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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 approach 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 permeabilities. 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 importance 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.

Introduction

Resin Transfer Moulding (RTM) processes are used for manufacturing composite parts in various industrial sectors (fan blades for aeronautics [START_REF] Ali | Non-destructive evaluation of throughthickness permeability in 3d woven fabrics for composite fan blade applications[END_REF], wind power [START_REF] Martin | Influence of fabrics design parameters on the morphology and 3d permeability tensor of quasi-unidirectional non-crimp fabrics[END_REF], 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 f is reached [START_REF] Michaud | Infiltration processing of fibre reinforced composites:governing phenomena[END_REF][START_REF] Vernet | Analysis and modeling of 3d interlock fabric compaction behavior[END_REF]. 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 [START_REF] Bodaghi | On the variability of mesoscale permeability of a 2/2 twill carbon fabric induced by variability of the internal geometry[END_REF]. 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 [START_REF] Alhussein | Characterization of 3d woven reinforcements for liquid composite molding processes[END_REF][START_REF] Demaria | In-plane anisotropic permeability characterization of deformed woven fabrics by unidirectional injection. part i: Experimental results[END_REF][START_REF] Liotier | Characterisation of woven flax fibres reinforcements: Effect of the shear on the in-plane permeability[END_REF][START_REF] Swery | Capturing the influence of geometric variations on permeability using a numerical permeability prediction tool[END_REF]. 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 [START_REF] Darcy | Les fontaines publiques de la ville de dijon[END_REF]. Initially derived from unidirectional flows, Darcy's law has been extended through homogeneisation theory [START_REF] Whitaker | Flow in porous media i: A theoretical derivation of darcy's law[END_REF]. However, the 1D linearised volumetric flow rate formulation is still widely used to compute permeability [START_REF] Fang | The effect of nesting on the inplane permeability of unidirectional fabrics in resin transfer molding[END_REF][START_REF] Swery | Predicting permeability based on flow simulations and textile modelling techniques: Comparison with experimental values and verification of flowtex solver using ansys cfx[END_REF][START_REF] Woerdeman | Interpretation of 3-d permeability measurements for rtm modeling[END_REF]:

Q A = - K µ ∆P L ( 1 
)
where K is the permeability, µ the viscosity of the fluid, Q the volumetric flow rate through a cross sectional area A, ∆P 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) [START_REF] Nordlund | Effect of multi-scale porosity in local permeability modelling of noncrimp fabrics[END_REF][START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Zhou | Analytic characterization of the permeability of dual-scale fibrous porous media[END_REF]. Indeed, for architectured composites, the resin flow can be observed between yarns, formed of thousands of unidirectional fibres (inter-yarn zone) [START_REF] Swery | Capturing the influence of geometric variations on permeability using a numerical permeability prediction tool[END_REF], but also inside them (intra-yarn zone) [START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Chevalier | Accounting for local capillary effects in two-phase flows with relaxed surface tension formulation in enriched finite elements[END_REF][START_REF] Liu | Towards void formation and permeability predictions in LCM processes: A computational bifluidsolid mechanics framework dealing with capillarity and wetting issues[END_REF][START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF] (Fig. 1).

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) [START_REF] Bodaghi | On the variability of mesoscale permeability of a 2/2 twill carbon fabric induced by variability of the internal geometry[END_REF][START_REF] Li | Influence of structural parameters at microscale on the fiber reinforcement[END_REF][START_REF] Yu | A simplified in-plane permeability model for textile fabrics[END_REF]. Nevertheless, neglecting intra-yarn permeability may be questionable depending on both local fibre volume fraction in the yarns (V f,yarn ) and overall fibre volume fractions (V f ) [START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Silva | A Monolithic Finite Element Approach to Compute Permeabilityatc Microscopic Scales in LCM Processes[END_REF][START_REF] Sadiq | Experimental investigation of transverse flow through aligned cylinders[END_REF][START_REF] Tahir | Effect of dual scale porosity on the overall permeability of fibrous structures[END_REF]. 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 [START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF][START_REF] Kuentzer | Permeability characterization of dual scale fibrous porous media[END_REF][START_REF] Hwang | Numerical simulations of stokes-brinkman equations for permeability prediction of dual scale fibrous porous media[END_REF][START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale flow in liquid composite moulding: A review[END_REF], 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) [START_REF] Yazdchi | Microstructural effects on the permeability of periodic fibrous porous media[END_REF], the upscaling procedure [START_REF] Lopez | Flow modeling of linear and nonlinear fluids in two and three scale fibrous fabrics[END_REF] and, finally, the coupling between Stokes-Darcy and/or Brinkman's equations [START_REF] Syerko | A numerical approach to design dual-scale porosity composite reinforcements with enhanced permeability[END_REF].

