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Abstract

Porous media (PM) are used in many applications, and their geometry and hydraulic properties are
essential in flow analysis, especially in geology (oil and gas) and medical (tissue engineering)
applications. Additive Manufacturing (AM) enables the production of planned porosity and the
material extrusion AM allows working with process parameters to produce lattice type geometries,
without the need to have a 3D model of the internal porous structure. This work presents a
preliminary study on the permeability of some PM designs obtained in PLA using an in-house
process-planning software. Two main filling variations of the raster strategies were studied, one
considering the displacement of staggered layers and the other involving a new joined filaments
proposal. The permeability obtained experimentally is compared with numerical outputs. The
results indicate that both filling strategies influence the PM permeability, but this was more
significant with the joined filaments approach.

Keywords: Porous media, Permeability, Material extrusion
Introduction

Porous materials or porous media (PM) are found in applications related to power
generation, vibration suppression, thermal insulation, sound absorption, fluid filtration, and others.
One of their main mechanical characteristics is to present structural rigidity with low mass density
[1]. When the objective is the fluid-flow analysis inside the PM, its geometry and properties, such
as permeability and porosity, are of great interest, especially to areas such as geology, for
application in the oil and gas industry, and medical applications, for tissue engineering [2], [3].

The relevance of Additive Manufacturing (AM) or 3D Printing in PM manufacturing is
increasing, as it enables the production of planned porosity [4] and allows creating many replicas
of the same PM, contributing to the statistical analysis of the experimental results. This is a relevant
issue among others in geology because of the difficulties to have many specimens to test [3]. The
material extrusion AM processes offer an important differentiation in this area because they allow
working with process parameters to produce lattice-type geometries, without the need to 3D-model
each filament (strut) of the internal porous structure in a CAD system [5]. The material deposited
in a filament shape in the X-Y plane (layer addition plane) can create “lattice strut” in fiber-shaped
structures, which can generate a porous matrix with a controlled design of the geometry, size, and
arrangement of the pores.

A typical path filling in this AM technology is the raster strategy, also known as rectilinear
filling, which is a zigzag path, formed with parallel lines. Here, by choosing a positive road gap
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and a variation in the raster angle between successive layers, different pores geometries are
generated [5]-[11]. One variation of this alternative is the possibility to apply a staggered raster,
which consists of generating a lateral displacement of the raster fill pattern between the layers with
the same raster angle, maintaining the road gap initially defined [9—11].

This work presents a preliminary study on the permeability of PM obtained by this AM
principle. Some PM designs were printed in poly(lactic acid) (PLA) with two main filling
strategies, one varying the stagger distance between layers and a new proposal not explored so far,
which is a strategy involving joining filaments, both based on the raster strategies. The permeability
was measured experimentally and obtained via numerical analysis.

Porous media by material extrusion AM

Instead of designing the PM in a CAD (Computer-Aided Design) system, the internal
structure was obtained directly by controlling the process parameters of the material extrusion AM
technology. The raster filling was selected as it is suitable to produce lattice type geometries that
are scaffold structure of fibers alike. Fig. la and 1b show schematically the conventional
distribution of a basic lattice PM, created by the combination of parameters like raster angle, its
rotation, and the road gap. The staggered raster concept is shown in Fig. 1c, which consists of
displacing laterally the raster filaments (raster lines) in relation to the previous layer with the same
raster angle, maintaining the road gap defined. The main hypothesis behind this idea is that by
increasing the tortuosity of the PM (i.e., the ratio between the distance travelled by the fluid and
the characteristic length of the PM), its permeability is reduced. For this study, three stagger
distances were used (0%, 25%, and 50%) as a percentage of the hatch distance between the
filaments.

Joined filaments is a new raster strategy where two or more filaments (also referred to as
raster lines) are printed side-by-side (zero gap) forming a set of filaments, and a gap is left between
successive sets (see Fig. 1d). This pattern is repeated forming the path filling. A zero or negative
Road Gap can be used inside the sets of filaments to ensure that there are no holes along with the
contact areas. A new raster parameter was created namely Set Gap, which defines the distance
between the set of joined filaments (lines sets, see Fig. 1d). In this work, single (i.e., no joined
filaments) and sets of two joined filaments were selected for the analysis.

