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An open-source workflow for open-cell foams modelling:
geometry generation and CFD simulations for
momentum and mass transport

Enrico Agostini?, Gianluca Boccardo'?®, Daniele Marchisio®
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Politecnico di Torino, Corso Duca degli Abruzzi, 24, 10129, Torino, Italy

Abstract

Open-cell foams are porous materials characterized by high porosity and
large specific surface, industrially employed as catalyst supports or particu-
late filters. These materials can be modelled using periodic lattices, or with
more complex approaches based on Voronoi tessellations. This work introduces,
tests, and makes available an open-source workflow (Agostini| (2021))) based on
Blender that can reproduce great varieties of geometries with a limited cost
for their modeling. An example of the exploration capabilities of this workflow
is presented in the form of CFD simulations for flow field and mass transfer
(performed with OpenFOAM) on the created geometries, eventually obtaining
an effective particle deposition/filtration coefficient K4. The results are inter-
preted using constitutive equations and other functional forms depending on
geometric parameters which prove to be insufficient in explaining the variations
in filtration performance, highlighting the need for more detailed exploration,
the objective for which this workflow was developed.

Keywords: Open-cell foams, CFD, Open-source, Blender, OpenF0AM
2010 MSC: 00-01, 99-00

1. Introduction

The interest of the process industry towards porous materials, such as open-

cell solid foams, has greatly increased over the last twenty years. The reasons
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reside in their unique properties such as mechanical resistance, very high poros-
ity, which results in lower pressure drops compared to other packing media,
large specific surface area and high thermal conductivity, which are important
factors for mass and heat transfer. The production process often begins with
polyurethane foams, which are usually used as precursor for ceramic or metallic
ones (Twigg and Richardson, [2007)).

They are produced by inflating a gas, usually air, into molten polymer and
inducing polymerization. A good example of the dynamic of polymeric foam for-
mation process can be found in [Karimi et al.|(2017)). The polymeric structures
obtained are then impregnated by ceramic pastes/slurries or metallic powders,
together with wetting and binding agents. Finally these wet foams are cal-
cinated, obtaining a positive replica of the polyurethane foams. The foams
thus obtained have the peculiarity of presenting hollow ligaments, due to the
destruction of the polymeric foam inside. Many other techniques have been
developed in the last twenty or more years, such as direct blowing of melted
metal alloys or metallic powders sintering, as reported by [Singh and Bhatnagar
(2018). Notable uses of ceramic foams are: molten metal filters, monolithic
catalyst supports (Richardson et al.l [2003), soot filters (Meloni et al.l [2019)),
column packing for packed bed reactors [Wehinger et al.| (2019)). Metallic foams
are commonly used as filters, catalyst supports or reactor and heat exchanger
packings due to their great performaces in heat transfer applications. Despite
the great advancements in the production techniques developed in the last 30
years, the optimization of such materials remain a challenging issue. The main
parameters used for their characterization are porosity and the number of pores
per inch (ppi), which indicate the average pore diameter, but they do not give
any clue regarding important values such as the specific surface area Sy, used
in the design of industrial devices or processes to estimate the heat exchange
coefficient h or the pressure drops AP/L. The optimization of such structures
for different uses remains an open problem. In order to achieve this, it is cru-
cial to develop an accurate theoretical model which can help in the evaluation

of parameters such as porosity or specific surface area, important for the final
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foam performance. This would allow a better understanding and a more accu-
rate estimation of the transport processes occurring inside this type of porous
materials.

The first attempts to properly model the geometric structure of open-cell
foams relied on ideal periodic geometries. Such structures are ideal convex
polyhedra, with regular polygonal faces, which can perfectly fill the space in
a repetitive fashion, forming a structure with congruent repetitive cells. The
advantage of using such geometries resides in the fact that analytical correlations
can be derived to describe the geometrical structure, such as edges length, area
of the cell windows and the volume of the pores. This also allows to an easier
estimation of the resulting porosity and specific surface. Common polyhedra
with such properties are cubes, dodecahedra and truncated octahedra (also

known as tetrakaidecahedron).

Lord Kelvin (Thomson et al.l [1887) proposed it as the shape which attained

the minimal surface tension in a foam made of bubble of equal size. This struc-
ture, better known as Kelvin’s cell, has 14 faces (6 squares and 8 hexagons) and
36 edges of equal size. This polyhedron is still widely considered the ideal shape
that a solid foam cell would attain if the structure would be allowed to reach
equilibrium during the synthesis process. Many authors used the Kelvin’s Cell as
a geometric model in their investigation of transport phenomena inside porous

open-cell foams. In their review on solid foams and their application in the

process industry [Twigg and Richardson| (2007)) reported analytical correlations

for the estimation of the specific surface Sy, pressure drops AP/L and heat

transfer coefficient h, based on the Kelvin’s cell geometry. [Lacroix et al. (2007))

validated a cubic cell model with pressure drop measurements.
, proposed a general geometric model based on the tetrakaidecahedron
reporting several parametric correlation to describe such geometrical structure
based on the edge length L, varying the aspect ratio of the cell.
proposed mass transfer and pressure drops correlations based both
on experimental measurements and analysis of the geometry obtained with an

MRI technique, highlighting the influence of the pore size and porosity.
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let al| (2011a), Inayat et al. (2011c), Inayat et al.| (2011b]) developed analytical

geometrical correlations based on the Kelvin’s Cell model comparing them to

data obtained by characterization of real foams with p-CT tomography.

land Topin| (2014)) used an analytical approach, based on the tetrakaidecahedron

unit cell, to investigate the thermohydraulic aspects (pressure drops and thermal

conductivity) of several different foams structure, comparing a large amount of

experimental results found in literature. Ambrosetti et al. (2017)) developed a

very detailed analytical model, based on the Kelvin’s unit cell, and validated it

with a large amount of experimental data. Della Torre et al.| (2016) used the

Kelvin’s Cell model for numerical simulations of a catalytic reaction in open-cell
foams substrates.

