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ABSTRACT : The trend in the industry nowadays is to prodacger and larger as well
as more and more geometrically complex composites.pltroduction of the resin in
the fibrous reinforcement by LCM (Liquid Compositdoulding) techniques is
increasingly used. The simulation of this injectgirp is of prime importance in order
to ensure the quality of the so-produced part. dosd, it is necessary to take into
account the influence of local deformations (sheampression and nesting) of the
fibrous reinforcement on its permeability in themalation. This work presents a
numerical tool which has been developed in ordepriedict the influence of each
individual deformation on reinforcement permeayiliOur tool uses 3D unit cell
description which is eventually deformed and mesistdkes and Brinkman equations
are then solved on this mesh together with adedo@ab@dary conditions in order to
determine the permeability by classical homogernaechniques. An analytical model
based on weaving parameters is proposed and shemysgeod correlation with 3D
model. This model takes into account shearing,imgsind compression effects to a
certain extend. Influence of shear, compressionrasiing has been assessed for two
woven fabrics as well as the influence of the getaos model used. These models
allow to reduce the quantity of experiments neettedully characterize a fibrous
reinforcement.

KEYWORDS: Permeability, Prediction, Textile, Finite Elememnalytical model,
Experimental.

INTRODUCTION

Out of the many processes that can be used to domposite parts, Liquid Composite
Moulding (LCM) family allows producing high mechaal performances, high fibre
volume fraction as well as complex shape partsghinfield of LCM processes, the
Darcy law is extensively used to describe the réginat the macroscopic scale through
the preform by relating the local mean velocityttie pressure gradient, the permeation
liquid’s viscosity and the permeability Tensor:
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The permeability tensor, which is the key paramétethe macroscopic scale LCM
simulation, has to be known as function of the freitement’'s local deformation
(mainly shearing and compression). In order to tifiethis parameter, two principal
approaches are available: experimental tests amdemcal or analytical predictive
models. These models are in fact generally nollydiar at all) quantitatively predictive,
but rather able to predict trends and evolutionsfuaxtion of the reinforcement
deformations, for instance.

Therefore, the experimental approach is alwaysetkéul a certain extend and the main
objective of the analytical of numerical modeldasreduce the quantity of (time -and
money- consuming) experiments needed to fully cttaree a given fibrous
reinforcement in terms of permeability. Many diffat experimental setups exist and
the results obtained using these devices in thee Saonditions” (same reinforcement,
number of plies, volume fraction ...) may vary of mdhan one order of magnitude
(See paper 87 for further details concerning a Berack exercise on permeability).

The permeability as defined by H. Darcy, is thecstled “saturated permeability”,
which is an intrinsic parameter of a porous mediwvshen measured accordingly to
classical hypothesis). The abusively called “dryosaturated or transient permeability”
is not an intrinsic parameter of the porous medilNavertheless, this “unsaturated
permeability” is the correct input parameter forcnescopic LCM simulation.

In this work, we propose an analytical model aldeatcount for various fibrous
reinforcement deformations (shearing, compressiwomber of plies and nesting) and
compare it to an in house 3D finite element (FEJecavhich allows to predict (Darcy)
permeability trends/evolution as function of thekdformations. We also compare the
influence of the geometrical model used for thafeecement unit cell’s representation.

PERMEABILITY MODELS
Geometrical models of the unit cell

As the permeability is an intrinsic parameter ofqus medium, it is clear that the unit
cell geometry will be of first importance. One dfet interests of dry fibrous
reinforcements used together with an infusion/itipecprocess is its ability to undergo
important in-plane (but also out-of-plane like caegsion) deformation and in
particular shearing. This particularity makes isgible to preform them on highly non
developable geometries [1]. A direct consequencal (@rigin) of this macroscopic
ability is the important level of deformation (agaespecially shearing but also
compression) of the fibrous architecture at the gsll level. The influence of such
deformations on the unit cell's permeability havebe assed as well as the potential
influence of the geometrical model used to repreenreinforcement architecture.

In this work, we chose to use the WiseTex [2] “modgsuite” as well as Hivet/Badel’s
model [3][4] (Fig. 1). It can be seen that if theitucells seemdo be equivalent when
not deformed (Fig. 1), they are visibly quite difiet when sheared, because of the
difference of approaches used to deform them betWwgseTex (mainly geometrical
deformation) and Hivet/Badel's (mechanical caldolatusing Abaqus) models. The
influence of these differences on the unit cellssrpeability is presented in the next
paragraphs.
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Fig. 1 WiseTex (left) and Hivet/Badel's (right)ayaetrical modeling of a twill 2x2

Fig. 2 WiseTex (left) and Hivet/Badel's (rightjpresentation of a sheared plain weave
Permeability models

The prediction of porous medium’s permeability hexeived quite a lot of interest from
many research communities (geology, textile, cont@as.) in the past and is still an
active field of research. Indeed, as previously toeed, this parameter is of
importance when one wants to simulate LCM proceardghe difficulties related to its
experimental determination are a strong suppotti¢oscientific community to develop
codes and models able to alleviate this time andaypgonsuming activity.

