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The current paper presents an overview of traditional and recent models for predicting 
the thermal properties of solid foams with open- and closed-cells. Their effective thermal 
conductivity has been determined analytically by empirical or thermal-resistance-network-
based models. Radiative properties crucial to obtain the radiative conductivity have been 
determined analytically by models based on the independent scattering theory. Powerful 
models combine three-dimensional (3D) foam modelling (by X-ray tomography, Voronoi 
tessellation method, etc.) and numerical solution of transport equations. The finite-element 
method (FEM) has been used to compute thermal conductivity due to solid network 
for which the computation cost remains reasonable. The effective conductivity can be 
determined from FEM results combined with the conductivity due to the fluid, which can 
be accurately evaluated by a simple formula for air or weakly conducting gas. The finite 
volume method seems well appropriate for solving the thermal problem in both the solid 
and fluid phases. The ray-tracing Monte Carlo method constitutes the powerful model for 
radiative properties. Finally, 3D image analysis of foams is useful to determine topological 
information needed to feed analytical thermal and radiative properties models.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

Cet article présente une vue globale des modèles traditionnels et récents de prédiction 
des propriétés thermiques et radiatives des mousses solides ayant des cellules ouvertes 
ou fermées. Leur conductivité thermique effective est déterminée par des modèles 
empiriques ou analytiques basés sur le réseau de résistances. Les propriétés radiatives 
nécessaires pour remonter à la conductivité radiative sont déterminées par des modèles 
analytiques basés sur la théorie de diffusion indépendante. Les approches robustes couplent 
la modélisation tridimensionnelle (3D) de mousses (par exemple, par la tomographie à 
rayons X, la mosaïque de Voronoï, etc.) et la résolution numérique des équations de 
transport. La conductivité thermique due à la phase solide est directement calculée par 
la méthode des éléments finis (EF), avec un coût de calcul raisonnable. La conductivité 
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thermique effective, quant à elle, peut être déterminée à partir des calculs EF combinés 
avec la conductivité thermique due à la phase fluide. Cette dernière peut être évaluée 
de façon précise par des formules simples dans le cas de l’air ou d’un gaz faiblement 
conducteur thermique. Cependant, la méthode des volumes finis apparaît la mieux 
appropriée pour résoudre le problème thermique, à la fois dans la phase solide et la phase 
fluide. La méthode de Monte Carlo et de tracé de rayons constitue une approche solide 
pour calculer les propriétés radiatives. Enfin, la reconstruction d’image 3D des mousses est 
essentielle pour déterminer les informations topologiques nécessaires pour alimenter les 
modèles analytiques de conductivité thermique et de propriétés radiatives.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Cellular foams are a key material for many engineering applications. Their high porosity (or low relative density) and 
their large specific area play an important role from the thermal point of view [1]. For example, high porosity polymer 
foams allow realizing efficient insulating materials [2–5]. High-porosity open-cell metallic foams attracted much attention 
for designing compact heat exchangers and heat sinks [6–8]. Metallic foams filled with phase change materials offer a pos-
sibility for heat energy storage applications [9,10]. Thanks to the good resistance to high temperatures and strong chemical 
corrosion resistance of open-cell ceramic foams, they have been used as combustion support for porous burners [11–15], as 
catalyst support [16,17], and as volumetric absorbers in solar thermal and thermochemical reactors [18–20]. In all of these 
examples, the better knowledge of the foam thermal properties is of primary importance. They include thermal conductivity, 
radiative properties and convection exchange coefficient.

Heat transfer within highly porous cellular materials in the absence of forced fluid flow is essentially due to conductive 
and radiative heat transfers. Indeed, convective heat transfer within the fluid phase can be neglected since the usual size of 
the pores is sufficiently small, avoiding the natural convective flow to be significant. The conductive heat transfer may occur 
through the solid network, by lattice vibration and by charged particles, and through the fluid, by molecular interactions. The 
radiative heat transfer is by electromagnetic radiation exchanged between solid walls or struts. The combined conductive 
and radiative heat transfers in cellular materials for most of thermal applications can be characterized by an overall thermal 
conductivity, expressed as the sum of conduction and radiation contributions,

k∗
tot = k∗

rad + k∗
cond (1)

where k∗
rad and k∗

cond refer respectively to radiative conductivity and effective thermal conductivity. The later comes from 
heat conduction in solid and fluid phases of the foams.

In this paper, we present a survey of the literature describing the state-of-the-art on the modelling of thermal conductive 
and radiative properties of solid foam materials. Discussion about the thermal convection properties is out of the scope of 
this work and can be found elsewhere (e.g., in [21,22]). A special attention is paid to recent studies attempting to understand 
the impact of microstructure on thermal properties of foams.

The paper is divided into four parts. The Section 2 talks about the effective thermal conductivity. The Section 3 focuses 
on thermal radiative conductivity and especially on radiative properties. The Section 4 discusses the existing models and 
ongoing challenges. And the last Section 5 is devoted to the conclusion.

2. Effective thermal conductivity

Several approaches have assumed the conductive heat transfers within two-phase systems as a superposition of non-
interacting heat flows within the two phases. In this manner, the effective thermal conductivity of a foam material, k∗

eff , has 
been expressed as [23]:

k∗
eff = k∗

s + k∗
f (2)

The subscripts “s” and “f” refer respectively to the solid- and fluid-phase thermal conductivities. For cellular materials for 
which the pore size is about a hundred of micrometres or greater, and for weakly thermally conducting gas as fluid, the 
confined fluid thermal conductivity, k∗

f , can be estimated as:

k∗
f = (1 − ρ∗)kf (3)

In Eq. (3), kf refers to the bulk conductivity of the gas, i.e. not influenced by the presence of the solid walls. At given 
pressure and temperature, kf can be calculated using the kinetic theory for gases or deduced from tabulated data (e.g., 
those given in [24]).

Application of Eq. (3) to foams was initially suggested by Glicksman and Schuetz [23]. As shown in [25], measurements 
and computation based on finite-volume method (FVM) applied in the solid and fluid phases confirm the suitability of 
Eq. (3) for highly porous closed- and open-cell foams (porosity greater than 80%) with gas such as air as the fluid substance.
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Fig. 1. (Colour online.) Three-dimensional (left) and plane views (right) of regular cells used for modelling foam structures: (a) dodecahedron; and 
(b) tetrakaidecahedron or Kelvin’s cell.

The thermal conductivity of the solid network, k∗
s , in Eq. (2) can be determined analytically by using a drastic simplifica-

tion of the foam geometry (see the model derivation in [23]); otherwise, it needs to be computed from numerical methods 
due to the complex structure of cellular materials. It is important to note that in the presence of a highly conducting fluid 
such as water, the validity of Eq. (2) with Eq. (3) may be questionable [26,27] and there is no simple common relation for 
computing only the confined fluid thermal conductivity k∗

f . Therefore, common approaches have consisted in determining 
the effective thermal conductivity k∗

eff from numerical simulation.

