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Abstract

Knowledge of the thermohydraulic properties of industrial components is often necessary for planning and designing chemical engi-
neering processes. The thermohydraulic behavior of open-cell foams depends on their microscopic structure. Based on the tetrakaideca-
hedron geometry and different strut morphologies of the ceramic foams, we have derived a generalized analytical model that
encompasses all geometrical parameters precisely. A special treatment is developed to take the hollow nature of ceramic foam struts into
account. Various relationships between different geometrical parameters and porosities are presented. As strut geometries substantially
affect flow characteristics, correlations have been developed to determine the hydraulic diameter for ceramic foams using geometric
parameters from measured pressure drop data. Two analytical models are derived in order to predict intrinsic solid phase conductivity,
ks, and effective thermal conductivity, keff, simultaneously. A modified correlation term, F, is introduced in the analytical resistor model
to take into account the thermal conductivities of constituent phases and a modified Lemlich model is derived. The analytical results are
compared with the experimental data reported in the literature and an excellent agreement is observed.
! 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Open-cell foam (ceramic or metallic) is a cellular
material defined by solid material surrounded by a three-
dimensional network of voids. As a lightweight porous
material, open-cell foam possesses a high strength and stiff-
ness relative to its weight, making it an attractive option
for a variety of applications. In comparison with packed
beds of spheres, open-cell foams have higher specific sur-
face area, leading to higher external mass transfer rates.
They are also highly porous, which results in low pressure
drop. Their specific shape enhances the mixing and
improves heat transfer [1–5].

For the application of foam structures as catalyst sup-
ports in chemical engineering, reticulated ceramic foams
have many attractive features [6,7]. For the planning and
designing of numerous chemical engineering processes,
precise knowledge of geometrical characteristics, specific
surface area and pressure-drop properties is extremely
important [7–16]. The relationship between geometrical
parameters and thermal properties such as the effective
thermal conductivity is critical for conductive heat transfer
in foams of highly porous cellular materials, mainly metal
foams [17–21]. The continuous strut network enables good
heat conductivity, and the void structure allows for pro-
nounced heat transfer through radiation at elevated
temperatures.

There are various methodologies for manufacturing
ceramic foams. One method involves direct foaming (gel
casting) [22], giving solid struts without internal voids.
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The other commonly employed method is a replication
technique that results in foams featuring hollow struts
(internal voids in the struts) which are not normally acces-
sible to fluid flow [23]. The foam matrices can be described
by their morphological parameters, namely cell and win-
dow diameter, strut thickness and porosity [8,12].

Due to the unavailability of resources to measure the
specific surface area of ceramic foams, Richardson et al.
[8] used the relationships of Gibson and Ashby [24] to
derive the specific surface area (ac) for the pentagonal
dodecahedron geometrical model. Similarly, Buciuman
et al. [25] developed the expression for calculating the spe-
cific surface area of ceramic foams using the approach of
Gibson and Ashby [24]. Lacroix et al. [11] used the cubic
cell model (considering solid struts) to develop the correla-
tion for the specific surface area, using the open porosity
(eo) of the foam structure and the strut thickness (ds).
The expressions derived by these authors [8,11,25] induce
many discrepancies in determining specific surface area
precisely. Moreover, these expressions are based on only
two geometrical parameters and do not attain the same
results because of low-accuracy measurements or ill-
defined geometrical quantities.

Recently, with the advancement in measurement tech-
niques and the evolution of new methodologies, a few

authors [13,26] have used magnetic resonance imaging
(MRI) to measure the specific surface area of ceramic
foams. These authors investigated ceramic alumina foams
using MRI. X-ray computed tomography (CT) has been
applied by different authors to characterize the morpholog-
ical parameters of foam structures [27].

Incera Garrido et al. [13] have reported that the cubic
model proposed by Lacroix et al. [11] results in a stronger
overprediction of the surface area than the tetrakaidecahe-
dron model. Grosse et al. [26] used the Weaire–Phelan
structure to model their foams. They derived the correla-
tion using nominal porosity (en) and later used an empirical
fitting procedure to redefine the coefficient using open
porosity and obtained the semi-empirical correlation which
gave close agreement with their experimental data. Inayat
et al. [16] have proposed empirical correlations (for
different strut shapes, namely triangular, circular and con-
cave triangular) using the geometrical relationships of
Richardson et al. [8] with open porosity, window and strut
diameter. Their correlation is in good agreement with
experimental specific surface area. Inayat et al. [16] argued
that the tetrakaidecahedra unit cell should be used, because
this is the most consistent with the observed properties and
derived geometric relationships for the unit cell (see
also Gibson and Ashby [24]). Importantly, the regular

Nomenclature

Latin symbols
ac Specific surface area, m!1

A]D Ergun parameter, dimensionless [15], Eq.3
B]D Ergun parameter, dimensionless [15], Eq.3
A]E Ergun parameter, dimensionless, Eq. 1
B]E Ergun parameter, dimensionless, Eq. 1
C Correction factor, dimensionless
dcell Cell diameter, m
dh hydraulic diameter, m
dh]D hydraulic diameter, m [15], Eq.3
dp Pore diameter, m
Dp Particle diameter, m
ds Strut diameter, m
dw Window diameter, m
F Constant, dimensionless
K1 Permeability coefficient of viscous term, m2

K2 Permeability coefficient of inertial term, m
L Node length, m
Ls Strut length, m
DL Length of the foam, m
n Constant, dimensionless
N Void length, m
DP Pressure drop, Pa
R Strut Radius, m
Re Reynolds number, dimensionless
S Constant, dimensionless
Vs Solid volume of foam, m3

VT Total volume of cubic cell, m3

Greek symbols
en Nominal porosity, dimensionless
et Total porosity, dimensionless
e0 Open porosity, dimensionless
es Strut porosity, dimensionless
X Constant, dimensionless
a Constant, dimensionless
b Constant, dimensionless
v Constant, dimensionless
K Constant, dimensionless
l Dynamic viscosity, kg/m/s
q Density of fluid, kg/m3

ks Intrinsic solid phase conductivity, W/mK
kf Fluid phase conductivity, W/mK
keff Effective thermal conductivity, W/mK
kparallel Parallel thermal conductivity, W/mK
kseries Series thermal conductivity, W/mK
f Numerical value, Dimensionless
P Numerical value, Dimensionless
w Constant, dimensionless
Abbreviations
CT Computed tomography
MRI Magnetic resonance imaging
PPI Pores per inch
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dodecahedron is not a space-filling shape, and thus may
not be as appropriate as the periodic unit cell as discussed
in Refs. [16,28,29]. Moreover, some of the correlations are
derived using empirical fitting on a small set of samples,
and thus cannot be directly applied to characterize ceramic
foams.

