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Abstract

Understanding resin flows within 3D interlock fabrics involves addressing a dual-scale flow
problem. Indeed, the fluid can flow through inter-yarn channels, characterized by a unit cell
mesoscale morphology, but also within yarns considered as homogeneous equivalent porous
media. The former is assumed to follow the Stokes’ law while the latter be related to the
Darcy’s law, directly linked to the microscopic intra-yarn fiber volume fraction (FVF) field.
In this work, a coupled Stokes-Darcy steady-state flow within a 3D woven textile, modeled
at mesoscale, is solved through a finite element monolithic approach with a mixed velocity-
pressure formulation, stabilized by the Variational MultiScale Method (VMS) and imple-
mented in the Z-set software. The fabric permeability tensor is then computed without any
assumptions on its nature and analyzed both through its diagonal components, its eigenvec-
tors and eigenvalues. The main contribution of this study lies in examining the influence
of variations of the inter-yarn porous medium morphology, through textile compaction and
geometrical reduction to prevent edge flows, and the intra-yarn permeability (from complete
field to unique value) on the overall fabric permeability.

Keywords:  Textile composites, Material modeling, Resin Transfer Moulding (RTM),
Numerical flow simulations, Finite Element Analysis (FEA), Stokes-Darcy coupling,

Permeability
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1. Introduction

Composite parts are used in various industrial fields, and among them in aeronautics within aircraft
engines [1]. The wide range of applications in which composite materials are used leads therefore to a
large variety of materials and their associated manufacturing processes [2]. The material addressed in this
study is a 3D angle-interlock fabric used within aircraft engines blades and manufactured through Resin
Transfer Molding (RTM) process. Dry preforms are produced by weaving twisted carbon fiber yarns and
interlacing warp and weft yarn layers [3]. The first step of the RTM process consists in compacting the
preform within a mold to reach the desired global fiber volume fraction (FVF) [4]. The second one consists
in the impregnation of the compacted preform by a resin at liquid state.

Mechanical behavior of the manufactured composite parts is highly related to impregnation defects char-
acterized by the size and morphology of dry areas or voids within the preform [5, 6]. These are formed during
the impregnation step and are linked both to process parameters [7, 8] and to the preform conductance
for liquid flow [9]. This characteristic is the permeability K, firstly introduced by Darcy to link the flow
rate to the pressure drop within a porous medium for an unidirectional saturated fluid flow. The original
Darcy’s law can be extended to 3D models thanks to homogenisation theory [10], but its unidirectional flow
rate formulation is still widely used [11, 12]. Several benchmarks carried out on both in-plane [13-15]
and transverse permeability [16] showed various experimental setups and techniques to determine a perme-
ability value. However, they have also highlighted the complexity of permeability characterization which
comes from various distortions of the preform during its processing [17, 18]. As a consequence, new virtual
methods of predicting a composite material permeability have been developed such as an idealisation of
the pore network into rectangular channels [19, 20] or the use of artificial intelligence algorithms [21, 22].
The computation of the fabric effective permeability tensor K.fs in the present work follows
the conclusions presented in [23] by not assuming it to be oriented along the weaving pat-
tern directions. The term permeability refers in this study to the saturated permeability characterized
for a steady-state flow across the porous medium. It differs from the unsaturated permeability which is
characterized for a transient flow across the porous medium [24].

Because of the multi-scale nature of the 3D angle-interlock fabrics, an accurate character-
ization of the composite reinforcement permeability should be performed at every scale as
shown in Figure 1. Indeed, the permeability of the whole part cannot be determined. Conse-
quently, the permeability characterization at the lower scales could help for filling macroscale
simulations. As such, several works are devoted to a dual length scale permeability charac-
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terization on (i) preforms at the mesoscale (3D or stacked prepregs) [25—27] or (ii) a single
yarn at the microscale [27-32]. In between, working at the mesoscopic scale with homogenised intra-
yarn features allowed to study their effect on the fabric permeability without modeling the thousands of
carbon fibers they contain [33]. The mesoscopic woven modeling of unit cells used in numerical simulations
come from various approaches [34]. On one part, manufactured preform can be described through X-Ray
microtomography acquisition (p-CT ) [35-37] for example. On the another part, a textile modeling software
such as WiseTex [38], TexGen [39] or Multifil [40, 41] can predict the resulting textile unit cell. Recently,

artificial intelligence [42-44] has also been employed for predicting its mesoscopic yarn morphology.

Macroscopic scale [~ m] Mesoscopic scale[~ ¢m] Microscopic scale [~ um)|

Figure 1: Left to right: from aircraft engine to composite blade!, 3D interlock unit cell (resin + yarns)
and carbon fibers within a tow.

The dual-scale steady state fluid flow is commonly modeled by Stokes’ equation between the yarns and
Brinkman’s equation within them. It is consistent because the viscous dissipation term in both equations
ensures the velocity and stress continuity at the interface, and is thus used in many works [45-47]. However,
this model faces numerical issues for very low intra-yarn permeability values such as in [48], thus a
Stokes-Darcy coupled model is used in the present study. Different numerical strategies can be used to
solve the steady-state fluid flow problem within a 3D woven fabric unit cell. The Finite Element Method
(FEM) [49, 50], the Lattice Boltzmann Method (LBM) [45], the asymptotic homogenization technique [51],
the phase field method [52], the Proper Generalized Decomposition technique (PGD) [47] and the Dual-
Scale Skeleton model (DSS) [53] are some of them. The strategy applied here is a Finite Element (FE)
monolithic approach with a mixed velocity-pressure formulation and the Variational MultiScale (VMS)
approach as a stabilization technique to solve the Stokes-Darcy coupled problem [54-56]. Numerical studies

have investigated the dependencies of a 3D woven fabric permeability on several of its inner variations, both

Thttp://www.safranmedialibrary.com /Photos/media
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at the mesoscopic and microscopic scales [57, 58|.