Permeability calculation can also be delicate for complex geometries with high anisotropy 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 [START_REF] Vernet | Analysis and modeling of 3d interlock fabric compaction behavior[END_REF][START_REF] Luycker | Simulation of 3d interlock composite preforming[END_REF]. The presence of complex fibrous architectures is a significant barrier to analytical approaches. Indeed, such models commonly used are usually limited to ideal two-dimensional arrangements [START_REF] Sadiq | Experimental investigation of transverse flow through aligned cylinders[END_REF][START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF][START_REF] Carman | Fluid Flow Through Granular Beds[END_REF][START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF].

However, more complex geometries have also been studied [START_REF] Vernet | In-plane and through-thickness permeability models for three-dimensional Interlock fabrics[END_REF][START_REF] Ali | In-plane virtual permeability characterization of 3D woven fabrics using a hybrid experimental and numerical approach[END_REF] even though it is often 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 [START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale flow in liquid composite moulding: A review[END_REF][START_REF] Michaud | Permeability properties of reinforcements in composites[END_REF][START_REF] Adams | Radial penetration of a viscous liquid into a planar anisotropic porous medium[END_REF][START_REF] Ferland | Concurrent methods for permeability measurement in resin transfer molding[END_REF][START_REF] Weitzenböck | Radial flow permeability measurement. part a: Theory[END_REF] is still a challenge due to the variety of experimental procedures using different 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 [START_REF] Gauvin | Permeability measurement and flow simulation through fiber reinforcement[END_REF][START_REF] May | In-plane permeability characterization of engineering textiles based on radial flow experiments: A benchmark exercise[END_REF][START_REF] Vernet | Experimental determination of the permeability of engineering textiles: Benchmark ii[END_REF][START_REF] Salvatori | Permeability and capillary effects in a channel-wise non-crimp fabric[END_REF].

A numerical approach has been used here to address the multi-scale permeability [START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF] 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 [START_REF] Fang | The effect of nesting on the inplane permeability of unidirectional fabrics in resin transfer molding[END_REF][START_REF] Ngo | Microscale permeability predictions of porous fibrous media[END_REF][START_REF] Straumit | Computation of perme-ability of a non-crimp carbon textile reinforcement based on x-ray computed tomography images[END_REF][START_REF] Verleye | Computation of the permeability of multi-scale porous media with application to technical textiles[END_REF]. Those unit cells can be obtained through textile modelling software such as WiseTex [START_REF] Vanaerschot | Simulation of the cross-correlated positions of in-plane tow centroids in textile composites based on experimental data[END_REF][START_REF] Lomov | Textile composites: modelling strategies[END_REF][START_REF] Verpoest | Virtual textile composites software wisetex: Integration with micromechanical, permeability and structural analysis[END_REF] or MULTIFIL [START_REF] Durville | Simulation of the mechanical behaviour of woven fabrics at the scale of fibers[END_REF][START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3d angle-interlock fabrics using finite element simulation[END_REF], sample scanning [START_REF] Swery | Predicting permeability based on flow simulations and textile modelling techniques: Comparison with experimental values and verification of flowtex solver using ansys cfx[END_REF] or X-Ray microtomography acquisition (µCT) [START_REF] Ali | Non-destructive evaluation of throughthickness permeability in 3d woven fabrics for composite fan blade applications[END_REF][START_REF] Straumit | Computation of perme-ability of a non-crimp carbon textile reinforcement based on x-ray computed tomography images[END_REF][START_REF] Ali | XCT-scan assisted flow path analysis and permeability prediction of a 3D woven fabric[END_REF]. In µCT 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 [START_REF] Ali | XCT-scan assisted flow path analysis and permeability prediction of a 3D woven fabric[END_REF].