3D permeability model

The prediction of reinforcement’s permeability sngrally based on the resolution of
Stokes and Brinkman equations in the period homagean framework. Many
different numerical methods can be used to solgsdtequations such as finite elements
[5], finite differences [6], lattice Boltzmann ... @ra has developed in the past a 3D FE
code able to tackle this problem together withrtteshing issues generally reported [7].

Analytical permeability model

In this work, we propose an analytical model fornpeability prediction of woven
fabric [7]. It is built up on the distinction betese macro (Stokes) and micro (Brinkman)
porosities and based on geometrical parameters Stdilees regions are represented as
constant section channels with a section geomegpemding on the type of
reinforcement, the volume and permeability of thenBnan region (the tows) are also
taken into account as well as other parameterghigenesting between the plies ... It is
a predictive model able to predict trends/evolutadter fitting of only one parameter
(not a multi-parametric fit on experimental or nuical results).
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Results

Permeability predictions have been performed ol @vid plain weave fabrics with
both WiseTex and Hivet/Badel's models and for tiofving parameters: compression,
shearing, nesting and number of plies. The FigurbeBow, illustrate the results
obtained with the 3D FE (dots) and analytical @nenodels on a twill 2x2 fabric as
function of the number and nesting between pligsaf@iven and constant volume
fraction of fiber (55%). The red and blue linesidefa “region of permeability” for this
fabric. This figure shows that the nesting greaifjuences the permeability of woven
fabrics. The configurations illustrated by the dede, which is the one obtained for
“minimum nesting” -that is to say with the pliescked on each other without any “in-
plane” shift of the unit cell- are clearly statistily not the most probable ones as the
nesting (energetically) eases the compression atketl plies. Nevertheless, the
analytical model is able to represent both theugrite of nesting and number of plies
after fitting on the permeability value obtainediwthe 3D FE in the case of one ply.
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Fig. 3 Permeability prediction (line for analyti@ad dots for 3D FE model) as function
of number of plies with -maximum- (red) and with@lokue) nesting
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Fig. 4 Permeability prediction (3D FE model) asdtion of shearing angle for
WiseTex (red) and Hivet/Badel's unit cell model&a(p weave fabric)

The Figure 4 illustrates the influence of the maatethe permeability prediction.
Again, it points out the fact that a simplified nebdan be used when dealing with
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limited deformation, but should be avoided for lgbdeformation states. In this case
(shearing), the “limit angle” is important (~40%9dause of the quite “loose” geometry
used (the gaps between tows were important indhedeformed state, and the nesting
between plies has not been considered here), batHer reinforcements, it could be
considerably lower. As a general statement, itEsaid that the “limit angle” can be,
somehow related to the mechanical “locking angle”.

CONCLUSION

We presented a limited comparison (full to be pmés# during FPCM10) between
permeability results obtained with a 3D FE code amd analytical model. Good
correlation is found in most of the cases. We ats@stigated the influence of the
geometrical model used and have shown that it washwising a more complex but
realistic geometry of the unit cell in the caséigh deformations.

ACKNOWLEDGMENTS

The work reported here has been carried out insttape of the project LCM3M
(National French Agency for Research ANR).

REFERENCES

1. Boisse P., Zouari B., Daniel J.-L. Importance ofplane shear rigidity in finite
element analyses of woven fabric composite perfiogn{2006) Composites Part A:
Applied Science and Manufacturir@y (12), pp. 2201-2212.

2. S.V.Lomov, G. Huysmans, Y. Luo, R. Parnas, A.dPsmou, |. Verpoest, F. R.
Phelan : Textile composites models: Integratingtsties Composites Part 82 (2001)
1379-1394.

3. Hivet G., Boisse P. Consistent 3D geometrical madeflabric elementary cell.
Application to a meshing preprocessor for 3D fidtement analysis:inite Elements in
Analysis and Desigréd2 (1), pp. 25-49 (2005).

4. P. Badel, S. Gauthier, E. Vidal-Salle; P. BoissateRconstitutive equations for
computational analyses of textile composite reicgarent mechanical behaviour during
forming, Composites Part AOn line, doi : 10.1016/j.compositesa.2008.04.015.

5. R. Torres-Carrot, Estimacion de la permeabilidadd@Dos refuerzos tejidos en la
fabricacion de piezas en materiales compuestosamiedModelo por Transferencia de
Resina,Thése DoctoraleUniversidad Politecnica de Valencia, 2004,

6. B. Verleye, Computation of the permeability of nwsitale porous media with
application to technical textileBoctoral ThesisKUL, 2008.

7. B. Laine, Influence des déformations d’'un renfobrdux sur sa permeabilité :
modélisations et expérienc@hese doctoraleENSAM Paris, 2008.