Along with analytical models, in the last 20 years many authors used nu-
merical methods to study and characterize these materials.
studied fluid flow and pressure drops with DNS methods. [Lucci et al.
(2014), [Lucci et al| (2015) and Lucci et al| (2017) studied momentum, heat,

mass transfer and catalytic reactions using a regular and a randomized Kelvin’s

cell model coupled with CFD. For the same geometrical model |Della Torre et al.|
(2014) explored the flow field over different fluid dynamic regimes. m
(2016)), Das et al.| (2017), |(Chandra et al. (2019)) studied momentum and mass

transfer inside a periodic Kelvin’s cell using CFD with an Immersed Bound-
ary Method. However, it is well reported that not all the important properties

of the open-cell foams can be caught by simulations over ordered lattice, as

for instance reported by [Habisreuther et al. (2009)) , thus along the simplified

analytical Tetrakaidecahedron models many authors focused their research on
developing more realistic models, in order to better describe the with random

nature of open-cell foams. [Lautensack et al. (2008), [Redenbach| (2009), We-|

Jjrzanowski et al| (2013), were between the first to proposed the use of random

tessellations as an optimal model to represent the cellular random nature of
solid foams. Random Voronoi or Voronoi-Laguerre algorithms subdivide the
space into regions, which can be taken to represent the pores of a real foam.

The advantage of this approach lies in the fact that a large range of parameters
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affecting the final geometry can be explored. This allows the creation and the
study of many structures and configurations that wouldn’t otherwise be possible
to experimentally investigate. Many authors, such as Bracconi et al.| (2017)), |Nie
et al| (2017a), Nie et al.| (2017Db), Das et al| (2018) used random tessellations
to generate geometries and investigated transport phenomena using numerical
simulations.

Different algorithms and software were used by these authors to create the
geometries: LIGGGHTS (Kloss et all) [2012) or LAMMPS to compute the initial
random seeds of the tessellation, voro++ (Rycroft} |2009)) to compute the tessel-
lations and Surface Evolver (Brakke, [1992) to create the superficial mesh.

Most of the aforementioned software can produce very good results, how-
ever, to the best of the authors’ knowledge, there is no example in literature of
any open-source tools which fit in a unique platform the geometry generation
and the transport simulation workflow, for the modeling of this kind of foams.
Therefore, the objective of this work is to introduce, test and validate an open
and flexible in-silico tool, that would be able to reproduce a great variety of
structures, exploring large parameter ranges, in order to be able to optimize
the geometric structure according to the different application areas. The inno-
vative tool presented in this work will rely only on the open-source computer
graphics code Blender and on Python programming language code to calculate
and create the final geometry. The initial set of random points would be gener-
ated by a random sphere packing (either mono- or poly-dispersed), following an
already validated workflow proposed by Boccardo et al.| (2015). The position
of the edges and nodes of the tessellation, generated from the starting random
seeds, is retrieved from the Voronoi algorithm. Then Blender creates cylinders
and sphere at the supplied coordinates to generate the foam structure. The
resulting geometry will be used to define a computational domain in which to
run CFD simulations in the OpenFOAM environment.

First, the flow field would be calculated, to estimate the pressure drop and
hydraulic permeability of the generated geometries. Then, micro-scale mass

transfer simulations would be carried out to explore transport and surface reac-
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tion/deposition of colloidal particles through these porous media. This problem
is of great importance in chemical and environmental engineering, and as such

it has been investigated by many authors dealing with a variety of applications,

such as particle deposition in filtration (Yao et al [1971), catalytic processes

through filter beds in the automotive industry (Bensaid et al.|[2010), aquifers

remediation (Tosco et al) [2012)) and filtration and adsorption of pollutants in

structured ceramics Konig et al.| (2020)) , to cite a few. A thorough research of

the relevant literature yielded no related articles on this topic applied to open-
cell foams. This work will focus on phenomena of fast deposition/reaction of

colloidal particles on the solid surface. This circumstance usually occurs either

in the event of clean-bed filtration Yao et al.| (1971) or in case of a very fast

catalytic reaction, whose coefficient of reaction tends to infinity. In this par-
ticular cases deposition is driven by Brownian motion and steric interception
mechanisms. Following the model and methodology proposed by [Boccardo et al|
(2014) and |Boccardo et al.| (2018), and then used in subsequent works
let al.| (2021)); |Crevacore et al. (2016), the results of the scalar transport sim-

ulations will be used to calculate an effective macroscopic particle deposition
rate coefficient K4, which would be used to estimate the efficiency of clean-bed
filtration of open-cell foams. As an aside, it has to be noted that this frame-
work and some of the results presented can be readily extended for heat transfer
problems. In those cases, however, the heat conduction in the solid needs to be
upscaled with appropriate non-equilibrium transfer terms, as demonstrated by

[Municchi and Icardi (2020a).

2. Workflow description and theoretical background

The creation of foam-like geometries is a complex process involving several
steps and touching different fields in computational geometry. To reproduce the
cellular structures of solid foams, the space is subdivided into regions or cells,
using a Voronoi tessellation or similar kinds of geometrical algorithms. The

starting points for this subdivision, called seeds, are provided by the centers of
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a random packing of spheres inside a confined space. The advantage of using
this workflow is that the resulting foam properties can be linked to the initial
parameters of the geometric model. Consequently, properties such as porosity
e, specific surface Sy, and permeability k& can be estimated more rigorously.
The open-source computer graphics software Blender is used both for perform-
ing the rigid body simulation, resulting in the sphere packing, and to generate
the geometry in the form of a .stl file. Subsequently, used as a basis to build
the computational domain of the system, which is then meshed using the open-
source CFD code OpenF0AM, also used to carry out the numerical simulations.
In Section 2.1 an overview of the Kelvin’s Cell ideal model is presented. In
Section 2.2 the creation of the spheres packing is reviewed. Then, the tessellation
process is treated in Section 2.3. In Section 2.4 the geometry model and his
creation is presented. Finally, in Section 2.5 the computational methods are

presented.