It is known that the pressure drop from one-dimensional
flow through a porous medium is given by the sum of two
terms: a viscous term and an inertia term and is well
described by the Forchheimer equation as:

DP
DL
¼ l

K1
V þ q

K2
V 2: ð1Þ

The flow properties, K1 and K2, are deduced by second-
order polynomial fitting from experiments. It is common
practice to relate K1 and K2 to the geometrical properties
of foams (e.g. dp and eo). Knowledge of the pressure drop
induced by foam matrices is essential for the successful
design and operation of high-performance industrial sys-
tems. During the last decade, numerous experiments and
analytical models on single-phase flow in solid foams have
been established (see data gathered by Mahjoob and Vafai
[30], Bonnet et al. [31] and Edouard et al. [32]). Many
authors have adopted an Ergun-like approach [33] to
derive correlations by fitting their experimental data
according to the following equation:

DP
DL
¼ A&E

1! eoð Þ2

e3
o

a2
clV þ B&E

1! eoð Þ
e3

o
acqV 2; ð2Þ

where A&E and B&E are parameters that are dependent on the
foam geometry.

Many authors (e.g. [8,9,11]) usually replaced ac with an
evaluation-based characteristic size, Lc (usually ac '
constant=Lc). This Lc is chosen either as Dp or dp or ds (with
various definitions) and these authors adapted the analogy
between solid foam and spherical particles with the same
specific surface area per unit volume and the same porosity
even if foams do not possess the same geometry, which
leads to Dp ¼ 1:5ds or Dp ¼ 6ð1! eoÞ=ac.

Literature review has suggested that the pressure drop of
foams (metallic or ceramic) is dependent not only on one
characteristic dimension (e.g. Dp) and porosity (eo) but also
on other geometrical characteristics of the solid topology.
Using direct numerical simulations at pore scale, Hugo
and Topin [34] observed that at a constant pore size, flow
properties K1 and K2 could vary by about one order of
magnitude (error of (100%). They concluded that the tra-
ditional form of the Ergun-like approach is not sufficient to
describe the pressure drop and thus new geometrical
parameters should be added.

One of the major problems in calculating the pressure
drop in the foams by using the Ergun-like approach is to
define structural properties of porous media reliably in
order to replace the particle diameter (Dp). Typical values
of A&E and B&E resulting from these approaches that were
used in these correlations range from 100 to 865 and 0.65

to 2.65, respectively (see data gathered by Mahjoob and
Vafai [30]). A few of the most significant reasons for such
a wide dispersion in the values of Ergun parameters are
the assumption of oversimplified foam geometry, the anal-
ogy between the foam and spherical particles, and the
unavailability of full sets of measured geometrical proper-
ties. Many of the apparent discrepancies are merely due
to the choice of characteristic length or its definition.

In order to derive a pressure drop correlation, the
authors use various definitions of porosity (total or open
porosity) as well as the porosity functions in viscous and
inertia terms (e.g. [15]). Similarly, hydraulic diameter
(dh ¼ 4eo=ac) is one of the characteristic dimensions that
could be used to determine the Reynolds number correctly
and should be related to the friction factor [31].

Dietrich et al. [15] proposed using the hydraulic diame-
ter, which takes into consideration the total porosity due to
an absence of a full set of open porosity of Mullite and
OBSiC foam samples. They used a slightly different for-
mula than the Ergun-like approach, given by following
expression as:

DP
DL
¼ A&D

1

et:dh&2D
lV þ B&D

1

e2
t :dh&D

qV 2 with dh&D ¼
4et

ac
: ð3Þ

They also proposed the constant values of parameters, A&D
and B&D as 110 and 1.45, respectively.

Several authors (e.g. see data gathered by Mahjoob and
Vafai [30], Edouard et al. [32]) have studied the pressure-
drop correlations and concluded that no universally appli-
cable correlation for single-phase pressure drop of foams
exists so far. On the other hand, Dietrich [35] showed that
their correlation could predict the experimental pressure
drop from open literature for both ceramic and metal
foams with the majority of the data points lying between
±40% for a high porosity range (0.85–0.95). For a known
strut shape (e.g. triangular strut shape) and small range
of high porosity, it could be possible to obtain the constant
numerical values of Ergun parameters.

Commercially available foams of different materials pre-
sented in the literature lie in a small porosity range
(e0 ' 0.90 ± 5%). Usually, at higher porosity (0.85–0.95)
and for a given pore size, the inertia coefficient K2 does
not vary much with respect to different strut shapes (circu-
lar, triangular, convex or concave triangular). However, in
the case of low porosity (0.60–0.85), the inertia coefficient
K2 varies tremendously and depends strongly on strut
shape. With respect to strut shapes of either ceramic or
metal foams, Ergun parameters cannot have a constant
value but should be dependent on foam geometry.

In the literature, however, several authors agree that A&E
and B&E are not constant, but rather depend upon the prop-
erties of the medium [7,8,34,36]. Inayat et al. [36] have
developed a dimensionless correlation for parameters A&E
and B&E that depends upon the window diameter, strut
diameter and open porosity of the foams. They argued that
the numerical values appearing in their correlation are
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geometric constants of foam geometry. They correlated
Ergun parameters only with open porosity. Their correla-
tion showed that the Ergun equation with fixed parameters
or unchanged coefficients (A&E and B&E) cannot be applied
to predict pressure drop for foam structures for a wider
range of high porosity (0.7–0.95).

