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Abstract

Permeability measurements of engineering textiles exhibit large variability as no
standardization method currently exists; numerical permeability prediction is thus an
attractive alternative. It has all advantages of virtual material characterization, including the
possibility to study the impact of material variability and small-scale parameters. This paper
presents the results of an international virtual permeability benchmark, which is a first
contribution to permeability predictions for fibrous reinforcements based on real images. In
this first stage, the focus was on the microscale computation of fiber bundle permeability. In
total 16 participants provided 50 results using different numerical methods, boundary
conditions, permeability identification techniques. The scatter of the predicted axial
permeability after the elimination of inconsistent results was found to be smaller (14%) than
that of the transverse permeability (~24%). Dominant effects on the permeability were found
to be the boundary conditions in tangential direction, number of sub-domains used in the
renormalization approach, and the permeability identification technique.

Keywords: A. Fabrics/textiles A.Tow B.Permeability C.Computational modeling E.Resin flow

1 Introduction

Liguid Composite Molding (LCM) processes are used to produce fiber-reinforced polymer
composites. In all LCM processes, dry fiber preforms are placed in a mold and are
impregnated with a resin, typically thermoset. In addition to a complete impregnation, the
fastest possible impregnation is also desirable for economic reasons. For this purpose, filling
simulations are used to design and optimize LCM processes to reduce air entrapment and
accelerate impregnation [1-4]. However, the accuracy of the filling simulations is governed by
the input data characterizing the material and the process. Darcy's law [5] relates the

volume-averaged flow velocity of the resin v to the pressure gradient Vp and the gravitational
contribution pg (p is the resin density), dynamic resin viscosity y, and the permeability tensor

K of the fibrous preform:
2=ﬁK-(—Vg+pg) 1)

The permeability tensor K that quantifies the hydraulic capability of the fibrous structure
to be impregnated is a crucial material parameter to address the resin flow. Permeability is
usually determined experimentally to get the input values for LCM simulations. An extensive
experimental test program must be carried out to find permeability values that account for
different fiber volume fractions, shear angles, and other variations in the material. However,
for economic reasons, simplifications are often made with the aim to reduce the test
program. In addition to these simplifications, it is worth to note that the experimental

characterization of permeability is not standardized yet. Several benchmark studies have



shown that this can result in variations of more than 20% for the experimental determination
of permeability [6-11].

While filling simulations of LCM processes at component level are already established [1-
3], the status is quite different in the field of material characterization, especially for
permeability determination. Today, the numerical permeability prediction is mainly addressed
by the scientific community [12-17,36,40]. Nevertheless, with improved methods for
permeability prediction and the increasing computing power, the potential of numerical
methods is also increasing. Through virtual permeability prediction:

e permeability can be determined without generating large amounts of material
waste (textiles, testing fluid, other consumables) and without using elaborate
equipment;

e influencing factors can be investigated, which cannot be studied experimentally or
require a considerable effort;

e large parametric studies can be carried out efficiently;

e Intrinsic understanding of flow in textiles or textile stacks can provide a path for

process optimization.

Mesoscopic pores
between the fiber bundels

Microscopic pores
inside the fiber bundles

Figure 1: Multiscale pore structure of fibrous textiles

The virtual permeability prediction offers great potential but is not without its numerous
challenges due to the complex structure of fiber reinforcements. These include multiscale
porosity, anisotropic structure, and multiple spatial variations. Due to multiscale porosity, it is
reasonable to use multiscale approaches for virtual permeability prediction. For the
permeability prediction, usually the microscopic and mesoscopic scale are explored, whereas
the macroscale influence is needed in the filling simulations. Fig. 1 provides the distinction
between the microscale (fiber scale, pum-range) within fiber bundles, the mesoscale (textile
scale, mm-range) and the macroscale (component scale, cm to m-range). On the other hand,
a large number of numerical methods and influencing parameters [12-17,36,39,41], as well
as their significant effects on the numerical permeability prediction, is the main cause for the
lack of acceptance of the numerical results. In order to establish confidence in numerical

permeability predictions, it is important to define guidelines to prevent errors. Therefore, the
3



virtual permeability benchmark (VPB) was launched with the aim to (1) benchmark currently
used methods and tools for virtual permeability predictions, (2) identify sources of possible
variations and errors, and (3) develop guidelines for numerical prediction of permeability of
engineering textiles. No specific conditions for the permeability calculation methods were
imposed to the participants for this first numerical benchmark exercise to get a complete
overview of the available techniques and compare their impact on the permeability
prediction.

The first step of the benchmark study is focused on the microscopic scale. The results
are presented and discussed in this paper. This benchmark was organized by the Research
Institute in Civil Engineering and Mechanics (GeM) of Ecole Centrale de Nantes (ECN,
Nantes, France) and Leibniz-Institut fir Verbundwerkstoffe GmbH (IVW, Kaiserslautern,
Germany), and supported by KU Leuven (Belgium) and University of Delaware (USA) as
members of the Advisory Board. Table 1 lists the research groups involved in the VPB (the
order of the list does not correspond to the numbering of the results).

Table 1: LIST OF PARTICIPANTS*

Institution / Department Country
KU Leuven / Department of Materials Engineering, Composite Materials Group Belgium
Siemens Industry Software NV Belgium
Nantes Université, Ecole Centrale Nantes / High Performance Computing Institute (ICI) France
Nantes Université, Ecole Centrale Nantes — CNRS / Research Institute in Civil
Engineering and Mechanics (GeM) France
Mines Saint-Etienne, Université Lyon — CNRS / LGF France
IMT Nord Europe / Center for Materials and Processes France
TENSYL France
Fraunhofer Institute for Industrial Mathematics (ITWM) Germany
Leibniz-Institut fir Verbundwerkstoffe GmbH Germany
University of Stuttgart / Institute of Aircraft Design Germany
Ferdowsi University of Mashhad Iran
National University of Singapore Singapore
RISE Research Institutes of Sweden Sweden
Skolkovo Institute of Science and Technology / Center for Design, Manufacturing and Russia
Materials
Skolkovo Institute of Science and Technology / Center for Design, Manufacturing and Russia
Materials
Ecole Polytechnique Fédérale de Lausanne / Laboratory for Processing of Advanced
Composites (LPAC) Switzerland
Université Grenoble Alpes — CNRS / Laboratory Soils, Solids, Structures, Risks (3SR France
Lab)
University of Nottingham / Composites Research Group, Faculty of Engineering UK
Khalifa University of Science and Technology United Arab

Emirates




*The order of participants does not correspond to the numbering of the results given hereafter.