The goal of this work is to perform dual-scale steady fluid flow numerical simulations within 3D interlock
woven fabric unit cells at the mesoscale in order to estimate their permeability tensor. This tensor is not
necessarily aligned with the (X, Y, Z) global coordinate system of the unit cell when talking about anisotropic
porous media as explained in [23]. Following this article guidelines, no assumption is made in the present
work on the permeability tensor (orientation and symmetry). A numerical simulation approach allows in
this case to predict the flow with a refinement level very challenging to achieve experimentally. The RTM
process involves a preform compaction, and thus variations of both the inter-yarn domain morphology and
the intra~-yarn FVF. The main objective of this study is to decouple these variability factors, the mesoscopic
unit cell morphology and the intra-yarn permeability field, and characterize their decoupled variations on
the fabric permeability. The textile model, intra-yarn permeability calculation, physical model,
meshing procedure, numerical strategy and geometrical reduction of the present work are
described in Section 2. The characteristics of all the simulations performed in this work are presented
in Section 3.1. The results of a mesh sensitivity study are shown in Section 3.2. The compaction and
the geometrical reduction of the unit cell are then investigated in respectively Section 3.3 and Section 3.4,
in addition to the changes within the intra-yarn FVF field in Section 3.5. The previous results are then
confirmed in Section 3.6 by an analysis of the streamlines within the unit cells. All these results are finally

discussed in Section 3.7 and conclusions are presented in Section 4.

2. Materials and methods

2.1. Textile model

The software Multifil, developed to solve a mechanical equilibrium of a medium composed
of tangled beams, has been used for simulating the 3D angle-interlock woven fabric studied
hereinafter. Note that these simulations have been performed at sub-mesoscale models which
attempt to describe the behavior of the constitutive model from an elementary description of
the constituting fibers, assuming that contact and friction are the main phenomena responsible
for the (mesoscale) yarn behavior [59—61]. However, since the great number of carbon filaments
in classical yarns (often several tens of thousands) is inaccessible, beams are seen such as
“virtual” fibers, each grouping multiple actual fibers. Note that this software has implemented
recently an enriched kinematical beam approach [62] to perform simulation directly at the

mesoscale.
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The woven pattern and the yarn features (i.e., the number of carbon fibers per yarn, their
mechanical properties and their twist) are input parameters with known values. The 3D
woven fabric studied in this work is a ply-to-ply angle-interlock, composed of 27 carbon fiber
yarns: 12 warp and 15 weft. All yarns are of the same type and size (48k). The weft yarns are
distributed alternately in a sequence of 3 and 2 yarns in two consecutive columns. Concerning
the warp, each column is composed of 2 yarns. In this sample, there are 6 warp planes and 6
weft columns.

In the end, the output unit cell is described by both the mesoscale yarn morphology and
the intra-yarn FVF field which up-scales the microscopic intra-yarn morphology as shown
in Figure 2. It is noteworthy that the textile modeling is periodic at the sub-mesoscale
but the yarn envelope algorithm, devoted to recover the mesoscale, leads to a quasi-periodic
numerical modeling. Besides, this textile is a unit pattern and so could be tesselated for
building a greater textile. Moreover, the homogenization procedure has to rely on the concept
of the Representative Volume Element (RVE) by respecting (i) a volume large enough to be
statistically representative of a heterogeneous material and (ii) a constitutive response which
is independent of the applied boundary conditions [63]. Therefore, in the subsequent, the
domain, on which the effective permeability will be calculated, will be named Unit Cell (UC) or
Representative Volume Element (RVE). However, contrary to the initial domain, the reduced
ones, used for the sensitivity test on the inter-yarn porous space as detailed in Section 2.2.5,
could not be referenced as a unit cell in theory since they are not periodic anymore but it
is assumed that the homogenization procedure could still be performed for determining the
effective permeability.

Finally, yarns are described by their neutral fibers (virtual curves going through mechani-
cally homogeneous yarn sections centroids) along which consecutive cross sections are anchored
to a master point of the yarn path. Thus, yarns could be seen as homogeneous porous media
characterized by a permeability tensor. Moreover, it must be added that any Textile Geome-
try Pre-Processors (TGP) or Textile Generating Software (TGS) [34] can be used to generate
the mesoscopic textile geometry. We denote by ‘“as-woven” the non-compacted state of the
fabric modeling and by “compacted” the one which is “as-manufactured” with respective unit
cell dimensions of 18.9 x 18.9 x 4.9 mm? and 18.9 x 18.9 x 2.4 mm3. In addition, the roving cross

section average dimensions are 2 x 1 mm? for the as-woven unit cell and 2.5 x 0.5 mm? for the
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compacted one. The unit cells corresponding to the as-woven and the compacted fabric are

shown with their intra-yarn FVF fields in Figure 2.

Figure 2: 3D interlock unit cells with their intra-yarn FVF fields: (a) as-woven (29% global
FVF) and (b) compacted (58% global FVF).