There are several kinds of empirical correlations in the
literature that determine effective thermal conductivity
(keff) in a local thermal equilibrium condition (LTE). Effec-
tive thermal conductivity is the thermal conductivity of an
equivalent homogeneous medium with the same thermal
behavior as the original one [37]. One group of effective
thermal conductivity studies focuses on the asymptotic
bound approach while the others deal with the microstruc-
tural approach.

Lemlich [38] has developed an analogy to predict the
electrical conductivity of polyhedral liquid foam of high
porosity and this is given by the following equation:

keff ¼
1

3
ks 1! etð Þ: ð4Þ

The limitation of using the Lemlich model [38] is that it
does not predict an approximate value of keff when water
is used as the fluid medium, but works well with air as
the fluid medium. In fact, this model takes only heat con-
duction in the solid phase into account. When the fluid
phase conductivity is of the same order of magnitude of
solid-phase conductivity, this model is no longer valid
because of significant heat exchange between foam liga-
ment and interstitial fluid and therefore Eq. (4) is not
appropriate in determining keff .

In the literature, many authors [39–45] have rigorously
used the solid-phase thermal conductivity of the parent
material (e.g. pure Al/Al 6101 T alloy) to predict the effec-
tive thermal conductivity using empirical correlations of
the asymptotic approach. Manufacturing processes greatly
impact the solid-phase thermal conductivity of the parent
material when transformed into foams. As various com-
mercially available foams employ different manufacturing
techniques; there are significant differences in the intrinsic
solid-phase thermal conductivity of foams compared to
the same parent material one. None of these authors have
measured the intrinsic value or actual value of the solid-
phase thermal conductivity of foam materials.

In general, the intrinsic solid-phase thermal conductivity
of the strut or foam is unknown when experiments are per-
formed to determine the effective thermal conductivity.
Dietrich et al. [46] have measured the intrinsic solid-phase
conductivity of their ceramic foam samples. They have also
derived the effective thermal conductivity correlation using
the asymptotic approach and related it to porosity and to
two experimental fitting parameters.

Using 3-D numerical simulations, Hugo [47] showed
that the ratio of conductivity between phases impacts on
the thermal conductivity under the condition of local ther-
mal equilibrium. When the fluid-phase conductivity has the
same order as the solid phase, the fluid phase starts to play

an important role in determining the effective thermal con-
ductivity. In this case, the correlations given by several
authors [39–45] will not hold and actually induce a large
error, as shown in the works of Dietrich et al. [46]. Hugo
[47] has shown that porosity alone is not the parameter
determining the effective thermal conductivity, which must
be related to other geometrical parameters of foam matrix.
Moreover, all these correlations do not take into account
the real morphology of the foam, but assume an idealized
periodic pattern.

In this work, we develop a generalized model for
ceramic foams of porosity et ) 0:90 (based on the tetrakai-
decahedron geometry) for the theoretical estimation of the
specific surface area of ceramic foams applicable for
different foam materials, porosities and pore densities,
and validate this model experimentally. Our methodology
can be extended to any type of foam (metallic or ceramic;
with or without hollow struts) and for porosity
0:65 ) et ) 0:95. We have mainly focused on the constant
cross-section of the ligament along its axis.

We also propose a combination of dimensionless geo-
metrical parameters as a correction factor to the approach
put forth by Dietrich et al. [15] that predicts Ergun param-
eters analytically. We show the importance of this dimen-
sionless geometrical parameter and its influence on flow
characteristics.

To the best of our knowledge, no study has identified the
need for an effective thermal conductivity model that
encompasses geometrical parameters of foams and intrinsic
solid to fluid thermal conductivity ratios. We use the solid
conductivity of the parent material to assign the solid con-
ductivity of material by nature (e.g. Al). We use the intrin-
sic thermal conductivity of the material that constitutes the
phase or form of the foam (e.g. the thermal conductivity of
the strut of Al), which usually differs from that of the par-
ent material.

Two models have been presented in this paper, namely
the resistor model and the modified Lemlich model that
includes both unknowns, ks and keff . They can be used in
either way: when ks is known to determine keff or vice
versa. These models can also be used to solve a problem
simultaneously as a system of two linear equations where
both ks and keff are unknowns but the fluid-phase thermal
conductivity is known.

2. Geometrical modeling

2.1. Parametric characterization of geometry

Depending on the manufacturing processes (see Sec-
tion 1), most of the commercially available ceramic foams
exhibit hollow struts. A typical hollow strut is shown in
Fig. 1. Based on tetrakaidecahedron geometry inside a
cubic cell (see Fig. 2) of the circular nature of strut for total
porosity range 0.65 6 et 6 0.90, an analytical model has
been derived that covers the strut for both open and total
porosity. Fig. 1 (right) shows the dimension of the circular
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strut radius, R, and an approximated equilateral triangular
void of side length, N.

In order to provide an approximate analytical solution,
Ls has been defined as the strut length (without considering
nodes) and L as the distance between two nodes (or length
of solid truncated octahedron edge) as shown in Fig. 2.

Strut porosity due to voids inside the strut is calculated
as:

es ¼
V void

V strut
¼

ffiffiffi
3
p

=4N 2Ls

pR2Ls
: ð5Þ

Eq. (5) can be rewritten as:

N ¼ XR; ð6Þ

where X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pes=

ffiffiffi
3
pq

.
We chose to base our node volume on the calculation

given by Kanaun and Tkachenko [48]. The volume of the
node at the junction of four struts is given (see Fig. 3) as:

V node ¼
4

3
pR3 !

ffiffiffi
3
p

4
N 3

 !

