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Abstract

2D and 3D numerical permeability of fibrous media are studied based on Stokes and
Stokes-Darcy flows simulated by a Finite Element Modelling (FEM). A monolithic ap-
proach stabilised by an Algebraic Sub-Grid Scale (ASGS) method and implemented in
a FEM software (Z-set) is used. The 2D geometries have been generated according to
ideal arrangements and 3D geometry are representative of a highly anisotropic ply-to-ply
interlock unit cell. For both geometries, yarns have been first considered as impermeable,
and then the same calculations have been conducted with various intra-yarn permeabil-
ities. The main novelty of this work is to address the dual-scale permeability problem
with a Stokes-Darcy modelling so as to override numerical strategy robustness issues. An
empirical law has been proposed to link the effective permeability to the intra-yarn one :
this allows to generalise previously established results to real 3D materials with complex
structures. An intra-yarn permeability threshold (asymptotic value) from which yarns
can be considered impermeable has also been highlighted. This study underlines the im-
portance of unit cell definition when it comes to computing permeability of 3D structures
numerically generated, especially non-periodicity issues. Two methods to decrease the
impact of preferential flows are then discussed.
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1. Introduction

Resin Transfer Moulding (RTM) processes are used for manufacturing composite
parts in various industrial sectors (fan blades for aeronautics [1], wind power [2], etc.).
This type of process can be divided into two major steps. The first one corresponds to
a compression phase of a fibrous preform within a mould until a desired fibre volume
ratio V; is reached [3, 4]. The dry fibrous medium, which can be considered as a porous
medium, is then impregnated with a polymer resin under flux or pressure controlled
conditions. A detailed knowledge of the resin flow is then essential since it allows to
estimate the filling duration or the location of dry areas which are critical for the material
[5]. Permeability (i.e. the ability of the medium to be crossed by a liquid) then appears
as a key factor in an industrial frame setting [6-9]. This quantity has been introduced
by H. Darcy based on experimental observation to link the pressure drop to the flow-rate
within porous media in permanent regime [10]. Initially derived from unidirectional flows,
Darcy’s law has been extended through homogeneisation theory [11]. However, the 1D
linearised volumetric flow rate formulation is still widely used to compute permeability
[12-14]:
where K is the permeability, p the viscosity of the fluid, @ the volumetric flow rate
through a cross sectional area A, AP a pressure differential, and L the flow length. Here
K refers to a saturated permeability defined when two phases are present in the area of
interest: a liquid phase (resin) and a solid phase (reinforcement). When a third gas phase
(air) is present, we refer to unsaturated permeability. Since a saturated established flow
regime is considered here with only solid and liquid phase (resin and reinforcement), we
therefore study saturated permeability further referred to as permeability.

In practice, measuring, modelling and predicting permeability is a real challenge
because of the multi-scale nature of the fibrous medium (Fig.1) [15-17]. Indeed, for
architectured composites, the resin flow can be observed between yarns, formed of thou-
sands of unidirectional fibres (inter-yarn zone) [9], but also inside them (intra-yarn zone)

16, 18-20] (Fig. 1).
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Figure 1: Dual-scale nature of the fibrous medium.

In numerical studies about saturated permeability, the intra-yarn zone is considered
as a bundle of fibres where each fibres (at the microscopic scale) is described, or as
an impermeable medium, or again as an equivalent Darcy’s medium with a very low
permeability (at the mesoscopic scale) [5, 21, 22]. Nevertheless, neglecting intra-yarn
permeability may be questionable depending on both local fibre volume fraction in the
yarns (Vi yarn) and overall fibre volume fractions (V) [16, 23-25]. A more precise study
should therefore be carried out to see up to which value the intra-yarn permeability should
be neglected. Despite a significant number of studies on dual-scale permeability of fibrous
media [16, 20, 26-28], the numerical computation of permeability remains challenging.
Indeed, numerical simulations can be difficult in particular because of the variability and
complexy of the fibrous medium (reinforcement geometry) [29], the upscaling procedure
[30] and, finally, the coupling between Stokes-Darcy and/or Brinkman’s equations [31].

Permeability calculation can also be delicate for complex geometries with high ani-
sotropy such as ply-to-ply interlock fibrous structures. Those geometries have a 3D
structure in which a yarn passes through the thickness (binder yarn) to bind different
layers and thus increase mechanical performances [4, 32]. The presence of complex fi-
brous architectures is a significant barrier to analytical approaches. Indeed, such models
commonly used are usually limited to ideal two-dimensional arrangements [24, 33-35].
However, more complex geometries have also been studied [36, 37] even though it is of-
ten required to simplify the internal structure. Broadly speaking, analytical derivation of
permeability consists in solving Stokes’ equation for a given geometry before making an
identification with the Darcy’s law. The experimental characterisation of permeability

[28, 38-41] is still a challenge due to the variety of experimental procedures using different



55

60

65

70

75

80

measurement systems (existing methods have not yet been standardised). Experiment
results show a significant scatter due to the design of the test set-up, fluid pressure and
viscosity measurement, textile variations, and data analysis [42-45].

