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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,
/s, and effective thermal conductivity, 4.4 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].
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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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Nomenclature

Latin symbols

a, Specific surface area, m ™'

Alp Ergun parameter, dimensionless [15], Eq.3
Blp Ergun parameter, dimensionless [15], Eq.3
Alg Ergun parameter, dimensionless, Eq. 1
Bl Ergun parameter, dimensionless, Eq. 1

C Correction factor, dimensionless

deent Cell diameter, m

d, hydraulic diameter, m

dilp hydraulic diameter, m [15], Eq.3

d, Pore diameter, m

D, Particle diameter, m

d, Strut diameter, m

d,, Window diameter, m

F Constant, dimensionless

K Permeability coefficient of viscous term, m>
K> Permeability coefficient of inertial term, m
L Node length, m

L, Strut length, m

AL Length of the foam, m

n Constant, dimensionless

N Void length, m
AP Pressure drop, Pa

R Strut Radius, m

Re Reynolds number, dimensionless
S Constant, dimensionless

V, Solid volume of foam, m?

Vr Total volume of cubic cell, m>
Greek symbols

&n Nominal porosity, dimensionless
& Total porosity, dimensionless

€ Open porosity, dimensionless

& Strut porosity, dimensionless

Q Constant, dimensionless

o Constant, dimensionless

p Constant, dimensionless

iz Constant, dimensionless

A Constant, dimensionless

u Dynamic viscosity, kg/m/s

0 Density of fluid, kg/m?

As Intrinsic solid phase conductivity, W/mK
vy Fluid phase conductivity, W/mK

Jeff Effective thermal conductivity, W/mK
Jparatier Parallel thermal conductivity, W/mK

Jseries  Series thermal conductivity, W/mK
{ Numerical value, Dimensionless

I Numerical value, Dimensionless

v Constant, dimensionless
Abbreviations

CT Computed tomography
MRI  Magnetic resonance imaging
PPI Pores per inch

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 (a.) 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
(¢,) of the foam structure and the strut thickness (d,).
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 (¢,) 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
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