¼ 4

3
pR3 1! Xesð Þ: ð7Þ

The volume of the ligament is given as:

V ligament ¼ pR2Ls !
ffiffiffi
3
p

4
N 2Ls ¼ pR2Ls 1! esð Þ: ð8Þ

At the node junction, we can approximate the node by
using a geometrical interpretation as shown in Fig. 3:

1:6Rþ Ls ¼ L: ð9Þ

In dimensionless form, we can rewrite Eq. (9) as:

1:6aþ b ¼ 1; ð10Þ

where a ¼ R
L and b ¼ Ls

L .
In a truncated octahedron structure (see Fig. 2), there

are 36 ligaments and 24 nodes, but only one-third of the
volume of both ligaments and nodes are included in the

Fig. 1. Left: presentation of a typical hollow ceramic strut. Right: a detailed circular strut cross-section with an equilateral triangular void inside the strut.
The dimensions of strut (strut radius, R) and void cross-section (void length, N) are clearly highlighted.

Fig. 2. A tetrakaidecahedron model inside a cube. Node length L (center-
to-center distance of a node connection), strut length Ls and cubic unit cell
length 2

ffiffiffi
2
p

L are clearly presented. The analytical model is based on the
above unit cell having a triangular void in the struts.

A Typical Node 
Structure

Fig. 3. A typical node of foam structure. We have shown the four faces of
a pyramid which is taken into consideration in calculating the volume of
the node. The face of the nodes changes with the strut shape. We have
shown four struts of circular shape at the node which is approximated as a
triangular pyramid.
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unit periodic cell. For periodic cellular foam in a unit cell,
the total solid volume (V s), total truncated volume
(V T ¼ 8

ffiffiffi
2
p

L3) and total porosity (et) are related as:

et ¼
1! 1

3 36V ligament þ 24V node
" #

V T

¼
1! 1

3 36pR2Lsð1! esÞ þ 24: 4
3 pR3ð1! XesÞ

" #

8
ffiffiffi
2
p

L3
: ð11Þ

In dimensionless form, we can rewrite Eq. (11) as:

12pa2b 1! esð Þ þ 32

3
pa3 1! Xesð Þ ¼ 8

ffiffiffi
2
p

1! etð Þ: ð12Þ

Eq. (12) gives a generic relation of total porosity as a
function of geometrical parameters. Note that a is the ratio
of strut radius to node length, whereas b is the ratio of strut
length to node length. We could combine Eqs. (10) and (12)
to find approximate values of a and b as functions of et.
This approach can be used to determine all the geometrical
properties if the full set of geometrical parameters is not
known.

Strut porosity (es), strut radius (R) and strut length (Ls)
are interrelated. In order to see the effects of each parame-
ter on the geometrical characteristics, different values of

X:a and X:b have been plotted against different porosities
(et) and are found to follow power and exponential laws,
respectively, as shown in Fig. 4 (top left and top right),
and can be expressed as:

Xa ¼ v1 1! etð ÞK1 ; ð13Þ

Xb ¼ v2exp !K2 1! etð Þ½ &; ð14Þ

where v and K are parameters that depend only on void
shape and are functions of total porosity.

For instance, for a given hollow strut porosity and total
porosity, one can easily quantify the strut radius and strut
length. Moreover, depending upon the desired output
quantity for industrial applications, one could tailor one’s
own foam characteristics using Eqs. (13) and (14) and
Fig. 4 (top left and top right).

It is clearly evident from Fig. 2 that there are 12 full lig-
aments and 24 half ligaments in a unit cell. Also, at the
node junction, there are two half nodes and one quarter
node. As it is far more convenient to calculate the specific
surface area using a cubic unit cell, the foam structure has
been considered in a cubic cell of volume Vc. The specific
surface area, ac, can be written as:

Fig. 4. Plot of non-dimensional geometrical parameters vs. 1! et for different strut porosities, es. Top left: X:a function of hollow strut and strut diameter.
Top right: X:b function of hollow strut and strut length. Bottom left: Xac:L function of hollow strut, specific surface area and node length. Bottom right:
X:a:ac function of hollow strut, strut diameter and specific surface area. Geometrical characteristics of any foam can be derived by using a combination of
the curves presented above. Also, one can tailor one’s own foams accordingly for specific engineering applications.
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ac ¼
36Sligament þ 24Snode
" #

V c

¼ 1ffiffiffi
2
p

L

3

2
abð2p! 3XÞ þ 45

32
pa2ð1! esÞ

$ %
; ð15Þ

where Sligament and Snode are the surface area of one ligament
and node contained in the cubic cell, and Vc(=2VT) is the
volume of the cubic cell.

We have presented a non-dimensional curve X:ac:L with
respect to porosities in Fig. 4 (bottom left). From this
curve, one can estimate either ac or L for known total
and strut porosities. The dimensionless parameter X:ac:L
increases with an increase in strut porosity, resulting in a
lower specific area for a given total porosity. We have also
presented a non-dimensional curve relating X:a:ac to total

porosity in Fig. 4 (bottom right). Using these curves, one
can characterize all the geometrical parameters of any hol-
low strut. The derived correlations presented above allow
foams to be tailored according to different specifications.
In this way, foams with desired properties can be made
to meet the needs of different engineering applications.

2.2. Comparison with experimental data

Data was gathered from experimental measurements
performed on alumina, Mullite, OBSiC and SSiC ceramic
foams as given by several authors [13,15,16,26]. These are
listed in Table 1.

Theoretically, et and eo are independent, but in the
results shown in Fig. 5 one observes that for existing

Table 1
Properties of alumina, Mullite, OBSiC and SSiC foams of different porosities and pore sizes. Experimental and analytical data are presented.

