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a b s t r a c t

In the present article, the effective thermal conductivity (ETC) of 10 ppi open-cell ceramic foams is mea-
sured at temperatures ranging from 22 �C to 750 �C using the transient plane source (TPS) technique. The
detailed morphology of the foam structures is reconstructed from 3D CT-scan images and their structural
analysis is carried out using a volume image processing tool. The experimental results are compared with
the predictions of directional ETC, obtained using a simplified 1D homogeneous model that considers
coupled conduction–radiation heat transfer. The parameters, required by the model, are evaluated based
only upon the information that could be extracted from 3D CT-scan images under certain simplifying
assumptions. It can be concluded that the predictions of ETC for the present ceramic foam samples clearly
correlate with the geometric parameters obtained from their structural analysis. It is also observed that
the estimated microscopic porosity of the foam, which is not captured by 3D CT-scan images, has consid-
erable influence on the reconstructed foam structure and hence on the predicted ETC. The predictions of
ETC in the measured direction, obtained after the proposed directional averaging, compare extremely
well with TPS measurements for the complete range of investigated temperatures. This suggests that
the measurements of ETC, obtained employing TPS technique, are the directionally averaged representa-
tions of ETC in three perpendicular directions. The present investigation also clearly demonstrates the
potential of the simplified modeling approach for characterizing even the directional ETC of open-cell
ceramic foams, based primarily on their structural information.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction Since the ceramic porous foams present a relatively high poros-
Ceramic porous foams exhibit several characteristics that pro-
mote their use in a wide variety of engineering applications.
Among other characteristics, high thermal-shock, corrosion and
abrasion resistance make these foams extremely suitable for high
temperature systems, where they may be utilized for example,
as: burner stabilizers [1–3], catalyst carriers [4], heat exchangers
[5] or even metal melt filters [6]. In this context, the accurate eval-
uation of thermo-physical properties of the foam, particularly the
effective thermal conductivity (ETC) at high temperatures, is
important for a reliable prediction of the heat transfer behaviour
and hence, for an appropriate design of the system.
ity, typically in the range from 70% to 90%, they often provide little
contact area for the experimental determination of ETC. It is, there-
fore, hardly surprising that even though porous foams have been
employed in a wide range of high temperature systems, there is
no well established measurement technique in order to accurately
determine their ETC, particularly at high temperatures.

The effective thermal conductivity of ceramic porous foams at
high temperatures can be measured using either steady-state or
transient methods. The steady-state methods available in the liter-
ature are generally based on either guarded hot-plate or panel test
techniques. For example, Becker et al. [7] measured ETC of cordier-
ite, clay-bound silicon carbide (CBSiC) and sintered silicon carbide
(SSiC) foams in a temperature range from 80 �C to 500 �C, while
Wang et al. [8] investigated the ETC of SiC and alumina foams in
a temperature range from 80 �C to 300 �C. Dietrich et al. [9] mea-
sured ETC of alumina, Mullite and CBSiC foams, presenting various
pore densities and porosities in the range from 75% to 85%. Their
results were obtained for moderate temperatures up to 100 �C
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Nomenclature

Dpor;str;win overall mean diameter for pores, struts and windows,
respectively, [m]

Dx;y;z mean pore diameter in x; y and z directions, respec-
tively, [m]

_q00 steady-state heat flux [W/m2]
êx Cartesian unit vector for x coordinate
Sspe specific surface area [m�1]
ŝ direction vector for radiation intensity
b adjustable parameter
I radiation intensity [W/m2 sr]
k thermal conductivity [W/m K]
L length, thickness [m]
s distance along direction of radiation intensity [m]
T temperature [K]
x position coordinate [m]

Greek symbols
b extinction coefficient [m�1]
e emissivity
H scattering angle
r Stefan–Boltzmann constant ¼ 5:67� 10�8 [W/m2 K4]
U scattering phase function
/T total porosity
/M macroscopic porosity
/m microscopic porosity
q reflectivity
s transmissivity

X solid angle [sr]
x scattering albedo

Subscript
av average
B bulk material
b black body
C conductive
c cold
eff effective
f fluid
h hot
max maximum
min minimum
R radiative
r representative
s solid

Abbreviations
1D one-dimensional
3D three-dimensional
CT Computed Tomography
ETC effective thermal conductivity
FVM finite volume method
ppi pores-per-inch
RTE radiative transfer equation
TPS transient plane source
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using a guarded hot-plate apparatus in combination with a numer-
ical procedure in order to correct the heat losses. Very recently,
Dietrich et al. [10] and Fischedick et al. [11] reported an extended
version of their previous investigation [9], where ETC of ceramic
foams was measured up to 1000 �C by applying a guarded hot-
plate apparatus combined with a finite difference method for solv-
ing the energy balance considering both conduction and radiation
based on the homogenization approach.

As far as the transient methods for measuring ETC of ceramic
porous foams are concerned at high temperatures, Liaw et al.
[12], Skidan et al. [13] and Lo et al. [14] applied the transient
hot-wire technique up to 1000 �C in order to investigate ETC of alu-
mina foams prepared by direct foaming and therefore, presenting
small mean pore diameters. Coquard et al. [15] predicted ETC of
open-cell mullite and zirconia foams by introducing the experi-
mentally acquired temperature field into their numerical model
for heat transfer. The referred temperature field was obtained from
the thermal response of the foam samples to a laser impulse, which
was recorded over time using an infrared camera.