A numerical approach has been used here to address the multi-scale permeability
[16, 20] of different fibrous media. Numerical permeability is traditionally calculated
by solving the Stokes’ equation on a unit cell whose permeability is supposed to be
representative of the overall structure [12, 46-48]. Those unit cells can be obtained
through textile modelling software such as WiseTex [49-51] or MULTIFIL [52, 53], sample
scanning [13] or X-Ray microtomography acquisition (uCT) [1, 47, 54]. In uCT generated
models, the image segmentation step is a tricky stage that can lead to underestimation of
the solid volume fraction and hence numerical errors in the computation of permeability
values [54].

Then, considering permeable yarns, the intra-yarn zone is considered as a Darcy’s
medium and a coupled Stokes-Darcy flow is then observed. Brinkman’s equation [55] is
also widely used instead of Darcy’s one, using Lattice Boltzmann Method (LBM) [56],
Finite Element Method (FEM) [27, 46], asymptotic homogenization technique [57] and,
recently, Proper Generalized Technique (PGD) [31] to compute the permeability tensor
of wowen fabrics.

Belov et al. [56], for instance, but also Syerko et al. [31] and Tahir et al. [25], have
focused on Brinkman’s equation that does not allow to investigate very low permeability
values for intra-yarn due to numerical issues. It also requires to define a permeability
for the inter-yarns channels, which has no physical meaning. Indeed, with this method,
Belov et al. [56] expect to obtain an asymptotic value of permeability when intra-yarn
permeability decreases, which cannot be reached with their method. The present paper
will confirm this hypothesis and describe more accurately the transition using a larger
range of intra-yarn permeabilities.

Indeed, the main novelty of our work is to address the dual-scale permeability prob-
lem with a Stokes-Darcy monolithic approach rather than solving Brinkman’s equation
commonly used in literature [25, 31]. This model requires to define an equivalent per-
meability for inter-yarn spaces. This approach displays two major issues. The first one

is the need of a non-physical permeability so as to solve Brinkman’s equation in the
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inter-yarn areas. The second one is a difficult to solve the problem when the intra-yarn
permeability becomes extremely low. The numerical strategy thus requires a high ro-
bustness to overcome the huge gap of properties. The Stokes-Darcy monolithic strategy
enables to bypass such an issue and to simulate flows with very low values of intra-yarn
permeability.

The originality of the approach developed in this paper lies in the description of a
continuous description of Stokes (with impervious yarns) - Stokes-Darcy (with permeable
yarns) transition for a wide range of intra-yarn permeability without description of an
equivalent permeability [25, 31] for inter-yarn spaces. This approach enabled for the first
time to validate a semi-analytical model on the entire range of calculation even after
reaching the asymptotic value of permeability. This will allow to propose an empirical
law to correlate intra-tow permeability to the permeability of the whole fabric. Our
work enables to extend formulas initially derived empirically for idealised periodic fibre
packings [58, 59] to real materials with complex 3D architectures at the mesoscopic scale.

We used here a mixed velocity-pressure finite element formulation to solve the Stokes-
Darcy coupled problem. This formulation has been developed in previous studies [60-64]
and implemented in the Z-set software suite [65]. This approach is based on a monolithic
strategy [62], consisting in defining one single mesh for discretising the computational
domain (Stokes and Darcy domains). The formulation is then stabilised with a Varia-
tional Multi-Scale Method (VMS) [66], more specifically the ASGS (Algebraic Sub-Grid
Scale) [62, 67] method.

In this paper, after validating the numerical method by comparing the permeability
results with analytical values, dual-scale permeability of regular arrangements will be
studied. Three-dimensional flow simulations (Stokes and Stokes-Darcy) within interlock
ply-to-ply unit cells will be presented. An empirical law to link the effective permeability
(i.e. the permeability of the whole unit cell) to the intra-yarn permeability will be
proposed.

2. Materials and Methods

The unit cells and boundary conditions used for the 2D and 3D calculations are

presented. Terms 2D or 3D will refer to dimensions of the simulations. The 3D simula-
5
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tions are only performed on 3D ply-to-ply angle-interlock woven fabric unit cell. And,
it is important to note that no 2D fabric are used, only 2D flows on idealised periodic
packings. The numerical strategy is then briefly reminded: the coupled Stokes-Darcy
problem is solved by a monolithic mixed velocity-pressure formulation stabilised by an

ASGS method.

2.1. Virtual materials
2.1.1. Periodic packings

In order to validate the numerical method and verify the accuracy of the approach,
2D periodic packings have to be described. The aim was, in first approach, to use
well known geometries to obtain permeabilities that can be predicted analytically from

literature [33, 35]. The two common arrangements of hexagonal and quadratic packing

00 00606
9 060
@ L oo

a) Hexagonal arrangement b) Quadratic arrangement

are presented in Fig.2a and Fig.2b respectively.