Authors Material Experimental data Analytical data

dw ds en et eo ac (MRI) ac [15] eo es ac

Garrido et al. [13] Alumina 1.069 0.46 0.75 0.777 0.719 1290 0.058 1176
1.933 0.835 0.80 0.818 0.772 675 0.046 678
1.192 0.418 0.80 0.804 0.751 1187 0.053 1262
0.871 0.319 0.80 0.816 0.766 1438 0.05 1520
0.666 0.201 0.80 0.813 0.761 1884 0.052 2043
2.252 0.88 0.85 0.852 0.812 629 0.04 589
1.131 0.451 0.85 0.858 0.814 1109 0.044 1031
0.861 0.33 0.85 0.852 0.807 1422 0.045 1353
0.687 0.206 0.85 0.848 0.801 1816 0.047 2048

Grosse et al. [26] 1.974 1.001 0.75 0.75 0.688 639 0.062 646
1.070 0.651 0.75 0.736 0.719 1260 0.017 1176
1.796 0.944 0.80 0.794 0.773 664 0.021 641
0.955 0.509 0.80 0.814 0.745 1204 0.069 1107
0.847 0.391 0.80 0.816 0.754 1474 0.062 1246
0.781 0.276 0.80 0.801 0.763 1884 0.038 2012
1.952 0.809 0.85 0.848 0.812 629 0.036 593
1.137 0.544 0.85 0.853 0.813 1109 0.04 998
0.860 0.273 0.85 0.87 0.793 1520 0.077 1246
0.651 0.217 0.85 0.843 0.783 1816 0.06 1943

Dietrich et al. [15] Al2O3 1.529 0.651 0.75 0.754 0.69 1090 0.064 1155
2.253 0.967 0.80 0.808 0.765 664 0.043 612
1.091 0.476 0.80 0.802 0.748 1204 0.054 1290
0.884 0.391 0.80 0.806 0.752 1402 0.054 1542
0.625 0.195 0.80 0.809 0.757 1884 0.052 1801
1.464 0.544 0.85 0.854 0.811 1109 0.043 991

Mullite 1.348 0.612 0.75 0.736 – – 1035 0.695 0.041 1160
2.111 0.895 0.80 0.785 – – 638 0.741 0.044 654
1.405 0.545 0.80 0.789 0.741 1291 0.048 1187
1.127 0.533 0.80 0.793 0.748 1395 0.045 1190
0.685 0.293 0.80 0.797 0.744 2126 0.053 2143
1.522 0.51 0.85 0.834 – – 879 0.787 0.047 846

OBSiC 1.361 0.896 0.75 0.742 – – 899 0.701 0.041 858
2.257 1.063 0.80 0.791 – – 578 0.747 0.044 601
1.489 0.719 0.80 0.791 – – 869 0.747 0.044 889
1.107 0.544 0.80 0.791 – – 1162 0.747 0.044 1175
0.715 0.275 0.80 0.786 – – 1938 0.742 0.044 2374
1.467 0.622 0.85 0.845 – – 855 0.798 0.047 785

Inayat et al. [16] SSiC 1.800 0.701 0.88 0.878 0.853 732 0.025 683
1.297 0.480 0.90 0.896 0.873 858 0.023 784
1.030 0.399 0.90 0.885 0.862 1136 0.023 1042

Average deviation 1.58%
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material foams there is a direct relation between et and eo

(see also Table 1). This point is used to derive an approxi-
mate value of eo for a few Mullite and OBSiC ceramic sam-
ples that were not measured by Dietrich et al. [15].
Following the general trend of void formation of ceramic
foams of different materials, we have determined a fitting
relation (see Fig. 5) between et and eo which is given by
the following equation:

et ¼ 0:9942eo: ð16Þ

This fitting relation (Eq. (16)) gives access to calculate the
specific surface area analytically for the samples whose
open porosities are unknown (see Table 1). We have vali-
dated a wide range of specific surface areas measured by
different authors [13,15,16,26], and our results are pre-
sented in Table 1. The analytical results are in good agree-
ment and the average deviation of 28 different samples of
different materials is 1.58%.

It is worth noting that the mathematical correlation is
developed for porosity ranging from 65 to 90% for circular
strut shapes and triangular voids. Richardson et al. [8] have
proposed that for et > 0:90, the strut shape changes from
circular to triangular and possesses a circular void. We
have presented a mathematical formulation to determine
the geometrical properties and specific surface area for
porosity et > 0:90 in Appendix A.

3. Pressure-drop correlation in ceramic foams

In the literature, pressure-drop correlations in open-cell
foams are often derived via an Ergun-like approach.
Recently, Dietrich et al. [15] derived pressure-drop correla-
tions for their ceramic samples and obtained constant
numerical values of Ergun parameters as 110 and 1.45,
respectively. They calculated the hydraulic diameter using
total porosity (et) but not open or hydrodynamic porosity
(eo). They argued that the two values are closer for their
samples and that information about total porosity (et) is
more fully available. Permeability is very sensitive to flow
conditions and porosity and, in turn, will impact the global
pressure drop quite significantly if correct open porosity is
not considered [36].

Using the experimental values of flow properties K1 and
K2, we compared parameters A&D and B&D (calculated using
the approach of Dietrich et al. [15], Eq. (3)) and parame-
ters, A&E and B&E (calculated using Eq. (2)) and the results
are presented in Appendix B (Tables B1 and B2). In
Table B1, we observed that the average deviations between
parameters A&E (Eq. (2)) and A&D (calculated either using
hydraulic diameter from pressure-drop measurements or
specific surface area) are 35–40%. Similarly, we observed
the average deviations between parameters B&E (Eq. (2))
and B&D (calculated using either the hydraulic diameter
from pressure-drop measurements or the specific surface
area) to be 26–28% as presented in Table B2.

Fig. 5. Relationship between total porosity, et, and open porosity, eo, for
different material ceramic foams [13,15–16,26].

Fig. 6. Left: comparison and validation of Ergun parameter A&E and A&D:C Right: comparison and validation of Ergun parameter B&E and B&D:C.
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These deviations in parameters A&D and B&D clearly sug-
gest an inclusion of a correction factor that encompasses
the characteristic dimensions of foam structure compared
to window or strut diameter or open porosity even if the
strut (or inner) porosity is unknown.