In order to control ETC of foams, a deeper understanding of the
influence of the foam structure on its heat transfer characteristics
is necessary. Due to the coupled nature of conduction and radiation
heat transfer at high temperatures and since the ceramic porous
foams are most often characterized by complex structures, they
are difficult to access by the conventional measurement tech-
niques. Particularly, it is considerably difficult to determine the
details of individual contributions of both conduction and radia-
tion [16]. In this respect, the numerical heat transfer models, that
are based on the detailed information of the foam structure, pro-
vide a promising complement or even a better alternative for the
investigation of ETC of porous foams, particularly at high temper-
atures. Reviews on the existing models for predicting ETC of porous
foams at both ambient and higher temperatures are provided by
Coquard and Baillis [17] and Coquard et al. [18].
Several researchers [18–21] attempted to synthetically generate
equivalent regular structures (e.g., cubic or Kelvin cells) that can
only approximate the real foams for the purpose of estimating
ETC to some extent, since most of the intricate structural details
are lost during such idealizations. In this respect, recently more
sophisticated methods (e.g. Laguerre tessellation coupled with
implicit functions [22] or 3D Voronoi methods [23]) have been
developed in order to generate more realistic open-cell foams, pre-
senting an irregular structure. Alternatively, three-dimensional
(3D) Computed Tomography (CT)-scan imaging technology allows
one to employ the true morphology of porous foams in the numer-
ical heat transfer models for predicting ETC, although the computa-
tional cost of these simulations most often increases significantly
depending upon the required spatial resolution of CT and the size
of the representative foam sample. Effective properties of porous
foams for both conduction [21,24,25] and radiation [26–28] have
been numerically evaluated in several recent investigations, using
the nearly exact geometry of the foam sample obtained from 3D
CT-scan data.

Recently, Mendes et al. [29] have numerically evaluated ETC at
high temperatures by solving the coupled conduction–radiation
heat transfer problem for open-cell porous foams, while consider-
ing both detailed 3D and simplified 1D modeling approaches,
where the complex structures of the foams were obtained from
high resolution 3D CT-scan images. They have concluded that the
detailed 3D modeling approach, which is based on the method pro-
posed by Talukdar et al. [20], is accurate yet computationally pro-
hibitive for evaluating ETC of large foam samples. On the other
hand, they have pointed out that the alternative simplified 1D
modeling approach, which is based on the assumption of homoge-
nization and superposition of conduction and radiation, is compu-
tationally more efficient than the detailed approach and yielded
reasonably accurate results for ETC, since the required model
parameters in this method are estimated based on 3D CT-scan
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Fig. 1. 10 ppi alumina foam (Sample-1): (a) structure obtained from 3D CT-scan
images; (b) definitions of overall mean diameter for struts, windows and pores.

Table 1
Geometric parameters obtained from structural analysis using image processing tool
for 10 ppi foam samples (x; y and z directions are shown in Figs. 1(a) and 2).

Parameter Sample-1 Sample-2

Sspe [m�1] 643 649

Dstr [mm] 0.7 0.7

Dwin [mm] 3.3 3.2

Dpor [mm] 4.8 4.7

Dx [mm] 5.4 5.2

Dy [mm] 4.3 4.1

Dz [mm] 4.2 4.1
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data. In a subsequent study [30], the performance of this simplified
1D homogeneous model was examined by comparing the predic-
tions with measurements of ETC of open-cell metal foams at high
temperatures, ranging from 130 �C to 850 �C. The results, pre-
sented by Mendes et al. [30], clearly demonstrate that the simpli-
fied model performs extremely well at both ambient and higher
temperatures. This observation may be partially attributed to the
reasonably accurate estimation of the major model parameters
(i.e. ETC due to pure heat conduction and the extinction coefficient)
using simple numerical tools while relying only upon the informa-
tion extracted from 3D CT-scan images.

The primary objective of the present investigation is to predict
ETC of open-cell ceramic foams at higher temperatures employing
the simplified 1D homogeneous model of Mendes et al. [29,30] and
to compare the resulting predictions with the respective measure-
ments obtained using the transient plane source (TPS) technique.
For the simplified 1D homogeneous model, the structure of the
ceramic foam is obtained from the high resolution 3D CT-scan
images. This data also allows for an analysis of the foam structure
that can be further related to the results of ETC, with respect to
both anisotropy and microscopic porosity of foams. Therefore,
the results obtained during the present investigation validate and
demonstrate the potential of the considered modeling approach
for characterizing ETC of open-cell ceramic foams, based primarily
on their structural information.