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 [START_REF] Brinkman | A calculation of the viscous force exerted by a flowing fluid on a dense swarm of particles[END_REF] is also widely used instead of Darcy's one, using Lattice Boltzmann Method (LBM) [START_REF] Belov | Modelling of permeability of textile reinforcements: lattice boltzmann method[END_REF],

Finite Element Method (FEM) [START_REF] Hwang | Numerical simulations of stokes-brinkman equations for permeability prediction of dual scale fibrous porous media[END_REF][START_REF] Ngo | Microscale permeability predictions of porous fibrous media[END_REF], asymptotic homogenization technique [START_REF] Song | Asymptotic expansion homogenization of permeability tensor for plain woven fabrics[END_REF] and, recently, Proper Generalized Technique (PGD) [START_REF] Syerko | A numerical approach to design dual-scale porosity composite reinforcements with enhanced permeability[END_REF] to compute the permeability tensor of wowen fabrics.

Belov et al. [START_REF] Belov | Modelling of permeability of textile reinforcements: lattice boltzmann method[END_REF], for instance, but also Syerko et al. [START_REF] Syerko | A numerical approach to design dual-scale porosity composite reinforcements with enhanced permeability[END_REF] and Tahir et al. [START_REF] Tahir | Effect of dual scale porosity on the overall permeability of fibrous structures[END_REF], 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. [START_REF] Belov | Modelling of permeability of textile reinforcements: lattice boltzmann method[END_REF] 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 problem with a Stokes-Darcy monolithic approach rather than solving Brinkman's equation commonly used in literature [START_REF] Tahir | Effect of dual scale porosity on the overall permeability of fibrous structures[END_REF][START_REF] Syerko | A numerical approach to design dual-scale porosity composite reinforcements with enhanced permeability[END_REF]. This model requires to define an equivalent permeability 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 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 robustness 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 [START_REF] Tahir | Effect of dual scale porosity on the overall permeability of fibrous structures[END_REF][START_REF] Syerko | A numerical approach to design dual-scale porosity composite reinforcements with enhanced permeability[END_REF] 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 [START_REF] Papathanasiou | Flow across structured fiber bundles: a dimensionless correlation[END_REF][START_REF] Nabovati | Through-thickness permeability prediction of three-dimensional multifilament woven fabrics[END_REF] 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 [START_REF] Abouorm | A robust monolithic approach for resin infusion based process modelling[END_REF][START_REF] Abouorm | Monolithic approach of stokes-darcy coupling for lcm process modelling[END_REF][START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF][START_REF] Blais | Resin infusion-based processes simulation : coupled Stokes-Darcy flows in orthotropic preforms undergoing finite strain[END_REF][START_REF] Pacquaut | Combining a level-set method and a mixed stabilized p1/p1 formulation for coupling stokes-darcy flows[END_REF] and implemented in the Z-set software suite [START_REF]set Software[END_REF]. This approach is based on a monolithic strategy [START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF], consisting in defining one single mesh for discretising the computational domain (Stokes and Darcy domains). The formulation is then stabilised with a Variational Multi-Scale Method (VMS) [START_REF] Hughes | Multiscale phenomena: Green's functions, the Dirichlet-to-Neumann formulation, subgrid scale models, bubbles and the origins of stabilized methods[END_REF], more specifically the ASGS (Algebraic Sub-Grid Scale) [START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF][START_REF] Badia | Unified stabilized finite element formulations for the stokes and the darcy problems[END_REF] 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.