A relevant parameter to produce a PM in this technology is the minimum road gap or set
gap (when considering joined filaments) that would guarantee that two adjacent filaments that have
to create a pore (or a pore throat) would not touch each other. This is important to allow pores
connectivity. Considering the precision and resolution of the 3D printer used in this work (3D
Cloner DH+), the minimal road gap was identified as 0.1 mm. Thus, the theoretical porosity value
obtained considering a filament cross section as an ellipse (d; /d,=0.3 mm/0.44 mm, see Fig. 1b),
was 35.9%. This porosity was fixed for all planned geometries presented below. As the road width
and layer thickness are the same for all geometries, the set gap was responsible for maintaining the
constant porosity, therefore it was varied accordingly.
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Fig. 1 - Schematic of raster parameters (a), filament cross section (b), stagger distance (c) and the new joined
filaments raster strategy (d)
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The parameters stagger distance (0%, 25%, and 50%) and number of filaments (lines) in a
set (1 and 2) were combined creating six different PM designs, which were called LO1S00 (meaning
1 filament and stagger distance 0), LO1S25, LO1S50, L02S00, L02S25, and L02S50 (Table 1).

The PM specimens had a cylindrical shape (diameter 25.4 mm and length 24 mm) to fit in
the experimental apparatus core holder (Fig. 2a and b). For each configuration, five samples were
produced, resulting in 30 specimens. The following parameters and conditions were used to
manufacture the specimens: layer thickness 0.3mm; print speed 25 mm/s, extruder temperature 205
°C, bed temperature 50 °C, room temperature 26 °C, and relative humidity 65%.

As the process planning software currently available still have limitations on the level of
customization of the path filling, an in-house process-planning software called RP3 (Rapid
Prototyping Process Planning) was used to generate all manufacturing data (G-code)[12]. To check
the final printed PM geometry, one of the PM design was digitally reconstructed by X-ray micro
tomography (Carl Zeiss’ Metrotom 1500).
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Table 1 — Sclected raster parameters for the designed PM

Raster Parameters
Designed Lines in set Stagger distance
PM (Joined filaments) (Staggered)
LO1S00 1 0%
LO1S25 1 25%
LO1S50 1 50%
L02S00 2 0%
L02S25 2 25%
L02S50 2 50%

Permeability Characterization

The permeability characterization was carried out using the direct experimental method,
measuring the pressure drop that the fluid flow undergoes when permeating the PM sample, with
the flow occurring in the axial direction (Fig. 2b). For the measurement, a permeameter (Fig. 2a)
based on MPIF Standard 39 [13] was used with airflow at room temperature of 25 °C and a digital
manometer (Digitron P200HIS) on the outlet. The volumetric flow rate varied from 6 to 30 I/min,
with increments of 4 I/min, controlled by a rotameter, and with an inlet pressure of 3.5 bar. The
permeability was calculated using the Dupuit-Forchheimer equations, obtaining the k, and k.,
Darcian and non-Darcian permeability constants [14].

Fig. 2 — Experimental permeameter (a) and the printed PM showing the fluid flow direction (b)

Numerical simulations were conducted in the Fluid Simulation module of Solidworks 2018
with a modeled wind tunnel (Fig. 3) and using the same airflow conditions as in the experimental
measurements. To speed up the numerical simulation, the size of the PM was reduced to a diameter
of 6 mm with a length of 3.6 mm, but maintaining the same layer thickness and road gap of the
experimental specimens. All PM 3D designs were modeled in the Open SCAD [15].
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Fig. 3 —Wind tunnel in which the 3D models of the PM were simulated in Solidworks

Results and Discussions

All specimens were manufactured as planned (designed) by the RP3. This can be observed
in the cross sections of the L02S50 (Fig. 4) obtained by cutting the 3D geometric model that was
digitally reconstructed from the X-ray micro tomography.

