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Abstract

Porous materials can be found in numerous areas of life (e. g., applied science, material science), however, the simulation of
the fluid flow and transport phenomena through porous media is a significant challenge nowadays. Numerical simulations can
help to analyze and understand physical processes and different phenomena in the porous structure, as well as to determine
certain parameters that are difficult or impossible to measure directly or can only be determined by expensive and time-
consuming experiments. The basic condition for the numerical simulations is the 3D geometric model of the porous material
sample, which is the input parameter of the simulation. For this reason, geometry reconstruction is highly critical for pore-scale
analysis. This paper introduces a complex process for the preparation of the microstructure's geometry in connection with a

coupled FEM-CFD two-way fluid-structure interaction simulation. Micro-CT has been successfully applied to reconstruct both

the fluid and solid phases of the used porous material.
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1 Introduction
Fluid flows are mostly analyzed above atomic-scale by
engineers and researchers, however, in the industry, a
pore-scale specification is commonly required, which is
described by the equation found on Darcy's Law, together
with the transport of mass by the advection-dispersion
equation, in which bulk averaged fluxes satisfy the two
equations [1-5]. In order to correctly understand the fluid
flow behavior and transport processes at a larger scale, it is
crucial to have knowledge of non-visible micro-scale pro-
cesses, which are highly dependent on the internal struc-
ture of the porous material (e. g., stagnant zones) [4-9].
Various numerical approaches help to solve and analyze
different flow problems and phenomena in porous materi-
als. In addition, the impact on the macro-scale can also be
examined, thus the so-called "linking" between the scales,
which plays an increasingly important role in the practice,
can also be investigated [2—4, 10, 11]. Due to the unique
and extremely complex geometry of natural porous mate-
rials, solving the general governing equations of fluid
dynamics (Navier-Stokes or Stokes) is still a challenging

task. For this reason, the development and improvement of
numerical approaches are needed to study the fluid flow in
accurately reconstructed porous materials.

The field of fluid flow and transport of porous materi-
als have been completely changed by the improvement of
various visualization techniques (e.g., micro-CT), which
allows three-dimensional imaging of samples at several
resolution ranges, even by capturing the internal struc-
ture [2, 6, 9, 12—19]. The modern imaging methods can
represent the specific geometry of the porous material
with the entire internal structure and complex topology,
thus allowing numerical simulations to calculate with neg-
ligible losses in the geometry [20—22]. Notably that some
imaging techniques do not provide any information about
the internal structure of the material sample.

2 Microstructure

The porous material at the microscopic-scale (Fig. 1)
structurally consists of solid grains (solid matrix) and
pore-space, which is filled with fluid [4, 23-27]. The tiny
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Fig. 1 Porous material at pore-scale [27]

pores of the solid matrix are connected, through these
pores fluid flow and transport phenomena are realized [4].
In the case of closed and not interconnected pores, the
representation of the entire solid by a macroscopic law of
material is frequently reasonable. The properties of the
porous material are, in some ways, "smeared" over the
solid body and pores, however, a too "coarse" description
of the geometry can have a negative impact on the investi-
gated fluid flow behavior [4].

The tiny pores (pore-space) have a significant effect on
the macroscopic behavior of the porous material [20]. Both
the solid (marked with black) and fluid phases (marked
with blue) have definite phase boundaries. The fluid can be
described by elemental properties (i.e., density, viscosity,
etc.) [23]. Fluid flow and transport in the pore spaces can
be described — solving the conservation of momentum and
mass — by merging the geometry of the pore space with the
appropriate boundary conditions [4, 24, 25]. Furthermore,
the fluid flow and transport processes are influenced by the
macroscopic structure and physical characteristics of the
porous material and the fluid in the pore spaces [4].

Porous material is used in many fields of technology
and science (e.g., soil, rocks, industrial materials), so it is
important to study and understand it [1, 25]. In the applied
sciences, porous materials are also widely used in materi-
als science, soil mechanics, petroleum engineering, geo-
sciences, and biophysics [2, 23-26].

