et al. [42] proposed an extended method,
named Optimized Emission Reciprocity Method (OERM), based on
a preferential random sampling of the spectral distribution of the
hottest cell of the domain. We chose this formulation for our study.
Then, the divergence of the radiative flux can be computed accord-

ing to:
OERM e Vmx I°>(T;) P(Tp)

SOERMY; = P? (Timax) Z[u ( ) ) (IBb(Tmax) dv (27)
where Pf(Tmax) is the total power, emitted by the highest temper-
ature of the domain. The methods based on the emission are very
convenient. Indeed the term S;; can be computed with quanta sent
from i alone. Unlike methods based on absorption, it is no longer
necessary to scan all the cells, to compute all the radiative source,
each can be calculated one after the other. Moreover, we can im-
pose a convergence criterion for each cell, in order to control the
accuracy of the estimated value. Hence, the number of realizations
is not fixed. When this criterion is reached, the algorithm evalu-
ates the radiative source term in the next cell. The procedure ends
when the radiative source term is computed in all cells.

2.2.3. Inversion method: Levenberg-Marcquardt algorithm

The inversion method principle is based on the fitting of the
temporal evolution of the temperature T,,,q(t) on the rear face
(z=L), given by the model, and the corresponding data Texp(t)
measured experimentally. The main idea is to minimize the cost
function J, which quantifies the sum of the quadratic differences
between the two curves:

Ne
2

J= Z (Texp (tk) — Tinod (tk)) (28)

k=1
The temporal evolution given by the model depends on a set of
parameters o = [&q,...,an, ..., oy]. Hence, any of the quantities
defining the geometry, properties of the media and all predisposed
assumptions have an impact on the final result. The principle of
the inversion is to determine the optimal set of parameters, which
provides the best match:

Ne ,

]min :](aopt) = Z (Texp (tk) - Tmod ((Xopty tk)) (29)

k=1

The system to solve in order to optimize the set of parameters is:

N

aé[mm (Olopt) = Z |:(Texp (t ) - mod(aopts tk)) aTmod:| =0 (30)

k=1

which can also be written as:

-1
opt = (S'S) " S" (Texp — Trnod) (31)

where S is the sensitivity matrix. The sensitivity of a parameter o
is computed with a centered scheme:

S(tn, t) = dTmod(ma O ONGE) (32)

Tonod (@1.-:n+Q0tn .0 £) — T (01 Cn —dtn .ty £
2day,

However, due to the non-linearity of the studied problem, the
computation of the optimum set of parameters is obtained itera-

tively. Eq. (31) then becomes:

Tmod (ap))
(33)

where uP is a relaxation coefficient, D is a diagonal matrix and p
the interation index of the inversion procedure. Eq. (33) is known
as the Levenberg-Marcquard method [43].

The inversion algorithm is stopped when the cost function be-
tween two iterations |JP*! — JP| is lower than the convergence cri-
terion.

P! = P + (ST (@P) S(@?) + 14PDP) 'S (@) (Texp —

2.2.4. Parameters selection

At each iteration, the so-called information matrix (ST(c?)S(ceP))
is inversed. Moreover, when the algorithm has converged, the un-
certainty on the estimated red value is given by:

var (o) cov(oy, otp) cov(ag, oey)
» cov(aq, 0z) var(oy) cov(ay, aN)
o (') =
cov(ay,ay)  cov(aa, ary) var(oy)
(34)

where o}, is the standard deviation of the noise, var(ay) is the
variance of the n" structural parameter of the model and cov is
the covariance between two parameters. Hence, a low sensitivity
or correlation between two parameters could lead to a bad condi-
tioning of the matrix. This phenomenon causes high uncertainties
about results. The strategy in the choice of the set of parameters is
thus very important.