Fig.4 - Cross section of the L02S50

Graphs of the normalized pressure drop (the pressure drop results were divided by the
specimens' lengths) in terms of the velocity impinged to the experimental and the numerical
samples, for geometries with a set of 1 or 2 filaments (lines), are displayed in Fig. 5 and Fig. 6,
respectively. The Darcian permeability values calculated using the Dupuit-Forchheimer equation
are displayed in Table 2. Graphs for a comparison of the Darcian permeability values obtained
from numerical simulation and experimental measurement are shown in Fig. 7.

Table 2 - Darcian permeability values calculated using the Dupuit-Forchheimer equation
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Fig. 5 — Graph Velocity vs. Normalized Pressure drop for the experimental measurement and the numerical

simulation of PM with 1 line in set
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Darcian Permeability k; | Non-Darcian Permeability k, Squared Correlation
[10° m?] [10° m] Coefficient R?
Designed Exp. Num. Exp. Num. Exp. Num.
PM
LO1S00 2.773 3.441 2.117 5.686 0.999975 0.999944
L01S25 2.610 3.461 2.076 4.474 0.999968 0.999676
LO01S50 2.319 3.445 2.121 4.301 0.999963 0.999936
L02S00 7.274 7.680 1.291 2.201 0.999996 0.999324
L02S25 2.245 3.305 1.040 1.107 0.999983 0.998239
L02S50 1.718 2.651 0.754 0.784 0.999984 0.999182
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Fig. 6 — Graph Velocity vs. Normalized Pressure drop for the experimental measurement and the numerical
simulation of PM with 2 lines in set
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Fig. 7 - Darcian permeabilities k,; versus the stagger distance for both line sets configuration.

In the configurations with 1 filament in the set (LO1S00, LO1S25, and LO1S50), the pressure
drop curves presented little variation for both the experimental and numerical simulations (Fig. 5).
The statistics "student’s t-tests" combining the 3 simulation results (with a confidence level of
99.5%) do not reject the probability that the values represent the same behavior of the interaction
Velocity vs. Pressure drop. Although the numerical results for staggering shown in Fig. 7 (set of 1
filament) indicates a quite similar permeability as the stagger distance increases, the experimental
measurements demonstrated a decrease in permeability.

In Fig. 6 and Fig. 7, one observes that for the PM with 2 joined filaments (lines) in the set
(L02S00, L02S25, and L02S50), both experimental and numerical results pointed to the same
tendency of decreasing in permeability with the increase of the stagger distance. Fig. 8 shows the
contrasting streamlines paths in L02S00 and L02S50, which help to explain the change in tortuosity
of the PM when increasing the stagger distance, and, consequently, the fluid flow restrictions.
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Fig. 8 — Cross section of L02S00 and L02S50 3D models with streamlines representing the pressure gradient
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It is possible to observe that the permeability results, with the specific airflow conditions
used, did not follow the same variation pattern. As the stagger distance increases from 0 to 50%,
the decrease in permeability was more sensitive for the geometries with 2 filaments. In other words,
these combinations presented a greater effect in the final permeability. Therefore, for a porous
matrix with constant porosity, the increase in the stagger distance increases tortuosity, thus
increasing the restriction imposed on the flow (the main hypothesis of this work). In general, a
wider range in permeability, when varying the filling strategies, is positive because it allows
accomplishing a wider range of applications.

Conclusions

The material extrusion AM with polymeric materials is an alternative to manufacturing PM
with planned inner architecture and to achieve this better, it is necessary to have a process planning
software with a high degree of customization of the filling parameters, eliminating the need to
model the 3D pores.

In this study, two variants of the raster filling strategies were studied, one changing the
stagger distance between layers and the other involving a new joined filaments proposal. Six PM
designs were printed, and their permeabilities were measured experimentally and estimated
numerically. The results indicate that both filling strategies influence the PM permeability, but the
influence was more evident when the two parameters were combined (i.e., the number of joined
filaments with the stagger distance). Especially for the case of 2 lines in set, it was observed that,
as the stagger distance increases, the PM permeability decreases (i.e., a greater pressure drop),
indicating that it is more difficult to pass the fluid through it.
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