3 Micro Computed Tomography

Micro Computed Tomography — also called as X-ray
Computed Tomography — is a laboratory tool to evalu-
ate the 3D structures of different porous material sam-
ples [16, 28]. It is able to quantify important parameters
about the porous material such as porosity, pore inter-
connectivity and average pore size [19]. The applicable
resolution of micro-CT is significantly enhanced, which
also depends on the application and the sample size [28].
The required resolution varies depending on the charac-
teristics, shape, and type of the real microstructure [7].
Micro-CT is an effective imaging method, which is used

in the early phases of development, as experiments are
mostly costly and time-consuming [28-30]. Neutron
based CT is a non-destructive technique that uses ther-
mal neutrons; however, a nuclear reactor (e.g., High Flux
Isotope Reactor) is required. [28] The direct output of the
microscope is a grayscale image that must be post-pro-
cessed by filtration and segmentation to identify the
phases of the material [7, 19].

4 Fluid-Structure Interaction

Basically, a domain is considered that contains two
non-overlapping main zones, namely the porous-, and the
free flow region. It has to be noted that the free-flow region
is necessary because it can provide a uniform flow profile
on the inlet. The interface is a surface, which differenti-
ates the two domains from each other. Thus, the interface
processes dominate the interaction of the coupled simu-
lations. Furthermore, it is crucial to quantify the transfer
fluxes of mass, momentum, and energy.

The structure of the porous material is resolved at the
micro-scale, and the well-known Navier-Stokes (N-S)
equations are applied for the description of the flow within
the pores and in the region of free-flow. Therefore, the
challenge in coupling the flow of free and porous media
is to create a general, effective model, which accounts for
the interface physics. Furthermore, the coupling methods
usually differ in the interface's description. Some con-
cepts describe the interface as a transition zone (so called
one-domain method) and others as a sharp interface (so
called two-domain method). In this research, a simple
interface (two-domain) concept will be specified which
is represented in Fig. 2. Moreover, systems of equations
of different order have to be coupled, however, the N-S
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Fig. 2 Specified conjugate heat transfer problem between fluid and solid



equations are solved in both regions, hence, the coupling
can be simplified. It provides a pictorial description of a
general porous media problem applying the previously
mentioned two-domain approach. Note that in the present
research, it is assumed that the fluid is compressible and
the solid is deformable. Due to FSI, another interface must
be defined between the fluid and solid regions.
Consequently, in the present flow problem, the fluid
region ©) and the porous phase (@) are sharing a com-
mon interface (I'). The ﬁf(x) denotes the outward unit
normal vector to the fluid region at I'. Similarly, a f(x) is
equal to —A,(x). Another side of ', which is sharing with Q,
is denoted by L, and the notation is similar for the porous
side (Fp). Both region's external boundaries are repre-
sented by GQ;'.” and GQ;X’, respectively. Moreover, the

~ext

A% and ﬁ;"’ are the unit outward normals to both external

béundaries, Finally, a unit tangent vector on the specified
interface (I') is denoted by 3.

As mentioned, the geometry representation is necessary
for the coupled FEM-CFD simulations as part of a two-
way fluid-structure interaction (FSI). Generally speaking,
FSI is a thermo-mechanical interaction between solid and
fluid structures. Notably that this simulation method is not
covered in this paper.

In "two-way" couplings, the motion of fluid and pres-
sure field affect the deformation and displacement in the
porous structure. Hence, the response of the solid region
has a huge effect on the fluid flow. A prime example is the
Dynamic Fluid Body Interaction capability of 6 degrees
of freedom (6DOF) to simulate the coupled interaction
between a rigid body and the fluid. In general, fluid-struc-
ture coupling implies two-way interaction of the deform-
able body and fluid phase, such that the deformation and
the rigid body are coupled with the fluid. It is clear that
the solid structure responds to the viscous shear traction
or the pressure in the fluid phase. On the other hand, the
fluid responds to the structure in numerous ways. Thus, the
shape of the structure necessarily affects the flow, but it is
the change in displacement (velocity of the structure) which
has the most significant effect. In fact, the acceleration of
the structure causes proportional pressure responses much
like how the acceleration of the fluid molecules leads to
change in pressure gradient (hydrostatic). In this case, the
response is determined by how fast the structure moved,
or more accurately, how the structure accelerated. It is not
determined by how much the structure moved.
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5 Microstructure Reconstruction Process