We propose to use a correction factor (a dimensionless
geometrical parameter) C ¼ eo a=bð Þk that needs to be mul-
tiplied by A&D and B&D to obtain comparable values of A&E
and B&E. The use of factor C will improve the reliability
of the correlation and help to reduce the dispersion of cal-
culated values (For a and b, see the analytical approach
presented in Section 2.1.).

The relationships between A&D, B&D, A&E and B&E are given
as follows:

A&E ¼ A&D:C and B&E
¼ B&D:C with dh&D from Eq: ð3Þ ð17Þ

In Fig. 6, we have plotted the relationships presented in Eq.
(17) and identify the value of the exponent k that appears
in correction factor C. A value of k ¼ !0:1 gives the best
agreement with the Ergun parameters A&E and B&E calcu-
lated using Eqs. (2) and (17). However, we could not pro-
vide any physical interpretation of the empirical value of k.
In order to provide a generic correlation, a systematic
study needs to be done.

The average deviations observed for the Ergun param-
eters A&E and B&E obtained from Eqs. (17) and (2) are
7.18% and 0.35%, respectively (see Tables B1 and B2).
We have validated the permeability and inertia coefficients

K1 and K2 (see Table 2) using the correction factor, C
(using Eqs. (1) and (17)). The correlations tend to under-
estimate the experimental results, the average deviations
in calculated properties K1 and K2 are !2.89% and
!1.6%. One of the reasons for these deviations is the
unavailability of experimental values for the specific sur-
face area of a few Mullite foam samples and a complete
set of OBSiC foam samples (see Dietrich et al. [15] and
Table 1). Note that we extracted ac using our correlation
in Eq. (15) and used this value to carry out all analytical
calculations.

Table 2
Experimentally and analytically determined flow parameters, K1 and K2 of alumina, Mullite and OBSiC ceramic foams of different pore sizes and
porosities.

Material en Experiments [15] Analytical Experiments [15] Analytical

K1 + 10!9 (m2) K1 + 10!9 (m2)
using Eqs. (1)
and (2)

K1 + 10!9 (m2)
using Eqs. (1)
and (17)

K2 + 10!5 (m) K2 + 10!5 (m)
using Eqs. (1)
and (2)

K2 + 10!5 (m)
using Eqs. (1)
and (17)

Alumina 0.75 130 116 81 88 83 72
0.80 77 90 108 187 202 225

54 49 47 114 107 107
32 29 28 98 89 91
20 22 24 76 80 83

0.85 144 180 304 180 201 256

Mullite 0.75 90 71 54 95 85 79
0.80 299 284 274 186 182 184

88 104 58 122 133 101
45 62 43 102 120 102
29 29 24 66 66 60

0.85 120 129 169 190 197 223

OBSiC 0.75 65 71 56 95 99 95
0.80 276 255 257 135 130 134

56 54 54 123 120 124
46 45 45 84 83 86
17 11 11 50 41 42

0.85 220 263 379 150 164 193
*Average deviation 2.22% !2.89% 0.55% !1.6%
* Average deviation is calculated with respect to experimental values of K1 and K2 [15].

Fig. 7. Plot of F vs. S (non-dimensional).
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4. Effective thermal conductivity

4.1. Resistor modeling

We use the resistor modeling approach [45] and apply
it to the unit cell in order to incorporate varying individ-
ual geometries and non-linear flow of heat flux lines gen-
erated by the difference in the thermal conductivity of the
constituent phases. The effective thermal conductivity lies
between the parallel model and series model of a two-
phase system and can be found by incorporating a corre-
lation factor, F. This relationship is given by the following
equation:

keff ¼ kF
parallel:k

1!F
series F , 0; 0 ) F ) 1; ð18Þ

where a F th fraction of the material is oriented in the direc-
tion of heat flow and the remaining 1! Fð Þth fraction is
oriented in the perpendicular direction.

The parallel and series models determining conductivity
are given by the following:

kparallel ¼ ks 1! etð Þ þ etkf ¼ w ks ! kf
" #

þ kf ; ð19Þ
1

kseries
¼ 1! et

ks
þ et

kf

& '
¼ w

1

ks
! 1

kf

$ %
þ 1

kf

& '
; ð20Þ

where w ¼ fa2bð1! esÞ þPa3ð1! XesÞ, and f and P are
numerical values from Eq. (12).

Eq. (18) is solved for F in terms of, kparallel kseries and keff .
The solution is given by Eq. (21). Clearly, the factor F con-
tains a geometric function w.

F ¼
ln 1! wð Þ keff

kf
þ w keff

ks

h i

ln 1þ w 1! wð Þ ks
kf
þ kf

ks
! 2

( )h i : ð21Þ

For a known et, one can have only one kparallel and kseries

which leads to only one value of keff for a given value of
F. Thus, using this approach implies that the influence of
solid matrix geometry (as well as thermophysical proper-
ties) will be taken into account only through the F value.

In order to determine a correlation that is more precise
than that of Singh and Kasana [45], which is valid for a

Fig. 8. Plot of k-eff vs. 2
3 k-s ðwÞ

1=F (non-dimensional).

Table 3
Experimentally and analytically determined effective thermal conductivity, keff of alumina, Mullite and OBSiC ceramic foams of different pore sizes and
porosities.

Material en Experiments Analytical

Resistor model Modified Lemlich model

keff =kf F (*Exp.) F (*Ana.) keff =kf (Using F Ana.) keff =kf (Using F Exp.) keff =kf (Using F Ana.)