2.1. Classical models of effective thermal conductivity

Earlier modelling approaches of thermal conductivity of porous materials were conducted by Russell [28]. He derived an 
analytical relation of effective conductivity from the analysis of the conduction through a solid matrix containing cubic cells 
(of uniform wall thickness and without struts) arranged inline. As reported in [29], other authors such as Doherty, Maxwell, 
Eucken, Bruggemann, and Misnar developed other formulas, in which the porosity is the structural parameter, while an 
empirical parameter has to be determined. Bauer [30] provided a numerical value of Bruggemann’s empirical parameter by 
fitting with measurements. As consequence, all of these models do not permit a clear understanding of foam microstructure 
effects.

Nowadays, it is known that microstructure may influence heat transfer in solid foams. Therefore, more extensive studies 
were conducted. The earlier approaches considered that the porous structure of foams is made of cell struts and/or cell 
windows if the foams have opened cells or not. Several simplifications on the cell morphology such as dodecahedron 
shape (Fig. 1a), walls with uniform thicknesses, and struts with square cross-sectional areas were applied. By applying a 
thermal resistance network model, Glicksman and Schuetz [23] obtained an analytical expression of the effective thermal 
conductivity of high-porosity polymer foams. More recently, Ahern et al. [26] have pointed out that the simplifications used 
by Glicksman and Schuetz may lead to some errors in the prediction of the effective conductivity. As a consequence, they 
proposed another model, based on the Maxwell relation for mixtures of materials with different conductivities. Through 
a numerical study of the effective thermal conductivity of open-cell metallic and closed-cell polymer foams, Coquard and 
Baillis [27] pointed out that the Ahren et al.’ model is more largely applicable to foams than that of Glicksman and Schuetz. 
However, neither the Glicksman and Schuetz’s nor the Ahren et al.’ model is able to take into account the concentration of 
the solid phase at the vertices of struts and the irregularity of cell shape coming from the foaming processes.

It is worth noting that a large number of analytical models aiming to better understand the effect of morphology fea-
tures of real foams on effective thermal conductivity were developed during the ten last years. The models proposed by 
Boomsma and Poulikakos [31], Bhattacharya et al. [32] are typical examples. In [31], a more realistic representation of foam 
morphology was introduced. More particularly, the unit cell was modelled as a 3D tetrakaidecahedron, referred to also as 
Kelvin’s cell (Fig. 1b). To account for the repartition of the solid phase in the struts, cubical (or spherical) nodes of finite 
size, called lumps, were placed on the vertices of the cells, and cylindrical ligaments were used to join the nodes (Fig. 2a) 
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Fig. 2. Repartition of solid phase in open-cell structures. (a) Lumps and struts suggested by Boomsma and Poulikakos [31]; and (b) SEM image and the 
idealized linear strut cross-section used in Yang et al.’ model (taken from Yang et al. [35]).

[31,32]. Alternatively, Singh and Kasana [33] proposed an empirical approach for estimating the effective conductivity of 
metal foams. Their model was a product of parallel and serial models weighted by power factors, which have been intro-
duced to take into account foam topology. Note that a rich state-of-art of theoretical studies on thermal properties of foams 
until 2008 was reported by Coquard and Baillis [34]. Therefore, we present only the main recent studies in the next part of 
this section.

Using a similar theoretical development to that of Glicksman and Schuetz [23], Yang et al. [35] obtained an analytical ef-
fective thermal conductivity model for high-porosity open-cell metal foams saturated with air or water. The model assumes 
a 3D tetrakaidecahedron unit cell as in the work of Boomsma and Poulikakos [31], but introduced struts with cross-sectional 
areas varying linearly along the strut axis, as depicted in Fig. 2b. It can be noted that such strut representation appears more 
realistic than cylindrical ligaments with cubic or spherical nodes at ends used in [31,32].

Kumar et al. [36] extended the model of Singh and Kasana [33], based on product of serial and parallel models, to air 
or water saturated open-cell metal foams. The power factor parameter of the Singh and Kasana’ model was adjusted from 
numerical simulation of conduction heat transfer within a 3D tetrakaidecahedron saturated with a fluid having a wide range 
of thermal conductivity.

Li and Wang [37] modelled the structure of open-cell ceramic foams using the so-called “body-centred cubic (bcc) unit 
cell”. The unit cell was obtained by subtracting the unit-cell cube from nine equal spheres at the various bcc lattice points. 
The bcc unit cell allows modelling a non-linear cross-sectional area of struts. These authors adopted the analytical thermal 
conductivity model proposed initially by Boomsma and Poulikakos [31] but adjusted the strut topological parameter, namely 
the ratio of the cubic node size (D in Fig. 2a) and the ligament’s length from thermal conductivity measurements.

Comparative studies with available numerical (e.g., in [27]) and/or experimental data of thermal conductivities have 
shown that: (i) there is huge disparity between the results from the above-mentioned analytical models when applied to 
various available foams; and (ii) each theoretical model is only suitable over a narrow range of porosity. The reasons for 
the limited applicability range and the disparity of the results predicted from theoretical models have been attributed to 
the simplifying hypotheses on foam microstructure and physics, and to the use of empirical parameters that cannot be 
generalized to all foams. Indeed, high-porosity foams do not consist of cubic or spherical cells. Moreover, dodecahedrons or 
tetrakaidecahedrons constitute a first step for a realist representation of foam cells, but they do not account for the foam 
irregularity and imperfections. Advanced studies were conducted over these last years for overcoming the weakness of theo-
retical approaches. Numerical approaches combining realistic (i) representation of the foam microstructure and (ii) modelling 
of the heat transfer physics appear more appropriate.

Wang and Pan [38] developed a random generation-growth method for modelling open-cell foam structures. They then 
solved the energy equations in solid and fluid phases over the numerical geometry by using the lattice Boltzmann method 
(LBM). They deduced the effective thermal conductivity of the equivalent homogeneous medium by applying Fourier’s law. 
However, the random generation-growth method uses several (probabilistic) input parameters, which may be difficult to 
correlate with microstructural features of foams. Moreover, microstructures obtained from the random generation-growth 
method appeared qualitatively far from that of real foams, which are neither regular nor fully random.

During these recent years, the Voronoi-based tessellation methods have been applied for generating 3D cellular materials 
[39–41]. Among the various variants of Voronoi methods, the Laguerre–Voronoi tessellation is the most suitable method 
enabling a realistic modelling of foam microstructures [42,43]. Indeed, it permits generating large volumes having mean 
characteristics of cells (angle between linked edges, angle between linked faces, number of faces per cell, number of edges 
per face, volume or size of cells, etc.) very similar to those of real foams [42–44]. It also enables designing virtual foams 
with desired (i) cell size or volume distribution [45,46] and (ii) the variation law of strut cross-sectional areas [46,47]. 
Figs. 3a and 3b depict respectively closed-cell structures obtained by applying the Laguerre–Voronoi algorithm on a random 
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Fig. 3. Laguerre–Voronoi closed-cell and open-cell structures generated from (a) and (c) a random packing of identical spheres; (b) and (d) a random 
packing of bidisperse spheres of radius ratio of 4 and volume fraction of large spheres of 50%.

