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Due to their interesting thermal, mechanical and exchange properties, solid metal or ceramic foams have
shown a strong development in numerous technological fields for which the knowledge of their thermal
properties is of primary importance. In order to investigate the coupled conductive/radiative heat trans-
fer in this kind of materials, we propose an identification method using thermograms obtained from
laser-FLASH measurements. This permits us to evaluate, at ambient and high temperatures, the effective
thermal conductivity and two global radiative properties of various metal or ceramic foams, describing
the thermal behavior of their equivalent homogeneous semi-transparent materials. This new method
of characterization of solid foams is promising since conduction and radiation contributions to heat
transfer can be evaluated from a unique experiment.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decades, the development of solid metal or cera-
mic foams has permitted the improvement of the performances of
standard materials in numerous technological fields. As a matter of
fact, they are particularly interesting for applications requiring
multifunctionality. They are notably used in ultra light panels, en-
ergy absorbing structures, heat dissipation media, electrodes for
electric battery, ultrasound deflectors, carrying structures for cata-
lyst, heat exchanger, etc. In most of these applications, a good eval-
uation of their mechanical, exchange or thermal properties is
required to improve the efficiencies of the systems. However, as
solid foams are constituted of two different phases, these proper-
ties can generally not be evaluated simply. They are related to
the properties of the constituents and to the complex morphology
of the porous structure. It is particularly true for the thermal prop-
erties. Indeed, whilst convective heat transfer could generally be
neglected due to the small dimensions of pore sizes, in many appli-
cations, the temperatures reached are relatively important and the
contribution of radiation heat transfer is significant. Therefore, the
thermal behavior is related to the conductive heat transfer but also
to the propagation of thermal radiation in the porous structure,
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which is greatly dependent on the microstructure of the solid
matrix.

As regards the conductive heat transfer alone, a great number of
theoretical studies have already been conducted on several types
of foam. Some of these studies were based on analytical ap-
proaches which considered simplified 3porous structures. We can
cite the work of Schuetz and Glicksmann [1,2], Boomsma and Pou-
likakos [3], or Battacharya et al. [4]. More sophisticated numerical
methods were also developed notably by Druma et al. [5], Saadat-
far et al. [6] or, very recently, by Coquard et al. [7]. Some of these
models were applied to theoretical representations of the cellular
morphology [5,7], permitting to investigate the influence of the
structural parameters. The methods developed were also applied
to 3-D representations of the microstructures obtained from
X-ray tomography [6]. Most of the analytical and numerical models
were validated by thermal conductivity measurements on solid
foams at ambient temperature. All these studies show that the
magnitude of heat conduction in metal or ceramic foams is closely
related to the density and to the morphology of the microstructure
but is practically independent of the size of the pores.

At the same time, several experimental or theoretical studies
were conducted uniquely on the radiative heat transfer. Petrasch
et al. [8] investigated theoretically the radiative heat transfer in
reticulated porous ceramics using a Monte Carlo method applied
to 3-D tomographic representations of the microstructure.
Zeghondy et al. [9] have proposed a radiative distribution function
identification (RDFI) to obtain the extinction and absorption
coefficients and the bidirectional phase function of porous
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Nomenclature

C specific heat of the foam sample (J/kg/K)
Ccoat specific heat of the interface coating (J/kg/K)
Dcell cell diameter (m)
e thickness of the black coating (m)
~er;~ez unit vector of the radial and axial axis
h convective heat transfer coefficient (W/m2/K)
Ikr;z;~D spectral radiant intensity at the point of coordinates

(r, z) in the direction ~D (W/m2)
Im
i;j radiant intensity at the discrete point (i, j) in the dis-

crete direction m (W/m2)
Ik0ðTÞ spectral radiant intensity of the black body at tempera-

ture T (W/m2)
kc effective thermal conductivity of the foam sample (W/

m/K)
kcoat thermal conductivity of the interface coating (W/m/K)
L width of the foam sample (m)
nR number of spatial discretization along the radial axis
nZ number of spatial discretization of the sample along the

axial axis
nZcoat number of spatial discretization of the interface coating

along the axial axis
PkðmÞ spectral scattering phase function
~q heat flux density (W/m2)
_Q FLASH heating power per surface unit (W/m2)
r radial coordinate
Rmax radius of the sample (m)
Sk spectral specularity parameter
t time (s)
t* dimensionless time = t/Dt
T temperature (K)
Tcoat temperature of the interface coating (K)
Text external temperature (K)
Ts temperature of the external surfaces of the sample (K)
wm weighting factor for the mth direction of the angular

discretization
z axial coordinate

Greek symbols
bk, rk and jk spectral extinction, scattering and absorption coef-

ficients (m�1)

b* scaled extinction coefficient identified
xk = rk/bk, spectral scattering albedo
x* scaled scattering albedo identified
ek

coat spectral emissivity of the interface coating
/ radial angle
q density of the foam (kg/m3)
qair density of air (kg/m3)
qcoat density of the interface coating (kg/m3)
qsolid density of the bulk solid phase (kg/m3)
k radiation wavelength (lm)
X solid angle
rSB Stefan-Boltzmann constant (�5.67 � 10�8 W/m2/K4)
(lm, gm, nm) directing cosine of the discrete directions of the

quadrature
hlik ¼

Rp
0 PkðhÞ � cos h � sin h � dh asymmetry parameter

s duration of the pulse irradiation (s)
Dt measurement duration (s)
Dri dimension of the dicretised volume along the radial axis

(m)
Dzj dimension of the dicretised volume along the axial axis

(m)

Subscripts
c conductive
exp. experimental
num. numerical
r radiative
t total
i, j at the point of coordinates (ri, zj)
th. theoretical
ident. identified

Superscripts
z along the axial axis
r along the radial axis
l at the lth iteration
m mth direction of the quadrature
0 initial
t at tth iteration time
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materials. Their method only requires the knowledge of the mate-
rial morphology, given by a X-ray tomography and the local radia-
tive properties of the phases. They applied their method to mullite
foams [10]. Loretz et al. [11] conducted a review of the analytical
models of computation of the radiative properties of solid foams
taking into account a wide variety of cells shape and struts cross
sections. These theoretical results were compared to radiative
properties of different high-porosity metal foams identified from
spectrometric measurements. Thus, the authors have determined
the models and microstructure representations that best simulate
the radiative behavior of this type of foams. Zhao et al. [12] studied
experimentally the radiative behavior of FeCrAlY foams by con-
ducting transmittance and reflectance measurements. They show
that the radiative behavior, which varies significantly with the
wavelength considered, is mostly influenced by the cell size and
the density of the foams. The development of an analytical model
based on empirical formulas permit them to predict accurately
the variations of the radiative behavior of the foams with the
wavelength and with the structural parameters. Zhao et al. [13]
also developed an analytical explicit model characterizing the radi-
ative transport process in highly porous, open-celled metal foams
having idealized cellular morphologies. They show that the
equivalent radiative conductivity increases linearly with increasing
cell size, whilst for a given cell size the variation of relative density
only has a small effect on radiation.