In order to avoid multiple correlations, the number of param-
eters has to be as low as possible. Geometric properties, such as
the radius and the thickness of the sample and of the soleplates
were precisely measured. Moreover, thermal properties of the sole-
plates were also characterized with complementary methods. Ther-
mal diffusivity ay,. was measured with an adapted flash method,
and (Cp)sole With a Differential Scanning Calorimetry (DSC) appara-
tus (multi-HTC 96 from Setaram ®). Moreover, a sensitivity anal-
ysis showed that the heat capacity of the foam is strongly cor-
related with its equivalent diffusivity. (Cp)yyx was also measured
with the DSC method. All of these properties were estimated for a
wide range of temperature (293 K to 1373K). The equivalent heat
capacity of the foam is related to the heat capacity of the ceramic
(Cp)buik» according to:

(pcp)foam = (1 - 6)(IOCP)bulk (35)

where € is the foam porosity. Thus, this porosity must also be
known as well. In order to measure it precisely, we used a pyc-
nometer [44], which allows measurement of open porosity.

Concerning the equivalent radiative properties of the foam, is
should be noted that the proposed procedure does not investi-
gate the validity of the Beerian behavior of the equivalent porous
medium. Indeed, it should be remembered that the idea of this
study is to experimentally estimate Beerian radiative properties
that are apparent or effective. Moreover, the RDFI method [29] was
applied to a few samples and the results (not shown) indicated
that the assumption of the Beerian behavior seems satisfactory as
long as the heterogenous medium is composed of an opaque phase
and a transparent phase. This part of our experimentation is not
presented here for the sake of brevity and will be the subject of
future studies.

Estimation of equivalent wavelength-dependent radiative prop-
erties seems very complicated to perform because the number of
parameters would become too large, even using of a physical law
such as Drude-Lorentz. Therefore, we considered one global radia-
tive property. This does not mean that the radiative property is in-



dependent on the wavelength, but that the estimated value repre-
sents an equivalent grey medium and its radiative behavior. This
assumption was widely investigated by Coquard et al. [38], who
showed that, using a simulated process, a non-grey medium can
be considered as a grey medium.

Several studies [37,45] have previously demonstrated that scat-
tering effects could have the same influence on the final result
as absorption/emission effects. It thus becomes difficult to sepa-
rate the influence of absorption phenomena from that of scatter-
ing phenomena (correlation of the two parameters), so we instead
identified only the equivalent optical thickness related to the ex-
tinction coefficient and to the thickness of the medium such as
T = Befam- Furthermore, considering an equivalent homogeneous
medium, scattering events are only due to the reflectivity of the
bulk such as ppyr = k4/B [33]. An analysis of the optical surface
properties of the SiC revealed that this material is highly absorb-
ing. An estimation of the scattering coefficient and the phase func-

tion parameter <I>v(5’ — §) is impossible due to the low influ-
ence of scattering phenomena. Hence, we set the value of the scat-
tering coefficient to zero.

The spatial and time dependence of the excitation could intro-
duce large uncertainties about the result. Hence, the duration of
the excitation was measured. Simulations, taking into account sev-
eral widths of collimated beams, showed that the excitation can
be assumed to be spatially homogeneous due to the high diffusiv-
ity of the soleplates. We also precisely identified the maximum of
the experimental curve Tpax by fitting it with a polynomial. The
maximum temperature therefore corresponds to the maximum of
the fitted curve. Moreover, a normalized temperature, that avoids
knowing what energy is brought to the system (sample + sole-
plates) by the laser, is defined according to:

Omod (t) = K (M’) (36)

max — Tmin

where T is the spatial average of the rear surface temperature and
K is an adjustment parameter. Very close to unity, the latter makes
it possible to correct the maximum of the curve obtained by the
model and thus decreases the discrepancies due to experimen-
tal noise. Moreover, for the same reasons, working from an aver-
age temperature in space logically allows better performance than
from a single spatial value.

In summary, we kept a set of four parameters [a¢,m, ht, K, 7],
which correspond to the equivalent diffusivity of the foam due
only to conduction transfers, the total convection coefficient, the
adjustment parameter and the optical thickness, respectively. Thus
just one thermal ag,,,, and one radiative parameter 7 are sufficient
to reproduce the thermogram obtained with the foams. The two
other parameters are simply extrinsic parameters.