Fig. 4. Typical 3D shape of struts and cross-section views of (a) aluminium and (b) polyester urethane foams (taken from Jang et al. [48]).

dense packing of identical spheres and a random dense packing of bidisperse spheres. For the latter sphere packing, the 
following parameters were used: a ratio of sphere radius of 4 and a volume fraction of large spheres of 50%.

The skeleton of the open-cell structures consists of edges of Laguerre–Voronoi polyhedrons. Figs. 3c and 3d depict re-
spectively the skeletons of open-cell structures corresponding to the two Laguerre–Voronoi polyhedrons shown in Figs. 3a 
and 3b. Note that the foam polydispersity is determined by the polydispersity of polyhedrons and, therefore, it can be con-
trolled by playing on the distribution of sphere diameters of the packing. A quantitative image analysis of strut shape and 
variation of cross sections of open-cell polyester urethane (PU) and aluminium (Al) foams having different pore-per-inch ra-
tios were performed by Jang et al. [48] and more recently by Liebscher et al. [49]. These analyses confirmed that the struts 
of both metal- (Fig. 4a) and polymer-based foams (Fig. 4b) present a plateau border shape. The cross-sectional area is nearly 
constant over the central half of the strut length, but increases rapidly when approaching the strut ends. The variation of 
the cross-sectional area between strut ends can be modelled by a polynomial function [46–49] with coefficients deduced 
from the image analysis on real foams.

The X-ray micro-computed tomography (μ-CT) imaging has been well developed in the field of materials science and 
enables nowadays an accurate reconstruction of heterogeneous materials and more particularly of foams (e.g., in [27,42,
50–52]). Fig. 5 illustrates open-cell NiCrAl (Fig. 5a), Al (Fig. 5b) [51], and closed-cell polymer foams (Fig. 5c) [52] obtained 
from μ-CT image analysis.

2.2. Voronoi-cell-based effective thermal conductivity

Li et al. [53] used the classical Voronoi diagram [54] to model two-dimensional (2D) and 3D closed-cell metallic foams. 
They then solved the thermal problem within the solid network by using the finite-element method (FEM). In that manner, 
the numerical model of Li et al. assumed that the thermal conductivity of the foam is only due to heat transfer through 
the solid phase, i.e. k∗

eff ≈ k∗
s . The numerical model was applied for studying the effect of the irregularity of the cellular 

structure on their thermal conductivity. The non-uniformity of the thicknesses of cell walls was modelled by attributing 
random thicknesses to walls while the imperfection of cell walls was taken into account by deleting cell faces randomly.

At the same time, Randrianalisoa et al. [55] used also the classical Voronoi tessellation for generating 3D closed-cell 
and open-cell foams with regular and random microstructures. Regular foams consisting of Kelvin’s cells were achieved 
by applying the classical Voronoi algorithm on seed points arranged in bcc lattice while foams with irregular cell shape 
were achieved by considering a random distribution of seed points. As in Li et al.’s works, they deduced the solid network 
thermal conductivity, k∗

s in Eq. (2), from FEM simulation results. The effective thermal conductivity of the cellular structure 
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Fig. 5. (Colour online.) 3D open- and closed-cell foams obtained from μ-CT imaging. View and grey level tomographic slice of (a) NiCrAl and (b) Al foams 
(taken from [51]); and (c) closed-cell polymer foam (taken from [52]).

Fig. 6. Thermal conductivity of closed-cell PVC foams of (a) 94.3% and (b) 90.5% porosities. Symbols: measurements; dash curves: FVM computation on μ-CT 
samples without radiation contribution; solid curves: FEM computation on random Voronoi cells without radiation contribution; dot curves with symbols: 
FVM computation on μ-CT samples with radiation contribution.

Fig. 7. Room-temperature thermal conductivity of open-cell metallic and ceramic foams versus relative density (= 1 – porosity). Experimental data contain 
those of Al [32], NiCrAl, mullite, and YSZ zirconia foams [27].

was obtained through Eqs. (2) and (3) by taking into consideration the contribution of the solid and fluid phases. The 
computed effective thermal conductivities of random closed-cell polymer foams of porosities 90.5 and 94.3% were found in 
good agreement with (i) measurements in the temperature range 50–300 K in which radiation’s contribution is insignificant, 
and (ii) computation by using the FVM on μ-CT foam samples over a wide temperature range between 50 and 370 K (see 
Fig. 6). On the other hand, open-cell metallic foams were shown to be better modelled by random Voronoi cells than by 
Kelvin’s cells, especially for the porosity range 80–85% (see Fig. 7).

Kanaun and Tkachenko [56] proposed a method combining the 3D Laguerre–Voronoi method for modelling open-cell 
foam structures and FEM for solving the energy equation within the solid phase. A similar approach was recently used by 
Randrianalisoa et al. [46] for investigating the effects of the microstructure on effective thermal conductivity of high-porosity 
open-cell foams (porosity greater than 80%). More particularly, they studied the effects (i) of the presence of two distinct 
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Fig. 8. Axial variation of strut cross-section for different ratios of areas at ends, A1/2, and mid span, A0, considered in [46].

cell sizes within the samples, and (ii) of the non-uniformity of the cross-sectional area along the strut axis. Based on the 
finding of Jang et al. [48], the struts’ cross sectional area variation was assumed symmetric with respect to the mid span 
and followed a quadratic law (Fig. 8).

2.3. Computed X-ray tomography structure-based effective thermal conductivity

Another advanced modelling approach uses 3D numerical microstructures obtained from μ-CT imaging. Coquard and 
Baillis [27] developed a numerical model combining 3D imaging of foam samples and FVM for solving heat flow within both 
solid and fluid phases. They stated that such approach permits to compute the effective conductivities of various closed-cell 
polymer foams and open-cell metallic foams by taking into account as faithfully as possible their porous structure. Later, 
the above numerical approach was applied by Coquard et al. [57] for deriving a new analytical model of effective thermal 
conductivity of open-cell foam materials by using only the topological information obtained from image analysis and the 
thermal conductivity of bulk components as input parameters.

Fiedler et al. [58] combined 3D numerical foams from μ-CT reconstruction and the Lattice Monte Carlo (LMC) method for 
predicting effective thermal conductivity of open-cell (M-pore) and closed-cell (Alporas) aluminium foams with stochastic 
pore morphologies. More recently, Fiedler et al. [59] applied the LMC approaches to study the effective thermal conductivity 
of the so-called “advanced pore morphology” (APM) foam, which was modelled as a periodic arrangement of spherical 
porous elements obtained from μ-CT.

Bodla et al. [60] developed a resistance network-based thermal conductivity model for metal foams. The model used 
essentially topological information obtained from μ-CT data. As an example, the nodes of the resistance network are the 
vertices of foam skeleton. The model was solved numerically by matrix method due to the large number of thermal resis-
tances involved.