Figure 2: Representative cell for hexagonal (a) and quadratic (b) arrangements in dash line (inspired of

35])-

Elementary volume geometries, relative boundary conditions and associated meshes
are represented in Fig.3 and Fig.4. In compliance with literature [33, 35], the velocity
field is nil on fibres, the normal velocity component is zero on edges, and a pressure
gradient is imposed. Simulations have been performed with Z-set software [65] for a
Stokes’ flow stabilised by ASGS method. The pressure differential applied here is 1 bar
for a fluid viscosity u=10 Pa.s. Though these values may seem high, tests have been
carried out to show that neither the value of p nor AP have an influence on the final

permeability result after applying the Darcy’s law. This can be explained by the absence
6



of fluid/solid interaction in the present model. The Finite Elements (FE) method used

for simulation in Z-set software will be presented in the associated section.

vg =0 vo =0

)

(a) (b)

Figure 3: Representative volume geometry for the quadratic arrangement (a) and the corresponding

mesh (1,447 nodes / 2,898 linear triangle elements) with associated boundary conditions (b).

Figure 4: Representative volume geometry for the hexagonal arrangement (a) and the corresponding

mesh (1,560 nodes / 3,123 linear triangle elements) with associated boundary conditions (b).

135 The aim is to compare analytical and numerical results for simple arrangements widely
studied in literature [33, 35]. We use models initially established at the microscopic scale,
with periodic packings of fibres, to validate mesoscopic results with yarns considered as
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a regular arrangement of cylinders. Indeed, the derivation of these analytical formulas is
not directly based on a specific scale but only relies on the topology of the flow channels.
One of the originality of our approach is to validate our model on those well known
models and extend it to permeable fibres, that could then be considered as idealised
yarns. A special attention have to be paid in this case to the interpretation of the
results, in particular because of the definition of a yarn volume fraction and the common
fibre volume fraction (see below).

Both configurations are thus studied : hexagonal (Fig.2a) and quadratic (Fig.2b).
For those configurations, Gebart [35] used hydrodynamic lubrication approximations
and solved the Stokes’ equation. By identification with Darcy’s law, the normalised

transverse permeability K is finally given by:

K:ﬂ( lVfi;;ax_1>2 (2)

Parameters 8 and V. of Eq.2 are given in Tab.1. As Eq.2 has first been derived
for fibre arrangements, V; normally refers to a fibre volume fraction. Since our study
focuses on the mesoscopic scale, it is more thorough to consider V, 4., which corresponds
to a yarn volume fraction. The yarn volume fraction (V}q,,) corresponds to the volume
of the yarns divided by the total volume of the unit cell. This quantity can be linked to

the common fibre volume fraction V; with the following relation :

Vf - Vyarn : Vf,yarn (3)

where Vi yqrn is the ratio of fibres inside the yarns. For example, based on Fig.3 and

Fig.4, Vyarn = wR?/Lh. This does not alter the validity of Eq.2.

Quadratic | Hexagonal

ﬂ 16 16
9v/2m 967

s s
Vf,maoc 1 Wg

Table 1: Constants related to hexagonal and quadratic arrangements in Gebart’s model.

Results will be also compared to Brusckke-Advani’s model [33] which can be seen as a

synthesis between low fibre fraction analytical models based on cell model [68] and high
8
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fibre fraction ones leaning on hydrodynamic lubrication approximation such as Gebart’s

model.

2.1.2. 3D model

The 3D ply-to-ply angle-interlock unit cell used in this study has been generated
by the fibrous media simulation software MULTIFIL [69]. This FEM software based
on an implicit solver allows to determine the initial configuration of entangled material.
An enriched kinematical beam model is used in order to take into account the filament
transverse deformations.

Initially, MULTTFIL was used to model wire ropes as an assembly of rods undergo-
ing large deformations and submitted to contact-friction interactions [69]. Then twisted
yarns composed of elementary fibres or wires and 2D woven fabrics have been also gener-
ated and the mechanical response to traction and compression loadings have been studied
highlighting the coupling between traction and twisting [70]. Recent studies have been
oriented to predict the micro-geometry of a 2D woven [52] or 3D interlock woven [53].
These woven fabrics have been computed at sub-mesoscale by solving the mechanical
equilibrium of an assembly of filaments according to the targeted woven pattern. In a
recent paper dealing with 3D woven modelling [53], equivalent envelopes of yarns have
been reconstructed.

In this study, the fabric model is a 3D woven angle-interlock composed of 27 yarns
(12 warp yarns and 15 weft yarns) shared on 6 weft columns and 6 warp planes (Fig.5).
This woven modelling was run with 91 filaments per yarn. The whole 3D textile fabric

has been thus performed with 2,457 filaments.
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Figure 5: Illustration of the initial configuration of a 3D angle-interlock fabric unit cell at sub-mesoscale.

Then, contours of yarn cross-sections have been computed (Fig.6) from the modelling
of the relaxed sub-mesoscale woven pattern in order to reconstruct the mesoscopical
model which will be meshed to perform the fluid flow simulations. One of the interesting
features which can be captured by calculating tow envelopes is the changes in yarn cross-
sections leading to intra-yarn packing factor values. This intra-yarn fibre volume fraction
field has been added to show its variability in the woven pattern (Fig.6). The computing
reveals that the intra-yarn fibre volume fraction varies on a wide range, from around
50% to 75%. The voxel box edges have been also added (Fig.6). Elements constituting
the inter-tow medium have been then deduced from the complementary space between
yarns and the edges of the voxel box with dimensions L, = 18.73 mm, L, = 18.69 mm

and L, = 4.87 mm.