2.1. Ideal model: the Kelvin Cell

An ideal approach to the modeling of open-cell foams is the Kelvin Cell
model. It was first proposed by Lord Kelvin as the arrangement taken by bub-
bles in the formation of liquid foams because it is the configuration with minimal
surface tension. It consists of a tetrakaidecahedron, an ideal polyhedron, with
14 faces, 36 edges and periodic in space. Its representative elementary volume
(REV), the cell itself, is frequently used to model open-cell foams because of
its shape simplicity, easily apparent connectivity and periodicity. Its features
are also used as comparison in the analysis of random generated geometries, to

assess how closely this structure resemble ideal shapes.

2.2. Sphere packing process

As already mentioned in the introduction section, modeling open-cell foams
by means of ordered lattice shapes such as the Kelvin Cell is not sufficient to
catch some of their important properties and therefore other approaches were

conceived in order to cope with the higher level of complexity. Among these
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the use of random Voronoi tessellation is preferred because they show compa-
rable randomness. The structures resulting from this algorithm can be used as
a skeleton for the final foam model. The initial parameters of the tessellation,
namely the shape of the distribution of spheres which gives the initial random
seeds, can be tuned to create different structures varying the resulting random-
ness. The creation of a mono-disperse or a poly-disperse hard-sphere packing
is carried out using the open-source code BSand. As reported by |Boccardo et al.
(2015), the computer graphics code Blender solves the Newton’s equation of
motion for system constituted of N particles. The dynamics of collisions of a
system of N rigid-body spheres is solved by means of the Bullet Physics Library
(BPL). This collection of codes provides several iterative algorithms to simulate
the packing process of a large number of elements in a robust and accurate way,
in a relatively low computational time. The geometrical input parameters to
be set are: the container shape, its size, and the hard-spheres size distribution
main parameters. For the generation of the random sphere packings of the
present work, the grain size distribution chosen is Gaussian. A random variable

X is normally distributed when its associated probability density function is:

1 1(z—p)?
fx (z) = — s P <—22> (1)

CV(z) = — (2)

where p and o are respectively the mean value and the standard deviation
of the random variable. For such distribution one can define the coefficient of
variation C'V (z), reported in Eq. 7 the ratio between the standard deviation
and the mean value of the distribution. Such coefficient, together with the
mean sphere diameter p are the input parameters provided to Blender, by
means of python code, to compute the sphere packing. Finally, the locations

and dimensions of each sphere inside the container are retrieved.
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2.8. Computation of tessellation

A three-dimensional tessellation (which can be arranged as random) is a sub-
division of space into polyhedra, which share boundaries with their neighbours

not overlapping one another.

2.3.1. Voronoi and Laguerre tessellations

The Voronoi Diagram is a well known type of random tessellation which,
starting from an initial set of point, the seeds, subdivide space into convex
polyhedra in such a way that the region around a seed consists of all the points
closer to that seed than to any other. More rigorously, given a starting set of
N random seeds S = {Py, P,,..., P,} C R? and considering a generic point
€ R3, being d(x, P;) the Euclidean distance, a generic Voronoi region R(z, P;)
is defined by

R(z, P;) = {z € R’ | d(x, P;) < d(x, P}), j # i} (3)

Power Diagrams are another important type of cellular-like geometric struc-
tures. They are a generalization of a Voronoi tessellation, introducing a weighing
factor w(FP;) to the initial seeds, as reported in |/Aurenhammer| (1987). In partic-
ular, the Laguerre-Voronoi tessellation is a second order Power Diagram whose
weighing factors are the square of the radii r; of the spheres centered in the

initial set of seeds S = {P;, Py, ..., P,,} C R?, resulting in Eq. :

Rz, P) ={x cR® | d(x,P) —r] < d(x,P;)—r}, j#i} (4)

The use of a mono-disperse set of spheres combined with a Voronoi tessel-
lation results in a structure with regular-shaped and homogeneous cells, resem-
bling the ideal structure of the Kelvin’s Cell. This kind of structure is attained
whenever the foam creation process allows the structure to reach the mechanical
equilibrium. However, most production processes result in foams with irregular-
shaped and widely heterogeneous cells. The use of the Laguerre-Voronoi tessel-

lation coupled with poly-disperse spheres packing, together with a wise choice of
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the cells volume distribution, can result in more realistic geometrical structures,

able to better describe the phenomena occurring in such materials.

2.3.2. The tessellation algorithm

The computation of the tessellation is carried out using the python module
Tess, developed by [Smith! (2019)), which has the Python bindings to the C++
code voro++, developed by [Rycroft| (2009), a software library which carries out
three-dimensional Voronoi and Laguerre-Voronoi tessellations. This code carries
out cell-based calculations, storing all the outputs in the class tess.Cell, which
contains information regarding vertices and centroids locations, facets connec-
tivity and neighbour cells, to cite a few. The input parameters are the initial
seeds coordinates and the bounding box coordinates; in the case of Laguerre-
Voronoi diagrams the spheres radii acting as the tessellation algorithm weights.
Additionally, the code can compute a periodic or non-periodic diagram, by en-
abling or disabling a Boolean parameter. The output is in the form of a list
of instances of the Cell class, each corresponding to the convex polyhedron
computed starting from the initial sphere packing. An additional feature to
compute and list each edge by its vertices was added, both for singular cells and
the global structure, inspired by the code developed by |Gostik| (2017). Finally,
a list of all the edges is computed (purged of all the duplicates) containing the
arrays of the coordinates of each pair of vertices defining an edge. Then, this list
can be safely passed as input to the next step of the workflow which generates

the geometry file.