Mendes et al. [61] used an approach similar to that of Coquard et al. [27] (i.e. a combination of FVM and 3D μ-CT 
samples) to determine the effective thermal conductivity of open-cell ceramic and metal foams. They then derived four 
analytical models expressed as a weighting between minimum and maximum thermal conductivity bounds. The minimum 
and maximum bounds included respectively the serial and parallel models, Hashin and Strikmann’s (HS) lower and upper 
bounds, effective medium theory (EMT) and parallel model, and EMT and HS upper bound. The weighting factor has been 
shown to be dependent on the structure of the porous medium, but was adjusted from full numerical simulation on μ-CT 
foams or measurements. These analytical models were recently extended by Mendes and co-workers [62] to a foam satu-
rated with an arbitrary working fluid such as highly inflammable gas, products of partial oxidation, etc., or liquid metals, 
where performing measurements remains very challenging.

3. Radiative conductivity

A considerable effort of investigation has been concentrated on the radiative properties of porous materials over the 
decade. An overview of radiative properties of highly porous foams can be found in the monograph by Dombrovsky and 
Baillis [63], review papers such as those by Sacadura and Baillis [64], and recently by Baillis et al. [65]. The radiative prop-
erties may be theoretically predicted and/or identified from Fourier Transform Infrared (FTIR) measurements. However, this 
section focuses essentially on the predictive models of radiative properties of cellular foams with high porosities (porosity >

80%).
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3.1. Rosseland approximation

The radiative conductivity of a foam, k∗
rad in Eq. (1), is generally calculated by using the Rosseland approximation [34,66]:

k∗
rad = 16σBT 3

m

3βR
(4)

where Tm is the mean temperature in the medium, σB is the Stefan–Boltzmann constant and βR is the Rosseland average 
extinction coefficient. As scattering of thermal radiation in foams is globally anisotropic, a spectral transport extinction 
coefficient, βtr

λ , is usually introduced in the calculation of βR [63].
The Rosseland average extinction coefficient is defined as follows:

1

βR
=

∫
�λ

1
βtr

λ

∂ I0
λ(Tm)

∂ I0(Tm)
dλ

∫
�λ

∂ I0
λ(Tm)

∂ I0(Tm)
dλ

(5)

where I0(Tm) and I0
λ(Tm) are respectively the total and spectral blackbody intensity at the temperature Tm · βtr

λ = κλ +
σλ(1 − gλ) is the “transport” extinction coefficient, in which gλ is the spectral asymmetry factor of scattering. The integrals 
are performed over the meaningful wavelength interval of width, �λ.

As a result, the radiative conductivity k∗
rad requires the determination of spectral radiative properties, κλ , σλ and gλ =

∫ +1
−1 P (μ)μdμ, which depend on the nature of the foam, the microstructure, the cell size, the solid wall roughness, and the 

porosity. P (μ) refers to the scattering phase function [63].

3.2. Radiative properties from classical independent scattering theory

First radiative properties models for open- and closed-cell foams were usually developed assuming idealized homoge-
neous cellular structures such as regular polyhedrons and independent scattering theory. The latter states that: (i) “the 
radiative properties of the foam are the sum of the individual contributions of all walls and struts present in a unit volume;” and 
(ii) “walls and/or struts are randomly oriented and positioned within the foam volume” [63–65].

Closed cell foam Different types of closed-cell polymer foam used for thermal insulation were studied in the literature, such 
as extruded (XPS) and expanded polystyrenes (EPS), and polyurethane (PUR) foams. Glicksman and Schuetz [67] modelled 
the radiative properties of XPS and PUR foams by representing their microstructure as pentagonal dodecahedrons (Fig. 1a). 
They apply independent scattering theory to the random arrangement of opaque struts with triangular cross-sections and 
partially transparent windows (the cell walls). They obtained an analytical expression of the transport extinction coefficient 
βtr

λ , which depends on the cell diameter and the porosity of the foam.
Placido et al. [3], Kaemmerlen et al. [5], and Kuhn et al. [66] proposed more complex radiation models for XPS and 

PUR foams. They modelled the porous structure by assuming dodecahedral cells composed of cylindrical struts and pen-
tagonal windows. To tackle the extinction of the radiation by struts, they used the Mie–Kerker scattering theory or the 
discrete dipole approximation (DDA) applied to a circular cylinder (the strut). In this manner, the struts were not systemat-
ically treated as opaque to radiation, as in [67]. These authors considered the cell walls as optically smooth, infinitely large 
platelets of uniform thicknesses and randomly oriented throughout the entire porous volume. They then applied the geo-
metric optics approximation (GOA) to compute the extinction by each platelet, since the dimensions of cell walls were much 
greater than the radiation wavelength considered. The radiative properties of the foam model were obtained by applying 
the independent scattering theory along with the radiative properties of each wall and strut present in the unit volume.

Coquard et al. [4,68] developed a predictive model for the radiative properties of EPS foams. In such materials, the 
amount of matter at the vertices of the cells was shown to be negligible and the solid phase was assumed entirely con-
tained in the cell walls. The authors studied the influence of the cell shape and considered the porous materials made 
of cubic cells, dodecahedrons, or tetrakaidecahedrons. For cubic cells, square walls with constant thickness were assumed, 
whereas pentagonal windows and hexagonal/square windows were considered for dodecahedral and tetrakaidecahedral cells, 
respectively. The radiative properties of the foams (with square or pentagonal or hexagonal windows) were computed by 
analysing the interaction of a plane incident wave with a randomly oriented plane particle (the cell wall). The complete 
model was validated by comparing the spectral hemispherical reflectance and transmittance measurements with predicted 
values for various samples.

Open cell foams Baillis et al. [69–71] modelled the radiative heat transfer in open-cell carbon foams. They considered that 
these foams consisted of randomly oriented struts with triangular cross-sections and of heaps of matter corresponding to 
the volume intersection of four linked struts (Fig. 9). They computed the radiative properties of each strut and their juncture 
by using a combination of geometric optics laws and of diffraction theory. Then, the radiative properties of the foams were 
computed by applying the independent scattering theory.

Loretz et al. [72] predicted analytically the radiative properties of open-cell metal and ceramic foams by using similar 
simplifications of physics as those made by Baillis et al. [69–71], i.e. they used the independent scattering theory and GOA. 
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Fig. 9. Model of (a) strut and (b) strut juncture proposed by Baillis and Sacadura [69].

However, particular attention was paid to microstructure analysis and to its modelling. Indeed, these authors considered 
different kind of cells shapes and strut cross-sections, retrieved from scanning electron micrograph (SEM) and μ-CT image 
analysis. Coquard et al. [57,73] used the analytical model derived by Loretz et al. [72] for studying the coupled conductive 
and radiative heat transfer in metallic foams at fire temperature.

Zhao et al. [74] proposed an alternative approach based on the evaluation of radiosities. Radiation characteristics in 
open-cell metallic foams, in terms of emissivity, reflectivity and view factors, were described. Their model assumed a simple 
cubic cell as representative volume and predicted the trend of the experimentally measured apparent conductivity-versus-
temperature curve, although the predicted conductivity was, in general, lower than that measured.