In a previous publication of the author [27], the relevant
and comprehensive methods have been introduced and the
so-called "micro-CT" has been chosen to represent the
geometry for the new method. Modern micro-computed
tomography creates a large number of cross-sections of
material samples on the microscopic-scale, which subse-
quently can be apply to reconstruct high-resolution com-
putational domains for numerical simulations. With the
increasing availability of micro-computed tomography and
developments in three-dimensional algorithm of geometry
reconstruction, this technique can also be used effectively
in industrial environment. These are the main reasons of
the decision to apply micro-CT for identifying the geome-
try. Consequently, Fig. 3 shows the representation process
of the porous geometry, introduced in this paper.

Firstly, the input file is created in STL format by
micro-CT. Note that STL is native to the CAD software (in
this study PTC Creo). Although, this file format describes
only a raw, triangulated surface of the 3D object by the tri-
angles’ vertices and unit normal applying a 3-D coordinate
system with no respect to the representation of texture,
colour, or common CAD model attributes. Furthermore,
STL files do not contain any information about the applied
scale. In Fig. 4, the original scanned geometry can be seen.

Secondly, the scanned geometry must be simplified by
reducing the number of triangles. This step is also important

Input

phase (STL format)

| { Scanned geometry — solid ]

Simplified geometry — solid
phase (STL format)

|

[ Repaired geometry — solid

phase (STL format)

|

Solidified geometry — solid ]

phase (Native CAD format)

|

Created geometry — fluid
phase (Native CAD format)

!

[ Repaired geometry — fluid

Microstructure’s reconstruction

phase (Native CAD format)

3 Reconstructed geometries — fluid
' | and solid phases (STEP format)

Output

Fig. 3 Process of the geometry

reconstruction
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Fig. 4 Scanned original three-dimensional object in STL format

because solidifying the three-dimensional geometry is
extremely computational demanding. For this reason, the
simplification must be carried out at the beginning of the
process. Not only the number of triangles but also the size
of the domain must be decreased. Note that the original
size of the porous geometry is 3x3x3 mm. Thus, the sim-
plified geometry is eight times smaller than the geometry
introduced in Fig. 4, namely 1.5%1.5% 1.5 mm. Naturally,
the microstructure will be different from the original one.
In consequence, Fig. 5 shows the simplified 3D geometry
regarding the original porous structure.

Thirdly, the simplified geometry must be repaired. It
should not look like different from the original one, only
the issues of the surface mesh were checked and repaired.
If geometry change is inevitable, the modification must be

1.0 mm

Fig. 5 Simplified three-dimensional object in STL format

considered during the post-processing. All the investigated
errors are listed in Table 1. It must be pointed out that other
issues can be tested but those are not relevant in terms of
generating volume mesh for numerical simulations.

Generally, any surface repair operation that creates new

faces causes a loss of CAD association for the new faces, and
possibly the face neighbours. However, modifications are
needed for meshing the geometry. These are listed below:

* Pierced face is a face that is intersected by one or
more edges of another face. It can be fixed by using
the surface wrapper, or by deleting one set of errone-
ous faces. Deleting faces typically leaves free edges,
which must also be fixed.

e Face quality is the determination of similarity
between the current face and the ideal face shape,
which is an equilateral triangle. This ranges from 0
to 1. The surface diagnostics calculate face quality
as a ratio of the in-circle radius to the circum-circle
radius, multiplied by a factor of 2.

* Face proximity considers the distance between two
faces. It ranges from 0 to 1, with low values indi-
cating either folds in the surface, e.g., "V" or "Z"
shaped kinks in the surface causing localized over-
laps or surfaces in close proximity, i.e., two surfaces
that are almost touching.