2. Experimental investigation

Two large samples of open-cell porous foams, made of pure alu-
mina with a pore density of 10 ppi (referred to as Sample-1 and
Sample-2), are considered for the present study. These foams
contain a similar total porosity /T ¼ 0:89 that is determined by
gravimetric weighing and measuring the dimensions (60 mm �
120 mm � 120 mm) of the samples, while considering the density
of pure alumina to be 3984 kg/m3 [31]. The structural details of
these foam samples are obtained from 3D CT-scan images with a
resolution of 70 lm, as presented in Fig. 1(a) for Sample-1. Based
on this information and subsequently using a volume image pro-
cessing tool, several structural parameters of the foam samples
are evaluated, e.g. the specific surface area Sspe, the overall mean
diameter for struts Dstr, windows Dwin and pores Dpor, as well as
the mean pore diameters in x; y and z directions Dx;y;z (see [32]
for details). For better clarity, Fig. 1(b) shows a region of the 10
ppi alumina foam, including the definitions of overall mean diam-
eter for struts, windows and pores. The evaluated structural
parameters are provided in Table 1, where the variation in Dx;y;z

clearly confirms that the shape of the pores is ellipsoidal instead
of being spherical. Therefore, it can be legitimately concluded that
the foam samples are truly anisotropic. This anisotropy is expected
to have a corresponding relevant influence on ETC of these foams,
as will be discussed in Section 4.

The effective thermal conductivity of the alumina foam samples
is measured using TPS technique proposed by Gustafsson [33]. The
TPS apparatus, considered for the present investigation was
employed previously in another investigation reported by Wulf
[34] for measuring ETC of metal foams at ambient temperature.
Although the TPS technique, applied to opaque materials without
radiation, is quite well established for measuring the purely con-
ductive heat transfer, some questions may arise about the accuracy
of this technique for measuring the thermal conductivity of semi-
transparent materials with significant radiation contribution, e.g.
porous foams or low-density thermal insulators. Nevertheless,
Coquard et al. [35] investigated the accuracy of the TPS technique
for measuring the thermal conductivity of semi-transparent mate-
rials and demonstrated that the presence of a radiative contribu-
tion does not affect the accuracy of the measurement since the
measured thermal conductivity accounts for both conduction and
radiation contributions.

The measurement principle of the TPS method is briefly pre-
sented here for the sake of completeness. In this method, an insu-
lated sensor is placed between two identical parallelepipedic foam
samples that simultaneously serves as heat source and resistance
thermometer, as shown in Fig. 2. After applying a constant current
to the heating element of the sensor, a transient, ellipsoidal tem-
perature field developes. By correlating the resulting time evolu-
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Fig. 2. Schematic representation of foam samples and sensor assembly for transient
plane source technique.

M.A.A. Mendes et al. / International Journal of Heat and Mass Transfer 102 (2016) 396–406 399
tion of the temperature with the thermo-physical properties of the
foam samples, ETC is determined (refer to Wulf et al. [34] for
details).

Two types of sensors are employed for the present measure-
ments of ETC. They are Kapton and Mica insulated sensors with a
diameter of 14.9mm (Hot Disk model 4922L) that cover tempera-
tures below 300 �C and above 250 �C, respectively. Before, the sen-
sor is sandwiched between the two foam samples, their surfaces
are polished in order to improve the contact between sample and
sensor. The setup is placed inside a protective gas chamber of a
CWF 11/23/ E2416CG furnace (manufactured by Carbolite). The
presence of protective gas atmosphere, consisting of nitrogen, is
extremely important in order to avoid oxidation of the Mica sensor
at temperatures above 400 �C. For avoiding the penetration of oxy-
gen into the furnace chamber, a constant gauge pressure of 2 kPa
for nitrogen is always ensured.

After determining the optimal heating power and measurement
duration for the present sensors (see Bohac et al. [36]) and consid-
ering the heat penetration depth provided by the sensor manufac-
turer, ETCs of two foam samples are measured at different
temperatures ranging from 22 �C to 750 �C. The uncertainties in
the measurements of ETC estimated by the manufacturer are smal-
ler than 5% and the reproducibility of the experimental results is
found to lie within �2% around the mean. It may be mentioned
here that the measurements of ETC are repeated several times
for the entire temperature range, while keeping the sensor posi-
tioned at the geometric center of the surfaces between two foam
samples. However, the measurements are avoided at the interme-
diate temperatures, ranging from 300 �C to 400 �C. This is due to
the fact that the metallic element of the sensor, which acts simul-
taneously as a resistance thermometer as well as a heat source, is
made of nickel and has a Curie point of approximately 360 �C.
Therefore, the electrical resistance of nickel changes strongly with
temperature close to this point and hence the measurements are
not recommended under this condition in order to avoid erroneous
experimental results.
Fig. 3. Representative computational domain used for the numerical calculation of
ETC with Lx ¼ 60 mm, Ly ¼ Lz ¼ 120 mm.
3. Modeling approach

The effective thermal conductivities of open-cell porous foams
at high temperatures are also numerically predicted based on the
detailed foam structure, which is obtained from the high resolution
3D CT-scan images. The foam is assumed to be composed of two
distinct phases: a solid and a fluid phase, with thermal conductiv-
ities ks and kf , respectively. In addition, the fluid phase is assumed
to be transparent as far as the radiation heat transfer is concerned.
For the present investigation, the considered representative size of
the foam samples is significantly large, as explained in Section 2,
and since the CT resolution is 70 lm, which is also relatively high,
a detailed 3D simulation for the coupled conduction–radiation heat
transfer, similar to that proposed by Talukdar et al. [20], is compu-
tationally prohibitive. Therefore, a considerably simplified model-
ing approach, originally proposed and validated by Mendes et al.
[29,30], is employed for the present study which is briefly
described here for the sake of completeness.