2 Materials & Data Preparation

A microscopic volume (MSV) of the fiber tow (fibers nominal diameter 9 pm) extracted
from an X-ray microscope scan (voxel size 0.521° umq) of the twill-weave fiber glass
reinforced composite (Fig. 2) was provided to the participants of the benchmark for the
determination of its permeability tensor. The MSV is available on the repository at
https://doi.org/10.5281/zeno0do0.6611926. To avoid an additional source of variation

originating from the image processing, a binarized volume with the fibrous phase already
segmented from the matrix phase was used. Detailed information on the material of the
sample, its preparation, imaging, and segmentation procedure is provided in the
Supplementary material.

Figure 2: 3D X-ray microscope scan from a section of the cut-out (A), extracted gray-
scale non-segmented MSV (B), and segmented MSV for calculation (C)

3 Methods

In total, 16 benchmark participants (Table 1) submitted around 50 results of permeability
calculation with auxiliary additional studies on sub-domains, mesh refinement, boundary
conditions (BC), and analytical estimations. Table 2 summarizes models, numerical methods,
discretization schemes, and other parameters used by the participants to run the simulations.
Three participants (#2, #6, and #14) performed calculations in 2D on 2D cross-sections cut
transverse to the fiber direction and, therefore, only obtained permeability values transverse
to the fibers. All other participants solved the problem in 3D.


https://doi.org/10.5281/zenodo.6611926

The majority of participants used the finite volume method (FVM) for the numerical
resolution. Two participants used the finite difference method (FDM): either in its
conventional form (#8), or using the explicit-jump immersed interface method (#16), which
can handle the local properties discontinuities [18]. One participant (#4) applied the control-
volume based finite-element method (CVFEM); and the remainder used the finite element
method (FEM).

The voxel-based discretization was employed either in the classical way — one element
per voxel, or with a locally coarsened / refined mesh by the LIR-tree approach [19], which is
a generalization of the Octree. Whenever both element-per-voxel and LIR-tree discretization
were tested by a participant it is indicated as “Voxel-based / LIR” in Table 2. The voxel-based
uniform mesh refinement was also applied by the participant #3. Two of the initial dimensions
of their 900x100 domain were transformed into 1800x200, while in the third dimension (fiber
direction) each 5 voxels were merged in 1 in order to compensate for the increase of degrees
of freedom (DOFs) without affecting the computed permeability values, which was verified.
Remeshing of the initial voxelized domain and geometry-based discretization was often used

by the participants to decrease the number of DOFs, and thus the computational effort.

Table 2: Overview of numerical methods and model dimensions used for permeability

calculation
Participant # N“"'?“Ca.' Discretization Flow model 20130 Physical val_'iab\es Model size, voxels / Voxel size, pm* FVC, %
approximation formulation formulation
1 FVM Voxel-based Stokes 3D SIMPLE 1003x973x124 / 0.521° pm? 56.46
) ] ) 56.73 (55.06 — 59.54),
- X - = / Ipm?
2 FEM Geometry-based Navier-Stokes 2D mixed velocity-pressure 10 2D slices of =1003x124 / 0.5213 pm 5854 (57.08 —61.39)
3 FUM Voxek-based Navier-Stokes 3D mixed velocity-pressure  1200x180x200 / U'ZGOi:,'"’ X 2605 um x 0.2605 57.00
. . ) 10 sub-volumes of =1003x100x124 for Kxx Kzz 56.46 (54.02 - 58.78),
4 CVFEM Voxel-based Navier-Stokes 30 mixed velocity-pressure o bk iee =100x073x124 for Kyy /0.521° ym*®  56.46 (48.42 — 60.88)
5 FVM Voxel-based - LIR Stokes 3D mixed velocity-pressure 1003x973x124 / 0.521% ym? 56.46
6 FEM Geometry-based Stokes 2D mixed velocity-pressure 973 2D slices of 1003x124 / 0.521% ym? 55.87
7 FvM Geometry-based Navier-Stokes 3D SIMPLE 1003x973x124 / 0.521° pm? 59.87
8 FDM Voxel-based Stokes 3D mixed velocity-pressure S72972x108: 64%35‘5‘3": ﬁr\:‘r;rles of SaSHS4 / 57.16
9 FVM Geometry-based Stokes 3D mixed velocity-pressure 16 sub-volumes of =251x243x124 / 0.521° ym?* 56.36 (46.96 — 60.84)
10 FEM Voxel-based Stokes 3D peeudo-compressibity 64 sub-volumes of =126x122x124 /05217 um®  56.46 (46.49 - 61.81)
(penalization)
11 FVM Geometry-based Navier-Stokes 3D mixed velocity-pressure 1003x679x124 / =0.7368° ym? 58.69
12 FVM Voxel-based /LIR Stokes 3D SIMPLE 1003x973x124 / 0.521% pm?* 56.46
mixed velocity-pressure i )
13 FVM Geometry-based Navier-Stokes 3D mixed velocity-pressure 124x192x124 /0.521° pm? 59.54
14 FEM Geometry-based Stokes 2D mixed velocity-pressure 973 2D slices of 1003x124 / 0.521° pm? 56.46, 5557
15 FEM Geometry-based Stokes 3D mixed velocity-pressure 1003x973x124 / 0.521° pm?* 56.46, 51.00
FVM , SIMPLE 1003x973x124 / 0.521° pm? 56.46,
16 FOM Vorel-based /LIR Stokes 3D mixed velocity-pressure 10 sub-volumes =1003x100x124 /05212 ym®  56.46 (54.02 - 58.78)

The majority of the participants naturally used the Stokes flow model. It should be noted
that for the determination of permeability of the porous medium only the Stokes equation is
convenient to address the creeping flow condition. If the Navier-Stokes equations are
nevertheless used, the local Reynolds number of the flow through the pores must meet the

condition Re << 1.



The mixed velocity-pressure formulation was the most used one in the benchmark,
compared to the SIMPLE and pseudo-compressibility formulations. The latter, whose
advantage is a reduction of the number of DOFs in the computation because only the
velocity field without pressure is solved, was only used by the participant #10.

In addition to in-house developed codes, commercially available software either for flow

computation, or permeability calculation were used by some participants:

e Ansys CFX®, Fluent® by Ansys;

e FlowTex® by KU Leuven;

e FlowVision® by TESIS Ltd;

e GeoDict® by Math2Market;

e OpenFOAM® by OpenCFD Ltd;

e Simcenter™ 3D Thermal/Flow solution by Siemens Digital Industries Software;
e Zébulon® by Z-set.

Some of these software were employed by several participants, but with different applied
conditions and input parameters.