10
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Figure 6: Yarns envelopes from the initial configuration. Superposition of the intra-yarn fibre volume

fraction field.

From the meso-geometry of textile fabric, the inter-yarn porous medium has been
meshed with linear tetrahedral elements. This unit cell of volume V' = L, L, L, is repre-

sented in Fig.7. Note that the mesoscopic structure is not periodic.

Figure 7: Interlock unit cell and tetrahedral mesh associated (L, = 18.73 mm, L, = 18.69 mm, L, = 4.87

mm) : 135,924 nodes, 581,388 linear tetrahedral elements. Only the resin domain is meshed here (Stokes’

flow simulation).

2.2. Numerical strategy

Let Q be the computation domain, a region of R? (with d = 2, 3 the spatial dimension)
bounded by 99 (Fig.3a, 4a and 8). The domain (2 represents, at a mesoscopic scale, a
specific structure composed of inter-yarn zones if these yarns are considered as impervious
(domain 24 on Fig.3a or 4a). In the case of permeable yarns, the domain € is divided into
two non-overlapping sub-domains, Q, and 24, separated by a surface I' = 0Q, N9, (see
Fig.8). The problem is to describe the flow of an incompressible Newtonian fluid ruled

11
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by Stokes’ equations in €2, and by Darcy’s equations in 24 which represents a porous
medium with an intra-yarn permeability K;,;q. Index s is used to denote everything that
concerns the Stokes’ domain while index d stands for the Darcy’s domain characteristics.

Effects of inertia are neglected, then the motion of the fluid in inter-yarn zones €2 is

governed by Stokes’ equations (momentum and mass conservation):

-V - -(2ué(vs))+Vps = 0 in Q
V-vy = 0 in

(4)

where € is the strain rate tensor defined by é(v,) = 2(Vv, + V v,) and p is the fluid
viscosity of the incompressible Newtonian fluid which is assumed to be constant. The
vector field v, and scalar field ps are, respectively, the fluid velocity and pressure while V
and V- are the gradient and the divergence operators with respect to space coordinates.

The flow of an incompressible fluid through the porous medium ; described by

Darcy’s equations is given by:

uK_lvd+Vpd = 0 in Qq
V-vg = 0 in Qq

(5)

where K is a saturated permeability tensor which can be reduced to a scalar K in an
isotropic case, v4 and p, the velocity and pressure fields (Darcy’s velocity and pressure).

Stokes’ and Darcy’s equations (Eq.4 and 5) are completed with Dirichlet (denoted D)
and Neumann (denoted N) boundary conditions on I' = 9Q,N0N with ', p NIy v = &

and Fd,D ﬂFd,N =

Vs = Vg on I';p Vg-ng = g on I'yp
(6)
Opn = —Peshs on Iy Pd = DPed on Ign
where n = ng = —ny is the outward unit vector normal to the interface I'. vy and vy

are, respectively, the velocity prescribed on the boundary I's p and I'y p, o, the normal
stress prescribed on I's x and p.,. a pressure prescribed on I'. n.

A special attention is paid to the specific conditions on the interface separating Stokes’
and Darcy’s domains (the interface at the yarn surface). Three conditions are to be pre-
scribed on this interface I' (Fig.8): the mass conservation, the continuity of the normal
stress through the interface, and the Beavers-Joseph-Saffman (BJS) condition [71] allow-

ing to control the tangential component of the velocity on the interface. Considering the
12
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very low permeability values in the yarn (down to 107*° m?) and the numerical methods
implemented in this study for the Stokes-Darcy coupling, this last boundary condition
has no significant influence on the flow [62, 64]. It will therefore not be considered in the

following of this work.

o0

Stokes - Darcy interface | o/
I'= 8Q5 n 8Qd‘i;

h:@L

“I'»Darcy’s domain Q4

A

4 _-Stokes’ domain 2

T2
L$1

Figure 8: Representative volume geometry for the hexagonal arrangement in the case of permeable yarns

considered as Darcy’s domains.

Different numerical strategies can be addressed for solving the Stokes-Darcy coupled
problem such as the partitioned procedure (a.k.a. decoupled approach) [72, 73] or the
monolithic approach (a.k.a. unified approach) [62, 64, 67]. Contrary to partitioned
methods, the monolithic approach of the Stokes-Darcy coupled problem consists in using
one single non-necessarily structured mesh and the same finite element spaces in Stokes’
and Darcy’s domains.

A mixed finite element formulation in velocity and pressure is used in the whole
domain for Stokes’ and Darcy’s areas. The weak formulation of the Stokes-Darcy cou-
pled problem is obtained by adding both Stokes’ and Darcy’s weak formulations and by
taking into account the interface conditions described above. Details concerning weak
formulations of Stokes, Darcy and coupled Stokes-Darcy systems as well as mathematical
functional spaces for solutions and test functions are given in previous studies [60-62].