2.2. Methods

2.2.1. Intra-yarn permeability calculation

The intra-yarn permeability tensor is assumed transversely isotropic and, as shown in Figure 3, is de-
scribed by its eigenvalues K, K;; and Ky in its principal coordinate system (er, err, errr). Their numer-
ical values are then calculated using the Gebart’s law [64] shown in equation (1). The mean value of the
fiber radius R is 2.6 pm and V; the intra-yarn FVF value, K;rr = K, corresponds to the longitudinal
permeability and K; = Kj;; = K represent the transverse one. Both are determined accordingly to fiber

orientation in a hexagonal arrangement

5
2

16R? T
o= e (o7 ) 0

8R2 (1 —Vy)®
K= v

TZ,X yarn sections

Figure 3: Coordinate system of a yarn section, with K, K;; and K its permeability components.
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The intra-yarn FVF and permeability values computed in this way for all the yarn sections are
presented in Figure 4 with their Probability Density Functions (PDF) for both as-woven and compacted unit
cells. The compaction appears to increase both intra-yarn FVF mean p and standard deviation
o (see Figures 4a and 4b). Consequently, this leads to significantly lower both longitudinal
and transverse intra-yarn permeability distributions means p and to increase their standard

deviations o (see Figures 4c and 4d).
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Figure 4: Intra-yarn FVF and permeability Probability Density Functions (PDF) with their
range of values: (a) - (c) as-woven (K7 € [4x 1071 1x 10713 m? and K € [2x 1075 x 107%] m?)
and (b) - (d) compacted unit cells (K7 € [1 x 1072 x 10713] m? and K € [9 x 107159 x 10719]
m*)

2.2.2. Physical modeling

The goal is to perform numerical simulations of the dual-scale fluid flow within the mesoscopic 3D
interlock woven fabric unit cells at steady state in order to compute their permeability tensor. To do so,
the following physical model has been built. The fluid flow is considered at steady-state because we aim to

compute what is commonly referred to as the saturated permeability which only describes the geometrical

7
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drag [13], in opposition to the unsaturated permeability. The later does not only depend on the yarns
morphology and material behaviors, but also on the fluid velocity and capillary effects [24, 65]. Moreover,
the fluid flow is also considered laminar (i.e., at small Reynolds number Re < 1) due to the low velocities
(around 0.1 mm.s~!) involved in the RTM process with resins such as epoxy [66, 67]. This hypothesis is
confirmed a posteriori by computing the Reynolds number from both the mesoscale unit cell morphology
and the velocity field. With the example of a flow along the X axis, the inter-yarn domain is modeled as
an equivalent parallelepipedic volume with the same length Lx as the unit cell and a square cross-section
of area L2. L. is the characteristic length used along with the characteristic velocity v., computed as the
mean of the v, velocity component over the unit cell, to compute Re in the X direction. The same method
is applied to also get values of Re for flows along the Y and Z axis. The incompressible fluid flow between
and within the yarns is modeled differently in order to account for its dual-scale feature. Let’s denote
by Q C R3 the unit cell domain made up by two non intersecting subdomains €, (Stokes domain) and g4
(Darcy domain) separated by the interface I' = 9Q N Q4. Therefore, for a Newtonian fluid flowing in

Stokes’ domain between the yarns, the momentum and mass conservation equations lead to

=V - (2u€ (vs)) + Vps =0
in Qg (2)

V-vg=0

Similarly, for a Newtonian fluid flowing in and Darcy’s domain within the yarns, the equations are defined
such as

—uK; L vg+ Vpg =0

intra

in Qg (3)
V-vg=0
The velocity-pressure pair is noted (vs,ps) in the Stokes domain Qg and (vg,pg) in the Darcy domain
Q4. Kintra is the intra-yarn permeability tensor, u = 0.2 Pa.s the dynamic viscosity of the fluid modeled
as Newtonian and € (vs) = % (Vvs + (VUS)T> the strain rate tensor.
We denote by I's p and I's x the non intersecting boundaries of {25 where respectively the Dirichlet and
Neumann conditions are applied, and similarly I'y p and I'y x the non intersecting boundaries of {25 where

respectively the Dirichlet and Neumann conditions are applied

Vs = Vg onI's p and o Nng = —PextNs on 'y v

Vq-Ng=vg-Ng onlyp and Dd = —DPext on 'y N
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where ng is the normal to 90, ng is the normal to 0€);, o the stress tensor, vg the velocity and pe,; the
pressure prescribed to the fluid. All the numerical simulations performed have a pressure drop AP applied
between the inlet and outlet faces of our unit cells, while the null normal velocity condition v-n = 0 is

applied on their other faces. Moreover the continuity of the normal velocity and stress are the conditions

applied at the interface I' between both domains whose normal is nr = ng = —ng
Vs M = Vg - N onT (Continuity of normal velocity)
nr - o (vs,ps) - nr = nr - 0 (Vg,pa) - Nr onT (Continuity of normal stress) (5)
Q

2nr - € (vs) - Tr = — v -1 onl (BJS condition)

VTr Kintra - T

The Beavers-Joseph-Saffman (BJS) condition is also considered [68] to link the tangential fluid velocity
on I' to its shear rate through the porous medium permeability and a numerical coefficient o = 1 in this
work. Considering the very low permeability values in the yarns and the numerical methods
implemented in this study for the Stokes-Darcy coupling, the value of this coefficient has no
significant influence on the flow [55]. Because the present work stands in a 3D space, the tangential
vector to the interface 7r is defined by projection of the velocity vector onto the interface I'. The whole

physical model is synthesised within the Figure 5.