Participants #2 and #14 also provided results computed on images they segmented
themselves (results #2b and #14b): therefore, two different values of the resulting fiber
volume content (FVC), which is a ratio of the volume of fibers to the total volume, are
reported for each of these participants in Table 2. Different ranges of the FVC are also
shown in Table 2 if the computations were done on a set of sub-volumes, as the local FVC
can vary significantly due to the non-uniform distribution of twisted fibers, or local compaction
at the warp/weft cross-over.

For some of the presented computational techniques only the computation on the sub-
volumes or on a set of 2D slices of the whole domain was possible: not only due to limitation
in computational time, but often because of memory constraints. For instance, memory
limitations were reported for the solvers used by #4 and #8. The technical characteristics of
the computational resources used and simulation times for all results of the benchmark are
summarized in Table 2 in the Supplementary material. The computational speed and hence
the efficiency of the methods used cannot be compared as they were implemented on
computers with different performance, parallelized in different ways, even if these parameters
were normalized by the number of DOFs used in each model.

The different boundary conditions in flow and tangential to flow directions implemented
by the participants in simulations are summarized in Table 3 and schematized in Fig. 2b.

Their influence on the permeability prediction is discussed in the following sections.
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Figure 2b: Scheme of different types of boundary conditions for velocity and pressure in
flow and tangential to flow directions

In the flow direction a constant pressure gradient or a constant flow rate was imposed. At
the tangential boundaries to the flow (Fig. 2b) conditions of symmetry, translational
periodicity, or no-slip were imposed. The difference between symmetric and periodic BC is
illustrated in Fig. 2b. All scalar quantities (pressure, velocity components) in the ghost
cells/nodes (1',2,...,n") are obtained from the corresponding physical cells/nodes (1,2,...,n).
For instance, in case of periodic BC cell/node n" corresponds to the cell/node at the opposite
periodic boundary n.

Table 3: Boundary conditions used by each participant

Participant# BC in flow direction Inflow(outflow BC in tangential direction
regions,
pum (voxels)
1 fixed pressure 50,02 um (96 voxels)  periodic
2 free (Lagrange multiplier) - symmetric v * n = 0 (Lagrange multiplier)
3 fixed pressure - periodic v
4 fixed pressure - symmetricv en =0
5 fixed pressure 20,84 um (40 voxels)  symmetric
6 fixed pressure - symmetricv en =0
7 fixed pressure - no-slipv =0
8 fixed pressure - periodic v
9 fixed pressure - symmetricv en =0
10 fixed flow rate oninlet, v * =0 on outlet 7,8 pm (15 voxels) symmetricv en =0
11 fixed pressure - no-slipv=0
12 fixed pressure 5,2 um (10 voxels) 12a,12c: periodic; 12b,12d: symmetric
13 fixed pressure - symmetricv en =0
14 fixed pressure - no-slipv=0
15 fixed pressure - symmetricv en =0
16 fixed pressure 5,2 um (10 voxels) periodic, except 16b where: symmetric




The inflow / outflow regions, used by some participants, are fluid-only zones artificially
added to the initial domain’s inlet and/or outlet upstream and downstream. In general, they
serve to prevent a non-periodic structure from becoming non-percolating in the cases when
translational periodicity is imposed in the flow direction [20]. They also allow the flow to be
fully developed at the inlet and outlet of the initial domain, which is particularly important for
low-porosity structures. It should be noted that in Table 2 the model size is indicated without
taking into account a possible presence of inflow / outflow regions in the computations. In

Table 3 the length of regions is given per region at each side: upstream and downstream.

4 Results and discussion

4.1 Overview

Fig. 3 presents the diagonal permeability components Ky, Ky, Kz (for the segmented
MSV in Fig. 2) of all reported results. Naturally, one can see higher values of the axial
permeability Kyy in Fig. 3 compared to the transverse permeability components Ky (tow in-
plane dimension) and K, (tow thickness direction) as fiber tows are transversely isotropic. An
attempt was made to choose the MSV orientation so that the flow principal directions across
the structure were aligned with the MSV Oxyz axis. The off-diagonal components of the
permeability tensor would be expected in this case to be equal or very close to zero.
However, there may be an impact from the fact that the MSV does not contain the complete
twist period of the tow (due to the computational limitations), though it is a very slight twist. In
the case of such an influence, the principal flow directions will not be aligned with the MSV
Oxyz axis, and thus the off-diagonal components of the permeability tensor will reflect this.
The question about the off-diagonal terms is discussed in detail in Section 4.5.

A larger scatter of values can be observed for the transverse permeability than for the
axial one. Two participants also made analytical estimations based on models in [21-23] —
results #4b, #4c, and #7b. The discussion about these estimations can be found in the
Supplementary material. Without the analytical results, the coefficient of variation C, of the
axial permeability is 81%, while it is 137% and 119% for the transverse permeabilities K« and
K., respectively. The C, is defined as a ratio between the standard deviation of the values

and their arithmetical mean.



1,0E-12

1,0E-13 .

Permeability, m2

1,0E-14 e

1,0E-15

o1 o2a 2b 3 4a

4b 4c 5 eBa e6b

e 3 5)

e6c e7a XT7b 8a 8b

o o
e o
©

10a ©10b ¢11 e12a

o
> X

e12b ®12c o12d 13 14a

[ abed 2 SIED |

e14b ~15a < 15b = 16a e 16b

| = ]
J

16c »16d »16e o 16f e 16g

e 16h e16i e16] e16k » 16l

16m ~16n 160 A16p 4 16q

A16r A16s A16t A16u A16v

Kxx Kyy Kzz

Figure 3: Overview of all reported permeability results: transverse Kxx, Kzz and axial Kyy.
Analytical predictions are marked by ‘x’

As already mentioned, some participants provided several results by varying some

parameters or conditions:

Results #6a-c differ between each other by the permeability calculation procedure, but
are based on the same flow fields computed on 2D slices. The results based on 2D
computations will be discussed in detail later on.

Results #8a-b were computed on the same 3D sub-volumes but by two different
permeability determination procedures, which are detailed in the following sections.
Results #10a-b were both computed by the same method, however, the values #10a
were calculated for the whole volume by averaging the values obtained by splitting the
domain into 8 x 8 almost cubic sub-volumes, while the full permeability tensor #10b was
calculated for the 1/10™ sub-volume of the whole domain with a slightly different fiber
volume fraction.

Results #12a-b used the same numerical methodology with voxel-based discretization,
but different BC in the tangential direction: periodic or symmetric; while #12c-d used
another numerical methodology with LIR-tree discretization and also varied BC in the
tangential direction.