2.4. Geometry model and creation

The geometry creation is carried out by the open-source software Blender,
which takes as input the edges coordinates previously computed. The output is
a .stl file which is then ready to be meshed and used as input for the CFD

code.

Ball-and-sticks model. The simplest model to be generated is the so called ball-

and-sticks model, in which the struts are simple circular or triangular cylinders

10
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and the nodes are spheres. The input parameters are the spheres and cylinders
diameter and the edges coordinates. The code store the latter in a class, con-
veniently called Edges, whose methods compute the length of the cylinder and

the rotations with respect to the y- and z-direction, namely 6 and ¢ angles.

2.5. CFD simulations

The meshing process and numerical simulations are carried out within the
OpenFO0AM environment, an open-source finite-volume CFD code. The compu-
tational domain previously created is chosen to represent a microscopic portion
of a foam pellet. Although the characteristic length of the pores is very small,
at the order of hundreds of yum, the continuum hypothesis still holds true. The
transport phenomena inside the pores are governed by the Continuity equation,
which describe the mass balance in the system and the Navier-Stokes equation,
which describes the momentum balance. For an incompressible fluid, flowing
within the void fraction of the geometry with constant density and viscosity,

these equations read as follows:

oU;

oz, 0 (5)
[“)UZ aUZ - _1 8]9 V82Ui (6)
ot Tox;  poxy 33:?

where U; is the i-th component of the fluid velocity, p is the fluid pressure, p and
v are respectively the fluid density and the kinematic viscosity. The results of the
simulations are then interpreted according to macro-scale continuum equations
for fluid flows in porous media. The parameters of these spatially smoothed
equations (e.g., porosity and permeability) result from averaging procedures
that are carried out over the microscopic governing equations on both the porous
media and the fluid flow, as explained by Whitaker| (2013) and also reported in
Icardi et al.| (2014).
Thus, Eq. (5) and Eq. (6) become, respectively:

11
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oV

Yo "
v, v\ 1op
v (38) = 22 g, ®)

where V; is the Darcy velocity (or superficial velocity) in the porous medium, &
is the medium porosity. The friction coefficient v can be expressed as v = u/pk,
where k is the foam permeability and p is the fluid viscosity. If the flow is
stationary, in laminar regime, and gravity effects are unimportant, some terms
in Eq. can be neglected, thus obtaining Darcy’s Law. For conciseness, this
can be written in a one-dimensional expression (along the main flow direction),
resulting in the well-known form:

AP V|

where AP/L is the pressure drop per unit volume. For conditions in which the
inertial forces are more significant (Re > 1 — 10), even if the flow is not fully
turbulent, an additional term dependent on the superficial velocity V' can be
added to the friction factor, which becomes v = pu/pk + §|V|. Substituting in
Eq. @ as before, this yields the Forchheimer’s Equation:

AP _ VI _ VP

= 1
L k1 k1 (10)

where k1 = 1/f is the inertial permeability.
At the microscopic scale, the transport of solutes can be described by a linear
advection-diffusion-reaction equation:
0 0 0 0
c ( ¢

ot " am U~ o P

with €, the volume of fluid, 2 the total volume, ¢ is the scalar concentration (mol

)zkbc on QbCQCRS (11)

m~3), U is the pore-scale velocity (m s~!), which can be obtained by Eq. (6],
D the molecular diffusion (m? s=!) and k; is the bulk reaction coefficient (s=1).

This equation can be used to model the transport of colloidal particles under

12
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the assumption of a dilute system and negligible particle Stokes number: most
importantly for particles of sufficiently small dimension. The latter meaning
that the size of the particles is much smaller than the characteristic flow scale
and collector size (d,/d. ~ 1073) (Boccardo et al.l [2018). An homogeneous
Dirichlet boundary condition ¢ = 0 is chosen to model the deposition of particles
on the solid surface, meaning that all the colloids impacting on the walls of the
collector are captured. |[Boccardo et al. (2018) derived an expression for an
effective particle deposition rate K, applying to Eq. a volume averaging
operator, under the steady-state condition and sole superficial reaction, resulting

in:

K, - Bl — Ft(o
210

where the numerator represents the total effective flux of the scalar ¢ through

(12)

the system, (c) is the average scalar concentration and |Q| is the total volume
of the system. Finally it would be useful to introduce an advective Damkohler

number Da defined as:

o Kd : dpore
-V

Da (13)

where K is the deposition rate previously defined, V' is the superficial velocity

and dpore the diameter of the mean pore of the foam.

3. Test cases and numerical details

The current section will describe the different test cases explored for this
work, along with the operating conditions and numerical details of the simula-
tions. The generation of the geometry will be described first, then the mesh-
ing strategy, and finally the simulations setup. All the technical information
regarding hardware and computational times are reported in the Supporting

information available with this article.