The computational domain Q C R? is discretized into n.; non-overlapping elements
K. This one single unstructured mesh is made up of triangles if superscript d = 2 (Fig.10)
and of tetrahedrons if d = 3 (Fig.16). Velocity v and pressure p are both approximated

by continuous and piecewise linear functions (P1/P1 approximation). However, such an

13
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approximation is not stable [62, 67]. This issue is overcome by using a Variational Multi-
Scale (VMS) technique [66] in particular the Algebraic Sub-Grid Scale (ASGS) technique

[62, 67] consisting in adding some stabilization terms to the Galerkin formulation.

3. Results

The results from Stokes’ (impermeable yarns) and Stokes-Darcy flow simulations
(permeable yarns) are presented for 2D and 3D geometries. The hypothesis that the
yarns can be considered as permeable is then discussed and an empirical law is finally

proposed to relate the cell effective permeability to the yarn one.

3.1. 2D flows

3.1.1. Impermeable yarns

The validity of the numerical method is first verified through permeability derivation
for ideal tow arrangements widely studied in the literature. Tows are first considered
as impermeable: Stokes’ flow simulations are thus performed. We therefore rely on
quadratic (Fig.2b) and hexagonal (Fig.2a) arrangements for which analytical formulae
for transverse permeability can be found in [33, 35]. The numerical permeability has
been calculated from the simulations using Darcy’s law expressed in flow-rate (Eq.1):
a pressure differential is applied on opposite sides and the fluid velocity is zero on the
yarns (Fig.3b and 4b). Fig. 9 shows the normalised permeability change for an hexagonal
arrangement as a function of Vy (in Gebart’s and Bruschke-Advani’s models) equivalent
to Vyarn in our computations. A very good agreement is thus found between the numer-
ical results and the analytical results from the Gebart’s [35] and Bruschke-Advani’s [33]
models (Fig.9). Similar comparisons were also carried out by Nabovati et al. [59] and
Tahir et al. [25] but using different numerical methods, the Lattice Boltzmann Method

and the Finite Volume Approach respectively.

14
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Figure 9: Normalised permeability for a hexagonal arrangement as a function of Vy (equivalent to Vyarn

in this particular case - Bruschke-Advani’s model and Gebart’s model simulations).

3.1.2. Permeable yarns

From the same geometries, yarns are now considered as isotropic permeable media
modelled by an equivalent homogeneous Darcy’s medium (Fig. 8 and 10). A Stokes-
Darcy flow is thus achieved by imposing a pressure differential on opposite sides. The
intra-yarn permeability K;,iq (i-e. permeability of Darcy’s zones) is an input parameter
of the simulation. We call effective permeability K.y, the permeability of the whole unit
cell. Tt is derived from the inflow on the overall volume (Stokes’ and Darcy’s media), and
therefore a function of Kj,+-o- One can plot the effective permeability as a function of

the intra-yarn permeability Kj,.r, for given yarn fractions Vg, (Fig.11).

15



280

V Magnitude
2,325€+02

74.41

116,29

[4)]

8,159

sRnaRRRARRRARNRRAREARRRL

3.350e-02

Figure 10: Stokes-Darcy flow within a hexagonal cell unit (K;ptrq = 10719m2, AP = 1bar, p = 10Pa.s,
Vyarn = 0.51).
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Figure 11: Effective permeability as a function of intra-yarn permeability K;nirq for different yarn

volume fraction Vyqrn.

The effective permeability tends towards an asymptotic value Ksymp: for decreasing
values of Kjnirq. As expected, this limit corresponds to the values obtained for imper-

meable yarns, for example Kgsympt for Vyern = 0.51 on Fig.11 (continuous line). Results
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of Fig.11 confirm previous models [16, 20, 56] which tend to show that yarn permeability
can be taken as null when it is about two orders of magnitude lower than the overall
permeability of the fabric. The asymptotic values were compared to the values of the
Bruschke-Advani model (Tab.2). The presence of an intra-yarn permeability threshold
from which it is reasonable to consider the yarns as impermeable is also highlighted here.

We denote as K29

ioira, the intra-yarn permeability value from which the effective perme-

ability reaches 90% of its asymptotic value. Due to uncertainty on the results, intervals

for K0

soira are presented in Tab.2. These results are comparable to those described in

the literature [28]. The interval K20

intra

in Tab.2 frames the threshold value proposed by
Bodaghi et al. [28] from which the effective permeability is independent of the intra-yarn
one.

In average, for Vyq,, values varying between 0.2 and 0.7, from Kipntrq = 5x 1071 m?,
lowering intra-yarn permeability leads to variations of less than 10% of the asymptotic
permeability. In [20] a higher value of this intra-yarn permeability threshold is given
(i.e. Kintra =~ 1x1072m?). Identifying this threshold value has important consequences
since it can justify the passage from time-consuming Stokes-Darcy simulations to more
classical Stokes flows. Taking values presented in [21, 74, 75] as a reference, intra-yarn
permeability can reach 10713 m? to 107'° m2. Considering these values, our study may
justify the hypothesis that the yarns can be considered as impermeable for a saturated

flow in these conditions.