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-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

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 [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF][START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF]. The two common arrangements of hexagonal and quadratic packing are presented in Fig. 2a and Fig. 2b respectively. Elementary volume geometries, relative boundary conditions and associated meshes are represented in Fig. 3 and Fig. 4. In compliance with literature [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF][START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF], 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 [START_REF]set Software[END_REF] for a Stokes' flow stabilised by ASGS method. The pressure differential applied here is 1 bar for a fluid viscosity µ=10 Pa.s. Though these values may seem high, tests have been carried out to show that neither the value of µ nor ∆P have an influence on the final permeability result after applying the Darcy's law. This can be explained by the absence 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. The aim is to compare analytical and numerical results for simple arrangements widely 135 studied in literature [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF][START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF]. We use models initially established at the microscopic scale, with periodic packings of fibres, to validate mesoscopic results with yarns considered as 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 [START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF] 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 = β V f,max V f -1 5 2 (2) 
Parameters β and V f,max of Eq.2 are given in Tab.1. As Eq.2 has first been derived

for fibre arrangements, V f normally refers to a fibre volume fraction. Since our study focuses on the mesoscopic scale, it is more thorough to consider V yarn which corresponds to a yarn volume fraction. The yarn volume fraction (V yarn ) 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 f with the following relation :

V f = V yarn • V f,yarn (3) 
where V f,yarn is the ratio of fibres inside the yarns. For example, based on Fig. 3 and Fig. 4, V yarn = πR 2 /Lh. This does not alter the validity of Eq.2.

Quadratic Hexagonal

β 16 9 √ 2π 16 9 √ 6π V f,max π 4 π 2 √ 3
Table 1: Constants related to hexagonal and quadratic arrangements in Gebart's model.

Results will be also compared to Brusckke-Advani's model [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF] which can be seen as a synthesis between low fibre fraction analytical models based on cell model [START_REF] Keller | Viscous flow through a grating or lattice of cylinders[END_REF] and high fibre fraction ones leaning on hydrodynamic lubrication approximation such as Gebart's model.

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 [START_REF] Durville | Modélisation du comportement mécanique des câbles métalliques[END_REF]. 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, MULTIFIL was used to model wire ropes as an assembly of rods undergoing large deformations and submitted to contact-friction interactions [START_REF] Durville | Modélisation du comportement mécanique des câbles métalliques[END_REF]. Then twisted yarns composed of elementary fibres or wires and 2D woven fabrics have been also generated and the mechanical response to traction and compression loadings have been studied

highlighting the coupling between traction and twisting [START_REF] Durville | Modélisation par éléments finis du comportement mécanique de structures textiles : de la fibre au tissu[END_REF]. Recent studies have been oriented to predict the micro-geometry of a 2D woven [START_REF] Durville | Simulation of the mechanical behaviour of woven fabrics at the scale of fibers[END_REF] or 3D interlock woven [START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3d angle-interlock fabrics using finite element simulation[END_REF].

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 [START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3d angle-interlock fabrics using finite element simulation[END_REF], 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. 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 crosssections leading to intra-yarn packing factor values. This intra-yarn fibre volume fraction 185 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 x = 18.73 mm, L y = 18.69 mm 190 and L z = 4.87 mm. 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 x L y L z is represented in Fig. 7. Note that the mesoscopic structure is not periodic. 

Numerical strategy

Let Ω be the computation domain, a region of R d (with d = 2, 3 the spatial dimension)

bounded by ∂Ω (Fig. 3a, 4a and8). The domain Ω represents, at a mesoscopic scale, a specific structure composed of inter-yarn zones if these yarns are considered as impervious (domain Ω s on Fig. 3a or 4a). In the case of permeable yarns, the domain Ω is divided into two non-overlapping sub-domains, Ω s and Ω d , separated by a surface Γ = ∂Ω s ∩ ∂Ω d (see Fig. 8). The problem is to describe the flow of an incompressible Newtonian fluid ruled by Stokes' equations in Ω s and by Darcy's equations in Ω d which represents a porous medium with an intra-yarn permeability K intra . 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 Ω s is governed by Stokes' equations (momentum and mass conservation):

-∇ • (2µ ε(v s )) + ∇p s = 0 in Ω s ∇ • v s = 0 in Ω s ( 4 
)
where ε is the strain rate tensor defined by ε(v s ) = 1 2 (∇v s + ∇ v s ) and µ is the fluid viscosity of the incompressible Newtonian fluid which is assumed to be constant. The vector field v s and scalar field p s are, respectively, the fluid velocity and pressure while ∇ and ∇• are the gradient and the divergence operators with respect to space coordinates.