13
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Geometry model generation. The geometrical model explored for this work are
of two types: the Kelvin’s Cell simplified model (a truncated octahedron),
and structures originated from random tessellation, in particular Voronoi and
Laguerre-Voronoi tessellation. For each type of geometry four values of pore per
inch (PPI) have been considered, namely PPI = {10, 20, 30,45}, and five values
of porosity e, namely ¢ = {0.77,0.79,0.85,0.89,0.95}, for a total of 20 cases.
The Kelvin’s Cell geometry creation is straightforward, since all vertices posi-
tions are permutations of (0,4+/2/2,4+/2), resulting in a tetrakaidecahedron
with edge length equal to 1. The connectivity between nodes is simply obtained
from observing the figure and the edges are calculated as the vectors linking
vertices. In the case of foams generated by random tessellation, the geometry
aims instead to represent a small cubic portion belonging to the bulk of the real
structure. First the random sphere packing is generated using the code Bsand,
as reported in the previous section. In order to assure independence from any
wall effects due to the container, a very large packing is generated with up to
6000 grains packed inside a cubic container with side dimension equal to 15
times the average grain diameter p . This procedure, despite computation-
ally burdensome, ensures random disposition of the spheres in the bulk part of
the packing, whose resulting distance from the container walls is around 4 to 5
times mean grain diameters, as reported in |Boccardo et al.| (2015) and also en-
sure that the most inner part, which is the one from which the random seed are
extracted, has dimension at least equivalent to five mean grain diameter. More
details regarding the dimension of this part is given in Section where the
REV grid independence study is described. In the case of mono-disperse sphere
packings, the grains are constituted by spheres with unitary diameter. In the
case of poly-disperse packing, two different instances have been generated with
same mean sphere volume FE(V'), which is equal to the volume of sphere with
unitary diameter, and two values of the coefficient of variation CV (V'), namely
0.2 and 0.35. Once the packings are generated, the coordinates and dimensions
of the spheres are used to calculate the tessellation over a small cubic portion at

the core of the volume. The two steps of this procedure are visualized in Fig. [T}

14



350

355

360

(a) Packed spheres (b) Resulting foam

Figure 1: Example of the two main steps in the creation of a foam REV. In (a) it is reported
the original random sphere packing. In (b) the resulting open-cell foam, obtained with a
periodic Laguerre-Voronoi algorithm, is reported overlapped to its generating sphere packing.

Larger spheres have a larger area of influence, hence their resulting ”cells” are much larger.

The dimension of this portion and its choice would be discussed in details
in the next chapter. The output of the code is a collection of all the cell edges
and nodes, in the form of point coordinates in space. The information regarding
nodes and edges position and orientation are passed to Blender, via a Python
script, which places cylinders and spheres in to reproduce struts and vertices.

In order to achieve the chosen pore density (PPI), the geometry file is scaled

down, either using Blender or OpenFO0AM, by a factor calculated as follow:

(0.0254)

fscale = PP (14)

Diess,mean
where the numerator is the pore size (in meters) of a foam having a certain
PPI and the denominator is the mean cell size of the tessellation, calculated as
the diameter of sphere having the same volume as the average cell. The strut
diameter is chosen so as to reach the desired foam porosity, which is calculated
from the computational volume mesh generated by OpenFOAM. By a trial-and-
error procedure, a correlation between the strut dimension and the porosity e

has been derived.

15
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Mesh generation. Once the foam geometry is generated it is exported in .stl
format. An .stl file describe a solid volume by means of its surface, which is dis-
cretized by a triangulated mesh. This type of file formatting, being supported by
a wide range of CAD/CAE software, is very common and portable. It is also the
format of choice to define geometries to be meshed in OpenFOAM. The geometry
exported from Blender represents the solid fraction of the domain, whereas the
void/fluid fraction in-between is the part to be meshed by OpenFO0AM. The mesh-
ing procedure is carried out in two main steps: first a background structured
hexahedral mesh is generated by the OpenFOAM utility blockMesh. This hexa-
hedral mesh is used as a starting point to build a body-fitted grid generated by
the utility snappyHexMesh, also part of the OpenFOAM suite. The computational
grids created in this manner are predominantly constituted by hexahedral cells,
ensuring good numerical performance for the solver, and are then subsequently
refined close to the solid walls, resulting in cells of increasing dimension moving
farther away from the walls, towards the bulk of the fluid. This allows to have
a large number of small cells in the areas where gradients are higher, whereas
in the bulk of the fluid, where stresses are lower, the cell density is lower, thus
reducing the total computational cost. The mesh generation process and the
choice of optimal parameters are crucial steps in order to obtain a grid inde-
pendent solution and an accurate representation of the original geometry. The
strategy to achieve an accurate computational grid is to compromise between
small initial background cells dimension, the refinement level and the amount of
cells in each refinement layer. This is particularly true for geometrical structures
such as open-cell foams, which have a void fraction ranging from 70% to well
beyond 90%, meaning that a very large amount of cell is required to properly
describe the fluid motion within the foam pores. In order to achieve solution
grid independence, the mesh was progressively refined, both by decreasing the
background cell dimension and increasing the refinement level on the solid sur-
face. The comparison between the different meshes is carried out by confronting
the values of porosity obtained as well as the solution of the flow field. For this

work it has been determined that the optimal number of background cells per
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pore diameter of around 22, the best refinement level value is R = 2, with 4
consecutive layers of refined cells from the solid surface. The details of the grid

independence work would be shown in the next section.