Vyarn | Kasympt (m2) Kpa (mz) K?gtra (m2)
0.2 6.72 x 1078 | 7.47 x 1078 | [1 x 107195 x 1071°]
0.51 | 878 x 1072 | 8.60x 1072 | [1 x 107195 x 10710]

0.7 1.40 x 1072 | 1.40 x 1079 | [1 x 10711, 5 x 10711]

Table 2: Asymptotic permeability Kqsympt from Fig.11, analytical permeability Kp4 from Bruscke-

e 90
Advani’s model and K73, .

for different Viyqrn.

At last, an empirical formula may be proposed to link the intra-yarn and the asymp-

totic permeability to the effective one. By asymptotic reasoning, the following power-law
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can be proposed:

Kin ra "
S Iy :
Ke K’L’I’L ra
& log (Kfft — 1) =log(a) + nlog ( R; ) (8)
asymp

where o and n are two dimensionless constants to be determined and R is the circular
yarn radius.

To confirm this expression, linear regressions were plotted according to Eq.8 (Fig.12).
The obtained squared correlation coefficients r are superior to 0.999. For a considered
arrangement, lines seem to be parallel showing that n may not depend on V¢ but should
be considered as a function of the configuration. Considering this, the obtained values for
n are 0.94 for a quadratic arrangement and 0.82 for a hexagonal arrangement. Coefficient
a has to be considered as a function of Vi, and of the arrangement. Further studies
should be done to link explicitly n and a to the geometrical parameters and to give them

a physical meaning.

1051 ® Viem=02 r?>0999 e
i ® Vy,,p=051 r2>0.999 -
] 5
1021 ® Vyan=07 r?>0.999 - _-e!
i —-- Lin. regression Vy,, =0.2 ,,,' Le”” _-
101 4 ——- Lin. regression Vyam = 0.51 P ad ’,f. ’,f’
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Figure 12: K.ff/Kasympt — 1 (log scale) as a function of Kintra/R? (log scale) for different Vyarn

(quadratic arrangement) and linear regressions.

In [27] a Stokes-Brinkman coupled flow is simulated to compute the effective perme-
18
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ability of unit cells for simple tow arrangements. Based on theoretical arguments, an

analytic formula is also proposed for a hexagonal arrangement of ellipsoidal fibre yarns

When A/ Kintra/R2 > Kintra/Rg :
Keff :Cl+C2 V Kintra (9)

where C7, Cs are constants determined by data fitting. It seems interesting to notice
that Eq.7 and Eq.9 have a roughly similar form. However, in Eq.7, the value n = 0.5 is
not found.

A similar formula can be found in literature [20, 58]. Permeability of hexagonal and
quadratic arrangements with permeable yarns is studied analytically through a Stokes-

Darcy coupled problem. The transverse permeability is given by:

Keff = Kasympt + Kintra + CShouHmin\/m (10)

where Clgpoy is a coefficient and H,,;, the minimal distance between tows depending on
the packing (Tab.3). Numerical values from Shou’s model [20] and the present empirical
power-law have been compared in Fig.13. The coefficient Cgpo,, has been determined
by data fitting: for the hexagonal arrangement Cgpo, = 1.33 and for the quadratic
arrangement Cgpo,, = 0.63. The constants « and n are obtained through previous linear
regressions. One can observe that both models coincide for low K., values. For higher
values, the power-law model seems to be more pertinent. However for RTM modelling,
intra-yarn permeabilities usually have very low values [74, 75|, therefore both expressions
can be used for effective permeability predictions. Theoretical studies should then be

done to justify Eq.7 even if it shows an excellent agreement with numerical results.

Quadratic Hexagonal

Hoin R< vyfm—2> R(./%—z)

Table 3: Minimal distance between yarns for quadratic and hexagonal arrangements.

19



340

345

le—6

1.2 T
® @ Simulation
— Shou (2013) | : : :
1.0H .. P P R R R R -
— Empirical law |: : : :
0.8 T T T T e ]
% 3 3 3 3 |
T 06 e P P P SR A ]
= : : : : :
04f —— e —— o S ]
0.2f-ne e e e 2 ZETRRRR g
1012 101! 1010 10° 108 107 10°°

KInLra (mZ)

Figure 13: Comparison between Shou’s model and the empirical power-law (quadratic arrangement,

Vi = 0.51).

3.2. 3D flows

8.2.1. Impermeable yarns

After previous validations in 2D, flows were then simulated inside a 3D ply-to-ply
interlock unit cell provided by Safran Aircraft Engines (Fig.7). Stokes flow simulations
have been first performed (Fig.14, Fig.15). The simulations on the finest mesh (~ 10°
nodes) run in less than an hour using the direct solver MUMPS [76] used in Z-set soft-
ware [65]. So as to derive permeability in direction 7 (i = x,y, z), a pressure differential
AP = 10° Pa is imposed on the faces perpendicular to i axis. As regards the veloc-
ity field, it is taken as nil on the yarns and the normal component is zero on the other
boundaries. The permeability is then computed through flow-rate formulation of Darcy’s

law.