From the identified equivalent diffusivity we extract the equiv-
alent conductivity:

)"foam = Ofpam (1 - E) (/Ocp)bulk (37)

Additionaly we made some adjustments using a purely conduc-
tive model with only one thermal parameter, which thus gives an
equivalent total conductivity including an apparent radiative con-
ductivity: Aot = Afoam + Arag- When the optical thickness of the
sample is not too large, the inversion with the two-parameter
model (ag,m, T) is better than the one-parameter model (only aor).
In this case the sensitivity to the optical thickness is sufficient to
identify it. On the contrary, for high optical thicknesses, the radia-
tion transfer can be modelled by a simple diffusion like the ther-
mal transfer (Rosseland model). Due to correlation effect, it be-
comes difficult to separate the conduction from the radiation.

N

Fig. 4. Sensitivity analysis for T = 10.

2.2.5. Parameter identifiability

In order to verify the impact of the different parameters and to
quantify the error of the estimation due to experimental noise, it
is common to simulate fictive experiments. We investigated cases
of optically thin (Case 1: T =2.5) and thick (Case 2: T = 10) me-
dia. The size of the sample and the temperature were set at R =
25 mm, e = 20 mm and Ty, = 1073 K. The diffusivity of the foam,
total convection coefficient and normalization parameter were set
at: Apam =3 mm2s~!, hy =150 W m~2 K-!, K=1. The corre-
sponding thermal conductivity was that of an insulating foam with
Afoam =1 W m~1 K-1. A white noise with a standard deviation
of oy, = 0.5% was added. Results of the inversion are given in the
Table 1.

In both thin and thick examples, the inversion algorithm re-
trieves the chosen parameters well. In Figs. 3 and 4 the reduced
sensitivities S} = oy (060/0ay) are represented according to time.
These make it possible to compare the influence of the different
parameters. In case 1, one can see (see Fig. 3) that the sensi-
tivity associated with optical thickness reaches its maximum be-
fore the sensitivity of diffusivity. This difference is explained by a
higher speed of propagation of radiation through the sample com-
pared with conduction. Both conductive and radiative sensitivities
are non-zero and each of them acts at a different time. However,
this does not guarantee the accurate estimation of all parameters
in the case of the optically thick foam (see Fig. 4). The radiative
transfer plays the same role as the conductive transfer. Therefore,
both transfers have the same impact on the final curve and it be-
comes difficult to separate one from the other during the inversion
process. This introduces uncertainties about the correlated param-
eters. Thus, using Eq. (34) we find uncertainties of 3.3% for the
diffusivity and 5.8% for the optical thickness. For case 1, there is
no correlation, however, since the radiative transfer is dominant,
the accuracy obtained for the conductive parameter is lower than
that of the optical thickness. We note an uncertainty of 1.34% for



Table 1
Cases investigated.

Case  dfam (Mm?)

he (W m=2 K-1)

K(-) 7(-)

1 2.996( + 1.34%)
2 2.943 ( + 3.3%)

149.99 ( + 1.4%)
150.56 ( + 0.63%)

2497 (+0.23%)  1.000 ( + 0.03%)
9.771 (+5.8%)  1.000 ( + 0.03%)
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Fig. 5. Experimental apparatus.

the first parameter and 0.23% for the optical thickness. We should
draw attention to the fact that this uncertainty represents only the
part coming from the inversion process itself and is therefore not
a total uncertainty. There are other sources of uncertainty such as
the accuracy associated with the model, the assumptions made,
the experimental implementation or the parameters assumed to be
known and fixed.