3.3. Radiative properties from ray-tracing Monte Carlo method

Previous theoretical studies include the determination of the radiative properties of highly porous foams (κλ , σλ and 
Pλ(μ)) for simplified geometries composed of pentagon dodecahedron, tetrakaidecahedron or cubic unit cell. As already 
evoked in Section 2, the architecture of high porosity foams is more complex than that of these regular cells. Consequently, 
during the last ten years, there has been growing interest in drawing a more realistic morphology of the porous structure in 
modelling radiative transfer. It can be noted also that in models described in Section 3.2, it was assumed that independent 
scattering occurs even though the particles (walls and struts) forming the foam are close to each other. Thus, in order 
to increase the accuracy of the radiative models, the Monte Carlo (MC) method was developed. Indeed, the MC is well 
suitable to model the radiation propagation within complex structures, but also permits to overcome the possible failure of 
independent scattering assumptions.

Open cell foams In the works of Loretz et al. [51], highly porous metallic foams were characterized by using μ-CT. The 
images were processed to retrieve the morphological features required for the calculation of the radiative properties. The 
spectral extinction coefficient, βλ = κλ + σλ , was then determined from two approaches. In the first one, the resulting mor-
phological features were used as the input data of the conventional independent scattering theory. In the second approach, 
an alternative method is proposed in order to determine the extinction coefficient from the tomographic images without any 
calculation or assumption. The results show a good agreement with the extinction coefficient obtained from experimental 
measurements.

Zeghondy et al. [75,76] applied the ray-tracing Monte Carlo (RTMC) method to the porous structure of mullite foams 
obtained from μ-CT imaging in order to compute their radiative properties. They used the Radiative Distribution Func-
tion Identification (RDFI), originally proposed by Tancrez and Taine [77]. Petrasch et al. [78] applied the RTMC procedure 
to reticulate porous ceramics for calculating the extinction coefficients and scattering phase functions on the developed 
probabilistic distribution functions of the extinction path length and the directional cosine of the incident radiation. These 
pertinent previous studies, based on tomographic representations of foams, were intended to improve the accuracy of com-
putation of radiative properties. However, in these works, some assumptions were still made concerning notably the nature 
of radiation reflections occurring at the solid/fluid interface. Moreover, the numerical models used in these studies were 
not experimentally validated. More recently, Coquard et al. [57,79], proposed to use an alternative RTMC method combined 
with tomography image analysis to compute the radiative properties of metallic open-cell foams. They evaluated and high-
lighted the improvements brought by the use of 3D tomography imaging in comparison with previous analytical models. 
Their RTMC method was initially proposed by Coquard and Baillis [80] and later improved by Randrianalisoa and Baillis [81]. 
This method, originally developed for particle beds, was extended to tomographic images of several Al foams. The reflection 
occurring at the solid/fluid interface is estimated using the measured roughness of the surface evaluated by stereoscopic 
SEM. A comparison between measured and computed hemispherical transmittances and reflectances has shown that the 
agreement is quite satisfactory and demonstrates the superiority of the numerical modelling combining μ-CT images and 
RTMC method.

Closed cell foams Few pertinent numerical studies on radiative properties of closed-cell foams were done. Coquard et al. 
[52] applied the RTMC method developed for open-cell foams [79] to 3D polymer foams obtained from μ-CT (Fig. 5c). For 
validating the radiation heat transfer models, the Rosseland conductivity was first deduced from computed spectral radiative 
properties of the foam samples. It was then combined with the effective thermal conductivity, computed using the FVM on 
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Fig. 10. (Colour online.) 3D renderings of meshed volumes generated using the classical Voronoi tessellation method and having different cell size distribu-
tions: (a) σcell/Dcell = 0, (b) σcell/Dcell = 0.074, and (c) σcell/Dcell = 0.14 (taken from Coquard et al. [82]).

the same numerical samples. The resulting apparent thermal conductivity was compared to measurements over a wide 
temperature range (50–373 K), as depicted in Fig. 6. The agreement between computed and measured apparent thermal 
conductivity is remarkable, proving the accuracy of the combined numerical conduction and radiation models.

Very recently, Coquard et al [57] applied the RTMC method to 3D volumes of closed-cell structures generated by using 
the classical Voronoi tessellation method (Fig. 10). They analysed the influence of structural parameters such as the porosity, 
the mean cell size (Dcell) and their standard deviation (σ cell). Different foam morphologies were considered ranging from 
a periodic assembly of Kelvin’s cells (Fig. 10a) to an assembly of random cells (Figs. 10b and 10c). The evolution of the 
radiative properties of samples was discussed in term of cell randomness. The calculated hemispherical transmittances and 
reflectances of plane parallel polymer samples are compared with (i) the corresponding measurements from FTIR spectrom-
eter; and (ii) the literature data obtained from the calculation, but based on μ-CT images of the foam samples [82].

4. Discussion and current challenges

4.1. Foam structure modelling

Intensive researches in the fields of X-ray tomography and image processing have permitted a very realistic recon-
struction of heterogeneous materials and especially foams. In heat transfer applications, 3D μ-CT samples enable obtaining 
accurate results in terms of thermal properties, and temperature and heat flux fields as well. However, those samples do 
not allow a parametric study of foam microstructure features (porosity, cell size, wall and/or strut thicknesses, etc.) on their 
thermal properties. Therefore the rescores to flexible foam structure models is necessary. The Laguerre–Voronoi tessellation 
carried out on a dense packing of spheres is a potential candidate for modelling and designing highly porous foams.

The analysis of reconstructed 3D samples obtained either from μ-CT or Laguerre–Voronoi method permits to determine 
the topological information needed to feed analytical thermal models.

4.2. Thermal modelling

Although analytical models with empirical parameters have been developed, they seem not appropriate for designing 
the foam’s structure and thus optimizing the material’s thermal behaviour. On the other hand, analytical models derived by 
using a thermal resistance network, for thermal conduction, and independent scattering theory, for thermal radiation, can 
be used as a straightforward approach for the material design and optimization provided that they use input parameters 
representative of the foam topology.

Concerning the numerical modelling of thermal conduction, FEM has been widely used. However, the finite element (FE) 
analyses have been globally carried out on the solid network alone due to unreasonable cost of computation when the high 
volume fraction of the fluid phase is also taken into account. In the presence of air or weakly conducting gas as fluid phase, 
the FE results combined with the contribution of fluid conductivity, given simply by Eq. (3), leads to accurate prediction. 
Alternatively, the FVM have been shown to be well suitable for analysing thermal conduction in the solid and fluid phases. 
This is probably due to the fact that FVM requires less computational resource than FEM to reach the same accuracy for 
thermal conduction problem in foams.

Concerning numerical computation of radiative properties, the RTMC method has been the most adopted due to its 
capability to handle complex geometries and to avoid the independent scattering hypothesis used in analytical models.

4.3. Current challenges

So far, the solid phase of most of produced foams was considered as a homogeneous medium in thermal models. Re-
cently, production processes have permitted to produce foams with dual-scale porosities [83]. They have a classical foam 
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Fig. 11. (Colour online.) Cerium dioxide foam with dual-scale porosities (taken from Furler et al. [83]).

morphology, but struts are also porous, with open- or closed micro-porosity, as depicted in Fig. 11. Such ultra-high porosity 
materials are favourable for weight saving and for achieving intense chemical reactions, heat exchange, and solar radiation 
absorption.

Current challenges concern the foam modelling as well as thermal modelling. Indeed, 3D structure reconstruction re-
quires high-resolution tomographs and/or a combination of transmission electron microscope (TEM) and X-ray tomography 
techniques.