The flow of an incompressible fluid through the porous medium Ω d described by Darcy's equations is given by:

µK -1 v d + ∇p d = 0 in Ω d ∇ • v d = 0 in Ω d (5)
where K is a saturated permeability tensor which can be reduced to a scalar K in an isotropic case, v d and p d the velocity and pressure fields (Darcy's velocity and pressure). 

v s = v 0 on Γ s,D v d • n d = v 0 on Γ d,D σ n = -p e,s n s on Γ s,N p d = p e,d on Γ d,N (6) 
where n = n s = -n d is the outward unit vector normal to the interface Γ. The computational domain Ω ⊂ R d is discretized into n el 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 approximation is not stable [START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF][START_REF] Badia | Unified stabilized finite element formulations for the stokes and the darcy problems[END_REF]. This issue is overcome by using a Variational Multi-Scale (VMS) technique [START_REF] Hughes | Multiscale phenomena: Green's functions, the Dirichlet-to-Neumann formulation, subgrid scale models, bubbles and the origins of stabilized methods[END_REF] in particular the Algebraic Sub-Grid Scale (ASGS) technique [START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF][START_REF] Badia | Unified stabilized finite element formulations for the stokes and the darcy problems[END_REF] consisting in adding some stabilization terms to the Galerkin formulation.

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.

2D flows

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 [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF][START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF]. 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 and4b). Fig. 9 shows the normalised permeability change for an hexagonal arrangement as a function of V f (in Gebart's and Bruschke-Advani's models) equivalent to V yarn in our computations. A very good agreement is thus found between the numerical results and the analytical results from the Gebart's [START_REF] Gebart | Permeability of unidirectional reinforcements for rtm[END_REF] and Bruschke-Advani's [START_REF] Bruschke | Flow of generalized newtonian fluids across a periodic array of cylinders[END_REF] models (Fig. 9). Similar comparisons were also carried out by Nabovati et al. [START_REF] Nabovati | Through-thickness permeability prediction of three-dimensional multifilament woven fabrics[END_REF] and 
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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 intra (i.e. permeability of Darcy's zones) is an input parameter of the simulation. We call effective permeability K ef f , the permeability of the whole unit 275 cell. It is derived from the inflow on the overall volume (Stokes' and Darcy's media), and therefore a function of K intra . One can plot the effective permeability as a function of the intra-yarn permeability K intra for given yarn fractions V yarn (Fig. 11). V yarn = 0.2 V yarn = 0.51 V yarn = 0.7

Impermeable yarns (V yarn = 0.2)

Impermeable yarns (V yarn = 0.51)

Impermeable yarns (V yarn = 0.7) The effective permeability tends towards an asymptotic value K asympt for decreasing values of K intra . As expected, this limit corresponds to the values obtained for imper-280 meable yarns, for example K asympt for V yarn = 0.51 on Fig. 11 (continuous line). Results of Fig. 11 confirm previous models [START_REF] Papathanasiou | On the effective permeability of square arrays of permeable fiber tows[END_REF][START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF][START_REF] Belov | Modelling of permeability of textile reinforcements: lattice boltzmann method[END_REF] 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 K 90 intra , the intra-yarn permeability value from which the effective permeability reaches 90% of its asymptotic value. Due to uncertainty on the results, intervals for K 90 intra are presented in Tab.2. These results are comparable to those described in the literature [START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale flow in liquid composite moulding: A review[END_REF]. The interval K 90 intra in Tab.2 frames the threshold value proposed by Bodaghi et al. [START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale flow in liquid composite moulding: A review[END_REF] from which the effective permeability is independent of the intra-yarn one.