For a representative sample of an open-cell porous foam, as
schematically shown in Fig. 3, ETCs at different temperatures in a
particular direction, say for example x, are numerically predicted
from the converged temperature solutions based on the averaged
Fourier’s law of heat conduction:

keff ¼
_q00
avLr

Th � Tcð Þ ð1Þ

where _q00
av and Lr are the average steady-state heat flux in the

x-direction and the representative size of sample, respectively,
while a temperature difference Th � Tc, with Th > Tc, is applied
between the boundaries of the computational domain in x-
direction. The remaining four boundaries (refer to Fig. 3) are
assumed to be adiabatic in order to ensure one-directional heat
transfer in an averaged sense. While Lr; Th and Tc are either known
or prescribed parameters, _q00

av has to be determined numerically in
order to evaluate keff from Eq. (1).

3.1. Simplified 1D homogeneous model

Based on the investigations of Mendes et al. [29,30], a simplified
1D homogeneous model is employed for the numerical evaluation
of _q00

av. This model, other than relying upon the homogenization
approach, considers the coupled conduction–radiation problem in
a 1D framework. Most importantly, it provides a more efficient
yet considerably accurate alternative to the detailed 3D simula-
tions for estimating ETC of open-cell porous foams at higher tem-
peratures, where the radiation heat transfer plays an extremely
important role.

For the simplified 1D model, the following steady-state energy
conservation equation for coupled conduction–radiation heat
transfer is solved [29,30]:

d
dx

keff;C
dT
dx

� �
� d _q00

R

dx
¼ 0 ð2Þ
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Fig. 4. Methodology for evaluating ETC of open-cell porous foams using the
simplified 1D modeling approach.
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where T and keff;C are the local temperature and ETC due to the pure
heat conduction, respectively. The gradient of radiative heat flux
d _q00

R=dx in Eq. (2) is considered as the source term. Eq. (2) is dis-
cretized and solved using the Finite Volume Method (FVM) [37],
where the calculation of d _q00

R=dx is accomplished from the solution
of the Radiative Transfer Equation (RTE) for a gray, absorbing, emit-
ting and scattering medium. The 1D RTE is given as [38]:

1
b
dIðx; ŝÞ

ds
¼ �Iðx; ŝÞ þ 1�xð ÞIbðxÞ þ x

4p

Z
4p

Iðx; ŝiÞUðŝi; ŝÞdXi ð3Þ

where the unit vector ŝ describes the direction of radiative intensity
I and b is the extinction coefficient for radiation. Moreover,x and U
are the scattering albedo and scattering phase function of the med-
ium, respectively, and Ib ¼ rT4=p is the intensity of black body radi-
ation, where r is the Stefan–Boltzmann constant.

Based on the distribution of radiation intensity, obtained from
the solution of Eq. (3), d _q00

R=dx in Eq. (2) can be evaluated as:

d _q00
R

dx
¼ bð1�xÞ 4pIb �

Z
4p

Iðx; ŝÞdX
� �

ð4Þ

The RTE is numerically solved using the discrete transfer
method [39–41], where the details of the overall numerical proce-
dure for solving Eqs. (2)–(4) were reported by Mishra et al. [42].
Finally, from the converged solution of the coupled conduction–ra-
diation problem, _q00

av can be obtained by post-processing as:

_q00
av ¼ �keff;C

dT
dx

þ
Z
4p

Iðx; ŝÞðŝ � êxÞdX ¼ constant;8x ð5Þ

Therefore, ETC of porous foams due to combined conduction
and radiation can be calculated according to Eq. (1).

3.2. Evaluation of model parameters

The important parameters, required for the simplified 1D
homogeneous model, described in the foregoing text, are keff ;C
(for pure conduction) as well as b;x and U (for radiation). In a
manner, similar to that adopted by Mendes et al. [30], keff ;C and b
are evaluated based only upon the information that could be
extracted from 3D CT-scan images under certain simplifying
assumptions, as will be shortly apparent. On the other hand, x
and U are estimated based on some approximations, which do
not require any information from the 3D CT-scan images.

The evaluation of keff ;C based on the detailed 3D simulation of
pure heat conduction problem, while accounting for the presence
of both solid and fluid phases, requires considerably less computa-
tional time (about three orders of magnitude faster) as compared
to that for the combined conduction–radiation problem in 3D [29].
Nevertheless, this detailed solution is still computationally very
expensive owing to the large dimensions of foam samples
considered for the present study. Therefore, the simplified
approach proposed by Mendes et al. [21] is used for evaluating
keff ;C, where the heat conduction only through the solid medium
is solved and hence the computational effort of the method is
significantly reduced, while sacrificing a certain amount of accu-
racy. The validity of this approach was already demonstrated by
Goetze et al. [32], where is was observed that for the present 10
ppi foam samples, the simplified model always yields relative
errors lower than 1.5% for keff ;C. In this method, keff ;C is estimated
as [21]:

keff ;C ¼ bkmin þ 1� bð Þkmax ð6Þ
where kmin and kmax are the minimum and the maximum possible
values for keff;C, respectively, that are obtained according to the
Hashin–Shtrikman bounds [43] and b is an adjustable parameter
[21] specific for a given foam.
kmin ¼ kf
2kf þ ks � 2 kf � ksð Þ 1� /Mð Þ
2kf þ ks þ kf � ksð Þ 1� /Mð Þ