Existing thermal models have to be extended to deal with this multi-scale high porosity foams. As far as the thermal 
conduction is concerned, the conductivity of struts and walls would differ significantly from that of the bulk material. So it 
has to be determined and then can be used in existing models. The determination of the conductivity of struts and walls 
can be done by an identification method based on measurements and numerical calculation, which assumes struts and walls 
as homogeneous medium.

For the radiative properties’ calculations, the difficulty occurs when struts or walls are not opaque to the considered 
radiation, as with polymer or ceramic foams. In this case, struts and walls themselves are absorbing-scattering media. 
Existing analytical models may be questionable and improved analytical models and RTMC approaches have to be developed 
to determine the foam radiative properties κλ , σλ and gλ .

5. Conclusion

Thermal conductive and radiative properties of highly porous foams have been investigated over the last decades. Theo-
retical models are very useful to investigate the influence of the topological parameters characterizing the microstructure of 
foams on their apparent thermal conductivity and to optimize the material thermal performances. The first studies, which 
tried to predict heat transfer in such complex materials, used drastic simplifications, and some noticeable improvements 
have been achieved in the recent years. The following conclusions can be drawn:

– analytical thermal models are straightforward approaches for material design and optimization but should be fed with 
topological information obtained from advanced foam modelling (μ-CT or Laguerre–Voronoi method as an example);

– although computationally expensive, numerical models (FVM, FEM, or RTMC method coupled with 3D foam structures) 
permit to obtain reference results. They constitute the alternative approach when analytical models are questionable or 
inexistent;

– further studies will focus on the improvement of existing approaches to deal with new kinds of foams, such as those 
with dual-scale porosities.

References

[1] L.J. Gibson, M.F. Ashby, Cellular Solids: Structure and Properties, 2nd ed., Cambridge University Press, Cambridge, UK, 1997.
[2] P.G. Collishaw, J.R.G. Evans, An assessment of expressions for the apparent thermal conductivity of cellular materials, J. Mater. Sci. 29 (1994) 486–498.
[3] E. Placido, M.C. Arduini-Schuster, J. Kuhn, Thermal properties predictive model for insulating foams, Infrared Phys. Technol. 46 (2005) 219–231.
[4] R. Coquard, D. Baillis, Modeling of heat transfer in low-density EPS foams, J. Heat Transf. 128 (2006) 538–549.
[5] A. Kaemmerlen, C. Vo, F. Asllanaj, G. Jeandel, D. Baillis, Radiative properties of extruded polystyrene foams: predictive model and experimental results, 

J. Quant. Spectrosc. Radiat. Transf. 111 (2010) 865–877.
[6] Q. Wang, X.H. Han, A. Sommers, Y. Park, C. T’ Joen, A. Jacobi, A review on application of carbonaceous materials and carbon matrix composites for heat 

exchangers and heat sinks, Int. J. Refrig. 35 (2012) 7–26.
[7] K. Boomsma, D. Poulikakos, F. Zwick, Metal foams as compact high performance heat exchangers, Mech. Mater. 35 (2003) 1161–1176.

http://refhub.elsevier.com/S1631-0705(14)00129-7/bib31s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib32s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib33s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib34s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib35s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib35s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib36s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib36s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib37s1


694 J. Randrianalisoa, D. Baillis / C. R. Physique 15 (2014) 683–695
[8] B. Ozmat, B. Leyda, B. Benson, Thermal applications of open-cell metal foams, Mater. Manuf. Process. 19 (2004) 839–862.
[9] S.A. Khateeb, S. Amiruddin, M. Farid, J.R. Selman, S. Al-Hallaj, Thermal management of Li-ion battery with phase change material for electric scooters: 

experimental validation, J. Power Sources 142 (2005) 345–353.
[10] S.-T. Hong, D.R. Herling, Open-cell aluminum foams filled with phase change materials as compact heat sinks, Scr. Mater. 55 (2006) 887–890.
[11] M. Kaplan, M.J. Hall, The combustion of liquid fuels within a porous media radiant burner, Exp. Therm. Fluid Sci. 11 (1995) 13–20.
[12] J.R. Howell, M.J. Hall, J.L. Ellzey, Combustion of hydrocarbon fuels within porous inert media, Prog. Energy Combust. Sci. 22 (1996) 121–145.
[13] R. Mital, J.P. Gore, R. Viskanta, A study of the structure of submerged reaction zone in porous ceramic radiant burners, Combust. Flame 111 (1997) 

175–184.
[14] S. Gauthier, A. Nicolle, D. Baillis, Investigation of the flame structure and nitrogen oxides formation in lean porous premixed combustion of natural 

gas/hydrogen blends, Int. J. Hydrog. Energy 33 (2008) 4893–4905.
[15] J. Randrianalisoa, Y. Bréchet, D. Baillis, Materials selection for optimal design of a porous radiant burner for environmentally driven requirements, Adv. 

Eng. Mater. 11 (2009) 1049–1056.
[16] W.M. Carty, P.W. Lednor, Monolithic ceramics and heterogeneous catalysts: honeycombs and foams, Curr. Opin. Solid State Mater. Sci. 1 (1996) 88–95.
[17] M.V. Twigg, J.T. Richardson, Theory and applications of ceramic foam catalysts, Chem. Eng. Res. Des. 80 (2002) 183–189.
[18] M.I. Roldán, O. Smirnova, T. Fend, J.L. Casas, E. Zarza, Thermal analysis and design of a volumetric solar absorber depending on the porosity, Renew. 

Energy 62 (2014) 116–128.
[19] T. Fend, B. Hoffschmidt, R. Pitz-Paal, O. Reutter, P. Rietbrock, Porous materials as open volumetric solar receivers: experimental determination of 

thermophysical and heat transfer properties, Energy 29 (2004) 823–833.
[20] P. Furler, J. Scheffe, M. Gorbar, M. Moes, U. Vogt, A. Steinfeld, Solar thermochemical CO2 splitting utilizing a reticulated porous ceria redox system, 

Energy Fuels 26 (2012) 7051–7059.
[21] L. Giani, G. Groppi, E. Tronconi, Mass-transfer characterization of metallic foams as supports for structured catalysts, Ind. Eng. Chem. Res. 44 (2005) 

4993–5002.
[22] C.Y. Zhao, Review on thermal transport in high porosity cellular metal foams with open cells, Int. J. Heat Mass Transf. 55 (2012) 3618–3632.
[23] L.R. Glicksman, Heat transfer in foams, in: N.C. Hilyard, A. Cunningham (Eds.), Low Density Cellular Plastics: Physical Basis of Behaviour, Chapman and 

Hall, 1994, pp. 105–152.
[24] F.P. Incropera, D.P. DeWitt, Fundamentals of Heat and Mass Transfer, John Wiley & Sons, Inc., New York, 1996.
[25] J. Randrianalisoa, R. Coquard, D. Baillis, Microscale direct calculation of solid phase conductivity of Voronoi’s foams, J. Porous Media 16 (5) (2013) 

411–426.
[26] A. Ahern, G. Verbist, D. Weaire, R. Phelan, H. Fleurent, The conductivity of foams: a generalisation of the electrical to the thermal case, Colloids Surf. 