Permeability values #15a and #15b were calculated by the same numerical method,

however, #15b was computed on a virtually generated microstructure aimed at

10



reproducing the benchmark sample. The details on this virtual microstructure are given
in the next section.

e Results #16a,c,d,e were calculated by the same explicit-jump immersed interface solver
but with a modified tolerance of the permeability-based stopping criterion. Permeability
values #16f-h were obtained with the help of the finite-volume solver that uses the LIR-
tree discretization by also varying tolerances, while the values #16i-k — with a different
finite-volume solver using the SIMPLE scheme and variable tolerances. Results #16l-u
correspond to 10 sub-volumes, into which the whole domain was subdivided (Fig. 8).
The result #16v was obtained by averaging the values #16I-u from the sub-volumes with
harmonic and arithmetic means. Results #16a and #16b differ only by the boundary
conditions imposed in the tangential directions: only #16b among all results #16 used
symmetric BC, the others used periodic ones in order to reduce the computational cost.

4.2 Axial permeability

The coefficient of variation for the axial permeability values is smaller than that for the
transverse permeability components. Fig. 4 shows all reported K,y values, except those
predicted analytically. The results based on the 2D formulation are not plotted in Fig. 4 as
they were all computed on 2D cross-sections perpendicular to fiber direction and thus do not

include the axial permeability component.
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Figure 4: Axial permeability Kyy results (without the analytically predicted ones)
Value #11 stands out from the other results. The numerical domain of the simulation #11

was generated by extruding a 2D slice of the initial domain, thus without reproducing the
11



fibers misalignment. Besides, the originally given dimensions and resolution of the sample
were not respected: they were higher in #11 (see Table 2). Therefore, #11 can be considered
as an outlier. Without it, the coefficient of variation C, of the axial permeability reduces from
81% to 21%, which is the order of magnitude of permeability variation reported for the

experimental measurements [6-7] carried out on larger samples.

Kyy
5,0E-12 Sub-volumes
#16l-u
(3]
£
&
X
5,0E-13
50% O51% 52% 53% 54% 55% 56% 57% 58% 59% 60% 61%
FvC

Figure 5: Correlation between the predicted axial permeability and fiber volume fraction

Fig. 5 shows the predicted axial permeability values versus the corresponding fiber
volume fraction. The averaged FVC over the whole sample is 56.46%. However, locally there
is a monotonic evolution of the FVC in the fiber direction (orientation of the tow) from 59% to
54% (Fig. 6), which can be explained by the compaction effects at the crossing of the fiber
tows in the twill weave fabric.

The FVC also varies in the transverse direction, however, in a random manner: Fig. 7
shows 10 consecutive sub-volumes of the initial domain with the corresponding local FVC.
Thus, results obtained on sub-domains of the initial domain may correspond to different
FVCs. In summary, the reported FVC values different from 56.46% (Fig.5) can originate
from:

e initial image domain subdivision into sub-domains;
e cropping of image edges;
e domain discretization method (e.g. if not voxel-based approach is used directly on

the initial image, but a geometry-based remeshing).
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Figure 7: Domain sub-division (used in #4) into 10 sub-volumes cut along the fiber direction

and corresponding evolution of the local FVC

The expected decrease of the permeability with increasing FVC is observed for the axial
permeability in Fig. 5. The cluster of values at 56.46% has a C, of 16%.

Few results deviate from the general trend. The result #15b obtained at 51% FVC
corresponds to an optional exercise made by one of the participants to reproduce the real
sample microstructure by the virtual generator with certain assumptions: parallel alignment of
fibers and constant fiber diameter. It should be noted that this Kyy value at 51% FVC is lower
than one would expect from a general trend, but higher than the value #15a obtained by the
same technique at 56.46% FVC: Ky, = 5,84E-13 m?, which is consistent. The question of the
virtual idealized microstructure is considered in more detail in the Supplementary material.

Result #13 close to 60% in FVC can be patrtially explained by a very small size of the

local domain — 2.5% of the initial image domain — taken for computation close to the sample

13



boundary with 59% FVC. Result #7a, also close to 60% in FVC, seems to be an outlier too
as despite the computation over the whole image domain, it gave a higher permeability value
than all values in the cluster and this is regardless a much higher FVC (apparently caused by
the geometry-based remeshing). Due to the scaling mentioned above, the Ky, value #11
appears to be unrealistically high at such a high FVC. Without the outliers #7a, #11 and #13
the coefficient of variation of the axial permeability reduces to 20%. These results will not be

included in the analysis of the axial permeability in the next sections.

4.2.1 Influence of cropping into sub-domains

Three types of results can be distinguished: i) those obtained from simulations on the
entire image domain provided (18 results); ii) the ones recalculated for the whole domain that
has been divided into sub-domains (6 results); iii) the ones obtained only on a part of the
initial domain (11 results). If one considers only the results obtained or inferred for the whole
volume (types i) and ii)), the C, is reduced from 20% to 16%. If one restricts the results only
to those of type i), the C, reduces further but not by much to 15%. This finding suggests that
in the case of axial permeability, to reduce memory resources, computing the local
permeabilities on the sub-volumes and then deducing the permeability of the whole volume
by averaging can provide a good approximation. It is also advantageous in terms of
computational time because several smaller calculations can be run in parallel. However,
with such a renormalization approach using the arithmetic and harmonic means the skew
terms of the permeability tensor cannot be calculated. This is not problematic if the flow is
computed in the principal directions in which case the skew terms are zero.

Participants #4, #9, #10, and #8 deduced the permeability for the whole volume from the
values computed on the sub-volumes by dividing the domain into 10 (10x1), 16 (4x4), 64
(8x8), and 648 (18x18x2) sub-domains respectively. Participant #16 also provided an
additional result #16v deduced from 10 sub-volumes cut transversely to the fiber direction
(Fig. 8).

As the number of sub-volumes increases, there is a general trend for the permeability
values to decrease as shown in Fig. 9. Thus, with an increase in the number of introduced
sub-volume boundaries within the whole volume, the axial permeability tends to be
underestimated. Results #16v and #8a are indicated by a lighter color in Fig. 9 since they

slightly differ from the general trend.
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Figure 8: Domain sub-division (used in #4 and #16I-v) into 10 sub-volumes cut transversely

to the fiber direction and corresponding evolution of the local FVC
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Figure 9: Axial permeability Kyy results #4a, #8a,b, #9, #10a, #16v computed by averaging

the values from different number of sub-volumes

The value #8a is the result of a Darcy simulation over the whole volume with the
distribution of permeabilities locally pre-computed on 648 sub-volumes taken as the input to
the simulation; while all other results shown are obtained by the renormalization technique
using arithmetic and harmonic means depending on the direction of the volume cropping.
Apart from the different numerical methods used, the difference between #4a and #16v is the
averaging by arithmetic mean over 10 sub-volumes shown in Fig. 7 in case of #4a, and by
harmonic mean over 10 sub-volumes shown in Fig. 8 in case of #16v. This may not be the
reason for such correlation between #16v and other values. It can originate from a
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superposition of multiple factors at the same time: numerical scheme, BC, permeability
identification procedure, etc.