� �
ð7aÞ

kmax ¼ ks
2ks þ kf � 2 ks � kfð Þ/M

2ks þ kf þ ks � kfð Þ/M

� �
ð7bÞ

b ¼ 1� 2þ /Mð Þ
2 1� /Mð Þ

keff;s
ks

ð7cÞ

It is evident from Eq. (7) that the evaluation of kmin and kmax

requires information about the thermal conductivities of the fluid
and the solid phases, i.e. kf and ks, respectively, as well as the
macroscopic porosity of the foam /M, which can be adequately
captured by the present CT voxel resolution of 70 lm. The adopted
procedures for estimating kf ; ks and /M are discussed in detail in
Section 3.3. Additionally, evaluation of b from Eq. (7c) also requires
the dimensionless ETC of the foam under vacuum condition
keff ;s=ks. This is determined from a single numerical prediction of
ETC using the detailed 3D foam geometry, but only due to the pres-
ence of solid matrix by completely disregarding the contribution of
heat conduction through the fluid phase since kf ¼ 0 [21]. Owing to
the definition of keff ;s=ks, its evaluation is even independent of ks
and requires significantly reduced computational time, which
scales at least to the order of /M [21,32]. It was already explained
by Mendes et al. [21] that keff ;s=ks is a characteristic property of the
open-cell porous foams.

The extinction coefficient b is estimated using the image super-
position technique, proposed by Loretz et al. [27] for metallic
foams, which is also based on the detailed foam structure obtained
from 3D CT-scan images. In this method, b in a particular direction
is calculated from Beer’s law as:

b ¼ � logðsÞ
L

ð8Þ

where the transmissivity s of the foam structure is obtained as the
ratio of cross-sectional area covered by the fluid pixels to the total
cross-sectional area of the sample, perpendicular to the direction of
calculation, and L is the thickness of the foam considered for the
image superposition. Although this method may be regarded quite
accurate if its simplicity is taken into account, it tends to underes-
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timate b as compared to its measured value [23,27]. Further details
of the method may be found in earlier articles [29,30], although
some additional information is provided in Section 4.

The scattering albedox is taken equal to the reflectivity q of the
foam surface [18,30], based on the assumption that the solid sur-
face of the present ceramic foam samples is diffuse, opaque and
gray. This assumption is quite reasonable since for the temperature
range investigated in the present study (22–750 �C), the alumina
structure of the foam has a nearly opaque surface, presenting a
microscopic roughness that promotes diffuse reflection and emis-
sion of thermal radiation independent of its wavelength [44].
Therefore, x ¼ q ¼ 1� e is obtained as a consequence of
Kirchhoff’s law for opaque surfaces, i.e. qþ e ¼ 1, and hence x
can be directly evaluated provided the emissivity e of the foam sur-
face is known.

The scattering phase function U is approximated as that for
large diffuse gray spheres [28], which can be expressed in terms
of scattering angle H as [38]:

UðHÞ ¼ 8
3p

sinH�H cosHð Þ ð9Þ

In summary, it may be mentioned that the simplified 1D homo-
geneous model, described here, essentially requires three input
parameters, namely keff ;C; b and e, that depend on the foam struc-
Fig. 5. Influence of /m on different foam characteristics during binarization of the 3D CT-
ratio of equivalent solid phase to bulk solid material.
ture as well as on the properties of constituent phases of the foam,
as explained in the following.

3.3. Methodology for simplified 1D modeling approach

Fig. 4 provides an overview of the complete methodology, fol-
lowed in the present study in order to evaluate keff based on the
simplified 1D modeling approach. To start with, the 3D CT-scan
data is obtained in the form of gray scale images that are then bina-
rized into fluid (black) and solid (white) voxels by fixing the
threshold gray color, as explained in the following. At first, /M is
evaluated in the present study as [32]:

/M ¼ /T � /m

1� /m
ð10Þ

where the total porosity of the foam /T can be easily and accurately
determined experimentally, as described in Section 2. On the other
hand, /m is the microscopic porosity within the bulk solid material,
which depends strongly on the manufacturing process and hence
only a rough estimation can most often be obtained [32]. Although
some of the micro-pores could be resolved up to certain extent
using much higher resolution CT-scan images, this is not performed
during the present investigation due to limitations of the available
CT technique. Quite evidently, depending upon the estimated value
scan images: (a) macroscopic porosity; (b) foam structure; (c) thermal conductivity
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of /m;/M changes according to Eq. (10), as shown in Fig. 5(a). Sim-
ilar effects may be observed on the predicted values of ETC.

The value of /M, calculated from /T and /m using Eq. (10), is
used in order to fix the threshold gray color for the binarization
of 3D CT-scan images of the porous foam into fluid and solid vox-
els. As a result, the foam structure is affected depending upon /m,
as schematically shown in Fig. 5(b).