I
Vg. N = Vg.NT
nr.o (vs,ps) .nr = nr.o (vV4, pa) -Nr
«

2np.é (ve) TP = ——— w7y
Y 7—F~Kintra‘7—[‘

,,,,I_LJL]X,,,, \ Fs ,D

Pd = —Pext \ Vs = Vo
. O
Qs

_ﬂKintra_1~vd +Vpa=0

_ _ —2V. (ué (vs)) + Vps =0
V.vg =0

Tap Q I's n
Vq.Ng = Vg.Ng \ o (vs,ps) Mg = —PextMs

Figure 5: Summary of the physical modeling of the double-scale Stokes-Darcy coupled fluid
flow within a woven fabric.
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2.2.3. Meshing procedure

An unstructured tetrahedral mesh is used because it is more efficient to mesh the complex
3D interlock yarns and because it is required when using a stabilized P1/P1 formulation [54—
56]. Moreover, the way the meshing procedure is performed allows the mesh to be conformal. This means
that the interface between the inter-yarn and intra-yarn domains is directly described by the mesh nodes,
since elements from both parts of the interface have matching nodes on it as shown in Figure 6.

The method used for meshing both textile and resin areas is composed of two main steps:
(i) the whole domain is firstly meshed with voxels by REVoxel software [69] and (%i) this voxel
mesh is then remeshed with tetrahedra by Mirax software after a smoothing operation on the
quadrangle surface mesh of the yarns. The latter is used in order to remove the jagged effect
of the voxel representation. This smoothing is performed by a constrained Catmull-Clark
procedure associated with a control of the yarn volume.

Note that, similarly to the textile geometry modeling, other meshers allowing to perform
directly a tetrahedral mesh could actually also be used. The result of these two steps is shown
in Figure 7 for both yarns and inter-yarn spaces. Note that the initial voxel mesh is performed
at a resolution from 70 to 100 pm. The initial 100 pm voxel mesh of the as-woven unit cell
has about 10 million voxels and the compacted one about 5 million voxels. At the end, the
as-woven unit cell has about 12 million tetrahedra and 2 million nodes and the compacted one

about 7 million tetrahedra and 1 million nodes.

Q, —]
5 r
P1/P1
Qd elements

Figure 6: Monolithic approach of the Stokes-Darcy coupled problem with its unstructured mesh and its
conformal interface (the mesh is drawn here just for illustrative purposes).

2.2.4. Numerical strategy
The numerical strategy used in this work is based on a mixed velocity-pressure finite element formulation

implemented within the Z-set software [70]. The monolithic approach of the Stokes-Darcy coupled problem

10
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Figure 7: Corner of the 3D interlock unit cell meshed with 100 pm voxels (left) and then with
tetrahedra (right): (a) as-woven unit cell and (b) compacted unit cell, where the upper row
represents the inter-yarn domain and the bottom row the yarns.

illustrated in Figure 6 is characterized by a single mesh for both domains modeled by Stokes and Darcy
equations. In this work, the same approximation order is chosen for both velocity and pressure fields.
Piecewise linear approximation are here considered for both fields. Such a P1/P1 formulation is not stable,
so a Variational MultiScale (VMS) method is introduced to stabilize it. The idea of the VMS framework
is to decompose the space of the unknown into the finite-dimensional space and an infinite-dimensional one,
improving the stability of Galerkin finite element method [54]. The main task behind the method is to
model the infinite scale or subscales in terms of the resolved finite element scales. This yields two problems:
a finite element scale problem and a subgrid problem. In the Algebraic SubGrid Scale (ASGS) method [54],
the subgrid fields are directly proportional to the finite element residuals. The detailed stabilized weak
formulation can be found in [55].

The effective permeability tensor K.rr of the unit cell is finally computed from velocity
and pressure fields of three numerical simulations, corresponding to the X, Y and Z directions

of the main flow, through the Darcy’s law as follows

1
’U:—;Kehva (6)

Because no assumption are made on this tensor, and by using the 3D-generalised Darcy’s law (equa-
tion (6)), all its nine components are computed. The permeability tensor Kef¢ is then diagonalized to

analyze its eigenvectors and eigenvalues.

11
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2.2.5. Unit cell reduction

The racetracking phenomenon needs a particular attention when attempting to assess the
permeability tensor of a textile media. Usually, they are located near the unit cell boundaries
as experimentally observed by a faster flow front between the textile and the mold [71].
Furthermore, some works have proven its non-negligible effect on the fabric permeability
characterization [16], leading to a global overestimation of the latter.

Figure 8 and Figure 9 show the initial unit cell and two domains coming from its reductions
where their in-plane dimensions are cut of 10% and 20%. It is especially noticeable, on the
woven top-view Figure 9, that the reduction erases the preferential flow channels near the unit
cell boundaries, due to the residual yarn overlengths, set for allowing the crimp during the
woven textile modeling. So, these in-plane reductions are targeted to remove the undesirable
areas of preferential flows through the thickness as well as in the woven cross section in weft
and warp directions. It should be precised that, whereas the whole domain can be assimilated

as a unit cell, the reduced domains could not since they are not periodic anymore.