3. Experimental investigations
3.1. Experimental set-up

The experimental set-up is close to the flash method exper-
iment, explained by Shick et al. [46]. Some modifications were
made in order to enable the study of foams. A diagram show-
ing the different parts of the experimental apparatus is shown in
Fig. 5. The source is a CO, laser (130 W Synrad) with a wave-
length of 10.6 mm. This emits a beam of 2.1 mm diameter which
is expanded to 8.4 mm by using a two-lens afocal optical system.
The laser emits at a constant power over a fixed time duration.
Two ZnSe windows are positioned at the entrance and exit of the
furnace. The first of these windows has an anti-reflective coating,
which improves the heat flux transmitted to the sample. Both win-
dows are cooled with a water system at ambient temperature. A
vacuum pump maintains a pressure of 9.10~3 mbar, measured at
the pump inlet. An infrared InSb camera (Flir SC7000 Titanium)
with a broadband sensor (1.5 pm to 5.1 um) records the tempera-
ture field of the rear face of the sample. More precisely, the cam-
era records the intensity emitted here. The so-called “Digital Level
(DL)” given by the camera is linear with the radiant intensity. Be-
cause the temperature variation of the sample is very small in a
flash experiment (only a few K), it can be also assumed that the
Digital Level given by the camera is also linear with the sample
temperature. Because only the temporal shape of temperature vari-
ation of the sample is necessary in the flash method, the normal-
ized temperature Oexp is used:
eexp(t) — I(t) B Imm — E’(t) - %mm (38)

Tmax - Tmin DLmax - DLmin
In this way no temperature calibration of the camera is necessary.
At each time step, we computed the space averaged temperature.
Then, we obtained the normalized temperature used for the in-
version procedure. A tubular Carbolite TZF600 furnace provides a
homogeneous temperature in the enclosure. The sample holder is

Sample
el T o

Struts

700111

Closed intern porosity

Fig. 6. Tomography-X analysis applied to a random foam, solid is slightly transpar-
ent and internal void is opaque.

made of a piece of stumatite. It is composed of two stackable parts
and allows a good thermal contact between the two soleplates and
the foam. Two different types of soleplates were used: Titanium
Ta6V and SiC. Samples were chosen in order to investigate three
different aspects:

e Influence of the pore diameter
o Difference between structured and random foams
¢ Influence of the strut material

All the foams studied and their corresponding properties are
listed in Table 2. Silicon carbide (SiC) and infiltrated silicon car-
bide (SiSiC) were considered. Moreover, we studied three differ-
ent geometries. The fabrication process consists of impregnating
a polyurethane foam (PU) with a polysilane slip (ceramic slurry).
Then, during sintering, the polymer foam is destroyed and a ce-
ramic skeleton is obtained. It is well-known that the removal of the
PU matrix by heat treatment causes a closed porosity to form in
the struts. Moreover, this was clearly highlighted with an X-ray to-
mography analysis. By making the solid slightly transparent, Fig. 6
shows this internal network. For a random foam, 4% of the mea-
sured porosity arises from the internal porosity, which is signifi-
cant.

Random foams, are represented in Fig. 7 a). Structured (tetra)
foams are based on a repetition of the well-known Kelvin-cell
(Tetrakaidecahedron), shown in Fig. 7b). Strut length of the struc-
tured foams (cubic) is 7 mm with a pore diameter 10 mm
(Fig. 7¢)). In this latter foam, the small diameter “canal” due to



Table 2
Investigated foams.

Foam number  Solid phase = Geometry

Porosity D (mm) PPl egy, mm

1 SiSiC Structured (tetra) 0.84 10 / 20
2 SiSiC Structured (tetra) 0.83 7.5 / 20
3 SiSiC Structured (tetra) 0.89 5 / 20
4 SiSiC Structured (cubic) 0.8 10 / 20
5 SiSiC Structured (cubic) 0.8 10 / 15
6 SiC Unstructured (random)  0.83 10 7 20
7 SiC Unstructured (random) 0.82 5 15 20
8 SiC Unstructured (random) 0.84 2.5 30 20
9 SiC Unstructured (random) 0.89 1.8 40 20
10 SiC Unstructured (random) 0.9 1.4 50 20
1.2

a) b) ¢)

Fig. 7. (a) Random, (b) Structured (tetra) and (c) Structured (cubic) foams.

the manufacturing process is visible in the center of the struts.
The structural property of the random foam is characterized by
the number of Pores Per Inch (PPI), given by the manufacturer. Al-
though the manufacturer also provided an average cell size of the
foam cells associated with the number of PPI, this is not precisely
measured. Structured foams, on the other hand, are simply defined
by the size of the pore.