» Free edge is one that is joined to only one face. Two
joined faces share two vertices for the common edge.
For example, edges around a surface hole are marked
as free edges. Note in some cases free edges can be
ignored, i.e., the interface can be created. It can be
fixed by filling or patching the hole.

* Non-manifold edge is an edge that three or more
other faces share. For example, an interior surface
joined to an exterior surface has non-manifold edges
where the interior and exterior faces share an edge.
Non-manifold edges can be fixed by deleting the
faces that are causing the additional edges.

* Non-manifold vertex consists if any of its connected
faces have no other link with the rest of its connected

Table 1 Repaired parameters during the third step

Error description Current count [#] Allowable count [#]

Pierced faces 2977 0

Face quality 1849 0, applying a constant
0.10

Face proximity 2163 0, applying a constant
0.05

Free edges 0 0

Non-manifold edges 0 0

Non-manifold vertices 73 0




faces, apart from the vertex. It can be fixed by filling
holes, zipping edges, or disconnecting the faces that
are causing the non-manifold vertex.

In the fourth step, the simplified and repaired geometry
must be solidified. All the listed issues must be corrected,
otherwise, the 3D geometry cannot be solidified. It is the
main reason why the microstructure should also be repaired
before solidifying. For this reason, it is necessary to use a
solidify algorithm which can handle every geometric situ-
ation to guarantee a manifold output geometry. Any algo-
rithm can solidify shapes like porous material scanned by
micro-CT provided that the requirements are met, discussed
in Table 1. Notably that the microstructure's geometry does
not look like different than that of the simplified one rep-
resented in Fig. 5 as part of the second step. Therefore, the
porous material will not be illustrated separately.

After that, in the fifth step, the negative part of the
solidified geometry (Fig. 6) must be created. The origi-
nally scanned geometry represents the solid phase, how-
ever, the fluid flows through its negative parts, also called
as fluid phase. Notably that solidifying the geometry was
a necessary step before creating the negative part of the
porous geometry. The present step of the whole process is
based on the simplified and reduced microstructure intro-
duced in the second and third steps of the reconstruction.
As a result, Fig. 6 shows the created negative geometry
with no respect to the errors.

Fig. 6 Created negative of the three-dimensional object in PRT format
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In consequence, the negative part of the geometry
(fluid phase) should also be repaired such as the surface
model in the third step. Although, in the case of a solid
geometry, other requirements must be additionally met.
These are listed in Table 2 regarding the sixth step of the
reconstruction process.

Generally, any geometry repair operation that creates
new faces causes a loss of CAD association for the new
faces, and possibly the face neighbours. However, modifi-
cations are needed again for meshing the geometry. These
are listed below:

» Self-intersection indicates errors that are associ-
ated with edges that cross each other and faces that
self-intersect. In most cases, these types of error can
be fixed by merging edges and vertices to remove the
self-intersection. For this purpose, the original CAD
must be modified.

* Invalid spline definition indicates errors that are
associated with poorly defined or incomplete sets of
data points — interpolation points and given points
associated to the interpolation points — that define a
cubic spline curve in three-dimensional.

 Invalid geometry indicates errors in the relationships
between entities in the geometry model. This type of
error can also indicate that the model is corrupt. Any
geometry repair tool can fix this issue. As a result,
the native CAD package must be modified.

» Tolerant geometry indicates errors that are associ-
ated with loose tolerances of vertices, edges, and
faces in the geometry. Loose tolerances can result
in loss of data/definition of the geometry. Generally,
the tolerant issue cannot be repaired in the simu-
lation software, thus, it is advised to return to the
native CAD package.

» Overlapping entities indicates errors that are associ-
ated with overlapping faces. This type of issue could
be due to tolerance issues in the geometry model. In

Table 2 Repaired parameters during the sixth step

Current count  Allowable count

[#] (#]

Error description

Self-intersection 219

Invalid spline definition 0

Invalid geometry 0

Tolerant geometry 0 -
Overlapping entities 1000 -
Topology error 0 0
Non-manifold geometry 452 0
Bad part/Assembly/Instance data 0 0
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general, the overlapping geometries can be simply
removed. Note, that it can lead to other issues.