The binarized 3D structure of the porous foam, as shown in
Fig. 1(a), is then used as an input for estimating b and calculating
keff ;s=ks. It is important to note that both b and keff ;s=ks are consid-
ered to be parameters that depend solely on the structure of the
foam and are independent of the material properties, which is an
approximation for the case of b.

Subsequently, keff ;C is evaluated on the basis of keff ;s=ks; kf and ks,
considering the last two parameters as functions of the foam tem-
perature. While the thermal conductivity of the fluid phase kf can
most often be obtained from the literature, the thermal conductiv-
ity of the equivalent (or ’idealized’) solid phase ks depends on the
aforementioned microscopic porosity, which could not be captured
by the present CT-scan images. Therefore, ks is expected to be
smaller than the thermal conductivity of the bulk (or ’real’) solid
material kB and is modeled for the present investigation using
the upper Hashin–Shtrikman bound, analogous to Eq. (7b), which
is given as [32]:

ks ¼ kB
2kB þ kf � 2/m kB � kfð Þ
2kB þ kf þ /m kB � kfð Þ

� �
ð11Þ

where kf ; kB and /m are considered as inputs. The variation of ks=kB
as a function of /m for T ¼ 20 �C (room temperature) according to
Fig. 6. Predicted ETC due to pure heat conduction in different directions as functio
(c) z-direction.
Eq. (11) is presented in Fig. 5(c) as a demonstration, considering
kf ¼ 0:026 W/mK and kB ¼ 32:62 W/mK.

Finally, keff is evaluated from the simplified 1D homogeneous
model, based on the previously calculated b and keff ;C as well as
e, either obtained or estimated from some available source.
4. Results and discussions

The effective thermal conductivities of two 10 ppi pure alumina
foam samples (see Table 1) are measured at temperatures ranging
from 22 �C to 750 �C using TPS technique as explained in Section 2.
Additionally, ETCs in the similar range of temperature are pre-
dicted employing the simplified 1D homogeneous model, as
described in Section 3, and the predictions are compared with
the measurements. The predicted results for ETC, as well as the
related model parameters, are finally presented as the average of
the individual values obtained for both samples (Sample-1 and
Sample-2), since the experimental results are obtained in the same
manner owing to the measuring principle of TPS technique, as
explained in Section 2. However, it is also observed that the predic-
tions, obtained from the model, are quite similar to each other for
both foam samples since they have nearly identical structural
parameters, as presented in Table 1.

For the numerical predictions, nitrogen is considered as the
fluid phase since the same gaseous atmosphere is used for the
measurements, whereas the microscopic pores within the modeled
solid phase, that are formed during manufacturing, are assumed to
be filled up by air. The latter assumption is invoked as there is no
clear information available on the gas composition inside of the
n of the average temperature for different /m: (a) x-direction; (b) y-direction;



Fig. 7. Extinction coefficient b as function of foam thickness L for sub-samples of
smaller dimensions (20 mm � 20 mm � 20 mm) with /m ¼ 0:15: (a) methodology
for evaluating the minimum, average and maximum values of b; (b) variations of b
for all sub-samples in different directions.
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micro-pores present in the solid phase, which is particularly true
for the closed micro-pores that may contain gaseous species
formed during the pyrolysis of the polyurethane foam, used as
the template for producing the ceramic foam. Therefore, ks is eval-
uated according to Eq. (11), considering kB for pure alumina and kf
for air as functions of temperature in the form of available correla-
tions [31,45]:

kBðTÞ ¼ 35:818� 0:171T þ 5:7� 10�4T2 � 1:0� 10�6T3

þ 9:8� 10�10T4 � 4:7� 10�13T5

� 8:8� 10�17T6 ; 20�C 6 T 6 1500�Cð Þ ð12aÞ

kfðTÞ ¼ 2:4098� 10�2 þ 7:8719� 10�5T � 3:6119� 10�8T2

þ 1:5207� 10�11T3 ; 20 �C 6 T 6 1500 �Cð Þ ð12bÞ

where T is in �C and thermal conductivities are in W/mK. Since the
thermal conductivity of nitrogen is almost identical to that of air
(both may be considered as diatomic ideal gases) in the considered
range of temperature, kf for the fluid in the macro-pores is also eval-
uated according to Eq. (12b). Additionally, the emissivity of the pure
alumina foam surface, required for the simplified 1D modeling
approach, is considered as a function of temperature according to
[46]:

eðTÞ ¼ 0:932� 3:9� 10�4T ð13Þ
where T is also in �C.

The microscopic porosity /m within the modeled solid phase,
which is required in Eqs. (10) and (11), is expected to be approxi-
mately 0.15 for the present foam samples, according to the infor-
mation provided by the foam manufacturer. However, since the
estimation of /m is characterized by substantial uncertainty, its
value is considered to be in the range from 0.05 to 0.25 for the pre-
sent investigation, based on the typical information gathered from
different foam producers as well as the in-house experience
acquired over the past several years [32]. In order to cover the
expected range, three different values of /m are considered for
the binarization of 3D CT-scan data of the foam samples, namely
0.05, 0.15 and 0.25.