12



Figure 8: (a) As-woven and (b) compacted unit cells reduced by 0%, 10% and 20% on the (X,Y)
plane.

Figure 9: Top view of an as-woven unit cell reduced by 0%, 10% and 20% on the (X,Y) plane.
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3. Results

Several parameters accounting for whether the fabric mesoscopic morphology, the intra-yarn FVF field
or the unit cell mesh element size are set to vary in the results presented hereafter. They can thus have
an impact on the fabric permeability tensor Kcsr, what has been investigated. Firstly, a mesh sensitivity
study has been performed on the as-woven unit cell. The comparison between the as-woven and compacted
unit cells will then show the effect of the fabric compaction on Kcsr. Because preferential flow channels are
observed near the unit cell boundaries, a geometrical reduction of its size is performed and its consequences
on Kcygy is thus studied. Finally, variations in the intra-yarn FVF field leading thus to variations in the

intra-yarn permeability field can also change K¢z values.

3.1. Numerical performances

Numerical simulations performed for this work were solved with the direct solver MUMPS (MUIti-
frontal Massively Parallel Solver) [72] in distributed mode on 10 to 20 cluster nodes on two different
clusters. For the parallelism, MUMPS solver distributes the work tasks among the processors
by partitioning the mesh into sub-domains. The first one(® involves nodes with 2 Intel Xeon Gold
6132 CPU with 14 cores at a frequency of 2.6 GHz and 128 Go of RAM, and the second one® nodes with
Intel Xeon Gold 6342 (Intel Ice Lake generation) CPU with 2 x 24 cores at a frequency of 2.8 GHz and
263 Go of RAM. The number of degrees of freedom in velocity and pressure (DOF), nodes per
sub-domains, computation time and also the memory used are particularly reported in Table 1
for each model. For this numerical model, the direct solver MUMPS gives an increase of the

memory used along with the number of DOF.

3.2. Mesh sensitivity study

The as-woven unit cell is meshed with four different voxel sizes: 70, 80, 90, and 100 pm. The aim is
to check if the mesh is sufficiently refined to ensure a consistent value of the unit cell permeability tensor.
Note that voxel meshes are just intermediates in the meshing process, the simulations are all
done on tetrahedral meshes. The results shown in Figure 10 do not present a clear variation of the
permeability components even if a small decrease can be observed when refining the mesh. It is found
that the relative differences between the 70 and 100 pm voxel size is about 5% for K,, and K,
components, and 8% for K., component, when looking at the full unit cell. The same results

are found for in-plane component permeability on the 10% and 20% reduction of the domain
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Unit Global Voxel ucC Nb of | Nb computa- Execution Memory
Cell FVF size Reduction | DOF | tional nod(.es / Time (h) used
(UC) (%) (pm ) (%) (x10%) | sub-domains (Go)
0 8.3 10 / 10 6.1®) NA
100 10 7.0 10 / 10 2.9(2) 460
20 5.5 10 / 10 1.9® 355
0 11.0 10 / 10 9.6(2) 610
- 90 10 9.1 10 /10 6.2(*) 570
f;; % 20 7.2 10 / 10 3.4(2) 480
5 0 15.0 15 /15 107 970
< 80 10 12.5 15/ 15 6.7 950
20 9.9 15/ 15 4.6 760
0 21.5 13/ 26 0.4(P) 460
70 10 19.2 20 / 20 13.3(2) 1390
20 14.5 15/ 15 11.5() 1000
0 8.8 8/8 1.6 400
9 80 10 7.1 8 /8 1.2 320
‘g 5 20 5.7 8/8 1.1 260
= 0 12.7 10 / 10 5.9(2) 600
S 70 10 10.4 10 / 10 4.1@ 560
20 8.3 10 / 10 4.2(®) 460

Table 1: Simulation data (the column “Nb of DOF” refers to the number of degrees of freedom
in the tetrahedral mesh).

between the 70 and 100 pm voxel size, whereas K., appears to increase its relative differences
up to 27%. Therefore, it confirms that K,, and K,, are not really sensitive to the initial voxel

size (in the studied range, i.e., between 70 and 100 pm), whereas K., remains so.

3.3. Effect of the fabric compaction on its permeability

The first variation of the mesoscale morphology is studied through the compaction of the fabric. To do so,
both as-woven and compacted full unit cells, respectively 29% and 58% global FVF (with yarns considered
as porous media), meshed with 80 pm voxels are compared. Fabric permeability tensors are analyzed also
through their eigenvectors and eigenvalues, instead of just the diagonal components, since there is no specific
assumption made on the tensors. Their diagonal components K, K, and K, are the ones of first interest
because the weaving pattern is built along the X, Y and Z axis. Moreover, the eigenvectors and eigenvalues
of these tensors are computed.

Figure 11 shows the images of the unit sphere through the permeability tensor, normalizing by the highest
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Figure 10: Diagonal terms of the permeability tensor for as-woven unit cells meshed with
different voxel sizes: (a) full unit cell, (b) 10% and (c) 20% reduced domains.

eigenvalue. The eigenvectors allow to compare the orientation of the permeability principal coordinate system
with the weaving pattern global coordinate system, and the eigenvalues allow to consider the permeability
tensor anisotropy. By looking at the diagonal component K., Ky, and K, of the permeability tensor
on Figure 12, their values appear to be reduced by approximately 2 orders of magnitude through the unit
cell compaction. Moreover, the permeability tensor anisotropy is completely changed, since
Kea

T = 2.63 for the as-woven unit cell and

ﬁ* = 0.34 for the compacted one. The depictions of

these permeability tensors shown in Figure 11 corroborate this observation.