At last, other researchers have been interested in the modeling
of the total heat transfer at high temperatures, taking into account
both conductive and radiative contributions. Lu and Chen [14] had
recourse to an analytical approach to treat the radiative heat trans-
fer through aluminium foams used as a fire retardant. Wang and
Pan [15] developed a random generation-growth method to repro-
duce numerically the microstructures of open-cell foam and ap-
plied the Lattice-Boltzmann method and empirical formulae to
treat the conductive and radiative heat transfer, respectively.
Experimental investigations on the radiative/conductive heat
transfer in solid foams were also conducted notably by Zhao
et al. [16] on FeCrAlY foams. The authors made a series of measure-
ments of the equivalent conductivity on several foams under vari-
ous pressure and temperature conditions, using a guarded hot
plate apparatus. They show that the equivalent thermal conductiv-
ity increases significantly with temperature. Although their exper-
imental equipment did not allow them to separate radiative and
conductive contributions, they attribute this increase to the
enhancement of the radiative heat transfer.
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We can see that the literature on the modeling of radiative or
conductive heat transfer in metal or ceramic foams is abundant,
but the number of experimental studies remains relatively limited.
Moreover, these experimental investigations generally concern the
radiative or the conductive heat transfer alone and require heavy
equipments, especially for measurements at high temperatures.
As a matter of fact, it is not possible, by now, to evaluate both radi-
ative and conductive parts simultaneously from a unique simple
measurement. To remedy this problem, we propose a new ap-
proach based on classical FLASH experiments. The method appeals
to a direct simulation of the transient combined radiation–conduc-
tion heat transfer coupled with an identification procedure. The
modeling of FLASH experiments in a conductive and semi-trans-
parent material has already been conducted by several authors.
André and Degiovanni [17,18] solved the coupled transient heat
transfer problem in a plane-parallel slab of purely absorbing mate-
rials submitted to a pulse irradiation. They show that the radiative
contribution leads to noticeable errors of the FLASH measurement
for this kind of materials. However, under conditions of small opti-
cal thicknesses and reflecting walls, the heat transfer in the sample
is completely free from any radiative contribution. This permits
them to estimate the true thermal conductivity of float glass and
silica glass. Hahn et al. [19] have also modeled the transient com-
bined radiative/conductive heat transfer and applied it to the sim-
ulation of laser-FLASH measurements on ceramic powder
compacts. They assumed isotropic scattering and used the three-
flux approximation. Their numerical results show that the classical
laser-FLASH measurements may lead to a considerable overestima-
tion of the diffusivity in heterogeneous semi-transparent materials
at elevated temperatures due to the radiative contribution. Lazard
et al. [20] have developed a semi-empirical model based on the
kernel substitution technique which simulates the combined con-
ductive–radiative heat transfer in a plane-parallel slab submitted
to a pulse irradiation. This model is used to estimate the phononic
conductivity and some radiative parameters from FLASH experi-
ments. They show that their new approach allows an accurate esti-
mation of the phononic conductivity even when the radiative
contribution is significant whereas classical FLASH technique over-
estimates this conductivity. However, the radiative properties esti-
mated by their method are not usable.

By contrast, the method proposed in this study allows theoret-
ically the estimation of both conductive and radiative properties
of the equivalent isotropic semi-transparent material. The method
requires a direct simulation of the transient combined radiation–
conduction heat transfer using the discrete ordinates method and
the finite volume method. The principle is to minimize the dis-
crepancy between experimental and theoretical thermograms.
The number of properties required to simulate the radiative heat
transfer in the foam is relatively high. Consequently, we reduced
the number of these parameters to identify. We managed to char-
acterize accurately the thermal behaviors of the foam samples
using only three identification parameters: one parameter (the
effective thermal conductivity kc) dedicated to conductive heat
transfer and two parameters (scaled extinction coefficients b*

and albedo x*) characterizing the radiative heat transfer. First,
we describe the coupled transient heat transfer model and the
identification procedure used. Thereafter, we explain the choice
of the thermal parameters retained for the identification. Despite
the simplification of the model, we show theoretically that the
thermal behavior of the foam sample is well reproduced by the
parameters chosen. Finally, we apply our identification method
to experimental thermograms obtained on several metal and cera-
mic foams. The thermal properties identified and their evolutions
with the temperature and with the structural characteristics of
the foams are compared to theoretical conclusions of previous
studies.
2. Theoretical considerations

Our method of characterization of the thermal behavior of the
foams consists in the identification of the isotropic conductive
and radiative parameters from the thermograms obtained by a
FLASH measurement. The identification procedure is based on a
least-square fit method and requires an accurate theoretical mod-
eling of the transient heat transfer in the foam. First, we describe
the model developed to simulate the thermal transfer in the sam-
ple. Then, we detail the principle of the identification procedure
that permits to estimate the radiative and conductive parameters
from the experimental thermograms. Finally, we present the radi-
ative and conductive parameters that we retained for the identifi-
cation method.
2.1. Direct simulation of the FLASH measurement

The principle of FLASH experiments is to generate a pulse
heating of the front face of a cylindrical sample. Then, we mea-
sure the increase of the temperature at the rear face (see
Fig. 1). The pulse heating is obtained by a pulse irradiation and,
thus, the faces have to be covered with a black coating of known
thermal properties and thickness e. The thermogram measured
allows estimating the thermal conductivity of the isotropic mate-
rial. However, in our study, contrary to the hypothesis generally
used for a classical FLASH measurement, the foam samples tested
could not be considered as purely conductive materials but rather
as semi-transparent materials in which the propagation of ther-
mal radiation is significant. Therefore, the theoretical model
should simulate accurately the coupling between conductive
and radiative transfer.

2.1.1. Governing equations
The thermal balance in a material submitted to a transient heat

transfer is governed by the energy equation relating the variation
of the local temperature to the total heat flux divergence. In the
interface coating, the heat is only transferred by conduction:

qC
@Tcoat

@t
¼ �rð~qtÞ ¼ �rð~qcÞ ð1Þ

In the solid metal or ceramic foams, the convective heat transfer
could be neglected and the equation reduces to:

qC
@T
@t
¼ �rð~qtÞ ¼ �½rð~qrÞ þ rð~qcÞ�

¼ kc �
@2T
@r2 þ

1
r
� kc �

@T
@r
þ kc �

@2T
@z2 �rð~qrÞ ð2Þ

The radiative heat flux is related to the spectral intensity fields
in the medium:

~qr ¼ qr
r �~er þ qz

r �~ez ð3Þ

with qr
rðr; zÞ ¼

Z 1

k ¼ 0

Z
X ¼ 4p

Ikr;z;~D � l � dX � dk;

qz
rðr; zÞ ¼

Z 1

k ¼ 0

Z
X ¼ 4p

Ikr;z;~D � n � dX � dk ð4Þ

and rð~qrÞ ¼
1
r
� @
@r
ðr � qr

rÞ þ
@qz

r

@z
ð5Þ

The spectral radiation intensity field is governed by the radia-
tive transfer equation (RTE) described in details in [21]. It takes
into account the emission, the absorption and the scattering of
the radiation by the participating medium. For a 2-D axisymmetric
radiative transfer in an isotropic material with azimuthal symme-
try, this equation is:
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Fig. 1. Representation of the sample and of the coordinate system.
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l
r

@ðr � Ikr;z;~DÞ
@r

� 1
r

@ðg � Ikr;z;~DÞ
@/

þ n
@Ikr;z;~D
@z
þ bk � Ir;z;~D

¼ jk � Ik0ðTÞ þ
rk

4p

Z
X0 ¼ 4p

PkðmÞ � Ikr;z;~D � dX0 ð6Þ

g = sin h�sin /; l = sin h�cos / and n = cos h are the directing cosines;
m ¼ l � l0 þ g � g0 þ n � n0 is the cosine of the angle between incident
and scattering directions and bk, jk, rk and PkðmÞ are the spectral
radiative properties.