In average, for V yarn values varying between 0.2 and 0.7, from K intra = 5 × 10 -11 m 2 , lowering intra-yarn permeability leads to variations of less than 10% of the asymptotic permeability. In [START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF] a higher value of this intra-yarn permeability threshold is given (i.e. K intra 1 × 10 -9 m 2 ). 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 [START_REF] Li | Influence of structural parameters at microscale on the fiber reinforcement[END_REF][START_REF] Chen | The transverse permeability of disordered fiber arrays: a statistical correlation in terms of the mean nearest interfiber spacing[END_REF][START_REF] Yazdchi | Micro-macro relations for flow through random arrays of cylinders[END_REF] as a reference, intra-yarn permeability can reach 10 -13 m 2 to 10 -15 m 2 . Considering these values, our study may justify the hypothesis that the yarns can be considered as impermeable for a saturated flow in these conditions. At last, an empirical formula may be proposed to link the intra-yarn and the asymptotic permeability to the effective one. By asymptotic reasoning, the following power-law can be proposed:

V yarn K asympt (m 2 ) K BA (m 2 ) K 90 Intra (m 2 ) 0.
K ef f = K asympt 1 + α K intra R 2 n (7) ⇔ log K ef f K asympt -1 = log(α) + n log K intra R 2 (8) 
where α 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 f 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 α has to be considered as a function of V yarn and of the arrangement. Further studies should be done to link explicitly n and α to the geometrical parameters and to give them a physical meaning. V yarn = 0.2 r 2 > 0.999 V yarn = 0.51 r 2 > 0.999 V yarn = 0.7 r 2 > 0.999 Lin. regression V yarn = 0.2 Lin. regression V yarn = 0.51 Lin. regression V yarn = 0.7 In [START_REF] Hwang | Numerical simulations of stokes-brinkman equations for permeability prediction of dual scale fibrous porous media[END_REF] a Stokes-Brinkman coupled flow is simulated to compute the effective perme-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 K intra /R 2 K intra /R 2 :

K ef f = C 1 + C 2 K intra (9) 
where C 1 , C 2 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 [START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF][START_REF] Papathanasiou | Flow across structured fiber bundles: a dimensionless correlation[END_REF]. Permeability of hexagonal and quadratic arrangements with permeable yarns is studied analytically through a Stokes-Darcy coupled problem. The transverse permeability is given by:

K ef f = K asympt + K intra + C Shou H min K intra (10) 
where C Shou is a coefficient and H min the minimal distance between tows depending on the packing (Tab.3). Numerical values from Shou's model [START_REF] Shou | Transverse permeability determination of dual-scale fibrous materials[END_REF] and the present empirical power-law have been compared in Fig. 13. The coefficient C Shou has been determined by data fitting: for the hexagonal arrangement C Shou = 1.33 and for the quadratic arrangement C Shou = 0.63. The constants α and n are obtained through previous linear regressions. One can observe that both models coincide for low K intra 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 [START_REF] Chen | The transverse permeability of disordered fiber arrays: a statistical correlation in terms of the mean nearest interfiber spacing[END_REF][START_REF] Yazdchi | Micro-macro relations for flow through random arrays of cylinders[END_REF], 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 

H min R π Vyarn -2 R √ 3π 2Vyarn -2

3D flows

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 6 340 nodes) run in less than an hour using the direct solver MUMPS [START_REF] Amestoy | A fully asynchronous multifrontal solver using distributed dynamic scheduling[END_REF] used in Z-set software [START_REF]set Software[END_REF]. So as to derive permeability in direction i (i = x, y, z), a pressure differential ∆P = 10 5 Pa is imposed on the faces perpendicular to i axis. As regards the velocity 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 345 law.

For instance, in x direction: 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.

K xx = µL x Q L y L z ∆P = µL x L y L z ∆P y=Ly y=0 z=Lz z=0 v x (y, z) dydz (11) 
Permeability, considered as a diagonal tensor since the principal directions are supposed, in first approach, to be aligned with the fabric main directions, is then computed should notice that the values are surprisingly high compared to literature at similar fibre volume fraction [START_REF] Vernet | In-plane and through-thickness permeability models for three-dimensional Interlock fabrics[END_REF][START_REF] Xiao | Through-thickness permeability study of orthogonal and angle-interlock woven fabrics[END_REF]. However, this might be explained by the relatively low value of V yarn (V yarn = 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,
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we obtain that the overall fibre volume fraction is V f = 0.51, which is a relatively low value for a structural composite.