Indeed the as-woven unit cell has the principal directions of its permeability tensor almost aligned
with the global coordinate system, whereas the compacted unit cell shows a complete misalignment within
the (X,Y) plane. The depiction of the compacted unit cell permeability tensor seen in Figure 11 is as
such completely different from the as-woven one. This may be explained by the preferential flow channels
(explained in Section 3.4) non-homogeneous distribution near the compacted unit cell boundaries. The

wider channels being oriented along the Z axis, K, is thus unusually greater than K,,. Moreover these
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preferential flow channels have a greater effect on the compacted unit cell permeability than on the as-woven
one. This occurs because the preferential flow channels close to the unit cell boundaries do not shrink under
compaction, in opposition to the inter-yarn flow channels within the weaving pattern. Therefore, this non-
homogeneous preferential flow channels distribution can also explain the observed in-plane misalignment of

the permeability tensor.

Figure 11: Image of the unit sphere through the permeability tensor K.;; normalised by its
spectral radius p(K.ss) of the (a) as-woven and (b) compacted full unit cells, colored lines
representing its principal coordinate system.
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Figure 12: Diagonal terms of the permeability tensor for both unit cells.

3.4. Effect of the unit cell reduction on its permeability

As discussed in section 2.2.5, in-plane geometrical reductions of 10 % and 20 % have been
applied on both as-woven and compacted unit cells. The aim is to avoid as much as possible
the side effects from racetracking phenomenon while respecting the representativeness of the
textile and hence to show the effect of this reduction on the effective permeability. Note that

the results of this sensitive study are stemming from an initial voxel mesh of 80 pm.
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By looking closely the velocity field on the top side of the domain (see Figure 13), one
can acknowledge the existence of preferential flow channels characterized by higher velocities
compared to those within the domain. They are located near boundaries, similarly to those
experimentally observed, underling hence the aforementioned racetracking phenomenon. This
confirms that, in our case, the fluid flows partly outside the weaving pattern, leading thus to

an overestimation of the fabric permeability and the need for reducing the computed domain.

VX (mm/s)
-1.5e020 002 004 006 008 0.1 012 0.141.6e-01

Figure 13: Flow along the X direction in the as-woven unit cell, v, component of the velocity field.

Figure 14 shows the evolution of the diagonal components of K ;s along with the unit cell
reduction for both as-woven and compacted states. The results show first that all permeability
component values strongly decrease between the initial and the 10% reduced unit cells. Be-
tween 10% and 20% unit cell reduction, the in-plane components, K,, and K,,, remain almost
constant for both as-woven and as-manufactured states, by taking into account the related
incertitudes, whereas the out-of-plane component, K., still strongly decreases for both unit
cells. The relative decrease of permeability tensor diagonal component from 0% to 10%, and
10% to 20% geometrical reduction are shown in Table 2. Indeed, this is mainly due to the
discrepancies between the in-plane sections of the textile as shown previously in Figure 9.

Although these results are not sufficient to state the convergence of K., while reducing the
unit cell, they prove that a 10% geometrical reduction of the unit cell boundaries is enough to
avoid most of in-plane preferential flows. Thus, this method allows to get a more accurate value
of these unit cell permeability tensor which is mainly related to its mesoscale morphology.

An analysis of the inter-yarn porosities over slices along the X and Y directions, respectively

¢x and ¢y and computed as the ratio between the yarn area and the total slice area is therefore
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Figure 14: Diagonal terms of the (a) as-woven and (b) compacted unit cell permeability tensors with their
geometrical reduction.

. Global ors Rel. Decrease Rel. Decrease
Unit Cell pvp | Permeability | o 0% to 10% from 10% to 20%
(UC) (%) component Geom. Red. (%) Geom. Red. (%)
Kz 17.2 3.3
As-woven 29 Ky, 25.5 11.0
K., 84.7 42.8
Kz 75.9 -19.6
Compacted 58 K,y 69.7 -4.6
K,. 96.3 84.1

Table 2: Relative decrease of permeability tensor diagonal component due to geometrical re-
duction (a negative value means that the permeability component increases).

carried on. Figure 15 shows the evolution of ¢ x and ¢y along the non-dimensional abscissa a = ﬁ for ¢ x
and a = % for ¢y. A common point with the previous permeability values is observed: a strong decrease
when going from the boundary to the unit cell center. This point is consistent with the previous conclusion.
Moreover, the permeability is known to vary alongside with porosity, and thus it can be hypothesised that
the unit cell permeability follows the same variations than ¢. The oscillations between maximum
and minimum porosity values observed far from the unit cell boundaries can be explained by
the location of the warp and weft yarn columns. In the end, defining, and so predicting, the
actual value of the unit cell permeability is a complex task, since the inter-yarn porosity is
strongly heterogeneous, even if it is periodic. It may be interesting to give a range in which the
permeability values of the mesoscopic unit cell lie, in addition to its mean value. Such detailed permeability
computing can be achieved through the investigation of more unit cell reduction percentages that will be

carried out in further works.
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Figure 15: Inter-yarn porosities ¢x and ¢y of slices along respectively the X and Y directions of the (a)
as-woven and (b) compacted unit cell.