Participant #3 also investigated the impact of increasing the size of the sub-domain
taken in the middle of the whole sample on the permeability values in order to check whether
a smaller domain size is sufficient to obtain permeability values close to those of the sample.

However, no convergence of K,y was observed with increasing domain size.

4.2.2 Influence of boundary conditions

The following BC were applied in the tangential direction by the participants (see
Table 3): periodic (translational) BC, symmetric BC and no-slip BC. Since the results #7 and
#11 will not be further analyzed, as explained earlier, and they used the no-slip BC, the
impact of only periodic and symmetric BC in tangential direction is compared for the axial
permeability (Fig. 10).

The geometry of the fiber bundle of the sample is not periodic in any direction. Some
participants, however, used periodic BC in the tangential direction (#1, #3, #8, #12a,c,
#16a,c-v) because it allows the development of transverse flow, unlike the other two types of
boundary conditions. The presence of transverse flow in this case is particularly necessary
for a correct determination of the full permeability tensor when the identification by Darcy’s
law is used for its calculation, taking into account the skew terms. If the symmetric BC is
nevertheless applied, anisotropy effects that are not aligned with the principal flow directions
will not be captured, and thus the skew terms of the permeability tensor obtained by Darcy’s
identification will not be correct (this point will be discussed in Section 4.5).

The disadvantage of symmetric BC is that the symmetry-based configuration [20]
transforms the initial 3D computational domain into a domain four times larger. This results in
longer simulation times, for example, in #16b, while compared to the same computation but
with periodic BC in #16a: from 2 to 8 times longer, depending on the flow direction.

Only permeability values calculated or deduced (from sub-volumes) for the whole
sample volume are compared in the following. In order to analyze the effect of boundary
conditions without superimposing it on other influencing factors, it is relevant to compare
results differing only by the applied BC, but using the same methods,
discretization etc. (Fig. 10).
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Figure 10: Axial permeability values calculated by the same methods but different

boundary conditions in tangential direction: periodic and symmetric

One can see that the axial permeability values K,y obtained with the symmetric boundary
conditions are higher than the ones obtained with the periodic ones (Fig. 10). Results #12a,b,
#12c,d, #16i,j,k, #16f,g,h are grouped in the graph as they rely on the same method, but
have different residual tolerances or different BC. It should be noted that only participants
#12a and #16i,j,k use exactly the same method and all conditions, and their results show an
excellent match (with a given solution precision).

Results #1, #12a,b and #16i,j,k in Fig. 10 all use SIMPLE formulation of the Stokes
equation, FVM numerical method, voxel-based discretization, and permeability calculation
technique (Table 2). Their coefficient of variation is 4%, with the main difference coming from
the different BC (periodic/symmetric) in #12a and #12b that differ between each other by 9%.
The same mixed velocity-pressure formulation, FVM numerical method, LIR discretization,
and permeability calculation technique, but different BC are also used by #5, #12c,d and
#16f,g,h (Table 2): their C, is 5%. Results of #3 and #9 were obtained using the same
Navier-Stokes flow solver and permeability identification procedure, but different BC
(periodic/symmetric) and different discretization (Table 2). Their relative difference is 26%.

If all results with periodic and symmetric BC in tangential direction are now analyzed all
together, the trend revealed above is refuted by some results (Fig. 11). Indeed, as previously
stated, the correlation of these results could be defined by multiple effects superimposed, not
only by the boundary conditions. The #16a,c,d,e values were obtained by the explicit-jump
immersed interface method that is known not to be adapted to the low-porosity

structures [18], such as the material of the benchmark. The isolated position of #16¢ with
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respect to other values can be attributed to its highest residual tolerance among the ones

tested. The result #15a is also isolated.
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Figure 11: All axial permeability values calculated/deduced for the whole sample volume

with periodic and symmetric boundary conditions in tangential direction

All participants imposed a pressure drop to compute the axial permeability, except for
participant #10 who imposed a fixed flow rate at the inlet and the condition v * T = 0 at the
outlet (Table 3). Participants #1, #5, #10, #12, and #16 additionally used the inflow / outflow
regions that have the advantage of allowing the use of periodic BC without a periodization
procedure (by translation or by symmetry [20]) to apply on the sample. To investigate the
effect of these regions on the permeability prediction separately, results that differ only by the
length of these channels were selected. All other parameters and conditions in #5 and #12d
were the same, except for this length, which was 40 voxels and 10 voxels respectively.
Another pair of results from participants #1 and #12a also differ from each other only by the
inflow / outflow regions with 96 and 10 voxels, respectively. The analysis of these values
(see Supplementary material) showed that there is no apparent trend in permeability values
with increasing length of these channels, or that their effect is dominated by other more

influencing factors, such as the BC in tangential direction, for example.

4.3 Transverse permeability

Fig. 12 shows all reported values of K« and Kz, except those predicted analytically.
Results based on 2D computations are marked with stars. Despite the fact that fiber tows (in
non-compacted state) are transversely isotropic media, higher values of the tow through-
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thickness permeability component K;, can be observed compared to the in-plane component
Kxx, except for a few results: #7a, #10b, #13, and #16b.
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Figure 12: Transverse permeability Kyx and K; results (without analytically predicted
ones). 2D computations are marked by ‘x’

Result #10b is obtained for a sub-volume of size 1/10™ of the full domain, cut in the fiber
direction as shown in Fig. 7. The sub-volumes cut in this direction can have different local
transverse anisotropy as they do not cover the whole width of the sample. This can explain
the values #10b. Result #13 was also obtained on a very small sub-volume, as already
explained in Section 4.2. On the contrary, results #7a and #16b were obtained on the whole
sample and can, therefore, be considered as outliers: they will not be included in further
analysis in the next sections. This confirms the previous conclusion regarding the axial
permeability value in #7a. Concerning the result #16b, it was obtained by the explicit-jump
immersed interface method, known not to be adapted to the low-porosity structures such as
the material of the benchmark, where symmetric BC were applied in tangential directions,
unlike other results #16.