Alumina 0.75 112.39 0.873 0.886 120.15 117.91 120.75
0.80 89.49 0.873 0.872 89.15 88.63 88.48

92.79 0.874 0.874 92.53 92.15 92.04
90.01 0.872 0.872 90.28 89.55 89.67
93.42 0.882 0.871 88.59 89.96 87.89

0.85 67.67 0.865 0.853 64.03 63.53 61.61

Mullite 0.75 22.01 0.827 0.831 22.29 19.86 20.00
0.80 13.47 0.730 0.813 17.66 12.09 15.02

15.48 0.777 0.812 17.29 13.43 14.62
18.28 0.834 0.810 16.93 15.03 14.22
15.4 0.785 0.808 16.56 13.05 13.82

0.85 11.94 0.755 0.789 13.26 9.21 10.22

OBSiC 0.75 70.43 0.866 0.873 72.67 70.93 71.81
0.80 52.16 0.841 0.859 56.49 52.70 54.80

56.53 0.859 0.859 56.49 54.82 54.80
57.09 0.862 0.859 56.49 55.08 54.80
48.52 0.820 0.861 58.11 51.73 56.52

0.85 36.2 0.816 0.837 39.57 34.49 36.54
Average deviation 1.66% 5.04% 5.51% 2.36%
* Exp., experiments; Ana.; analytical.
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wider porosity range and solid to fluid thermal conductiv-
ity ratios, we used the experimental values provided by
Dietrich et al. [46] to support our model. They performed
effective thermal conductivity measurements on alumina,
Mullite and OBSiC foams for intrinsic solid to fluid ther-
mal conductivity ratios ranging from 140 to 900.

From the keff results of Dietrich et al. [46], values of F
were extracted using Eq. (21) and a better fit was obtained
that includes geometrical parameters and the ratio of
constituent phases. We plotted F as function of
S ¼ lnðw2:ks=kf Þ in Fig. 7. It is observed that F increases,
following a roughly quadratic polynomial regime with an
increase in S and all the values of factor F for different
porosities collapsed on a single curve. There is no physical
reason to choose a quadratic polynomial function and we
do not claim any physical meaning to the curve fitting.
The quadratic polynomial function is the simplest function
that gives a good approximation of effective thermal con-
ductivity data. From Fig. 7, it is found that:

F ¼ !0:004S2 þ 0:0593S þ 0:7144: ð22Þ

Due to the scattering of experimental data in Fig. 7, we
calculated the root mean square deviation (RMSD) of
the fitting relationship in Eq. (22), which is given by follow-
ing equation:

RMSD ¼ 10RMSðELOGÞ with ELOG

¼ log
keff

kf

$ %

calc

! log
keff

kf

$ %

exp

: ð23Þ

We obtained an RMSD value of 0.1088 (or 10.88%) for
calculated values of the effective thermal conductivity.
From Eq. (22) and Fig. 7, it is evident that F is a function
of geometrical parameters and the ratios of the thermal
conductivities of constituent phases and is applicable to a
wide range of thermal conductivity ratios (ks/kf).

4.2. Modified Lemlich model

Eq. (4) with an exponent of 1 on solid porosity (1! et)
has been directly used as a check by several authors [39–
45]. Thus, there is a need to find an empirical correlation

that incorporates the intrinsic value of the solid thermal
conductivity of foams and fluid phase to replace the Lem-
lich model [38]. In comparison with the resistor model dis-
cussed in Section 4.1, we have tried to develop another
model based on scattering of the keff values of Dietrich
et al. [46] that is very similar to the Lemlich model [38].

We propose to use this model [38] by introducing an
exponent, n, and replacing the solid porosity (1! et) by a
function of geometrical parameters, w. This exponent, n,
takes into account the impact of structure on the effective
thermal conductivity. We have tried several combinations
of keff ; ks; kf , w and F (from Section 4.1) to find the best
fit for all porosities of different materials and intrinsic solid
to fluid thermal conductivity ratios ranging from 140 to
900 that collapsed on a single curve. The best fit is pre-
sented in Fig. 8. From Fig. 8, the relation is shown to be
a straight line given by:

k-eff ¼
2

3
k-s : wð Þ1=F ; ð24Þ

where k-eff ¼
keff

kf
and k-s ¼

ks
kf

.

4.3. Validation of resistor and modified Lemlich model

We have validated the effective thermal conductivity
results using the resistor model approach and the modified
Lemlich model, and this is presented in Table 3. We first
compared the correction factor, F that is obtained from
the experimental values of Dietrich et al. [46] and Eq.
(22). The average deviation observed is 1.66% and suggests
that the results of the analytical correlation (Eq. (22)) are a
good prediction of F obtained from experiments. Then, we
compared the analytical results of keff obtained from the
resistor model using Eq. (22) and F from experiments.
The average deviations are 5.04% and 5.51%, respectively,
which establishes that the effective thermal conductivity
can be precisely calculated using the resistor model
approach if the geometrical parameters or relationship
between parameters are known. Lastly, we compared keff

results obtained from the modified Lemlich model using
F obtained from Eq. (22). For this, the average deviation
is 2.36%. Thus, all three approaches lead to the same value.

Fig. A1. Left: presentation of a typical hollow ceramic strut with a circular void and triangular strut shape. The image is taken from Ref. [8]. Right: detail
of equilateral triangular strut cross-section with circular void inside the strut. The dimensions of strut (side length, N) and void cross-section (void radius,
R) are clearly highlighted.
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This signifies the importance of the geometrical parameters
of foams on their thermal properties.

The modified Lemlich model validation is presented in
Fig. 8. The fit works very well for all known intrinsic ks.

We observed an error of ±4% for the entire range of keff

values, which is comparable to uncertainties in the
intrinsic solid-phase conductivity values of Dietrich
et al. [46].

Table B1
Comparison of Ergun parameter, A&D (pressure drop and specific surface area approach) and A&E (Ergun approach) of alumina, Mullite and OBSiC
ceramic foams.