For instance, in x direction:

pL:Q pLa /FLy /Z=Lz
L,L.AP ~ L,L.AP |, J._o

20



350

355

286
— -3e6
— -deb

—e6 &

—-b6eb

—-7e6

-8e-6
z Y [
Qe-b6
x -1.0e-05

Figure 14: Pressure field (MPa) for a pressure gradient along x axis.

V Magnitude

Figure 15: Magnitude of velocity field (mm.s~!) with streamlines (white lines) on the top of the cell for

a pressure gradient along = axis.

Several assumptions had to be made here. First, we assumed that the flow-rate
formulation of Darcy’s law holds for flows in highly anisotropic environments. In addition,
we considered the warp/weft/transverse directions as the principal directions, which may
be questionable. This assumption has however been justified by computing the principal
directions from 3D formulation of Darcy’s law.

Permeability, considered as a diagonal tensor since the principal directions are sup-
posed, in first approach, to be aligned with the fabric main directions, is then computed

(Tab.4). The transverse permeability K., is lower than the others, as expected. One
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should notice that the values are surprisingly high compared to literature at similar fibre
volume fraction [36, 77]. However, this might be explained by the relatively low value of
Vyarn (Vyarn = 0.56): the fluid can easily go through the preform. Assuming that inside
the yarns, the fibres are hexagonally arranged at the theoretical maximum compaction,
we obtain that the overall fibre volume fraction is V; = 0.51, which is a relatively low

value for a structural composite.

Kyp (m?) Kyy (m?) K. (m?)
327 x107% | 529 x 1078 | 1.24 x 1078

Table 4: Numerical permeability in the three directions for the unit cell presented in Fig.7.

3.2.2. Permeable yarns

Stokes-Darcy flows within the interlock unit cell have also been studied. Yarns are
now considered as isotropic permeable media of a given permeability K;,¢rq- A pres-
sure drop is applied again on opposite edges of the whole volume. Stokes-Darcy flows
are thus obtained (Fig.16). Effective permeability K.rs as a function of the intra-yarn
permeability Ko has been plotted in Fig.17.

V Magnitude
2,268e-01

0,17014

0,11342

mmn\ulmmhum

——0,056712

E4,3829—1 1

Figure 16: Cross-section of a Stokes-Darcy flow within the interlock unit cell (velocity magnitude, mm/s,

Kintra =5 % 108 m2)-
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Figure 17: Effective permeability as a function of the intra-yarn permeability: numerical results and

empirical law. Results are compared to those obtained for impermeable yarns (Stokes’ flow simulation).

On Fig. 17, we observe again that the effective permeability tends towards perme-
ability obtained for impermeable yarns when intra-yarn permeability decreases. The
validity of the empirical law proposed has been tested again, for which yarn geometrical

characteristics is now included in a new coefficient o':

Keff = Kasympt (1 + o' K?

zntra)

(12)

where o’ and n are two constants to determine.
An excellent agreement between Eq.12 and numerical results can be noticed (Fig. 17).
In this case again, the coefficient n can be considered as constant and n = 0.84. We have

here in average K9, ~ 5 x 1070 m2. Referring ourselves to intra-yarn permeability

wntra
results from [21, 74, 75], yarns may be considered as impermeable in our case.
Regarding this intra-yarn permeability threshold in general, one may consider that mi-
croscopic effects (i.e. linked to the internal yarn structure) become negligible when the

intra-yarn permeability is much lower than permeability with impermeable yarns. From

the 2D and 3D results presented before, we observe: KJ°

intra 100 - Kasympt which cor-

responds to an upper bound value considering the literature values summed up in [28].

This result should depend on fibre orientation, intra-yarn permeability anisotropy, or the
23
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value of Vygrn.

4. Discussion

4.1. Unit cell definition for permeability computation

Relatively high permeability values are mainly due to the phenomenon of race-
tracking. Indeed, dominant flows or preferential flow channels are observed, mainly
on the surface, which means that the fluid mainly flows along these paths (Fig.15 and
Fig.18). The surface contribution (preferential flows) is then significant: up to one or
two orders of magnitude higher than the one within the preform. This phenomenon is
explained in particular by geometrical issues: surface channels, resulting from the gen-
eration of volume, are much wider than the internal architecture of the material [37].
Therefore, these are channels that offer less resistance across the volume. In the end,
the numerical permeability can be overestimated. This observation therefore leads to
question the representativeness of the volume considered, especially if those volumes are
not periodic. Two methods have been compared to limit the impact of preferential flows:

the reduction of calculation area during post-processing and mesh clippings.