Since the initially given domain dimensions and resolution were not respected in #11, as
explained in Section 4.2, the values #11 will also be excluded from the analysis. Without
results #7a, #10b, #11, #16b, and #13 the coefficient of variation of the transverse
permeability reduces from 137% to 92% for K. and from 119% to 74% for K., with the mean
values K., = 4,8E-14 m?, K,, = = 7,8E-14 m?. It can be noted that the spread of K, values is

smaller than that of the Ki values. This can be partially attributed to a much smaller
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dimension in the Oz direction, along which the flow is facilitated by a shorter flow extent than
in the Ox direction.

Results #16c,a,d,e in this order use a decreasing tolerance: in Fig. 12 one can see how
they monotonically approach the main cluster of results, except for result #16a which has
higher values than #16c¢. Result #16a should be excluded from the analysis because apart
from contradicting this monotonic trend in results #16c,a,d,e, it also shows a more
pronounced anisotropy between the Ky« and K., values compared to the others (steeper
slope in Fig. 12). Since #16c¢,d,e differ only by the tolerance of their stopping criterion, and
#16d with an intermediate tolerance still differs from the cluster mean by 144% for the Ky
component, only the result #16e with the smallest tolerance should be considered in the
analysis (K of #16e differs from the mean by 20%).

We can also note a relatively high slope in Fig. 12 for the results #16s,t, as well as for
#14a,b, i.e. a larger difference between the transverse permeability components. For the
former, this can be explained by the fact that they were computed on the sub-volumes (these
two results correspond to the low FVC). Results #14a,b are 2D results.

4.3.1 2D computation results

The aim of considering 2D computations is to analyze how close the permeability values
predicted from cross-sections of 3D fiber bundle microstructures are to the full 3D solutions.

Participants #2, #6, and #14 calculated the permeability of the whole sample volume
from calculations on a series of 2D slices orthogonal to the fiber direction, as shown in Fig. 3.
All of them used a finite element method with a mixed velocity-pressure formulation and a
geometry-based domain remeshing (Table 2). The difference between the results lies in the
permeability calculation method, boundary conditions, number of slices taken for the
computation (all slices in #6 and #14; 10 slices in #2) and the flow model used: results #2
were obtained by solving the Navier-Stokes equations, unlike the others.

No correlation between 2D and 3D results can be observed, 2D results spread over
several decades (Fig. 12, 13). The coefficient of variation C, of 2D results is large: 92% and
82% for K« and K, respectively. Interestingly, there is a significant difference between the
values #6a and #6b,c (Fig. 13), which only differ from each other in the permeability
identification method applied to the same flow fields computed on all 973 slices. Then the
permeability was averaged over 973 slices in the same manner. From Fig. 12 it can be seen
that results #6a, that used the identification method with Darcy's law without accounting for
the anisotropy effects, are situated within the cluster of the 3D results, unlike other 2D
predictions. Results #6b,c gave the full permeability tensor, while imposing its symmetry in

#6¢c, and not in #6b. Results #2a,b are situated closer to the upper bound of the cluster of
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results, while #14a,b tend to underestimate permeability, and particularly Ky by a large

amount.
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Figure 13: Transverse permeability Kyx and K;; values obtained by 2D computations

Self-segmentation of images in #2b resulted in higher FVC (Table 2), and thus lower
permeability values compared to #2a (Fig. 13), whereas the opposite occurred for the results
#l4a and #14b: the self-segmented 2D domains had lower FVC and thus higher
permeability.

In #6a,b,c and #14a,b the permeability value for the whole sample volume was deduced
by averaging the values of the 973 2D cross-sections; while in #2a,b 10 cross-sections
uniformly distributed over the whole volume, starting from the first frontal slice, were used. In
this way, the range of 54-59% FVC distributed along the fibers is roughly covered. On each
of these 10 2D slices an average velocity was imposed for each direction and the average
pressure gradient was calculated over the computed flow field. A least-square optimization
method was then used to find the optimal components of the permeability tensor that allowed
Darcy’s law to fit the 20 velocity-pressure gradient solutions.

Considering the evolution of the local permeability across 10 slices uniformly distributed
in the volume for results #6a and #14a,b (since #6b,c by the magnitude of their values are
located far from the group of results), a monotonic decrease of the permeability with the FVC
increase along the fibers can be observed especially for the K,; component (Fig. 14b), but
not for the Kyx component (Fig. 14a).

3D permeability values #16l-u and auxiliary values from #4a obtained over 10 sub-
volumes oriented orthogonally to the fiber direction (Fig. 8) and containing 10 2D slices
mentioned beforehand are also plotted in Fig. 14. Result #4a follows the same trend as the
2D results: transverse permeability K,, decreases with increasing FVC, as does the axial

permeability Kyy (see Fig. 5 in Section 4.2). Whereas its transverse permeability K« does not
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show a decreasing trend, as if it was not influenced by the FVC (Fig. 14a). It can also be

observed that the 3D results #16I-u do not show a monotonic decrease of K;; with increasing

FVC neither, unlike all other results in Fig. 14. This finding, therefore, questions the accuracy

of the #16l-u values, as well as the one of the #16v result that was calculated from the #16l-u

values.
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The observed lack of correlation between Ky and FVC (Fig. 14a) may be due to the fact
that all the tangential boundaries are very close to each other for the flow in the Ox direction
(as opposed to the Oz direction) due to the dimensions of these 10 elongated subdomains
(Fig. 8). Considering the trend of results #6b,c (their main tensor components almost
coincide), despite their very high values mentioned above, both transverse permeability

components Ky and K;; show an almost monotonic decrease with increasing FVC (Fig. 15).
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Figure 15: Evolution of the local permeability Kxx and K, computed for #6b,c on 10 slices
uniformly distributed along the fiber direction

Unlike the results analyzed above, results #6b,c were calculated by averaging the
computed fields with Darcy's law that takes into account transverse flows that can develop
locally. All other results above (#4a, #6a, #14a,b) used the identification method with Darcy's
law that does not allow one to calculate the full permeability tensor because it neglects the

cross-flows. This can be a reason for these Ky results to be less accurate.

4.3.2 3D computation results

Fig.16 shows the correlation between the transverse permeability (without the outliers
identified above) and the fiber volume fraction. In contrast to the axial permeability, the
reported transverse permeability values do not show the same decreasing trend with respect
to increasing FVC, which was represented mainly by the #16l-u values calculated on the sub-
volumes with evolving FVC along the fiber direction. These values are outlined in Fig.16a,b

without a trend. However, as indicated in the previous section, the auxiliary values used for
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the calculation of the result #4a and computed on the same 3D sub-volumes show a

monotonic trend of K, as shown in Fig. 16b.
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Figure 16: Correlation between the fiber volume fraction and predicted transverse
permeability a) Kxx; b) Kz (without excluded results #7a, #11, #13, #16b)

The components Ky and K., are presented separately because they can be very
different (Fig. 12): the cluster of values at FVC = 56.46% of the whole sample volume without
the analytical values has a C, of 85% for Ky, while it equals 66% for K..