3.5. Effect of intra-yarn permeability variations on the fabric one

The high fidelity modeling of the fabric unit cell provides accurate information on the 3D woven such
as the intra-yarn FVF field at level of yarn cross sections. This means that a different value of intra-yarn
FVF could be used to characterize each yarn section, and likewise with intra-yarn permeability tensors
which are computed directly from intra-yarn FVF values. The aim is to investigate how much the settings
linked to the intra-yarn permeability field changes the fabric permeability according to the level of definition.
Three intra-yarn permeability levels of definition shown in Figure 16 are compared. The first level is the
most discretized level by setting the intra-yarn permeability field. The second level is an intra-yarn
permeability averaged for each yarn and the third level is an intra-yarn permeability averaged
over all the yarns. The relative difference between the fabric permeability tensors with regards to an

intra-yarn permeability field defined per yarn section Kgection 1S computed by:

||K1, - Ksection' |2’2

||Ksection||2,2

with i € {yarn, global} (7)

where Kyqrn and Kgiopar are the fabric permeability tensors computed from one permeability tensor

per respectively yarn and for all the yarns, by using the spectral norm defined by:

1Kl = sup ||Kz[l; =vp(KK) (8)

]|, <1

where p is the tensor spectral radius.

The results for both 10% and 20% reduced unit cells, meshed with 80 pm voxels, are presented in Figure 17
20
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Figure 16: Intra-yarn permeability field levels of definition: (a) section, (b) yarn and (c) global.

(c)

where no significant difference can be seen on K, Ky, and K, between the different intra-yarn permeability
levels of definition. Relative differences were computed to investigate the potential differences on the whole
tensors, all of them are smaller than 1%. Then, there is no significant effect of the intra-yarn permeability
field variability on these unit cell permeability at steady state. A first explanation could be the very low
intra-yarn permeabilities compared to the inter-yarn flow channel width. As a consequence, the fabric
permeability would be more affected by its mesoscale morphology than by the intra-yarn flow. As such, the
variations of local intra-yarn permeability have a weak impact on the flow within the whole unit cell, and
hence on the fabric permeability. Moreover, it can be thought that different laws linking the intra-yarn FVF
to the intra-yarn permeability such as in [28, 31, 73] will lead to the same results, i.e., relative differences
between permeability tensors smaller than 1%. This could therefore confirm the non significant effect of
intra-yarn permeability variability on the saturated permeability of these unit cells. These conclusions
may lead to think that a single-scale flow simulation is enough to compute numerically the
effective permeability of these unit cells. However, the inter-yarn domain of the compacted
unit cell may not percolate from the inlet to the outlet boundary. As a consequence, a finite
element resolution of the Stokes flow only in a non-percolating domain is impossible and thus

the resolution of the Stokes-Darcy flow is mandatory.

3.6. Assessment of the balance between inter- and intra-yarn flows

The fluid flows at a double-scale level, both between and within the yarns. Streamlines are observed
in Figure 18 to determine where most of the fluid goes through. This allows to figure out the relative weight
of inter- and intra~-yarn characteristics on the overall flow within the fabric, and thus on the prediction of

the permeability.
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Figure 17: Diagonal terms of the permeability tensor for (a) 10 % and (b) 20 % reduced unit cells (a zoom
is made to clearly show that the points are superposed).

This analysis shows that the fluid flows mainly around the yarns, with only small velocities involved
within them. This is due to the very low values of intra-yarn permeabilities compared to the inter-yarn
flow channel width. Thus, the fabric permeability is as a consequence mainly determined by its mesoscale
morphology, rather than by its intra-yarn permeability field. This confirms the previous results shown
through this work, especially that the fabric compaction has a much greater effect on the fabric
permeability than the local intra-yarn permeability field variations.

The laminar flow hypothesis is now verified by computing the Reynolds number from both the mesoscale
unit cell morphology and the velocity field. L. ranges between 2 and 14 mm and v, between the orders of
10~* and 10~! mm.s! for the simulations performed in this work. The resulting Re values are between the

orders of 107% and 1072, thus confirming the laminar flow hypothesis.

8.7. Discussion

Considering the results presented above, some statements can be made on saturated fluid
flow simulations at the mesoscopic scale, while other points may benefit from additional in-
vestigations that will brighten the associated results. Firstly, it can be set that the initial voxel
mesh size of our unit cells should be equal to or smaller than 100 pm. This is highly related to the yarns
mesoscopic morphology, but most of all to the width of the channels between them that can be very small.
As a consequence, a high resolution mesh is mandatory to precisely solve the numerical flow problem within
these areas. In addition, a 100 pm mesh size seems to be enough with regards to the in-plane components
K, and Ky, of Kcps. However, farther investigations may help to determine a mesh size below which the
out-of-plane component K,, will converge in the same way that the in-plane ones.

Qualitative observations of the streamlines within the fabric unit cells showed the fluid flowing mainly
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around the yarns rather than within them. This point seems to indicate that Kcpy would be mainly
determined by its unit cell mesoscopic morphology, and that variations in the intra-yarn characteristics
would not change it so much. This statement was confirmed quantitatively by analyzes on both previous
factors of variability of Kegy.