A, Physicochem. Eng. Asp. 263 (2005) 275–279.
[27] R. Coquard, D. Baillis, Numerical investigation of conductive heat transfer in high-porosity foams, Acta Mater. 57 (2009) 5466–5479.
[28] H.W. Russell, Principles of heat flow in porous insulators, J. Am. Ceram. Soc. 18 (1935) 1–5.
[29] E. Solórzano, J.A. Reglero, M.A. Rodríguez-Pérez, D. Lehmhus, M. Wichmann, J.A. De Saja, An experimental study on the thermal conductivity of 

aluminium foams by using the transient plane source method, Int. J. Heat Mass Transf. 51 (2008) 6259–6267.
[30] T.H. Bauer, A general analytical approach toward the thermal conductivity of porous media, Int. J. Heat Mass Transf. 36 (1993) 4181–4191.
[31] K. Boomsma, D. Poulikakos, On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam, Int. J. Heat Mass 

Transf. 44 (2001) 827–836.
[32] A. Bhattacharya, V.V. Calmidi, R.L. Mahajan, Thermophysical properties of high porosity metal foams, Int. J. Heat Mass Transf. 45 (2002) 1017–1031.
[33] R. Singh, H.S. Kasana, Computational aspects of effective thermal conductivity of highly porous metal foams, Appl. Therm. Eng. 24 (2004) 1841–1849.
[34] R. Coquard, D. Baillis, Radiative and conductive thermal properties of foams, in: A. Öchsner, G.E. Murch, M. de Lemos (Eds.), Thermal Properties of 

Cellular and Porous Materials, Wiley-VCH, Weinheim, 2008, pp. 343–384.
[35] X.H. Yang, J.X. Bai, H.B. Yan, J.J. Kuang, T.J. Lu, T. Kim, An analytical unit cell model for the effective thermal conductivity of high porosity open-cell 

metal foams, Transp. Porous Media 102 (2014) 403–426.
[36] P. Kumar, F. Topin, J. Vicente, Determination of effective thermal conductivity from geometrical properties: application to open cell foams, Int. J. Therm. 

Sci. 81 (2014) 13–28.
[37] J.E. Li, B. Wang, Equivalent thermal conductivity of open-cell ceramic foams at high temperatures, Int. J. Thermophys. 35 (2014) 105–122.
[38] M. Wang, N. Pan, Modeling and prediction of the effective thermal conductivity of random open-cell porous foams, Int. J. Heat Mass Transf. 51 (2008) 

1325–1331.
[39] A.M. Kraynik, D.A. Reinelt, F. van Swol, Structure of random monodisperse foam, Phys. Rev. E 67 (2003) 031403.
[40] A.M. Kraynik, D.A. Reinelt, F. van Swol, Structure of random foam, Phys. Rev. Lett. 93 (2004) 208301.
[41] C. Lautensack, T. Sych, 3D image analysis of open foams using random tessellation, Image Anal. Stereol. 25 (2006) 87–93.
[42] C. Lautensack, Fitting three-dimensional Laguerre tessellations to foam structures, J. Appl. Stat. 35 (2008) 985–995.
[43] T. Wejrzanowski, J. Skibinski, J. Szumbarski, K.J. Kurzydlowski, Structure of foams modeled by Laguerre–Voronoi tessellations, Comput. Mater. Sci. 67 

(2013) 216–221.
[44] I. Vecchio, C. Redenbach, K. Schladitz, Angles in Laguerre tessellation models for solid foams, Comput. Mater. Sci. 83 (2014) 171–184.
[45] A.M. Kraynik, Douglas A. Reinelt, F. van Swol, Structure of random bidisperse foam, Colloids Surf. A, Physicochem. Eng. Asp. 263 (2005) 11–17.
[46] J. Randrianalisoa, D. Baillis, C. Martin, R. Dendievel, Microstructural effects on thermal conductivity of open-cell Laguerre–Voronoï foams, Int. J. Therm. 

Sci. (2014), submitted for publication.
[47] S. Kanaun, S.B. Kochekseraii, Conductive properties of foam materials with open or closed cells, Int. J. Eng. Sci. 50 (2012) 124–131.
[48] W.-Y. Jang, A.M. Kraynik, S. Kyriakides, On the microstructure of open-cell foams and its effect on elastic properties, Int. J. Solids Struct. 45 (2008) 

1845–1875.
[49] A. Liebscher, C. Redenbach, Statistical analysis of the local strut thickness of open cell foams, Image Anal. Stereol. 32 (2013) 1–12.
[50] T. Dillard, F. N’guyen, E. Maire, L. Salvo, S. Forest, Y. Bienvenu, J.-D. Bartout, M. Croset, R. Dendievel, P. Cloetens, 3D quantitative image analysis of 

open-cell nickel foams under tension and compression loading using X-ray microtomography, Philos. Mag. 85 (2005) 2147–2175.
[51] M. Loretz, E. Maire, D. Baillis, Analytical modelling of the radiative properties of metallic foams: contribution of X-ray tomography, Adv. Eng. Mater. 10 

(2008) 352–360.
[52] R. Coquard, D. Baillis, E. Maire, Numerical investigation of the radiative properties of polymeric foams from tomographic images, J. Thermophys. Heat 

Transf. 24 (2010) 647–658.
[53] Z. Li, J. Zhang, Z. Wang, Y. Song, L. Zhao, Study on the thermal properties of closed-cell metal foams based on Voronoi random models, Numer. Heat 

Transf., Part A, Appl. 64 (2013) 1038–1049.
[54] M.W.D. Van Der Burg, V. Shulmeister, E. Van Der Geissen, R. Marissen, On the linear elastic properties of regular and random open-cell foam models, 

J. Cell. Plast. 33 (1997) 31–54.
[55] J. Randrianalisoa, R. Coquard, D. Baillis, Microscale direct calculation of solid phase conductivity of Voronoi’s foams, J. Porous Media 16 (2013) 411–426.
[56] S. Kanaun, O. Tkachenko, Effective conductive properties of open-cell foams, Int. J. Eng. Sci. 46 (2008) 551–571.

http://refhub.elsevier.com/S1631-0705(14)00129-7/bib38s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib39s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib39s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3130s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3131s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3132s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3133s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3133s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3134s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3134s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3135s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3135s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3136s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3137s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3138s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3138s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3139s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3139s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3230s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3230s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3231s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3231s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3232s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3233s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3233s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3234s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3235s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3235s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3236s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3236s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3237s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3238s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3239s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3239s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3330s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3331s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3331s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3332s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3333s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3334s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3334s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3335s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3335s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3336s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3336s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3337s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3338s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3338s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3339s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3430s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3431s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3432s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3433s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3433s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3434s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3435s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3436s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3436s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3437s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3438s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3438s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3439s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3530s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3530s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3531s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3531s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3532s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3532s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3533s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3533s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3534s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3534s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3535s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3536s1


J. Randrianalisoa, D. Baillis / C. R. Physique 15 (2014) 683–695 695
[57] R. Coquard, D. Rochais, D. Baillis, Conductive and radiative heat transfer in ceramic and metal foams at fire temperatures, Fire Technol. 48 (2012) 
699–732.