The permeability values at 51% FVC correspond to the idealized microstructure of the
result #15b. The lowest permeability values correspond to the analytical estimation of #4c.
The values of participants #3 and #8a,b around 57% FVC characterize the whole 3D domain
but with cropped edges.

Based on the analysis of the previous sections, it seems reasonable to consider the
cluster of relevant transverse permeability values excluding the outliers mentioned above:
the estimations based on idealized microstructures, the 2D results #2a,b, #6b,c, and #14a,b,

the calculations on individual sub-volumes, as well as the results #16a-e,l-v using the
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explicit-jump immersed interface method. The remaining results have a coefficient of
variation of 24% for Ky and 25% for K, with the mean values K,., = 3,2E-14 m?, K,, =5,2E-
14m?,

4.3.3 Influence of cropping into sub-domains

A similar decreasing trend as for axial permeability is observed for the transverse
permeability with increasing number of subdivisions of the domain, from which a permeability
value of the whole domain is then deduced (Fig. 17). Similarly, results #16v and #8a do not
follow this trend again. This can be explained by the fact that the result #8a was not obtained
by the renormalization approach like the other results, as discussed earlier (see
Section 4.2.1). Whereas result #16v was calculated from the #16l-u values on the sub-
volumes cut transversely to the fiber direction (Fig. 8). However, as explained earlier, the
explicit-jump immersed interface method apparently could not give adequate results in #16l-
u, which were supposed to follow a decreasing trend with increasing FVC in the sub-
volumes, but did not.

The minimal relative error with respect to the mean permeability value by replacing the
volume by 10 sub-volumes is 15% for Ky and 38% for K,,. The maximal error corresponding
to 648 sub-volumes is 48% for Ky and 54% for K.

Similarly to the findings on the axial permeability values, the study #3 about permeability
convergence with increasing domain size showed that the whole sample domain should be
used for computation because computations on smaller sub-domains did not provide stable
permeability values.
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Figure 17: Transverse permeability Kxx, Kzz results #4a, #8a,b, #9, #10a, #16v computed by
averaging the values from different number of sub-volumes
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4.3.4 Influence of boundary conditions

In this section only the calculated or deduced (from sub-volumes) permeability values for
the whole sample volume are considered. Similarly to the axial permeability analysis, first, we
start by comparing the results obtained with the same methods and parameters, but with
different BC (periodic/symmetric) (Fig. 18). One can see that the transverse permeability
values K,x computed with the symmetric BC are lower than those computed with the periodic
BC, and thus show the opposite trend to the axial permeability (see Section 4.2.2).
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Figure 18: Transverse permeability Kxx values calculated in 3D by the same methods and
different boundary conditions in tangential direction: periodic and symmetric
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Figure 19: All transverse permeability K« values calculated/deduced for the whole sample
volume with periodic and symmetric boundary conditions in tangential direction
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If we add the rest of the results to this comparison (Fig. 19), including the 2D results #6a-
¢ that also use the symmetric BC, the correlation shown above can no longer be observed.

For the transverse permeability component in the through-thickness direction K, it is
difficult to observe a clear trend even if one only compares results obtained by the same
methods. Thus all results K;; are plotted together in Fig. 20, and the ones obtained with
different methods and parameters are marked in the graph with labels. Results #12a,b, as
well as results #12c,d, which used exactly the same parameters and solver, are plotted with
the lines to illustrate the slightly higher values obtained with periodic BC than with the
symmetric ones, as for the transverse permeability K. However, their relative difference is
only 4%, while for K it is 28% (for comparison: it was 9% for the axial permeability Kyy).
Therefore, a very small influence of the imposed boundary conditions on the transverse
permeability in the Oz direction can be observed.
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Figure 20: All transverse permeability Kzz values calculated/deduced for the whole sample

volume with periodic and symmetric boundary conditions in tangential direction

It should be noted that the sample is a degenerated domain, commonly encountered in
polymer composites, as the thickness is usually much smaller than the in-plane dimensions
due to the compaction of layered structures. Consequently, the flow across the thickness
(direction Oz) is barely influenced by the lateral boundaries. On the contrary, the flows in Ox
and Oy directions are strongly influenced in this case by one pair of tangential flow

boundaries (in the Oxy plane) situated close to each other. Moreover, for the transverse
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permeability Ky periodic BC give higher values of permeability than the symmetric ones,
while for the axial permeability K,y periodic BC give lower values.

Similarly to the axial permeability Ky, the Ky and K, results of participants #12a and
#16i,j,k, using exactly the same conditions and method, have an excellent agreement (for a
given solution precision).

Similarly to the axial permeability, there is no apparent trend in the transverse
permeability values with increasing length of the inflow / outflow regions when the results
using the same methods and conditions are analyzed together: #1 and #12a, #5 and #12d
(Fig. 3, 4 in the Supplementary material).

4.4 Influence of flow model

Six out of 16 participants used the Navier-Stokes equations instead of Stokes (Table 2).
In the previous sections, some of them have been eliminated from the analysis as outliers, so
they are omitted below.
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Figure 21: Permeability values obtained by the Navier-Stokes model (labeled in the graph) and
Stokes equation (without excluded results #7a, #11, #13, #16a-d, #6b,c, #14a,b, and #15b as

computed on the idealized structure, as well as #10b,#16l-u as computed on sub-volumes only)

Fig. 21 shows the scatter of the results that used Navier-Stokes equations, without any
particular correlation to the results obtained by solving the Stokes equation. In case of
Navier-Stokes flow simulations a very small local Reynolds number of the flow through the
pores was ensured by the participants: #2 reported the Reynolds number estimations
between 1E-4 and 1E-3; #3 in the order of ~1E-4; #4 estimated it in the order of ~1E-8 for the
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transverse to fibers flow and ~1E-7 for the axial flow. All in all, no particular influence of the

flow model was found.