A major point results from the preferential flow channels close to the unit cell boundaries. Being “outside”
the weaving pattern core but still within the computational domain, the high velocities within these areas
were found to lead to an overestimation of Kepp. A geometrical reduction of the unit cells has thus been
investigated to prevent it. It appeared clearly that a 10 % reduction is at least required to avoid most of in-
plane preferential edge flows. Furthermore, it is enough for the converge of the in-plane components K, and
Ky, which is not the case for the out-of-plane component K,,. The hypothesis of K¢¢¢ varying alongside
porosity between a minimum and a maximum value within the weaving pattern core arises then. Not
enough flow simulations on more unit cell reduction percentages have been performed until now to confirm
this assumption. However, if this will be confirmed in future works, there will be a way by examining
several reduction percentages to give an interval of permeability values for K.rr in addition to its mean
value. Moreover, reduction of 30 % of the unit cells will be performed to see if the out-of-plane component
K., converges. However, this may raise the question of the unit cell representativeness with regards to
the weaving pattern. The second major point lies in the first importance the fabric compaction has in
K sy value, since two orders of magnitude are observed between the as-woven and compacted unit cells
permeability values K, K,, and K,,. Moreover, this huge effect of the fabric compaction is also visible on
the permeability tensor anisotropy, as the compacted unit cell permeability tensor is misaligned in the (X,Y)
plane. It may be assumed that a non-homogeneous distribution of the preferential flow channels in the X, Y
and Z directions leads to this unusual result. Such hypothesis could be confirmed if the reduced compacted
unit cells, with much less preferential flow channels, show a permeability tensor whose eigenvectors are
aligned with the global coordinate system of the weaving pattern.

The last result about the effect of variations of the intra-yarn FVF field level of definition on Kc¢s con-
firms the previous qualitative observation on the streamlines. Relative differences between Kcry computed
from an intra-yarn FVF field with a different value per yarn section and Ky computed with others levels
of definition are smaller than 1 %. Because the resulting intra-yarn permeability values are so low compared
to the inter-yarn channel width, variability in the former field is not significant on these unit cells during the
steady state. However, this result is related to Gebart’s law, and using other laws to compute the intra-yarn

permeability field would be interesting to confirm such an interpretation.
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Figure 18: Streamlines from the inlet boundary (defined by the blue arrows) for (a) - (b)
as-woven and (c) - (d) compacted unit cells meshed at 80 pm voxels, with some of them
going between yarns (green) and within yarns (yellow) in respectively (e) as-woven and (f)
compacted unit cells.
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4. Conclusions and perspectives

A new method was proposed which can handle dual-scale flow simulations within complex
mesoscale geometries of 3D woven textile, hence dertermining their effective permeability. A
monolithic approach of a mixed velocity-pressure finite element formulation stabilized by a
VMS method and implemented in the Z-set software is used to solve the Stokes-Darcy coupled
problem.

The results shown that, in the assumption of a saturated flow, the intra-yarn permeability
field, in the studied range, has a weak effect on the fabric permeability while the latter is
mainly determined by the mesoscale morphology. However, we would like to our model be as
complete as possible with taken into account intra-yarn realistic details such as permeability
even if this parameter remains negligible among others.

Indeed, when studing different compaction levels of the woven fabric, it has been shown
that this first kind of mesoscale morphology variation has the greatest impact on the perme-
ability values. As such, the compacted fabric (58% global FVF) has permeability values of two
orders of magnitude lower than the as-woven one (29% global FVF). It reveals that the rela-
tively low intra-yarn permeability compared to the inter-yarn flow channel width is obviously
responsible for a predominant inter-yarn flow. Moreover, the compaction leads to an orienta-
tion change in the unit cell permeability tensor, that can be a consequence of modification of
the edge preferential flow channels.

The second kind of studied mesoscale morphology variation is the geometrical reduction
of unit cells. It has been shown that preferential flow channels can be mainly prevented with
a unit cell reduction of 10%, thus allowing to compute more meaningful values for the fabric
permeability tensor.

Concerning the small influence the intra-yarn characteristics on the overall permeability,
the simulations confirm, by a qualitative observation, the stronger streamlines within the inter-
porosity space. So, it reveals that the relatively low intra-yarn permeability compared to the
inter-yarn flow channel width is responsible for a predominant inter-yarn flow. Nonetheless,
since the inter-yarn area is not always percolating, the intra-yarn flow needs to be modeled
to solve the finite element problem.

One of the most important point is that the domain, including the textile modeling which
has to be assessed, must be enough representative from the actual textile geometry. Avoiding
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the racetraking phenomenon, preferential flows, leading to an overestimation of the whole
effective permeability, has to be removed. However, a permeability underestimation could
also occur if the domain reduction is to high. Consequently, in our case, a 10% reduction
seems to be a good trade-off.

In perspective, a further work will be devoted to compare computed permeability with ex-
perimental measurements and to extend this study to another interlock fabric. Moreover, this
further work will also focus on transient flows within 3D interlock fabrics with the addition of
capillary effects, that are thought to be of first importance at such low intra-yarn permeabil-
ity values. Transient flow simulations will also allow to predict the location of dry areas and
impregnation defects within the fabric unit cells. A numerical simulation approach will allow
in this case to predict the flow with a refinement level which is very challenging to achieve
experimentally. A particular interest will be given to both physical and numerical aspects
occurring near the flow front and the yarn-channel numerical interface in order to precisely
track the fluid velocities. Consequently, the mesoscopic and microscopic voids formation and

evolution along the filling of the unit cell will be modeled and analyzed.
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