Material en et et eo

Experiments Calculated Analytical

dh;DP (mm) dh;ac (mm) A&D [15] using dh;DP A&D [15] using dh;ac A&E Eq. (2) using Ergun A&E Eq. (17) using dh;ac

Alumina 0.75 3.46 2.75 69.44 43.86 22.13 30.31
4.1 4.82 176.40 243.79 238.79 248.38

0.80 2.86 2.66 121.48 105.09 84.19 74.52
2.34 2.28 137.92 130.93 109.93 89.42
1.84 1.7 136.95 116.90 103.49 107

0.85 4.24 3.07 106.62 55.89 84.32 60.35

Mullite 0.75 2.94 2.9 70.69 68.78 37.40 44.34
4.78 5.01 59.99 65.90 49.95 50.94

0.80 3.01 3.25 81.23 94.70 41.35 52.51
2.34 2.77 96.49 135.21 75.26 105.08
1.4 1.63 53.87 73.02 47.94 49.48

0.85 4.36 3.87 132.12 104.09 116.59 90.97

OBSiC 0.75 3.22 3.34 118.36 127.35 73.02 114.73
5.6 5.54 89.88 87.96 70.51 66.83

0.80 3.33 3.68 156.63 191.29 153.74 150.61
2.58 2.75 114.46 130.04 104.67 104.92
1.86 1.65 159.96 125.88 96.28 68.26

0.85 4.18 3.98 67.11 60.84 77.28 59.94
*Average deviation 40.52% 35.94% 7.18%
* Average deviation is calculated with respect to A&E of Ergun approach using Eq. (2) considering open porosity.

Table B2
Comparison of Ergun parameter, B&D (pressure drop and specific surface area approach) and B&E (Ergun approach) of alumina, Mullite and OBSiC
ceramic foams.

Material en et et eo

Experiments Calculated Analytical

dh;DP (mm) dh;ac (mm) B&D [15] using dh;DP B&D [15] using dh;ac B&E Eq. (2) using Ergun B&EEq. (17) using dh;ac

Alumina 0.75 3.46 2.75 2.24 1.78 1.10 1.28
4.1 4.82 1.43 1.68 1.53 1.38

0.80 2.86 2.66 1.61 1.50 1.21 1.20
2.34 2.28 1.55 1.51 1.25 1.22
1.84 1.7 1.58 1.46 1.25 1.19

0.85 4.24 3.07 1.72 1.24 1.41 1.11

Mullite 0.75 2.94 2.9 1.68 1.65 1.12 1.19
4.78 5.01 1.58 1.66 1.33 1.31

0.80 3.01 3.25 1.54 1.66 1.00 1.31
2.34 2.77 1.44 1.71 1.17 1.36
1.4 1.63 1.35 1.57 1.15 1.25

0.85 4.36 3.87 1.60 1.42 1.38 1.22

OBSiC 0.75 3.22 3.34 1.87 1.94 1.34 1.41
5.6 5.54 2.60 2.57 2.11 2.04

0.80 3.33 3.68 1.69 1.87 1.54 1.49
2.58 2.75 1.92 2.05 1.69 1.63
1.86 1.65 2.30 2.04 1.64 1.61

0.85 4.18 3.98 1.99 1.89 1.96 1.66
*Average deviation 28.38% 26.47% 0.35%
* Average deviation is calculated with respect to B&E of Ergun approach using Eq. (2) considering open porosity.

284 P. Kumar, F. Topin / Acta Materialia 75 (2014) 273–286



5. Conclusion

We have presented a simple mathematical correlation
without any fitting curve to characterize ceramic foam
geometry. This correlation can be extended to any kind
of foam and can be easily applied to different strut shapes
with or without voids in struts. The analytical results
obtained for the specific surface area have been validated
against experimental data of different ceramic foams and
are in excellent agreement.

The need for a combination of geometrical parameters
has been discussed for flow characteristics and a correc-
tion factor C has been suggested to determine Ergun
parameters if total porosity is the only known parameter.
The new correlation is valid for a large range of porosities
and a wide range of Reynolds numbers. All the analytical
results of flow properties were validated against experi-
mental results.

Lastly, we derived two effective thermal conductivity
models. The first one is based on the resistor approach,
while the second one uses the modified Lemlich model.
Both models are validated against the experimental values
reported in the literature and are found to predict accu-
rately the effective thermal conductivities in the error range
of ±5%. The final predictions of the analytical models are
very effective.

As both models are independent, they can be used
simultaneously to predict both the intrinsic solid-phase
conductivity (ks) and effective thermal conductivity (keff )
of foams for a known geometry and fluid-phase conductiv-
ity. Since the intrinsic solid-phase conductivity is usually
unknown, this is extremely useful as it allows the tailoring
of foams for many different engineering applications.
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Appendix A

Mathematical formulation for porosity, et>0.90:
We have followed the same methodology as presented in

Section 2. We have shown a circular void inside an equilat-
eral triangular strut in Fig. A1.

Strut porosity due to void inside the strut is calculated
as:

es ¼
V void

V strut
¼ pR2Lsffiffiffi

3
p

=4N 2Ls
: ðA:1Þ

Eq. (A.1) can be rewritten as:

R ¼ X0N ; ðA:2Þ

where X0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
es

ffiffiffi
3
p

=4p
q

.

Note that the approximation at the node junction for a
triangular strut will be different than for a circular strut
cross-section [48], and is given as:

0:594N þ Ls ¼ L: ðA:3Þ

Eq. (A.3) in non-dimension form can be rewritten as:

0:594a0 þ b0 ¼ 1; ðA:4Þ

where a0 ¼ N
L and b0 ¼ Ls

L .
Total porosity, et, as a function of geometrical parame-

ters is given by:

3
ffiffiffi
3
p

a0
2
b0 1! esð Þ þ 8ffiffiffi

3
p a03 1! X0esð Þ ¼ 8

ffiffiffi
2
p

1! etð Þ: ðA:5Þ

Specific surface area is calculated by the same procedure as
derived in Section 2.1 and is given by:

ac ¼
1ffiffiffi
2
p

L

3

2
a0b0 3! 2pX0ð Þ þ 45

ffiffiffi
3
p

128
a02 1! esð Þ

 !

ðA:6Þ

Appendix B

Ergun constants A&E and B&E.
See Tables B1 and B2.
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