4.5 Analysis of the full permeability tensor

Three different approaches were used by the participants to calculate the permeability
values from the velocity/pressure fields: i) identification with Darcy's law using the averaged
flow rate without considering cross-flows; ii) identification with Darcy's law, based on the
volume averaging principles that take into account transverse flows [24]; iii) full-field
homogenization [25]. Approach ii) averages the computed velocity/pressure fields, which in
the case of anisotropic structure contain the information about the developed cross-flows,
and thus allows to reconstruct the full permeability tensor. Homogenization methods are
generally those that use a localization tensor to relate fields at different scales. Localization
tensors can be constructed either by the mean-field approaches based on the Eshelby tensor
for dilute configuration [37], or the Mori-Tanaka scheme for higher concentration [38,35]; or
by the direct numerical solution of the full-field problem without approximating the geometry
and distribution of the constituent phases [25] (full-field homogenization).

The results on the full permeability tensor can be found in the Supplementary material.
The use of the identification procedure without considering the cross-flows implies that the
flow is necessarily forced in principal directions, and only the supposed non-zero diagonal
terms of the permeability tensor can then be calculated. However, the order of magnitude of
the off-diagonal/skew terms obtained by the participants who applied the approaches ii) and
iii), reaching in some cases ~1E-14 m?, shows that these terms are not negligible. This can
be attributed to the twisted structure of the tow with 40 twist/m, i.e. one complete twist each
25 mm, which is much bigger than the tow length of the MSV. The diagonalization of the
permeability matrix of e.g., #15a indicates that the structure has a rotation of approximately
17° in the Oxz plane, which is perpendicular to the fiber direction.

Two participants #2 and #6b,c computed the full permeability tensor in 2D. However,
these results show rather high values of the principal tensor components compared to the
identified cluster of results.

It should also be noted that the permeability tensor computed by some participants was
non-symmetric. It was obtained by an approach where, after forcing the flow in three
independent directions (two in 2D), each of the solutions provided independently a column of
components of the permeability tensor at a time, without ensuring their symmetry. However,
the symmetry of the permeability tensor should be respected, as shown, for example, in [26-
27].
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4.6 Results based on idealized microstructure

Some participants also studied the possibility to estimate the permeability of the sample
fiber bundle by some known analytical models [21-23], or on a virtually generated fiber
bundle, which aimed at reproducing the main features of the sample. These analyses are
detailed in the Supplementary material. It is shown that Gebart’s analytical models with their
assumptions rather give a lower bound for the axial permeability of this unidirectional
microstructure than a good estimation of its cluster mean, and an upper bound for the
transverse permeability. As far as a virtually generated microstructure is concerned, at this
stage it cannot be concluded whether it can adequately replace the real microstructure.

5 Conclusions

The objective of this first virtual permeability benchmark exercise was, firstly, to provide
a state-of-the-art of existing numerical approaches for permeability prediction based on real
fibrous microstructures, and, secondly, to gain insights into the dominant parameters
influencing its determination.

Although the first stage of the benchmark was devoted to the micro-scale permeability of
a fiber tow, i.e. a relatively simple transversely isotropic structure, and although the image
processing effect was eliminated by the use of the segmented microstructure image provided
to all participants, the coefficient of variation of the reported results was large. However, the
analysis of the reported values with respect to different parameters showed that the cluster of
the most relevant results has a reduced coefficient of variation C, of 14% for the axial
permeability Ky, and 24% and 25% for the components Ky and K. of the transverse
permeability, respectively (Table 4). It is most likely due to the less complex geometry of the
sample microstructure in the axial direction, implying less complex flow paths, that it gave
rise to a lower scatter of the axial permeability than that of the transverse permeability. The
same trend was observed when the influence of different parameters was analyzed: cropping

into sub-domains, boundary conditions, etc.

Table 4: Data on the resulting cluster of permeability values

Kxx Kyy Kzz
T T T 1
mean K 3,2E-14 m? 9,4E-13 m? 5,2E-14 m?
T T T 1
Cv 24% 14% 25%

For this case, higher values of the transverse permeability K,, were obtained than Ky

because the domain in the through-thickness sample direction was % of the in-plane
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direction. The results computed on smaller sub-volumes showed that taken solely each of
them could not be representative of the whole sample. Besides, the influence of applied
boundary conditions becomes negligible as the domain becomes larger. This was observed
for the case of K, component by applying different BC in the tangential direction. In general,
the effect of the BC applied in the tangential direction was found to be dominant with respect
to the effect of BC applied in the flow direction. Systematically, the axial permeability values
calculated with symmetric BC were higher than those calculated with periodic BC, while this
trend was the opposite for the transverse permeability K. It should be noted that the no-slip
and symmetric BC are not convenient particularly when the permeability tensor is expected
to have non-zero off-diagonal terms because these BC prevent the development of
transverse flows.

In addition to boundary conditions in tangential direction, a crucial influence on
permeability prediction is exerted by the 2D or 3D formulation of the problem. No conclusion
can be drawn on the possibility of substituting the given 3D microstructure by a set of 2D
sub-domains. Some 2D results underestimated the permeability, while some of them
overestimated it. The result that used all 2D cross-sections of the sample and calculated the
permeability by the identification with Darcy’s law without considering the cross-flows gave
values which were within the main cluster. However, this solution did not have a correct
dependency on the fiber volume fraction, which was the case for the result calculated on the
same flow fields but with Darcy's law taking into account transverse flows. This confirms
once again the necessity to use approaches capable of calculating the full permeability
tensor.

Another important source of variation in permeability results is the number of sub-
volumes used to calculate, first, local permeabilities and then the global permeability. The
higher the number of cropped sub-volumes, i.e. the higher the number of artificial boundaries
introduced into the domain, the lower the predicted permeability is. Calculating the
permeability of the entire sample by this renormalization approach can be a good solution if
the number of sub-volumes is not too high and in cases where the computational resources
are limited in terms of memory or time. The minimal number of sub-volumes (10) used in the
benchmark study resulted in only 15% deviation from the cluster average value. It should be
noted, however, that the agreement of results obtained by this approach is highly dependent
on the fibrous architecture and, particularly, on the presence of anisotropy effects.

The influence of other factors, such as physical variables formulation, flow model,
numerical method, discretization, on the permeability was either dominated by the above
mentioned parameters, or did not reveal any trends and dependencies in the permeability.

The key points for permeability determination can be summarized as follows. To address

the creeping flow condition in prediction of permeability of porous medium, the Stokes
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equation should be used. For microstructures with unknown principal directions or with
anisotropic effects, the application of symmetric or no-slip boundary conditions is not
appropriate. For permeability identification, it is important to use a method that allows to
calculate the full permeability tensor, which is a symmetric and positive definite second order
tensor.

It is planned to use the average values of the cluster of computed permeability values of
tows of the used twill-weave fabric as an input for meso-scale calculations of flow through the
fabric to deduce its macroscopic permeability, to which the next stage of the benchmark will
be dedicated.
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