Preferential flow channels

V Magnitude
2,6786+02

251,77

209.81

167,85

125,88

MHHm\um\m\mw“

<Ay
m 1,000e+02

Figure 18: Highlighting preferential flow channels within the preform (AP = 1 bar, pressure gradient
along x-axis). The picture has been rescaled: the velocity magnitude lower than 100 mm.s~! is depicted

in dark blue.
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4.2. Reducing the impact of preferential flows

Permeabilities have been calculated by reducing the area on which the flow is calcu-
lated (calculation area) during post-processing. The initial mesh on which the simulation
is performed is unchanged. By reducing the calculation area (Fig.19), it is possible to
limit the preferential flow contribution. The geometrical centre of the different surfaces
remains the same. Reduction of calculation area in the three directions is presented in
Fig.20. For transverse flow, permeability converges towards a consistent value. This con-
vergence may be explained by the fact that other preferential flow channels are present
in the transverse direction especially in the interstitial areas between warp and weft
yarns. For the other two directions, no convergence is observed. Reducing calculation

area leads to a loss of information: the computed flow-rate decreases without converging.

V Magnitude
1,833e+03

1375

916,69

IHHI\H|HHHH

——458,35

= 0,000e+00

Figure 19: The calculation area is reduced (transverse flow here): the initial area is Ag. The geometrical

centre is the same for the different calculation surfaces.
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Figure 20: Normalised permeability K/Kp as a function of normalised calculation area A/Ag. The zero
subscript refers to the initial area (i.e. maximal area). The geometrical centre of the calculation area

remains the same.

Another solution is to directly reduce mesh sizes by removing external layers of el-
ements. This also reduces the importance of preferential flows. Successive outer layers
of elements have been removed: permeability is then calculated from flows simulated in
reduced volumes. First, edges perpendicular to the z and y axes have been cut while
leaving the edges perpendicular to the z axis unchanged. The results of transverse per-
meabilities were compared to those obtained by reducing the calculation area (Fig.21).
In all the mesh cuts presented, the geometrical centre of the volume remains the same.
Both methods (computation area reduction and mesh clipping methods) are not strictly
equivalent since the asymptotic values differ. In both cases, it would seem necessary to
reduce the surface area by at least 20% to avoid preferential flows. One of the limits
of mesh redrawing lies in the fact that beyond a certain level of division, one can lose
mesh connectivity. This causes considerable problems for the numerical resolution of the
system. In addition, cut planes coincide with voxel rows meaning that a sufficiently fine

mesh is required.
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Figure 21: Normalised transverse permeability as a function of normalised surface : comparison between
mesh cuts and reduction of the calculation area during post-processing. Data have been normalised by

the values obtained for the initial area (Ag,Ko).

5. Conclusion

We have here studied the numerical permeability of 2D and 3D geometries from a
monolithic finite element approach implemented in Z-set software suite. Two dimensional
transverse flows have first been carried out for simple regular arrangements. For imper-
meable yarns, Stokes’ flows have been simulated leading to numerical permeabilities in
excellent agreement with analytical results from Gebart’s and Bruschke-Advani’s models
on quadratic and hexagonal packings. This allowed to justify the validity of the numerical
approach. Yarns have been then considered as permeable. Stokes-Darcy flow simulations
have thus been performed for given values of intra-yarn permeability. We observed that
the effective permeability tends towards permeability calculated from Stokes simulations
when intra-yarn permeability becomes increasingly lower. Convergence of effective per-
meability to an asymptotic permeability have been described from computations on a
large range of Kjutrq- The main novelty of this paper lies in the continuous description
of transition from Stokes-Darcy (permeable yarns) to Stokes flows (impervious yarns),
for both ideal packings and realistic 3D structures. In compliance with literature, this
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highlights the presence of an intra-yarn permeability threshold from which the yarns can
be considered as impermeable so that Stokes’ simulations are sufficient to give consistent

results.

The same approach has then been applied for 3D ply-to-ply interlock. Stokes’ flows,
in other words flows with impervious yarns, lead to uncommonly high values of perme-
abilities which can be explained by the phenomenon of preferential flows. In order to
limit the influence of edge flows, two methods have been proposed: reducing the calcu-
lation area during post-processing and cutting the edges of the mesh. However, neither
of both have really been conclusive and more thorough works should be done to suggest
a more efficient way to diminish those effects. This problem is major since it has a great
influence on numerical permeability values and questions the representativeness of the
unit cell for permeable and impermeable yarns, and should be the main focus of further
studies. The empirical law which links the effective permeability and the intra-yarn one
seems to be valid for both 2D and 3D flows. Such a law may be used in practice as
a reverse method to estimate intra-yarn permeability from the effective one. At last,
threshold values can also been noticed from which one can simply use Stokes’ simula-
tions instead of Stokes-Darcy ones. As for the two-dimensional cases, these threshold
are superior to realistic values of intra-yarn permeability. As a consequence, this work
defines the limits of the hypothesis according to which yarns can be considered as imper-
meable for saturated flows. This is an important result as it enables to simplify greatly
the simulations and to make them significantly. Further works will focus on an accurate
definition of the non-uniform local volume fraction Vy 4., in order to evaluate the effect
of a non-constant intra-yarn permeability K., on effective global permeability. The
ultimate goal will be to study both experimentally and numerically the impregnation of

3D-interlocks including weeting [78-80] and capillary [81, 82] effects.
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