Fig. 6 presents the predictions of ETC due to pure heat conduc-
tion keff ;C in different directions as functions of the average temper-
ature, for different microscopic porosities. It can be easily observed
from the figure that keff ;C varies for the different directions, which
indicates the presence of anisotropy within the foam samples. This
observation is clearly in agreement with the corresponding struc-
tural analysis (refer to the values of Dx;y;z in Table 1) and it can
be safely concluded that keff ;C is higher in the x-direction, where
the pores are distinctly elongated [32]. Moreover, irrespective of
the direction, keff ;C clearly decreases with the increase in the aver-
age operating temperature in a manner similar to that observed for
kB, although the converse occurs for kf (see Eq. (12) for clarifica-
tion). This may be explained by the fact that since kB=kf � 1 for
the investigated range of temperature, the contribution of the ther-
mal conductivity kB of the bulk solid material to keff ;C dominates
over that of the fluid. It may also be observed from Fig. 6 that irre-
spective of the direction, keff ;C increases with /m, although the
opposite occurs for ks according to Eq. (11), as previously reported
by Goetze et al. [32] and presented in Fig. 5(c). However, this effect
becomes less pronounced at higher temperatures. In the direction
of elongated pores, i.e. in the x-direction, the effect of /m on keff ;C is
minimal, as may be observed from Fig. 6.

The extinction coefficientb is evaluated for different/m using the
image superposition technique [27,29,30], as described in Sec-
tion3.2. The image superposition technique is valid even inpresence
of microscopic porosity since these micropores are present only
inside the struts that appear optically solid from outside, i.e. when
viewed through the macropores capture by the CT-scan imaging.
However, since the dimensions of the present samples are quite
large (60 mm � 120 mm � 120 mm), they are decomposed into
sub-samples of smaller dimensions (20 mm � 20 mm � 20 mm).
While evaluating b for each sub-sample in different directions,
results for foam thicknesses L smaller than the directional mean
pore diameter Dx;y;z are eliminated from the evaluation. The mini-
mum, the average and the maximum values of b (i.e. bmin; bav and
bmax, respectively) are then calculated based on the data for the
remainingpart of the sub-sample, as explained in Fig. 7(a). However,
it was pointed out by Mendes et al. [29,30] that bmax may be consid-
ered as a better estimation for the true value of b as compared to bav

or bmin and hence b ¼ bmax is adopted for the subsequent calcula-
tions. This assumption is also in agreement with that reported by
Loretz et al. [27], where the extinction coefficient, estimated from
the image superposition technique, was compared with the respec-
tive measurements for metal foams. Following this procedure, the
extinction coefficient b of the foam is calculated in different direc-
tions as the average value of all individual sub-samples (see Fig. 7)
and the results are presented in Table 2 for different values of /m.
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It may be observed from Fig. 7(b) that the directional values of b
present large variations among different sub-samples, where this
variation is comparatively small in the direction of the elongated
pores. Considering the variations in Dx;y;z shown in Table 1, which
quantify the pore elongation, it may also be concluded from Fig. 7
(b) as well as Table 2 that (as expected), for a fixed value of /m; b
decreases with the increase in directional mean pore diameter. In
addition, Table 2 also shows that the directional value of b
increases with /m, since higher values of /m yield lower values
of /M according to Eq. (10), as shown in Fig. 5(a). Consequently, a
higher fraction of the modeled solid phase, that also includes
microscopic porosity and is idealized to be opaque, obstructs the
propagation of radiation through the fluid phase (to a greater
extent) and eventually increases the directional extinction coeffi-
cient (see Fig. 5(b)).

The predictions of directional ETC due to coupled conduction
and radiation, obtained employing keff ;C and b as reported in
Fig. 6 and Table 2, respectively, are presented as functions of the
average temperature in Fig. 8 for different values of /m. Comparing
Figs. 6 and 8, it may be readily observed that for lower average
temperatures, keff increases with the increase in /m in a manner
Fig. 8. Predicted directional ETC due to coupled conduction and radiation as function of a

Table 2
Extinction coefficients in different directions and macroscopic porosity as functions of
microscopic porosity (x; y and z directions are shown in Figs. 1(a) and 2).

/m /M b ¼ bmax [m�1]

x y z

0.05 0.884 184 267 273
0.15 0.871 197 288 298
0.25 0.853 211 309 326
similar to that observed for keff ;C, since the radiation heat transfer
has only a marginal influence on ETC. However, as the average
temperature increases, the contribution of radiative energy trans-
port to keff becomes important and hence ETC decreases with the
increase in /m due to the consequent increase in b, as shown in
Table 2. Consequently, there is an intermediate range of the aver-
age temperature, as shown in Fig. 8, where the opposite influence
of /m on the conductive (keff ;C) and radiative heat transfer compen-
sate each other and hence keff is less sensitive to the variation in
/m. Nevertheless, it is also evident from Fig. 8 that this intermedi-
ate temperature range is direction-dependent owing to the struc-
tural anisotropy of the foam.

Another expected observation from Fig. 8 is that irrespective of
the direction and /m, with the initial increase in the average tem-
perature, keff first decreases owing primarily to the decrease in keff ;C
since radiation heat transfer is insignificant for the lower range of
operating temperature. On the contrary, at higher average temper-
atures, keff increases rapidly since the contribution of radiation
dominates over that of conduction. Quite obviously, an intermedi-
ate range of average temperature can be observed from Fig. 8,
where keff is less sensitive to Tav.