[58] T. Fiedler, E. Solórzano, F. Garcia-Moreno, O. Öchsner, I.V. Belova, G.E. Murch, Lattice Monte Carlo and experimental analyses of the thermal conductivity 
of random-shaped cellular aluminum, Adv. Eng. Mater. 11 (2009) 843–847.

[59] T. Fiedler, M.A. Sulong, M. Vesenjak, Y. Higa, I.V. Belova, A. Öchsner, G.E. Murch, Determination of the thermal conductivity of periodic APM foam 
models, Int. J. Heat Mass Transf. 73 (2014) 826–833.

[60] K.K. Bodla, J.Y. Murthy, S.V. Garimella, Resistance network-based thermal conductivity model for metal foams, Comput. Mater. Sci. 50 (2010) 622–632.
[61] M.A.A. Mendes, S. Ray, D. Trimis, A simple and efficient method for the evaluation of effective thermal conductivity of open-cell foam-like structures, 

Int. J. Heat Mass Transf. 66 (2013) 412–422.
[62] M.A.A. Mendes, S. Ray, D. Trimis, Evaluation of effective thermal conductivity of porous foams in presence of arbitrary working fluid, Int. J. Therm. Sci. 

79 (2014) 260–265.
[63] L.A. Dombrovsky, D. Baillis, Thermal Radiation in Disperse Systems: An Engineering Approach, Begell House, New York and Redding, CT, 2010.
[64] J.F. Sacadura, D. Baillis, Experimental characterization of thermal radiation properties of dispersed media, Int. J. Therm. Sci. 41 (2002) 699–707.
[65] D. Baillis, R. Coquard, J. Randrianalisoa, L. Dombrovsky, R. Viskanta, Thermal radiation properties of highly porous cellular foams, Spec. Top. Rev. Porous 

Media 4 (2013) 111–136.
[66] J. Kuhn, H.P. Ebert, M.C. Arduini-Schuster, D. Büttner, J. Fricke, Thermal transport in polystyrene and polyurethane foam insulations, Int. J. Heat Mass 

Transf. 35 (1992) 1795–1801.
[67] L.R. Glicksman, M.A. Schuetz, Radiation heat transfer in foam insulation, Int. J. Heat Mass Transf. 30 (1987) 187–197.
[68] R. Coquard, D. Baillis, D. Quenard, Radiative properties of expanded polystyrene foams, J. Heat Transf. 131 (2009) 012702.
[69] D. Doermann, J.F. Sacadura, Heat transfer in open-cell foams, J. Heat Transf. 118 (1996) 88–93.
[70] D. Baillis, M. Raynaud, J.F. Sacadura, Spectral radiative properties of open-cell foam insulation, J. Thermophys. Heat Transf. 13 (1999) 292–298.
[71] D. Baillis, M. Raynaud, J.F. Sacadura, Determination of spectral radiative properties of open cell foam: model validation, J. Thermophys. Heat Transf. 14 

(2000) 137–143.
[72] M. Loretz, R. Coquard, D. Baillis, E. Maire, Metallic foams: radiative properties/comparison between different models, J. Quant. Spectrosc. Radiat. Transf. 

109 (2008) 16–27.
[73] R. Coquard, D. Rochais, D. Baillis, Modelling of the coupled conductive and radiative heat transfer in NiCrAl foams from photothermal measurements 

and X-Ray tomography, Spec. Top. Rev. Porous Media 2 (2011) 249–265.
[74] C.Y. Zhao, S.A. Tassou, T.J. Lu, Analytical considerations of thermal radiation in cellular metal foams with open cells, Int. J. Heat Mass Transf. 51 (2008) 

929–940.
[75] B. Zeghondy, E. Iacona, J. Taine, Determination of the anisotropic radiative properties of a porous material by radiative distribution function identifica-

tion (RDFI), Int. J. Heat Mass Transf. 49 (2006) 2810–2819.
[76] B. Zeghondy, E. Iacona, J. Taine, Experimental and RDFI calculated radiative properties of a mullite foam, Int. J. Heat Mass Transf. 49 (2006) 3702–3707.
[77] M. Tancrez, J. Taine, Direct identification of absorption and scattering coefficients and phase function of a porous medium by a Monte Carlo technique, 

Int. J. Heat Mass Transf. 47 (2004) 373–383.
[78] J. Petrasch, P. Wyss, A. Steinfeld, Tomography-based Monte Carlo determination of radiative properties of reticulate porous ceramics, J. Quant. Spectrosc. 

Radiat. Transf. 105 (2007) 180–197.
[79] R. Coquard, B. Rousseau, P. Echegut, D. Baillis, H. Gomart, E. Iacona, Investigations of the radiative properties of Al–NiP foams using tomographic images 

and stereoscopic micrographs, Int. J. Heat Mass Transf. 55 (2011) 1606–1619.
[80] R. Coquard, D. Baillis, Radiative characteristics of opaque spherical particles beds: a new method of prediction, J. Thermophys. Heat Transf. 18 (2004) 

178–186.
[81] J. Randrianalisoa, D. Baillis, Radiative properties of densely packed spheres in semitransparent media: a new geometric optics approach, J. Quant. 

Spectrosc. Radiat. Transf. 111 (2010) 1372–1388.
[82] R. Coquard, J. Randrianalisoa, D. Baillis, Computational prediction of radiative properties of polymer closed-cell foam with random structure, J. Porous 

Media 16 (2013) 137–154.
[83] P. Furler, J. Scheffe, D. Marxer, M. Gorbar, A. Bonk, U. Vogt, A. Steinfeld, Thermochemical CO2 splitting via redox cycling of ceria reticulated foam 

structures with dual-scale porosities, Phys. Chem. Chem. Phys. 16 (2014) 10503–10511.

http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3537s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3537s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3538s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3538s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3539s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3539s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3630s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3631s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3631s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3632s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3632s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3633s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3634s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3635s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3635s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3636s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3636s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3637s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3639s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3730s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3731s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3732s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3732s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3733s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3733s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3734s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3734s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3735s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3735s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3736s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3736s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3737s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3738s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3738s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3739s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3739s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3830s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3830s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3831s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3831s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3832s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3832s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3833s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3833s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3834s1
http://refhub.elsevier.com/S1631-0705(14)00129-7/bib3834s1

	Thermal conductive and radiative properties of solid foams: Traditional and recent advanced modelling approaches
	1 Introduction
	2 Effective thermal conductivity
	2.1 Classical models of effective thermal conductivity
	2.2 Voronoi-cell-based effective thermal conductivity
	2.3 Computed X-ray tomography structure-based effective thermal conductivity

	3 Radiative conductivity
	3.1 Rosseland approximation
	3.2 Radiative properties from classical independent scattering theory
	3.3 Radiative properties from ray-tracing Monte Carlo method

	4 Discussion and current challenges
	4.1 Foam structure modelling
	4.2 Thermal modelling
	4.3 Current challenges

	5 Conclusion
	References