K xx (m 2 ) K yy (m 2 ) K zz (m 2 )
3.27 × 10 -8 5.29 × 10 -8 1.24 × 10 -8

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

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 intra . A pres-
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sure drop is applied again on opposite edges of the whole volume. Stokes-Darcy flows are thus obtained (Fig. 16). Effective permeability K ef f as a function of the intra-yarn permeability K intra has been plotted in Fig. 17. 10 -14 10 -13 10 -12 10 -11 10 -10 10 -9 10 -8 10 On Fig. 17, we observe again that the effective permeability tends towards permeability 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 α :

K ef f = K asympt (1 + α K n intra ) (12) 
where α 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 K 90 intra ∼ 5 × 10 -10 m 2 . Referring ourselves to intra-yarn permeability results from [START_REF] Li | Influence of structural parameters at microscale on the fiber reinforcement[END_REF][START_REF] Chen | The transverse permeability of disordered fiber arrays: a statistical correlation in terms of the mean nearest interfiber spacing[END_REF][START_REF] Yazdchi | Micro-macro relations for flow through random arrays of cylinders[END_REF], yarns may be considered as impermeable in our case.

Regarding this intra-yarn permeability threshold in general, one may consider that microscopic 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: K 90 intra ∼ 100 • K asympt which corresponds to an upper bound value considering the literature values summed up in [START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale flow in liquid composite moulding: A review[END_REF]. This result should depend on fibre orientation, intra-yarn permeability anisotropy, or the value of V yarn .

Discussion

Unit cell definition for permeability computation

Relatively high permeability values are mainly due to the phenomenon of racetracking. 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 generation of volume, are much wider than the internal architecture of the material [START_REF] Ali | In-plane virtual permeability characterization of 3D woven fabrics using a hybrid experimental and numerical approach[END_REF].

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. 

Reducing the impact of preferential flows

Permeabilities have been calculated by reducing the area on which the flow is calculated (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 Another solution is to directly reduce mesh sizes by removing external layers of elements. 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 x and y axes have been cut while leaving the edges perpendicular to the z axis unchanged. The results of transverse per-415 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 420 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. 

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 impermeable 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 permeability to an asymptotic permeability have been described from computations on a large range of K intra . 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 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 permeabilities 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 calculation 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' simulations 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 impermeable 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 V f,yarn in order to evaluate the effect of a non-constant intra-yarn permeability K intra on effective global permeability. The ultimate goal will be to study both experimentally and numerically the impregnation of 3D-interlocks including weeting [START_REF] Pucci | Temperature effect on dynamic wetting of cellulosic substrates by molten polymers for composite processing[END_REF][START_REF] Wielhorski | Numerical simulation of bubble formation and transport in cross-flowing streams[END_REF][START_REF] Wielhorski | Wetting effect on bubble shapes formed in a cylindrical t-junction[END_REF] and capillary [START_REF] Andriamananjara | Numerical modeling of local capillary effects in porous media as a pressure discontinuity acting on the interface of a transient bi-fluid flow[END_REF][START_REF] Pucci | Capillary wicking in a fibrous reinforcement Orthotropic issues to determine the capillary pressure components[END_REF] effects.

Figure 2 :

 2 Figure 2: Representative cell for hexagonal (a) and quadratic (b) arrangements in dash line (inspired of [35]).

Figure 3 :

 3 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 :

 4 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).

Figure 5 :

 5 Figure 5: Illustration of the initial configuration of a 3D angle-interlock fabric unit cell at sub-mesoscale.

Figure 6 :

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

Figure 7 :

 7 Figure 7: Interlock unit cell and tetrahedral mesh associated (Lx = 18.73 mm, Ly = 18.69 mm, Lz = 4.87 mm) : 135,924 nodes, 581,388 linear tetrahedral elements. Only the resin domain is meshed here (Stokes' flow simulation).