Fig. 9 presents the comparison between the predicted and the
measured values of keff as functions of the average temperature.
In Fig. 9(a), the measurements of keff for different average temper-
atures are shown along with the estimated experimental uncer-
tainty. For the simplified 1D homogeneous model, the directional
ETCs are presented in the same figure considering both conduction
and radiation as well as only conduction, assuming /m ¼ 0:15. Tak-
ing into account the fact that the considered 10 ppi foams exhibit
relatively large pores, it can be clearly concluded from Fig. 9(b) that
for temperatures above 200 �C, the consideration of radiation is
verage temperature for different /m: (a) x-direction; (b) y-direction; (c) z-direction.



Fig. 9. Comparison between measurements and predictions of ETC as function of
the average temperature: (a) raw experimental data and predicted directional ETC;
(b) least squares fit of experimental data and weighted directional average
prediction for different /m.
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extremely important for an accurate prediction of ETC. In addition,
it can be also observed that the experimental data for ETC are
mostly bounded by the directional ETC values predicted by the
simplified 1D conduction–radiation model. This observation possi-
bly suggests that the TPS technique employed for the present
investigation displays a weighted average ETC of the directional
values with respect to the desired direction.

In order to allow for a better comparison between the measure-
ments and the predictions, the experimental results for ETC are
further post-processed in the following manner. A least squares
polynomial fit that represents all experimental data is obtained
by assuming a third order polynomial in the average temperature
(Tav). Additionally, the directional ETC predicted by the model is
empirically averaged for the x-direction as:

kav;x ¼ 1
2

kx þ ky þ kz
2

� �
ð14Þ

where kav;x is the weighted directional average ETC that is consid-
ered based on the following argument. Since the disk shaped planar
heat source of TPS apparatus is placed perpendicular to the x-
direction and parallel to both y- and z-directions, as shown in
Fig. 2, kav;x is obtained as an average of ETC values in these perpen-
dicular and parallel directions, where ETC in the parallel direction
itself is taken as an average of ETC in both y- and z-directions.
Although Eq. (14) may be regarded as an empirical relation that is
not rigorously derived from any theoretical consideration, it may
be easily verified that the adopted relation respects at least the limit
of isotropic material, i.e. for kx ¼ ky ¼ kz, where such averaging
would not be required.

Fig. 9(b) shows the least squares polynomial fit of the measured
ETC as a function of the average temperature, along with the
corresponding conduction–radiation predictions that are post-
processed according to Eq. (14). The predictions of ETC are pre-
sented for different microscopic porosities in order to provide a
rough quantitative idea about the parametric uncertainty associ-
ated with the model. Taking this as well as the experimental uncer-
tainty into account, it may be clearly observed that the present
predictions are in very good agreement with the experimental data
for the complete range of investigated temperature. This supports
the argument that TPS technique measures a directionally aver-
aged ETC, according to Eq. (14). After appropriate validation, which
would require several case studies involving porous foams of dif-
ferent materials, pore densities and sizes, this approach could pro-
vide a viable experimental procedure based on TPS technique that
would allow the measurement of true directional ETC of anisotro-
pic foams. ETC could be measured in all three directions by orient-
ing the foam surfaces perpendicular to the respective direction and
then applying a weighted average formula, similar to Eq. (14), in
order to recover the true ETC in these directions. However, this
extended study is kept beyond the scope of the present investiga-
tion and in all probability, would be taken up in near future.
5. Conclusions

In the present study, TPS technique is used in order to measure
ETC of 10 ppi open-cell ceramic foams made of pure alumina. The
detailed morphology of the foam structures is reconstructed from
3D CT-scan images. The structural analysis of the foam samples
is carried out using a volume image processing tool. The experi-
mental results are compared with the predictions of directional
ETC obtained using the simplified 1D homogeneous model, pro-
posed and validated earlier by Mendes et al. [29,30]. The effective
thermal conductivity due to pure heat conduction and the extinc-
tion coefficient, required by the model, are evaluated based on the
3D CT-scan data.

From the present investigation, the following major conclusions
can be drawn:

1. The predictions of ETC for the ceramic foams can be clearly cor-
related with the geometric parameters obtained from their
structural analysis. In this respect, the degree of foam aniso-
tropy, indicated by the pore dimensions in different directions,
plays an important role and the predicted ETC is observed to be
higher in the directions in which the pores are more elongated.

2. The estimated microscopic porosity (/m) of the foams, which
cannot be captured by 3D CT-scan images, has considerable
influence on the reconstructed foam structure and hence on
the predictions of ETC. The conduction and radiation modes of
heat transfer depend on /m in an opposite manner and hence
the overall ETC is strongly dictated by the dominant heat trans-
fer mode, which in turn depends on the foam temperature.

3. The measurements of ETC, obtained with TPS technique, can be
interpreted as a directionally averaged value of ETC in three
perpendicular directions (see Eq. (14)). The predictions of direc-
tional ETC, obtained after the proposed averaging, correspond
very well with TPS measurements in the investigated range of
temperatures. Nevertheless, additional investigations are rec-
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ommended in order to further clarify this issue and exploit the
observations for developing a measurement technique that can
determine the true directional ETC of anisotropic open-cell por-
ous foams.
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