3.2. Experimental results

Knowing that ceramic foams are commonly used for high tem-
perature applications, we chosed to study their thermal behavior
up to 1073 K. For each thermogram obtained, we applied the inver-
sion procedure and estimated the set of parameters, as presented
in Section 2.2.4. Figs. 8-10 show, for structured and random foams,
the experimental thermograms along with results from the model.
All the estimated values are presented in Table 3 and represented
in Figs. 11 and 12. Foam number 5 was studied in a temperature
range between [673 K;1073 K] and the associated results are rep-
resented in Fig. 13.

As explained above, the equivalent total conductivity Ay was
obtained with a purely conductive model, and represents the to-
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Fig. 8. Structured (tetra) foams at T, = 1073 K; experimental results are shwon
with continuous lines and the model with dotted lines .
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Fig. 9. Structured (cubic) foams: Impact of thickness and temperature, (1) e =
20 mm T, = 1073 K, (2) e=15 mm T, = 1073 K, (3) e=15 mm T, = 873 K and
(4) e =15 mm T, = 773 K; experimental results are shwon with continuous lines
and the model with dotted lines.
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Fig. 10. Random foams at T,, = 1073 K; experiment in continuous lines and model
in dotted lines.
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Fig. 11. Conductive and radiative heat transfer of all samples at T,, = 1073 K.



Table 3
Identified thermal properties.

Foam number T (K) At (WM™ K1) Apam (WM KY) Agg Wm 'K Bmm™)  7(=)  Atoam/ Aot (%)
1 1073 6.25 1.53 4.72 0.089 178 246
2 1073 3.61 1.89 1.72 0.212 424 524
3 1073 1.80 0.37 1.43 0.276 5.51 20.7
4 1073 3.21 0.51 2.69 0.160 320 159
5 1073 3.50 0.54 2.96 0.142 213 157
5 973 2.92 0.51 2.41 0.135 2.0 17.4
5 873 2.05 0.52 1.52 0.135 2.0 253
5 773 1.68 0.54 1.15 0.135 2.0 319
5 673 1.21 0.56 0.65 0.138 2.1 462
6 1073 2.45 0.29 2.16 0.199 398 121
7 1073 1.94 0.34 1.60 0.260 520 177
8 1073 1.58 0.41 1.17 0.386 7.71 17.6
9 1073 1.08 0.52 0.56 0.613 12.26 482
10 1073 0.66 0.26 0.40 0.852 17.04 394
20 \ \ \ \ \ \ \ ness describes the measured thermograms very well. The residuals
Structured Unstructured gy Bexp (t%) — Onoq (£¥) are very small and random in all cases.
tetra cub . S .
It should be noted that, as shown in the sensitivity analysis in
15+ 1 Section 2.2.5, the smaller the optical thickness, the sooner the tem-
~ perature rises. However, for the structured foam shown in Fig. 8,
\'/ Deen(mm) Efoam (M111) the thermogram corresponding to the foam with Do = 7.5 mm
= 101 1 reaches its maximum before the thermogram associated with
Deey =10 mm or D. =5 mm. This phenomenon is easily ex-
sl plained by the difference of the excitation time. The longer the
20 excitation time, the later the maximum temperature is reached.
15 This is why the thermal excitation time was taken into account in
0 the model. For a structured foam with D = (5,7.5,10) mm,

Fig. 12. Optical thickness of all samples at T,, = 1073 K.
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Fig. 13. Structured (cubic) foam e = 15 mm: equivalent total conductivity, equiva-
lent radiative conductivity and equivalent thermal conductivity.

tal heat flux (Agam + Arag the equivalent conductivity by conduc-
tion alone and the equivalent radiative conductivity respectively)
through the media. Hence, the difference between the total con-
ductivity and the equivalent conductivity Ag,,,, corresponds to the
“radiative” conductivity A 4. The values, which quantify the con-
ductive and radiative heat transfers for all samples at 1073 K are
also represented in Fig. 11 while the estimated optical thickness is
indicated in Fig. 12.

The comparisons between experimental and numerical results
in Figs. 8-10 show how well the presented direct model agrees
with the measurements. This is true when investigating the im-
pact of pore diameter (Figs. 8 and 10), but also the effects of sam-
ple thickness and reference temperature (Fig. 9). As demonstrated
by Coquard et al. [38], a model based on an effective optical thick-

we identified an optical thickness of Tt = (1.78,4.24,5.51)
(Fig. 12), respectively. It should be notable that the optical
thickness increases threefold when the pore diameter decreases
twofold.