» Topology error indicates errors that are associated
with fundamental errors in the entity definition. For
example, faces that have edge loops that are defined
in the opposite direction to other edges in the geom-
etry. Normally, those can be repaired in the simula-
tion software.

* Non-manifold geometry also indicates error where
the geometry contains non-manifold vertices or
edges. A vertex is non-manifold if any of its con-
nected faces have no other link with the rest of its
connected faces except for the vertex. An edge is
non-manifold if it is shared by more faces.

» Bad part/assembly/instance date indicates errors that
are associated with the assembly/part definition and
instances within the model. It is caused by poorly
defined shells, solids, or missing information from
the parts and assemblies.

Two of the listed issues are critical with respect to the
repairing process, namely self-intersection and non-man-
ifold geometry. Self-intersection tests are applied to help
ensure that porous geometry is valid for analysis. Note that
a feature that intersects itself cannot be meshed. On the
other hand, the non-manifold geometry is critical as well.
Each other error can be fixed by using a geometry repair
tool of the simulation software, except for the self-inter-
section and non-manifold issues. Hence, these should be
corrected in the CAD software. According to the surface
repair, the geometry repair will not be represented because
the repaired porous material does not look like different.

Finally, a step file must be converted which is import-
able into each simulation software, provided that all the
above-mentioned errors have been repaired and every
requirement has been fulfilled. It should be pointed out
that the volume mesh can be generated with no problem
unless the workflow has been followed step by step, previ-
ously introduced in Fig. 3. There is no remarkable differ-
ence between the geometries of the last two steps, only the
format of the CAD file is separate. Hence, the last stand of
the reconstruction process will not be illustrated. Notably
that the workflow, introduced throughout this article, will
be standardized to make sure that the geometries (fluid
and solid regions) are meshable.

6 Summary

Applying fluid-structure interaction simulation, both the
fluid and solid regions of the porous media have to be
reconstructed in three-dimensional. This paper represents
a process which can be used in industrial environment.

The input file of this process is an STL file, created by
micro-CT. Second, the scanned geometry is simplified by
reducing the number of triangles. Third, the simplified
geometry is repaired in connection with pierced faces, face
quality, face proximity, face edges, non-manifold-edges, and
non-manifold vertices. After that, the simplified and repaired
geometry is solidified. Note that this is the first output part,
denoted by the solid region. In consequence, its negative part
will be created. It is also necessary to repair the negative
part of the solid region. Other "error descriptions" should be
investigated because the solid part was repaired as a sur-
face model, however, the fluid phase has already been solid-
ified. The following parameters must be repaired: self-inter-
section, invalid spline definition, invalid geometry, tolerant
geometry, overlapping entities, topology error, non-mani-
fold geometry, bad part/assembly/instance date.

Finally, both the fluid and solid regions have to be con-
verted into another format, in the present case STEP file.
Both parts are ready to use in the coupled FEM-CFD
simulation.

7 Outlook

With the continuous development of fluid flow simulations
(CFD) and the representation method of different mate-
rials are becoming increasingly important, especially in
the field of microstructures. In the future, there will be a
particular need to develop representation methods that can
provide high-quality input with a wide range for simula-
tions without any further, time-consuming post-process-
ing. The availability of such applicable methods would be
of great benefit in material research.

In our subsequent research, different porous materi-
als will be scanned using micro-CT as a 3D representative
method that can provide adequate input for coupled FEM-
CFD simulations. The sample size and the equipment avail-
ability also need to be considered to select the suitable/
applicable method. The sample was polyurethane foam in
this paper, however, different materials will also be recon-
structed. After scanning the material, the resulting geometry
must be prepared for mesh generation. This future research



aims to investigate the flow properties and characteristics

of microstructures in a numerical simulation environment,

e.g., viscous (denoted by A) and thermal characteristic

length (denoted by A'), the dynamic tortuosity (denoted by

a ), etc. Finally, the results will be compared to laboratory

measurements and experiments to validate the simulation.
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