Fluid flow simulations. As previously mentioned, the numerical simulations
were carried out using the open-source CFD code OpenFO0AM 7. The compu-
tational domain used in all the simulations carried out for this work has cubic
shape with side L, with the origin of the axis at its center, with the diagonal ver-
tices respectively Timin, Ymin, Zmin = —L/2 and Tmaz, Ymaz, Zmaz = L/2. The
flow field is initialized by setting a fixed pressure difference AP/p in x-normal
direction between the inlet and the outlet patches of the domain, which are x-
normal surfaces with coordinates respectively x e = —L/2 and xoytier = L/2.
The value of L is equal to the linear dimension of the REV (defined as a cu-
bic volume), which in the case of the Kelvin Cell coincide with the cell itself,
whereas for the random foam was determined with a study which is thoroughly
explained in the next Chapter.  This allows to have a fully developed flow
field inside a small computational domain; although in this set-up there is no
a-priori knowledge of the characteristic velocity of the system (and thus of the
Reynolds number), it can be estimated using equation @D A no-slip condition
for the velocity U is applied at the solid surface of the foam, a condition of zero
gradient at the outlet patch, whereas at the remaining sides of the domain a
symmetry boundary conditions is applied, implying no fluid motion across those.
The Newtonian incompressible fluid here considered is water, with density p =
997.78 kg m ™3, kinematic viscosity p = 9.77 x 107* kg m~'s~!. The system is
solved using the solver simpleFoam, at a constant temperature 7 = 293K (the
energy equation was not solved) in steady-state condition, under laminar flow
regime (1-107% < Re < 1-1073). The Reynolds number for this work is defined
as Re = U - Dpore/v, with Dpore being the mean pore diameter of the foam,

defined as the diameter of a sphere having the same volume as the mean pore.

Scalar transport simulations. The results of the momentum transport simula-

tions have been used for the mass transfer simulations solving Eq. (1)), using the
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same mesh. Five different operating conditions, for each combination of pore
density and porosity, have been explored, changing the Pe number, namely
Pe = {5, 5110, 50, 501/10, 500} , which was used to estimate the value of the
diffusivity D from:

(]l)pore

D:
Pe

(15)

The system is solved at constant temperature, in steady-state condition using
the solver scalarTransportFoam. The colloidal particles are represented by a
scalar, acting as the normalized concentration, with an inlet value Cy set equal
to 1, a condition of zero gradientat the outlet patch and at the remaining sides
of the domain a symmetry boundary condition is applied. On the solid walls
a Dirichlet boundary condition, with a normalized concentration with a fixed
value Cyqrs equal to 0, was imposed. The effective deposition rate coefficient Ky

is estimated by the solver from the fluxes on the solid surfaces, using Eq. .

4. Results and discussion

In this section the results obtained from the numerical simulations will be
presented. The first part will be dedicated to extensively comment the grid
independence study, whereas in the second part the results obtained from the

solution of the flow field and the particle deposition simulations will be discussed.

4.1. Grid independence study

The meshing procedure used during all the simulation campaign was pre-
sented in Chapter The first goal of this study was to determine the op-
timal meshing strategy by tuning two parameters: the number of the start-
ing blockMesh background cells and the level of refinement R performed by
snappyHexMesh on the cells close to the solid surface.

In order to reduce the computational cost of such investigation, it was chosen

to perform these simulations on the simplified Kelvin’s Cell model, which is a
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Figure 2: Values of calculated permeability with increasing overall mesh refinements expressed
as number of background cells per equivalent pore diameter. Curves with different lines
represent three different levels of mesh refinement close to the foam walls (R=0 means no

refinement, R=2 means two subsequent refinements).

single-pore periodic geometry. The values of the subdivision of the initial bound-
ing box considered were Cpqckground = {10,12,15,17,20, 25, 30, 35,45, 55, 75,85}
and the values of the refinement level taken into account were R = {0,1,2}. The
grid independence study, whose results are reported in Fig. [2 show the calcu-
lated value for the permeability k as a function of the blockMesh background
cells number. For values of the refinement parameter R > 1 and for more than
25 background cells/pore the permeability reaches an asymptotic value. The
best performance overall is achieved with R=2 because of the inferior wall-clock
time for the solution to converge, indicating that a good trade off between accu-
racy and computational time could be achieved, with a number of subdivision
ranging of 22. An additional grid independence investigation at different poros-

ity values, e = {0.77,0.79,0.85,0.89,0.95} and R = 2, was carried out to ensure
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that the accuracy of the solution, previously calculated, remained in the same
range of error varying the porosity. Fig. [3| reporting the relative error with re-
spect to the asymptotic value of the permeability, e, = |k,s — k|/kqs, illustrate
how the error lies below 2% except for the highest value of porosity (¢ = 95%),

where it slightly depart from the other curves.

10
N e=77%
9 —— &= 79%
£= 85%
81 £= 89%
71 —— £=95%
— 6_
X
— 5—
x
U 41
3_
2.
1_
0 —2

10 15 20 25 30 35 40 45 50 55 60 65 70 75
blockMesh background cells (-)

Figure 3: The relative error of the permeability e,, for increasing overall mesh refinements,
again expressed as number of background cells per equivalent pore diameter. Curves with

different colors represent five different values of porosity € = {77, 79, 85,89,95}

The results previously obtained were used to tune the meshing procedure for
the randomly generated geometries. In particular, the aim was to determine the
dimensions of the Representative Elementary Volume (REV), in terms of the
number of foam pores contained. Flow field simulations were run on increasingly
larger cubic portion of the same monodisperse foam, with sides respectively
equal to the length of 2, 3, 4 and 5 pore diameters. The values of porosity ¢,

superficial porosity €5 and permeability k& were considered in order to determine
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the optimal size of the computational domain. Following the meshing strategy
exposed above, to generate the computational grid were used 20 mesh-cells per
pore and R = 2, while the simulations were run at Re = le — 03, in steady-state

condition.

Pores/side € €s k (m?) erk (%) | Mesh Cells

2 0.900 | 0.878 | 3.24 x 107 | 3.73 8.7 x 10°
3 0.908 | 0.903 | 3.53x 1072 | 5.01 2.8 x 10°
4 0.902 | 0.917 | 3.32 x 107° 1.26 6.7 x 10°
5 0.905 | 0.893 | 3.36 x 1072 |  0.00 1.3 x 107

Table 1: The results of computational domain dimension study carried out increasing progres-
sively the dimensions of the computational domain. Along with the number of mesh cells, the
table reports the calculated values for the porosity e, the superficial porosity 5, permeability

k and the error e, j, with respect to the most accurate case (5 pores/side)

The results are reported in Tab. [I] Considering the rapidly increasing com-
putational costs and the small incremental geometrical differences between the
two bigger computational domains, the choice was made to consider a cubic foam
portion whose side equals four equivalent pore diameters to be a representative
elementary volume for the cases considered in this work.