2.1.1.1. Radiative boundary conditions. At the front and rear faces
(see Fig. 1), the boundary conditions of the RTE for emissive and
diffusely reflecting interfaces are:

Ikr;z ¼ e;~D ¼ ek
coat � I

k
0ðT1Þ þ

1� ek
coat

p
�
Z

X0 ¼ 2p;n0<0
Ikr;z;~D0 � jn

0j � dX0

for n > 0 and � Rmax < r < Rmax ð7Þ

Ikr;z ¼ L�e;~D ¼ ek
coat � I

k
0ðT2Þ þ

1� ek
coat

p
�
Z

X0 ¼ 2p;n0>0
Ikr;z;~D0 � jn

0j � dX0

for n < 0 and � Rmax < r < Rmax ð8Þ

At the lateral boundaries, we have:

IkRmax ;z;~D
¼ Ik0ðTðRmax; zÞÞ for l > 0 and e < z < L� e ð9Þ
2.1.1.2. Thermal boundary conditions. Before the beginning of the
heating, the medium is at a uniform temperature. This temperature
is the external temperature and then:

8r and z; Tðr; zÞ ¼ Text at t ¼ 0 s ð10Þ

During the pulse irradiation by the FLASH (duration s), the
front face of the sample collects a heating power per surface unit
_Q . In our numerical model, we assume that this radiative energy

is entirely absorbed and that the heat is uniformly generated
along its path in the interface coating. Thus, the heat generation
could be treated as an internal heat source. We also assume that
the heating power is uniformly distributed at the surface of the
coating.
At the horizontal interfaces between the coating and the sample
(z = e and z = L � e), if we neglect the thermal resistance, the heat
fluxes balance leads to:

� kcoat
@Tcoat

@z

� �
z¼ e

¼ qz
r

��
z¼ e
�kc

@T
@z

����
z¼ e

and � kcoat
@Tcoat

@z

� �
z¼ L�e

¼ qz
r

��
z¼ L�e�kc

@T
@z

����
z¼ L�e

ð11Þ

The lateral surface of the sample is also submitted to thermal
boundary conditions due to the convective and radiative heat
transfer with the external environment. The rate of heat exchange
by radiation is equal to e � rSB � ðT4

s � T4
extÞ and for a relatively small

difference Ts � Text, we can consider that: e � rSB � ðT4
s � T4

extÞ �
e � rSB � T3

s � ðTs � TextÞ. Thus, the total heat flux exchanged by the
lateral surface with the environment could be summarized in a un-
ique coefficient h which takes into account the convective and
radiative exchanges: h ¼ hconv þ erSBT3

s . If we also assume that
the convection coefficients hconv and the temperatures Ts on the
horizontal and vertical surfaces are identical, the thermal bound-
ary conditions on these surfaces reduce to:

�kc
@T
@r

� �
r¼Rmax

¼�h � ðTRmax ;z�TextÞ for the surface defined by r¼Rmax;

e< z<L�e ð12Þ

�kcoat
@Tcoat

@r

� �
r¼Rmax

¼�h � ðTcoat jRmax ;z�TextÞ for r¼Rmax;

0< z<e; L�e< z<L; ð13Þ

�kcoat
@Tcoat

@z

� �
z¼0
¼h � ðTcoatjz¼0�TextÞ and

kcoat
@Tcoat

@z

� �
z¼L
¼h � ðTcoat jz¼L�TextÞ ð14Þ

for the surfaces defined by z = 0, 0 < r < Rmax and z = L, 0 < r < Rmax,
respectively.

2.1.2. Numerical resolution of the transient coupled heat transfer
In order to solve the energy equation and to calculate numeri-

cally the variations of the temperature field during the transient
heat transfer, we use an explicit time marching technique. When
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the time interval Dt between two time steps is small (Dt < 0.1 s in
our study), the temperature field at the new time step could be cal-
culated directly using the radiation intensity field at the previous
time step without causing errors. In their study on the temperature
rise of a cylindrical glass gob, Viskanta and Lim [22] used the same
simplification.

2.1.2.1. Resolution of the energy equation and computation of the
temperature field. At each time step, the resolution of the energy
equation permits to compute the new temperature distribution
from the temperature field and radiation intensity profile at
the previous time step. To solve this equation, we use a spatial
discretization dividing the volume in nR � nZ elementary vol-
umes. The discretizations along the z-axis and r-axis differ
according to the zone considered. Three different zones are
considered:

The interface coatings at the front and back side of the sample
delimited by 0 < z < e and 0 < r < Rmax or L � e < z < L and
0 < r < Rmax for which Dri ¼ Rmax

nR i = 1, nR and Dzj ¼ e
nZcoat

j = 1, nZcoatThe sample delimited by e < z < L � e and 0 < r < Rmax

for which Dri ¼ Rmax
nR and Dzj ¼ L�2e

nZ .
The numerical resolution computes the temperature at the cen-

ter and on the boundary of each volume. At t = 0 s, the temperature
field is homogeneous and equal to Text:

T0
i;j ¼ Tcoat

0
i;j

��� ¼ Text 8i and j ð15Þ

For the nodes containing the semi-transparent foam and which
are not in contact with the coating or lateral boundaries, the tem-
peratures are computed by expressing the energy equation (Eq.
(2)) in a discretised form.

Similar relations are obtained for the temperature of the coating
nodes in which the radiative flux divergence is null.

For the nodes of foams or coating placed near the coating-
foam interface or near the lateral boundaries, similar discretised
relations could be obtained by applying energy balance that
take into account the thermal boundary conditions (Eqs. (10)–
(14)).

Finally, for the coating nodes of the front face placed at the
interface with the environment, the discretised relation must also
take into account the internal heat generation Si,j due to the pulse
irradiation which only occurs when t < s. This internal heat gener-
ation is proportional to the surface area of the node Ai,j and to the
time step Dt: Si;j ¼ _Q � Ai;j � Dt.