  Stokes' and Darcy's equations (Eq.4 and 5) are completed with Dirichlet (denoted D) and Neumann (denoted N ) boundary conditions on Γ = ∂Ω s ∩ ∂Ω d with Γ s,D ∩ Γ s,N = ∅ and Γ d,D ∩ Γ d,N = ∅ :

v 0 and v 0

 0 are, respectively, the velocity prescribed on the boundary Γ s,D and Γ d,D , σ n the normal stress prescribed on Γ s,N and p e,• a pressure prescribed on Γ •,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 prescribed on this interface Γ (Fig.8): the mass conservation, the continuity of the normal stress through the interface, and the Beavers-Joseph-Saffman (BJS) condition[START_REF] Beavers | Boundary conditions at a naturally permeable wall[END_REF] allowing to control the tangential component of the velocity on the interface. Considering the very low permeability values in the yarn (down to 10 -15 m 2 ) and the numerical methods implemented in this study for the Stokes-Darcy coupling, this last boundary condition has no significant influence on the flow[START_REF] Abouorm | StokesDarcy coupling in severe regimes using multiscale stabilisation for mixed finite elements: monolithic approach versus decoupled approach[END_REF][START_REF] Pacquaut | Combining a level-set method and a mixed stabilized p1/p1 formulation for coupling stokes-darcy flows[END_REF]. It will therefore not be considered in the following of this work.

Figure 8 :

 8 Figure 8: Representative volume geometry for the hexagonal arrangement in the case of permeable yarns considered as Darcy's domains.

Figure 9 :

 9 Figure 9: Normalised permeability for a hexagonal arrangement as a function of V f (equivalent to Vyarn in this particular case -Bruschke-Advani's model and Gebart's model simulations).

Figure 10 :

 10 Figure 10: Stokes-Darcy flow within a hexagonal cell unit (K intra = 10 -10 m 2 , ∆P = 1bar, µ = 10P a.s, Vyarn = 0.51).

Figure 11 :

 11 Figure 11: Effective permeability as a function of intra-yarn permeability K intra for different yarn volume fraction Vyarn.

2 6 . 72 ×

 672 10 -8 7.47 × 10 -8 [1 × 10 -10 , 5 × 10 -10 ] 0.51 8.78 × 10 -9 8.60 × 10 -9 [1 × 10 -10 , 5 × 10 -10 ] 0.7 1.40 × 10 -9 1.40 × 10 -9 [1 × 10 -11 , 5 × 10 -11 ]

Figure 12 :

 12 Figure 12: K ef f /Kasympt -1 (log scale) as a function of K intra /R 2 (log scale) for different Vyarn (quadratic arrangement) and linear regressions.

Figure 13 :

 13 Figure 13: Comparison between Shou's model and the empirical power-law (quadratic arrangement, V f = 0.51).

Figure 14 :

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

Figure 15 :

 15 Figure 15: Magnitude of velocity field (mm.s -1 ) with streamlines (white lines) on the top of the cell for a pressure gradient along x axis.

Figure 16 :

 16 Figure 16: Cross-section of a Stokes-Darcy flow within the interlock unit cell (velocity magnitude, mm/s, K intra = 5 × 10 -8 m 2 ).

Figure 17 :

 17 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).

Figure 18 :

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

Fig. 20 .

 20 Fig.20. For transverse flow, permeability converges towards a consistent value. This convergence 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.

Figure 19 :Figure 20 :

 1920 Figure 19: The calculation area is reduced (transverse flow here): the initial area is A 0 . The geometrical centre is the same for the different calculation surfaces.
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Figure 21 :

 21 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 (A 0 ,K 0 ).

Table 2 :

 2 Asymptotic permeability Kasympt from Fig.11, analytical permeability K BA from Bruscke-Advani's model and K 90 Intra for different Vyarn.

Table 3 :

 3 Minimal distance between yarns for quadratic and hexagonal arrangements.
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(Tab.4). The transverse permeability K zz is lower than the others, as expected. One