More generally, regarding the radiative properties of all foams,
the values obtained show that the radiative parameter is very
strongly correlated with the pore diameter (see Fig. 12). These re-
sults are in good agreement with Coquard et al. [38]. As shown in
Fig. 12, optical thickness increases with the number of pores per
inch. In other words, optical thickness appears to be proportional
to the inverse of the cell diameter. This result can be explained
by the fact that the extinction coefficient represents the inverse
of the mean free-path. Hence, it corresponds to the inverse of the
distance travelled by the radiation before being absorbed. If the
pore diameter decreases (increasing PPI), the corresponding opti-
cal thickness increases strongly. Hence, at high temperatures, the
radiative transfer is so dominating that the increase of the opti-
cal thickness has a direct impact on the total equivalent thermal
conductivity (see Fig. 11).

Concerning the estimated equivalent conductivity Ag,, shown
in Fig. 11 and in Table 3, one can say that no clear trend can be
seen with the pore diameter can be seen. This observation agrees
with previous studies [24]. Indeed, according to these works, the
cell size distribution should have no influence. Two aspects could
explain the low equivalent conductivity of foam number 3 (Do =
5 mm). On the one hand, its porosity is higher. On the other hand,
the internal porosity due to the fabrication process (Section 3.1 and
Fig. 7 ¢)) becomes very high relative to the size of the struts. This
reduces the matter present in the bulk and thus reduces the equiv-
alent conductivity of the solid matrix.

Concerning the influence of the geometry, we notice that strut
organization and orientation have a significant influence. The mea-
sured optical thicknesses of foam number 1 (De = 10 mm tetra)
and of foam number 4 (D = 10 mm cubic) are different because
the organization of the solid matrices are different for these two
samples.



Only the sample thickness is different between foams number
4 (cubic e =20 mm) and 5 (cubic e =15 mm). Thus, in Fig. 12,
we note a logical decrease of optical thickness, proportional to the
decrease of the thickness of the samples. We find an extinction
coefficient equal to 0.16 mm~! for foam number 4 and equal to
0.14 mm~! for foam number 5. The values obtained are very sim-
ilar and the difference can easily be explained by a slight differ-
ence of geometry due to the manufacturing process and the un-
certainty due to a characterization at high temperature. The esti-
mated equivalent radiative property seems to give a good descrip-
tion of the effective radiative transfer through the homogeneous
media. Moreover, this confirms that the width of the investigated
foams appears sufficient to consider the samples as an elementary
volume representative of radiation transfers.

Fig. 9 shows the influence of the characterization temperature
To on the thermograms. A decrease of 300 K has a strong influ-
ence on the speed of the heat transfers. However, in Table 3 we
see that this has no consequences for the estimated optical thick-
ness. The radiative parameter is not influenced by the tempera-
ture, nor is the equivalent conductivity Ag,, of the foam. A flash
method experiment was applied on massive SiSiC discs. This ad-
ditional thermal study revealed only a low variation of the ther-
mal conductivity in this range of temperature. Moreover, an optical
study of the ceramic showed that emissivity does not vary greatly
in the range of wavelength where most of the radiative transfer
takes place. Thus, Fig. 13 shows that the “radiative” conductivity
Arad is simply proportional to the cubic temperature of characteri-
zation T2 . Moreover, if we extrapolate the equivalent total conduc-
tivity at T2 =0 K (i.e., only conduction), the result (Ator(T = 0) =
0.48 W m~! K-1) is very close to the equivalent conductivity esti-
mated with the two-parameter model (Afm ~ 0.54 W m~1 K1),
This result shows the ability of the present coupled model to sepa-
rately characterize the influence of conduction and radiation trans-
ferts.