Finally, a grid independence study was also carried out for the scalar trans-
port cases. The value used to compare the results was the scalar total flux, de-
fined as Fi,; = Fj" — F24t. These simulations were run, again, on the Kelvin’s
Cell geometry, considering the same range of subdivision Cyackground @s previ-
ously mentioned, with a refinement level R = 2. The operating condition used
were Re = 1le — 03, Pe = 50, in steady-state conditions. The simulations were
carried out for a high value of porosity, € = 0.89,in order to account for effects on
the colloidal deposition due to the great void fraction of the system. The plot in
Fig. 4| show the error relative to the asymptotic value, e, p = |F% — Fiot|/ F%,
as parameter for comparison between the different meshes, in analogy to the

momentum transport study.
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Figure 4: The relative error of the total flux Fio¢, ey, for increasing overall mesh refinements.

The results showed that 20 cells per pore were an adequate trade off to de-
scribe scalar transport phenomena, with an error with respect to the asymptotic
value e, ~ 1%. Therefore, for grid independent simulations on a computational
domain representing a REV for the considered foams, this would results in

meshes size of approximately eight to nine million cells.

4.2. Numerical analysis

An example of the flow field simulations is reported in Fig. [5] for the case of
30 PPI and porosity € = 85%. The results for the permeability k, reported in
Fig.[7] confirm the fact that the higher the porosity, the higher the permeability,
which instead decreases rapidly with increasing PPI. Moreover the histogram
show how the poly-disperse cases systematically present a higher permeability
with respect to more ideal cases such as Kelvin’s Cell or mono-disperse foams.

A global overview of the simulations and geometry is illustrated in Fig. [f]
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Figure 5: Contour plots of the velocity magnitude U (m/s) for the four different
geometrical models (30 PPI and € = 85%). In (a) an exemplification of the computa-
tional domain is reported in order to show the location of the z-normal slicing plane
(at coordinate z = 0) used to extract the following contours: (b) Kelvin’s Cell, (c)
mono-disperse Voronoi, (d) poly-disperse Voronoi-Laguerre with CV = 0.2, (e) poly-

disperse Voronoi-Laguerre with CV = 0.35
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Figure 6: Contour plots of normalized concentration C for foams with 30 PPI and ¢
= 95%: (a) Kelvin’s Cell, (b) poly-disperse Voronoi-Laguerre with CV = 0.35. The

slicing plane is at x = 0

where there are reported and example of scalartTransportFoam solution to-
gether with foam solid structure.

From the scalar transport simulations a macroscopic measure of the filtration
efficiency can be obtained. An example of the solution of the simulations is
reported in the contour plot of Fig. [§] for the case of 30 PPI and porosity € =
85%. Fig. El shows the relationship between the advective Damkdhler number
Da, defined in Eq. , as a function of the Péclet number.

In particular, Da number is reported for the all values of PPI (10, 20, 30,
45) as well as for different geometrical models. However, it can be noticed
that keeping constant the Pe value and the geometry model, the Da values for
different PPI collapse to the same point. This comes from the fact that the
Damkohler number normalizes the deposition rate with respect to the dimen-
sion of the computational domain and that in laminar regime these cases are
proportionally scaled. Globally, at increasing Pe number, the quantity of col-
loids impacting on the solid surface of the foam decreases following a power law,
which was expected to some extent, considering the results of previous studies

(Yao et all [1971) on Brownian clean-bed filtration. At Pe > 100, the difference

between the different geometrical models is very small. This comes from the
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Figure 7: Permeability k vs. porosity, with each subplot representing the results for the
four different values of PPI. Different colors represent a different geometry: Kelvin’s Cell,
mono-disperse Voronoi and poly-disperse Voronoi-Laguerre foams with different coefficient of
variation. For an effective interpretation of this bar plot, the reader is advised to refer to the

color version of this paper available online

fact that the corresponding colloidal particle size is closer to the micrometer
and and the molecular diffusion coefficient becomes very small. At lower Pe
number the difference between the four different model is not negligible and it
should be investigated further. A new coefficient, Cxc = Dagc/Dayvor, the
ratio between the Damkdhler number obtained from the Kelvin’s cell model
and the ones derived from Voronoi tessellations, was introduced to more easily
explore the effect of foam randomness specifically and also investigate the re-
lationship with macro-scale parameters such as porosity €, specific surface Sy

and tortuosity 7. The latter defined as in Eq. :
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Figure 8: Contour plots of the normalized concentration C' for the four different geo-
metrical models (30 PPI and e = 85%) In (a) an exemplification of the computational
domain is reported in order to show the location of the z-normal slicing plane (at
coordinate z = 0) used to extract the following contours: (b) Kelvin’s Cell, (¢) mono-
disperse Voronoi, (d) poly-disperse Voronoi-Laguerre with CV = 0.2, (e) poly-disperse

Voronoi-Laguerre with CV = 0.35 9%
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Figure 9: Particle deposition efficiency, as Da at constant porosity (¢ = 0.85) for the four
different geometries showing a power-law relationship between the Damkohler number and

the Péclet number.

_ J[Uldx
- [Ugdx

where U is the local velocity vector and U, is the local velocity component

(16)

along the main flow direction (Koponen et al.[1996, [Duda et al.|[2011). The

values of 7 are reported in Fig. which show how for such materials with very
high void fraction and for the operating condition chosen, i.e. very low values
of Re, the tortuosity depart slightly from unity.