2.1.2.2. Resolution of the 2-D axisymmetric RTE using the discrete
ordinates method. In order to calculate the radiative flux ð~qrÞi;j and
the radiative flux divergence rð~qrÞi;jin each point of the spatial
discretization, it is necessary to solve the 2-D axisymmetric
radiative transfer equation (Eq. (6)) for all the wavelengths
participating to the radiative transfer. In the present study,
we use the discrete ordinates method based on a spatial dis-
cretization of the cylindrical sample and on an angular discret-
ization (discrete directions m (lm, gm, nm) with given weighting
factors wm) of the space. For convenience purpose, the spatial
discretization is the same as the one used for the numerical
resolution of the energy equation. The 2-D discrete ordinates
solution for a radiatively participating medium in a cylindrical
enclosure has been widely described, notably by Carlson and
Lathrop [23] or Jendoubi et al. [24] and we will not detail it
in this article.

Once the discretised intensity field in the semi-transparent
medium around the wire has been computed, the radiative fluxes
and radiative flux divergences are calculated using the discretised
form of Eqs. (9) and (10):
ðqr
rÞi;j ¼

Xnd

m¼1

Im
i;j � lm �wm

" #
and ðqz

rÞi;j ¼
Xnd

m¼1

Im
i;j � nm �wm

" #
: ð16Þ

rð~qrÞi;j ¼
1
ri
�
riþ1=2 � ðqr

rÞiþ1=2;j � ri�1=2 � ðqr
rÞi�1=2;j

Dri

þ
ðqz

rÞi;jþ1=2 � ðqz
rÞi;j�1=2

Dz
ð17Þ
2.2. Identification of conductive and radiative properties

The identification procedure developed is based on a list square
fit method which minimizes the difference between the tempera-
ture Texp.(t) measured at the center of the back side of the irradiated
sample during the FLASH experiment and the temperature Tnum.(t)
predicted by the numerical model for given experimental condi-
tions. The principle is to minimize the function F representing
the sum of the quadratic discrepancies between the experimental
and theoretical variations of the temperature:

F ¼
XNt

n¼1

½Texp:ðtnÞ � Tnum:ðtnÞ�2 ð18Þ

The evolution of the temperature calculated by our theoretical
model is influenced by the following parameters: L, Rmax, qcoat,
Ccoat, kcoat, ecoat, h and the thermal properties of the semi-transpar-
ent medium. All these parameters are known except the thermal
properties of the foam and the coefficient h. Thus, Tnum.(t) and F
only depend on these parameters noted Pk with k = 1, N. The
choice of these parameters is discussed in Section 2.3. Then, we
have:

F ¼ FðP1; . . . ; PNÞ ¼
XNt

n¼1

½Texp:ðtnÞ � Tnum:ðP1; . . . ; PNÞ�2 ð19Þ

In order to minimize F, the parameters Pk should satisfy the
relations:

@F
@Pk
¼ @

@Pk

XNt

n¼1

ðTexp:ðtnÞ � Tnum:ðtnÞÞ2
" #

¼ 0

)
XNt

n¼1

ðTexp:ðtnÞ � Tnum:ðtnÞÞ �
@Tnum:ðtnÞ

@Pk

� �
¼ 0 for k ¼ 1;N

ð20Þ

The partial derivatives @Tnum:ðtnÞ
@Pk

are called the sensibility coeffi-
cients and represent the rate of variation of the temperature at
the center of the back side at the time tn due to a variation of the
parameters Pk.

In order to solve this system of non-linear equations, we use the
iterative method of Gauss starting from initial values P0

k . At each
iteration level l, the following system of equations is solved:

XNt

n¼1

ðTexp:ðtnÞ � ðTnum:ðtnÞÞlÞ �
@Tnum:ðtnÞ

@Pk

� �l
" #

¼ 0 for k ¼ 1;N

ð21Þ

Moreover, the value (Tnum.(tn))l at the iteration level l can be
approximated from the values at the iteration level l � 1 by the fol-
lowing relation:

Tnum: tn; ½Pk�lk¼ 1;N

� �
¼ Tnum: tn; ½Pk�l�1

k¼ 1;N

� �
þ
XN

k¼ 1

@Tnum:ðtnÞ
@Pk

� �l�1

�DPl�1
k

ð22Þ

We finally have to solve the following matrix system, where the
superscript l refers to the entire matrixes:
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½Ak;j�l � ½DPj�l ¼½Bk�l with

Al
k;j ¼

XNt

n ¼ 1

@Tnum:ðtnÞ
@Pk

� �l

� @Tnum:ðtnÞ
@Pj

� �l

;

Bl
k ¼

XNt

n ¼ 1

ðTexp:ðtnÞ � Tnum:ðtnÞÞ �
@Tnum:ðtnÞ

@Pk

� �l

ð23Þ

This system is solved successively for each iteration level l to cal-

culate the values ½Plþ1
k ¼ Pl

k þ DPl
k�k ¼ 1;N until the ratios DPl

k

Pl
k

� �
k ¼ 1;N

are

lower than a convergence criterion.
2.3. Choice of the conductive and radiative parameters to identify

The model developed is relatively comprehensive and allows
theoretically an accurate simulation of the temperature rise at the
rear side of the semi-transparent sample. However, its main draw-
back stems from the fact that it requires a high number of unknown
thermal parameters which is prohibitive if ones would like to
implement an identification process. Indeed, in addition to the ther-
mal conductivity kc, the extinction coefficient, the scattering albedo
and the scattering phase function have to be known, a priori, for all
the wavelengths. That is the reason why we investigated the possi-
bility to reduce the number of parameters characterizing the radia-
tive heat transfer without degrading the accuracy of the model.

A first simplification would be to use global radiative properties
defined for the entire wavelength range of interest instead of
numerous spectral values. This simplification does not imply nec-
essary that the radiative properties of the foams are independent
of the radiation wavelength but rather that, for each foam, there
exists unique values of the extinction coefficient, scattering albedo
and scattering phase function that accurately simulate the global
radiative behavior of the material in the entire wavelength range.
By this manner, a global extinction coefficient, albedo and scatter-
ing phase function are sufficient to characterize the interaction of
the material with thermal radiation. Another simplification is to
consider that the foam material scatter radiation isotropically. Un-
der these two assumptions, the radiation-sample interaction could
be reproduced using two properties: the extinction coefficient and
albedo of the grey isotropically scattering semi-transparent mate-
rial that best match the radiative thermal behavior of the foam.
This two scaled parameters are noted b* and x*. To avoid any mis-
understanding, we remind that the objective of the present work is
to identify simplified properties which are able to describe the con-
ductive and radiative heat transfer of the samples tested but not
necessarily their entire exact radiative behavior. For instance, it
is possible that the use of the identified properties b* and x* to
simulate the directional transmittance and reflectance of a slab
of foam submitted to an incident plane wave, might lead to notice-
able differences in the angular and spectral distributions. However,
we will see that that the aim of the simplified representation of the
radiative transfer retained is fulfilled as it permits to reproduce
satisfactorily the 1-D transient and steady-state heat transfer.
The only drawback of the simplified parameters is that for heat
transfer with large temperature gradients, it may be necessary to
have a set of variations of these properties in the range of temper-
atures considered rather than unique values. In summary, three
parameters are sufficient to predict the thermal behavior of the
samples tested and a total of four parameters permit to reproduce
the FLASH experiment: P1 = h, P2 = kc, P3 = b* and P4 = x*.