When comparing the equivalent conductivity (that occuring
only by conduction) of structured to random foams in Fig. 11, we
can see that the latter are less conductive. This can be explained
by two effects. On the one hand, the strut material is different
between SiSiC and SiC. SiSiC is less conductive than the SiC. On
the other hand, the struts of the random foams are smaller to
the struts of the structured one. Hence, the closed porosity has a
stronger impact on reducing the conduction heat within the solid
matrix. This observation is in agreement with the findings of Co-
quard et al. [47] who demonstrated that conductivity is not only
influenced by porosity but also by strut geometry.

The estimated equivalent conductivity Ay, is not dependent
on the number of pores per inch. In Fig. 11, it can be seen that,
for foams number 9 (PPl = 40) and 10 (PPI = 50) there is a high
uncertainty on the thermal diffusivity (about 20%) due to the cor-
relation between the thermal and radiative parameters. When the
equivalent optical thickness of the porous medium becomes too
large, it gets difficult to separate the two transfer modes prop-
erly as shown above (see Section 2.2.5). In this case, we no-
ticed an increase in the uncertainty associated with each of the
estimated parameters. This is related to the fact that radiation
transfer becomes similar to conduction transfer for high optical
thicknesses (approximation of the diffusion resembles Rosseland’s
approximation).

The total equivalent conductivity At, estimated with a purely
conductive model, does not match most of the experimental curves
perfectly. However, good agreement was found for foam number 2,
which have a high Ag,m/Awt(%) ratio, and a very good agreement
was found for foams number 8, 9 and 10, which have a high op-
tical thicknesses (PPI = (30, 40,50)) and where approximation of
the diffusion is valid as explained immediately above. More gen-
erally, a purely conductive model describes both conductive and

radiative heat transfers well for optical thicknesses above six. In
such cases, the radiative transfer is thus comparable to a diffusive
transfer.

For all cases, we noticed a better accuracy of the optical thick-
ness than the equivalent conductivity Ag,,, characterized during
the inversion process, due to the preponderance of the radiative
transfer. Thus, the sensitivity associated with the first of these pa-
rameters is higher and allows a lower uncertainty according to
Eq. (34). For example, for foam number 7 (PPl = 15), the uncer-
tainty due to the experimental noise introduces uncertainties of
4% for equivalent diffusivity (conduction only) and 0.65% for op-
tical thickness.

4. Conclusion

The study of conduction and radiation occuring in heteroge-
neous media can be very complicated because of the coupling of
the transfer modes. The main difficulty lies in the capacity to sep-
arate each heat transfer mode and to quantify their contribution.
Usually, a single parameter is identified describing both conduction
and radiation.

In order to get past this limitation, we developed a method
based on a modified flash method experiment. The sample was
placed between two soleplates and a constant heat flux was ap-
plied on the front face over a short time. The temporal evolu-
tion of the space-average temperature on the rear face was mea-
sured with an infrared camera. An inversion algorithm made it
possible to identify both equivalent thermal conductivity and ef-
fective optical thickness. The procedure required a direct model-
ing of the problem. Hence, we developed a 2-D axisymetric ge-
ometry, taking into account all three layers. The model describes
the transient heat transfer of a system including one semitranspar-
ent and two opaque media across a wide range of thermal and
radiative properties. The Radiative Transfer Equation was solved
with an optimized Monte Carlo method (Optimized Emission Reci-
procity Method) while the Energy Balance Equation was com-
puted with a Finite Volume Method. In order to solve the radiative
transfer accurately, an Optimized Emission Reciprocity Method was
used.

Two parameters, namely equivalent thermal conductivity Agym
and effective optical thickness 7, were identified for several SiC
and SiSiC foams. Moreover, we studied different kinds of ceramic,
different cell sizes and different organizations of the solid matrix at
temperatures up to 800 °C under vacuum. The link between struc-
tural properties and equivalent thermal properties of foams was
investigated. Results showed that the equivalent thermal conduc-
tivity was strongly correlated with the strut material and with the
internal porosity. Optical thickness depended on cell size and the
shape of the cells. These results are in good agreement with ob-
servations made in previous studies. Thus, the proposed procedure
appears to offer a notable improvement for research requiring an
accurate and fast modeling of coupled transfers in complex porous
geometries and by the ability to characterize the influence of each
of the two heat transfer modes in a single experiment.
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