A first approach was to try to interpret Cx¢ (which, for clarity, we remind
the reader, it describes a particle deposition efficiency by means of a Damkoler

number) according to well known constitutive equations as function of the poros-

ity, developed for fluid motion across solid obstacles, namely (1958]) for
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Figure 10: This figure highlights the effect of the porosity on the deposition efficiency: the
rate of deposition decrease for the foam with higher porosity, regardless of the geometrical

model.

spherical collectors and [Kuwabara) (1959) for cylindrical collectors[]} The results

of Ck ¢, as a function of Pe number, were normalized by the values of the cited
functions, which depend on porosity. The results were then fitted according

to a power law, in the form f(e,Pe) = a - Pe’. This was done to ascertain if

3The two cited seminal papers, together with (1962) mainly explored the fluid
dynamic structure of flow past different arrangements of collectors. For the reader specifically
interested in the evolution of different approaches in obtaining constitutive equations for

particle deposition efficiency by implementing different simplified geometrical models, we point

out to (among others): the already cited|Yao et al.|(1971), then |Rajagopalan and Tien| (1976,
[Logan et al.| (1995), Tufenkji and Elimelech| (2004), [Ma and Johnson| (2010), and [Boccardo|
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Figure 11: The Kelvin’s Cell coefficient Ci ¢, as function of Pe, for the poly-disperse case:
this geometry was generated from a sphere packing with a normal distribution of the mean
sphere diameter and coefficient of variation C'V = 0.35. The trend line of the data set and its

global error are also reported.

these sole available relationships, which are capable of exactly predicting the
impact of porosity on particle deposition for simplified geometries, can be used
effectively for catalytic foams. However, this strategy didn’t bring out any sig-
nificant relationship, since the global relative error, calculated as the sum of the
mean squared relative errors of the data with respect to the fitting at each Pe
value, showed values well over 100%: for reference, if these correlations were
able to perfectly describe the influence of porosity on particle deposition, the
normalized results would collapse in a single Da-Pe power-law curve, reducing

the error to zero. The underperformance of these analytical correlations was

already highlighted by [Boccardo et al. (2014) and while it was also expected

in those cases (porous foams composed of cylindrical struts) for the "Happel”
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Figure 12: Tortuosity, calculated with Eq. (16)): each series of colored points is the value ofr
calculated at different porosity € for the four geometrical models (Kelvin’s Cell, mono-disperse

Voronoi, poly-disperse Voronoi-Laguerre with two different coefficient of variation.

model (developed for spheres arrangements), a better performance could be
expected of the models based on the ”Kuwabara” correlation (developed for
arrangements of cylinders). Then, abandoning analytical but simplified correla-
tions, a second approach was attempted trying to normalize the C'k ¢ coefficient
by adimensional numbers, i.e. €, Sy and 7, all raised to the power of n, with
the latter varying in the range [—10;10]. Once again the results were fitted ac-
cording to a power law model and the global error was calculated. Even so, no
significant relationship could be obtained. A more detailed description of this
analysis, along with the correlated plots can be found in the Supporting Infor-
mation available with this article. Therefore, the results show how this kind of
(usually employed) macroscopic geometric features are insufficient in explaining

the variations in filtration performance, highlighting the need for more detailed
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exploration using pore-scale simulations, the objective for which this workflow
was developed. Moreoever, as it is shown in [Boccardo et al.| (2018) , the ex-
ternal boundary fluxes estimation have an important effect in the definition
of effective parameters. In future works, more rigorous and precise definitions
of the effective parameters will be considered (based for example on [Municchi
and Icardi| (2020b))), studying more deeply the effect of the inlet (advective and
diffusive) fluxes, and the asymptotic and pre-asymptotic flow and mass transfer

upscaled regimes.

5. Conclusions

This work shows the features of an open-source workflow which is able to
generate and characterize open-cell solid foams. This in-silico tool, developed
with computer graphics software Blender and Python language scripting, gives
the opportunity to use different models with growing complexity in terms of
pore size distribution. The choice of models ranges from the ideal periodic
Kelvin’s cell to random foams generated with random weighted Voronoi tessel-
lations and poly-disperse pore size distributions. These features give the user
the possibility to use this tool to investigate several different morphologies and
eventually optimize them, while the computational costs remain low. The ge-
ometries thus created have been used to perform CFD simulations, using the
open-source code OpenF0AM, and later, as a test case, the event of an instanta-
neous superficial reaction/superficial deposition of colloidal particles, occurring
on the solid surface, has also been investigated. The results obtained in this
work by employing these models highlight that the macroscopic parameters,
such as porosity, specific surface, or tortuosity alone are not enough to derive
macroscopic relations to describe the particle deposition during early filtration;
neither by using available and widely used (albeit simplified) analytical cor-
relations, nor by developing new simple bespoke correlations based on these
geometrical parameters. Thus, while we consider the value of the presented

workflow to lie in the capacity for users to create numerical analysis campaigns

31



600

605

610

615

620

at a limited cost, in particular decreasing the overhead of the foam modeling,
the study of the different geometrical models and their performance in terms of
colloidal particles deposition is conceived as an example of the exploration ca-
pabilities of this workflow which we choose to limit to the work here presented.
Future perspectives on this topic are then to further improve the understanding
of the transport phenomena occurring inside these foams, by exploring in-silico
a wider number of cases and especially by better discerning the geometrical
peculiarities of each - beyond simple, and oft-used, descriptors like porosity or
tortuosity. This motivates the choice of making the source code of this simula-
tion platform, as well as the test cases for the simulations here presented, public
and available to the community of researchers and practitioners, in order both
to expand the technical capabilities of the workflow and increase the simula-
tion data, which will prove invaluable in gaining a full understanding for these

systems.
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