In order to check that the simplified model retained is able to
describe accurately the thermal behavior of solid foams, we have
computed the theoretical thermograms for fictitious but realistic
semi-transparent non-grey and non-isotropically scattering mate-
rials simulating solid foams. Thereafter, we applied our identifica-
tion procedure (four parameters) to these theoretical thermograms
in order to estimate the thermal conductivity kc, the extinction
coefficient b* and the albedo x* of the corresponding grey isotrop-
ically scattering material having the same other physical proper-
ties C and q. To simulate a realistic case, we used the radiative
properties measured by Loretz et al. [11] for NiCrAl and FeCrAl
foams. The authors give the variations, with the wavelength, of
the extinction coefficient bk, scattering albedo xk and of the
parameter of specularity Sk describing the repartition of the energy
scattered. Sk actually represents the proportion of rays reflected
specularly. Thus, the phase function and the asymmetry parameter
hlik of the foam sample are directly related to Sk: PkðhÞ ¼
Sk þ ð1� SkÞ � 8

3p � ðsin h� h � cos hÞ, hlik � ð1� SkÞ � 0:444. The vari-
ations of bk, xk and Sk are illustrated in Fig. 2a. We used the S6

quadrature and a grey per band model with 27 bands of wave-
lengths. The other properties have been chosen in order to be rep-
resentative of a real metal foam: kc = 0.2 W/m/K, q = 500 kg/m3,
C = 500 J/kg/K, L = 10.2 mm. The properties of the interface coating
are: e = 0.3 mm, Ccoat = 1200 J/kg/K, qcoat = 1000 kg/m3 and kcoat =
3.3 W/m/K. The computations were conducted for an initial tem-
perature Tinit = 673 K and with a convective heat transfer coeffi-
cient h = 5 W/m2/K. The values of the four parameters identified
by our procedure for the two fictive foams are:

� NiCral foam: b* = 866.5 m�1; x* = 0.783, kc = 0.204 W/m/K and
h = 5.004 W/m2/K.
� FeCral foam: b* = 463.06 m�1; x* = 0.779, kc = 0.2014 W/m/K
and h = 4.999 W/m2/K.
We can check the coherence of the simplified properties b* and
x* identified by comparing them with weighted extinction coeffi-
cients ~b and weighted albedos ~x which take into account the
anisotropic scattering and thus, have the same signification. They
are defined by
~b ¼ jþ ~r; ~x ¼ ~r=~b with j ¼ ð1�xÞ � b; r ¼ x � b;

~r ¼ rð1� hliÞ and hli ¼ 1
2

Z 1

�1
PðlÞ � l � dl

In the case of the NiCrAl foam simulated, if we assume that the
radiative properties bk, xk and gk (Fig. 2a) are almost independent
of wavelength and equal to � 656 m�1; x � 0.7 and g � 0.15
(Planck averaged values in the range of wavelength [1.7–25]
lm), we obtain: j � 197 m�1;r � 459 m�1; hli � �0:45) hli �
�0:45~r � 665 m�1 ) ~b � 863 m�1 ) ~x � 0:77.

Similarly, for the FeCrAl foam, if we assume that the radiative
properties are almost independent of wavelength (Fig. 2a;
� 416.5 m�1; x � 0.77 and g � 0.68) we obtain: j � 96:3 m�1;

r � 320 m�1; hli � �0:169) ~r � 374 m�1 ) ~b � 470m�1 ) ~x
� 0:795.

These values are quite close to the properties identified
(b* = 866.5 m�1; x* = 0.783 for NiCrAl and b* = 463.06 m�1; x* =
0.779 for FeCrAl). This tends to confirm that the simplified model
retained is coherent.

The comparisons of the thermograms obtained for the foams
(Th. NiCrAl or FeCrAl) and for the corresponding grey materials
(ident. NiCrAl or FeCrAl) and the evolution of the relative discrep-
ancy due to the simplifications (discrep: ¼ jTth:ðtiÞ � Tident:ðtiÞj) are
illustrated in Fig. 2b. In order to better grasp the influence of each
parameter, we also illustrate in Fig. 2c the evolutions of the dimen-
sionless sensibility coefficients @Tnum:ðtnÞ

@Pk
� Pk obtained at the last iter-

ation of the identification for the fictive NiCrAl foam.
First, one can remark that the thermograms obtained for the

semi-transparent materials are noticeably different from classical
thermograms on purely conductive materials, especially at the
beginning of the measurement and notably for the FeCrAl foam.
Indeed, the increase of the temperature occurs noticeably sooner
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Fig. 2. (a) Evolution of the spectral radiative properties used for the simulation of the FLASH measurement. (b) Comparison of the theoretical thermograms obtained for the
NiCrAl and FeCrAl foams and for the associated grey isotropically scattering media. (c) Evolution of the dimensionless sensibility coefficients for the fictive NiCrAl foam.
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than when the heat transfer is purely conductive. These differences
are due to the radiative transfer which propagates quasi instanta-
neously through the sample. At this temperature, the radiative
contribution is predominant, particularly for the FeCrAl foam
which is more transparent to radiation.

One can also observe that the thermograms computed for the
corresponding grey isotropically scattering materials match very
well the thermograms computed from the realistic spectral varia-
tions of the radiative properties of NiCrAl and FeCrAl foams. In both
cases, the relative error gets lower than 1% after 3 s and lower than
0.1% after only 5 s. It can also be noted that the values of kc and h
identified are very close to the original values used for the fictive
measurement. This means that the differences on the transient
heat transfer due to the simplifications of the radiative heat trans-
fer are not counterbalanced by deviations of the other identified
parameters. This clearly shows that the radiative behavior of mate-
rials with spectrally varying properties during a FLASH measure-
ment could be matched very well by an ‘‘equivalent” grey and
isotropically scattering semi-transparent medium (only two radia-
tive properties) having the same thermal conductivity.

However, one have to keep in mind that conductive and radia-
tive properties of foams are generally wanted so as to estimate
heat fluxes passing through these foams. So, one has to check that
the thermal properties identified permit not only to reproduce the
FLASH thermogram accurately but also to give an accurate estima-
tion of the total heat flux traveling through the sample. Then, in or-
der to be sure that the three thermal parameters retained (kc, b*;
x*) are sufficient to entirely characterize the foam, we have com-
puted, in both cases (FeCrAl and NiCrAl), the equivalent thermal
conductivities of the foams and of the associated grey materials.
The computation were conducted by solving simultaneously the
steady-state energy equation and radiative transfer equation in a
1-D planar slab (thickness L = 0.05 m) subjected to a temperature
gradient (T = 673 K; DT = 10 K). The methods of resolution are
those described previously (Section 2.1.2). The equivalent conduc-
tivities computed are: 0.3131 and 0.3082 W/m/K for the NiCrAl
foam and the associated grey material and 0.3905 and 0.3915 W/
m/K for the FeCrAl foam and the associated grey material. This cor-
responds to relative errors of 1.5% and 0.25%, respectively, which
are quite negligible.

Consequently, we can conclude that it is possible to summarize
faithfully the thermal radiative behavior of foams submitted to
transient or steady-state heat transfer in only two radiative param-
eters: b* and x*. Three parameters are sufficient to characterize the
global thermal behavior: kc, b* and x*. This strong reduction of the
number of parameters leads to an identification procedure allow-
ing to characterize entirely the thermal heat transfer in the FLASH
sample with only four parameters.

Finally, as regards the evolution of the dimensionless sensibility
coefficients, one can remark that the thermogram is mostly influ-
enced by the effective conductivity of the sample. However, the
maximum values of the dimensionless sensibility coefficients of
b* and h are the same order of magnitude as that of kc. On the other
hand, the dimensionless sensibility coefficient of the scaled albedo
is noticeably smaller. Thus, we can expect a rather good estimation
of kc, b* and h. But the uncertainty on the value of x* identified will
certainly be noticeably more important. We also notice that the
influences of the radiative parameters are especially important at
the beginning of the measurement when the influence of kc and
h is almost null. The dimensionless sensibility coefficients of kc

and h get more important at intermediate times and at large times.
3. Experimental investigation

3.1. Foam samples

Four types of metal or ceramic foams have been tested. They are
made of Ni–Cr alloy, fecralloy (Fe 72.8/Cr 22/Al 5/Y 0.1/Zr 0.1)
mullite (Al6Si2O13) and zirconia (ZrO2) partially stabilized with



Table 1
Properties of the metallic and ceramic foam samples characterized experimentally.

Sample No. Solid phase q (kg/m3) Dcell (mm) e C (J/kg/K) L (mm) ss revet L (mm) av revet

1 Ni–Cr–Al 1 537 1.4 0.937 501 10.2 10.2
2 Ni–Cr–Al 2 503 1.2/0.6 0.941 501 10.52 10.8
3 Ni–Cr–Al 3 587 0.8/0.4 0.931 501 5.31 5.8
4 Ni–Cr–Al 4 665 2.8/1.4 0.922 501 7.34 8
5 Fecralloy 1–1 230 60PPI 0.423 m 0.9682 487 9.05 9.4
6 Fecralloy 1–2 230 60PPI 0.423 m 0.9681 487 9.35 9.9
7 Fecralloy 2–1 253 80PPI 0.32 mm 0.9649 487 10.35 10.7
8 Fecralloy 2–2 270 80PPI 0.32 mm 0.9627 486 8.3 9.2
9 Mullite 534 1.2 0.809 950 11.05 11.5
10 Zirconia 966 1.2 0.832 451 10.55 10.6
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yttria (Y2O3), noted PsZ. The thermal properties of these bulk mate-
rials are given in Table 1. The foam manufacturers indicated that
the foam samples are almost isotropic, which have been confirmed
by SEM image analysis. So, our identification procedure is applica-
ble. The experimental investigations have been conducted at three
different temperatures: ambient temperature (296 K) and high
temperatures (433 and 673 K).

The porosities of the samples have been estimated from the
measurements of their mass M (kg) and volume V (m3):

e ¼ qsolid �M=V
qsolid � qair

ð24Þ

The measured densities and porosities of all the samples tested
are regrouped in Table 1 where we also indicate the mean cell
diameter Dcell provided by the manufacturer and the specific heat
C which is estimated by

C ¼ eqairCair þ ð1� eÞqsolidCsolid

q
ð25Þ
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Fig. 3. (a) Comparison of the experimental and numerical thermograms for sample No. 1
(c) Comparison of the experimental and numerical thermograms for sample No. 4.
This specific heat is assumed independent of the temperature
for the 10 samples.

3.2. Experimental apparatus

For the measurements at ambient temperature, we used a clas-
sical FLASH apparatus composed of a sample holder of 30 mm in
diameter and FLASH lamps of short thermal pulse (T < 10 ms).

At high temperatures, we used a special set-up already described
in reference [25]. It consists essentially of an inductive furnace, a
resistive furnace and a laser-FLASH diffusivimeter measuring the
temperature rise at the rear face of the sample. It allows to conduct
experimental measurements up to 3300 K in gaseous (helium, nitro-
gen and argon) or vacuum environments. FLASH experiments can be
performed in the two furnaces, by using the same laser. Depending
on the test temperature, one furnace or the other are used to heat
the specimen. The sample is placed in a furnace and heated at a uni-
form temperature. For thermal diffusivity measurements performed
between 300 and 1300 K, the specimen (30 mm in diameter and
about 1–10 mm thick) is put vertically in the resistive furnace. For
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Fig. 4. (a) Comparison of the experimental and numerical thermograms for sample No. 6. (b) Comparison of the experimental and numerical thermograms for sample No. 7.
(c) Comparison of the experimental and numerical thermograms for sample No. 8.
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very high temperature measurements (600–3000 K), it is put hori-
zontally on the top of the graphite susceptor, inside the inductive
furnace. The source used to irradiate the front face of the specimen
is a Nd:phosphate glass laser, having a wavelength of 1054 nm and
a pulse duration around 450 ls. A flat mobile mirror, situated at
the beginning of the laser path, allows directing the beam to one or
the other furnace. It is then transmitted to the inductive furnace or
the resistive one by a set of lenses and mirrors so that its diameter
varies approximately from 10 to 20 mm on the specimen.

The induced temperature rise on the rear face of the specimen is
measured by optical way with two infrared detectors, HgCdTe
detector for the temperature range [300–1300 K] and InGaAs
detector for the range [1100–3300 K].

3.3. Experimental results

3.3.1. Presentation and discussion on the experimental results
The identification procedure developed have been applied to

the thermograms measured at ambient temperature (T = 296 K)
and at T = 433 K or T = 673 K for the 10 foam samples. However,
the quality of some thermograms obtained at high temperatures
was not sufficient to obtain satisfying identifications. The values
of the parameters after identification as well as the mean relative
discrepancy hdiscrep:i between the experimental thermograms
and the temperature rise predicted by the numerical model after
identification are summarized in Table 2. The mean discrepancy
is defined by: hdiscrep:i ¼ hjTexp:ðtÞ � Tident:ðtÞjit¼0!Dt . The compari-
sons between the measured thermograms and the thermograms
obtained after identification of the corresponding grey materials
are illustrated in Figs. 3(a, b and c for NiCrAl foams), 4(a, b and c
for FeCrAl foams) and 5(a and b for mullite and PsZ foams) for sam-
ple Nos. 1, 2, 4, 6–10.

As illustrated on these figures, we can note that our simulation
using the global equivalent radiative properties b* and x*

combined with the identification procedure permits to match the
evolution of the temperature very well for all the samples tested
since the average discrepancy between experimental and theoret-
ical thermograms is always lower than 1%.

The analysis of the results illustrated in Table 2 leads to several
remarks for each type of foam:

� For NiCrAl foams (sample Nos. 1–4), the properties identified
show a noticeable increase of the thermal conductivity kc with
the temperature. This increase is observed for all the samples
tested. It is most likely due to an increase of the thermal conduc-
tivities of the bulk material (NiCrAl) and of air with the temper-
ature since the porous morphology of the foams does not change
with temperature. Literature data concerning the bulk thermal
properties of NiCrAl [26] confirm this assumption. The increase
of kc with T is relatively important as it can reach 45% for sample
No. 4 between ambient temperature and 673 K. For the other
samples, the increase is less pronounced. The conductive prop-
erties identified also indicate a global increase of the effective
conductivity with the density of the samples considered except
for sample No. 3 for which the thermal conductivity is lower
than sample Nos. 1 and 2 although its density is more important.
This global increase of kc with the density is consistent with the-
oretical conclusions of previous studies [7] which underlined
the substantial influence of the volume fraction of highly con-
ductive solid phase on the conductive heat transfer. The surpris-
ing results evocated for sample No. 3 might be explained by a
noticeable difference in the porous structure between this foam
and the other samples. Indeed, Coquard et al. [7] have already
shown that the shape of the struts forming the cellular materials
could have a noticeable influence on the magnitude of conduc-
tive heat transfer.

As regards the radiative properties, the comparison of the val-
ues of b* identified for the different samples show that the radia-
tion-matter interaction strongly depends on the cell diameter.



Table 2
Thermal properties identified for the metallic and ceramic foam samples.

Sample No. T (K) kc (W/m/K) b* (m�1) x* hdiscrep:i (%) kequ (W/m/K) kc/kequ (%)

1 296 0.266 317 0.51 0.73 0.289 92.0
423 0.348 264 0.64 1.08 0.428 81.3
673 0.363 386 0.48 0.71 0.590 61.5

2 296 0.257 587.6 0.49 0.28 0.270 95.2
673 0.306 593 0.51 0.882 0.457 67.0

3 296 0.246 734 0.71 0.47 0.256 96.0

4 296 0.308 159.4 0.41 0.687 0.352 87.5
673 0.447 248.6 0.21 1.20 0.792 56.4

5 296 0.0980 315 0.56 0.603 0.1215 80.7

6 296 0.0957 325.8 0.48 0.475 0.1185 80.8
423 0.113 253.2 0.32 0.6498 0.197 57.4
673 0.123 487.3 0.2 0.431 0.305 40.3

7 296 0.0763 443.2 0.46 0.164 0.0933 81.8
673 0.1181 648 0.5 0.557 0.256 46.1

8 296 0.0933 377.4 0.5 0.564 0.113 82.6
673 0.113 586 0.1 0.644 0.265 42.6

9 296 0.279 374.7 0.2 0.560 0.299 93.3
673 0.2985 355.6 0.49 0.769 0.544 54.9

10 296 0.257 324.5 0.29 0.538 0.280 91.8
423 0.294 351 0.31 0.666 0.356 82.6
673 0.265 371.6 0.2 0.747 0.501 52.9
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Indeed, the equivalent extinction coefficient is very large for sam-
ple No. 3 with noticeably small cells and very weak for sample No.
4 with large cells whilst their other properties (density, optical
properties of the bulk material) are almost identical. Besides, if
we also consider the results for sample Nos. 1 and 2, it seems that
b* is directly proportional to the inverse of the mean cell diameter
indicated by the manufacturer. These remarks are consistent with
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Fig. 5. (a) Comparison of the experimental and numerical thermograms for sample
No. 9 (Mullite). (b) Comparison of the experimental and numerical thermograms for
sample No. 10 (PsZ).
the theoretical conclusions drawn by Zhao et al. [13] or Wang and
Pan [15] on the radiative properties and with the previous experi-
mental investigations [16] on the radiative conductivity of FeCrAl
foams. This influence could be simply explained by the fact that,
for a given porosity, if the diameter of the cells increases, the dis-
tance traveled by thermal radiation emitted by the solid phase be-
fore being intercepted (mean free path of photons) is more
important. Now, the extinction coefficient is directly proportional
to the inverse of the mean free path of photons. It is also important
to note that the porosity of the foam has a noticeably weaker influ-
ence on the radiation-matter interaction than the cell diameter as
sample No. 4 is the most transparent to radiation. Finally, we can
also compare the global extinction coefficient obtained by our
method for sample No. 1 with the one measured by Gauthier
[26] on the same sample. The author identified the spectral extinc-
tion coefficient, albedo and asymmetry parameter of sample No. 1
from directional and hemispherical transmittances and reflec-
tances measurements made on a slab of foam. Thereafter they
computed the scaled extinction coefficient and albedo by averag-
ing the spectral values using the Planck function. They obtained a
scaled extinction coefficient, independent of the temperature and
equal to 590 m�1. This extinction coefficient is overestimating
our measurements. However, our results show that b* is somewhat
independent of the temperature which agrees well with the con-
clusion of [26].

Concerning the variations of the equivalent scattering albedo
x*, it is not possible to draw general trends. The values identified
are globally comprised between 0.2 and 0.7. Actually, as explained
by Loretz et al. [11], this property is mainly related to the optical
characteristics of the solid phase (NiCrAl) and to the roughness
of the solid surfaces. Therefore, the differences observed between
the different NiCrAl samples may be due to differences in the sur-
face state. Moreover, we have seen (Section 2.3) that x* has a rel-
atively weak dimensionless sensibility parameter, that is to say
that the uncertainty on the value of x* identified is relatively
important and could be at the origin of the discrepancies observed
between the different samples. For sample No. 1, we can compare
the values of x* obtained at the different temperatures with the
experimental results of Gauthier [26] which showed that the glo-
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bal albedo of sample No. 1 is independent of temperature (grey
behavior) and close to 0.6. Thus, our identified albedo are in good
accordance since the values identified does not vary significantly
with temperature and are the same order of magnitude.

Finally, concerning the variation of the radiative properties of
NiCrAl foams with temperature, it seems that the equivalent
extinction coefficient slightly increases between T = 296 K and
T = 673 K. This general trend is observed for sample Nos. 1, 2 and
4. Surprisingly, for sample No. 1, we also remark that b* slightly de-
creases when T goes from 296 to 423 K. However, globally, the
variations of b* with T are very limited so that we can consider
the global equivalent extinction coefficient b* practically indepen-
dent of T. That is to say that the spectral extinction coefficient is
independent of the radiation wavelength under consideration. This
agrees well with the results presented in [26] which show that the
radiative properties of sample No. 1 could be considered as grey.
This is also coherent with theoretical conclusions drawn, notably
by Loretz et al. [11], which explained that, under geometric optics
approximation (which is the case here since Dcell >> k), the spectral
coefficients does not vary with the wavelength.

� For FeCrAl foams (sample Nos. 5–8), we also observe the increase
of kc with the temperature for all the samples tested. Like for
NiCrAl foams, this increase is most likely due to an increase of
the conductivities of the solid (FeCrAl) and fluid (air) phases. Sur-
prisingly, the effective conductivities of sample Nos. 5 and 6,
which are the lightest foams, are more important than for sample
Nos. 7 and 8. This conclusion appears to be in contradiction with
theoretical conclusions. It seems that kc could not be related to
the porosity of the foam simply. Actually, like for NiCrAl foams
(sample No. 3), this surprising result is certainly due to noticeable
differences between the porous morphologies of sample Nos. 5
and 6 (60 PPI) and sample Nos. 7 and 8 (80 PPI).

As regards the radiative properties, the conclusions are almost
identical to NiCrAl foams. Indeed, one can observe that, for a given
temperature, the equivalent extinction coefficients of sample Nos.
7 and 8 having 80 Pores per inch (Dcell � 0.31 mm) are more impor-
tant than for sample Nos. 5 and 6 with 60 Pores per inch
(Dcell � 0.42 mm). This confirms that the cell diameter is a key
parameter for the radiation-matter interaction. We also remark,
like for NiCrAl foams, the increase of b* with the temperature be-
tween ambient temperature and T = 673 K whatever the sample
considered. However, for FeCrAl foams, this increase is more pro-
nounced. This observation seems not consistent with theoretical
conclusions which predict a spectral extinction coefficient constant
for all the I.R radiation wavelengths and thus a global extinction
coefficient independent of the temperature. However, one has to
keep in mind that the parameter b* does not actually represent
an extinction coefficient but a global parameter encompassing all
the phenomenon influencing the propagation of radiation. Finally,
like for NiCrAl foams, it is not possible to deduce a general trend for
the variations of the scattering albedo with the samples consid-
ered. For FeCrAl foams, it is globally comprised between 0.1 and
0.6 and the discrepancies are most likely due to differences in
the surface state of the different samples.

� For both mullite and zirconia (PsZ) foams, one can observe a
weak increase of the effective thermal conductivity with tem-
perature between ambient temperature and T = 673 K. This is
consistent with literature data [27–31] concerning dense mull-
ite and dense PsZ which generally mention slight increases of
their thermal conductivities with temperature.

Moreover, we observe, for the two foams, that the equivalent
extinction coefficients are almost independent of the temperature
considered like for NiCrAl foams. It is also important to note that
the magnitude of the equivalent extinction coefficients is similar
for the two foams. Finally, the only difference regarding the evolu-
tion of the thermal characteristics concerns the scattering albedo.
Indeed, for zirconia sample x* is practically the same for the three
temperatures studies whereas, for mullite foam, it varies relatively
strongly between ambient and T = 673 K. These differences in the
variations of x* are probably related to differences in the spectral
optical properties of the two different solid phases. Moreover, as
mentioned previously, the uncertainty on x* identified is relatively
important.

As for sample No. 1, the radiative properties of the mullite foam
(sample No. 9) have also been measured by Gauthier [26] using the
same approach. Gauthier shows that, contrary to the NiCrAl sample
(sample No. 1), the radiative behavior of sample No. 9 varies
noticeably with the wavelength considered since the global albedo
increases from approximately 0.25 to 0.65 between T = 300 K and
T = 600 K. These variations are in good accordance with our results
which also show a regular increase of x* with temperature be-
tween 0.2 (T = 296 K) and 0.49 (T = 623 K). As regards the scaled
extinction coefficient, its variation with the temperature measured
by Gauthier [26] are slower: 700 m�1 at T = 300 K and 750 m�1 at
T = 600 K. One can remark that, like for sample No. 1, these values
overestimates our results noticeably.

In conclusion, the thermal properties obtained from our identi-
fication procedure are coherent as they match satisfactorily the
general trends underlined by previous studies. Indeed, the experi-
mental results show the influence of the temperature on the effec-
tive thermal conductivities of metal foams due to the increase of
the thermal conductivity of the dense solid phase. Moreover, the
major influence of the cell diameter on the radiative behavior is
also underlined by our investigations.

The thermal properties obtained could be used to evaluate sim-
ply the relative importance of the radiative and conductive contri-
butions to the heat transfer according to the temperature. Notably,
this would permit to evaluate whether the hypothesis of purely
conductive heat transfer is valid for this kind of material at ambi-
ent temperature or not. In order to illustrate the importance of
both modes of heat transfer, we have computed the equivalent
thermal conductivities of each sample at different temperatures
with the following characteristics: L = 0.05 m, black boundaries,
DT = 10 K. The equivalent thermal conductivities computed as well
as the ratio kc/kequ representing the contribution of conductive heat
transfer are illustrated in Table 2. One can remark that, for NiCrAl,
mullite and zirconia foams, the hypothesis of purely conductive
heat transfer is acceptable at ambient temperature since more than
92% of the heat is transferred by conduction. On the other hand, for
the four FeCrAl foams studied this proportion is approximately 80%
and the pure conduction simplification could no more be used
without generating noticeable errors.
4. Conclusions

The characterization of the thermal behavior of two-phase
material is a hard task especially when, in addition to conductive
heat transfer, radiation heat transfer also occurs like in high-poros-
ity metallic and ceramic foams. Classical methods of measure-
ments of the heat transfer generally fail to distinguish the
conductive and radiative contributions to the heat transfer in this
kind of material. As a matter of fact, they give a unique measured
parameter characterizing conductive and radiative heat transfer
globally. Thus, this parameter is only valid for the conditions in
which the experiment is conducted.

To overcome this limitation, we have proposed a new identifica-
tion procedure using the experimental devices required in classical
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FLASH measurements. A FLASH experiment is applied to the sam-
ple considered. Then, an identification procedure allows estimating
the conductive and radiative characteristics of the semi-transpar-
ent material whose theoretical FLASH response best match the
temperature rise measured. The method requires a direct model
simulating faithfully the transient heat transfer in a semi-transpar-
ent material. As a matter of course, the model should theoretically
takes into account a large number of thermal properties especially
for the radiative heat transfer which is prohibitive for the identifi-
cation procedure. However, we show that the use of only three
thermal characteristics (one for conduction and two for radiation)
is theoretically sufficient to summarize satisfactorily the thermal
behavior of solid foams submitted to transient or steady-state heat
transfer. These parameters are the effective conductivity kc of the
foam and the extinction coefficient b* and scattering albedo x* of
the equivalent grey isotropically scattering semi-transparent
medium.

Thereafter, we applied the identification to the FLASH thermo-
grams obtained for several NiCrAl, FeCrAl, mullite and zirconia
foams with various properties at different temperatures. We have
analyzed the results obtained. The evolutions of the thermal prop-
erties with the characteristics of the foams (density, cell diameter,
etc.) and with the temperature agree well with the theoretical con-
clusions of previous studies conducted on this subject. Thus, our
measuring procedure proves to be an interesting tool and a notice-
able improvement for scientific requiring an accurate and rapid
modeling of the thermal behavior of the solid foams. Indeed, it per-
mits to characterize simultaneously the radiative and conductive
contributions to heat transfer from a unique experiment.
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