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Procédés LCM et RTM

Procédés de moulage des composites par voie liquide

septembre 2023

Techniques d’injection a basse pression

Cette introduction présente le procédé RTM (Resin Transfer Molding) ainsi que ses certaines de
ses variantes, qui font toutes partie de la famille des procédés de moulage par voie liquide
(Liquid Composite Molding, LCM) :

¢ Resin Transfer Moulding (RTM)

* Vacuum assisted Resin Transfer Moulding (VARTM)

* Vacuum assisted Resin Infiltration (VARI or RTM Light)
e SCRIMP RTM

Principe général du procédé RTM

En RTM, un renfort fibreux est découpé aux dimensions nécessaires et placé dans un moule
(Figure 1). Le moule est ensuite fermé, ce qui compresse et met en forme le renfort. Un
polymere est injecté a basse pression (< 6 bar) pour imprégner les renforts. Lorsque le moule est
completement rempli, il peut étre chauffé pour faire réticuler le polymere. La piece est finale-
ment démoulée et peut éventuellement subir un traitement thermique supplémentaire pour
améliorer la réticulation.

FIGURE 1: Principales étapes du procédé

Equipement

* Moule rigide

¢ Systeme d’ouverture/fermeture du moule (presse hydraulique, systéme de palans, vessie
sous pression...)

* Dispositif d'injection (pression, débit)
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Moule

Le moule est composé de deux moitiés et peut-étre réalisé en différents matériaux, selon la
complexité et la quantité de pieces a produire (Table 1).

Matériau Température Nb. de piéces Cotit
max. (°C) par moule relatif (%)
Polyester, vinylester ~25 1000 20
Epoxy 60 4000 30
Nickel shell 60 5000 70
Aluminium > 60 20000 80
Acier > 60 > 20000 100

TABLE 1: Matériaux pour moule

Matériaux

Renfort fibreux

Presque tous types de fibres peuvent étre utilisés (par ex. verre, carbone, aramide, fibres na-
turelles...), sous diverses architectures (mat, tissé, tressé, non-ondulé/NCE...). Le renfort doit
cependant étre découpé au préalable a la forme du moule.

Dans le cas de pieces complexes tridimensionnelles, le drapage avec certains types de renforts
(par ex. UD, non-ondulé) peut devenir problématique. De méme, les fibres courtes et les unidi-
rectionnels sont plus rarement utilisés car ils risquent de bouger lors de l'injection du polymere.
C’est particulierement le cas lorsque la pression d’injection est élevée (> 6bar), auquel cas la
préforme peut méme se retrouver chassée au bout du moule.

Polymeres

Les polymeres les plus utilisés sont les résines thermodurcissables. Des résines thermoplas-
tiques qui polymérisent directement dans le renfort pendant 1'injection, tels qu”APLC12, Elium
ou Cyclics, ont été développées récemment. Le temps de gel doit étre suffisamment long pour
remplir le moule completement. La viscosité de la résine doit étre assez basse pour imprégner
rapidement le renfort fibreux. Les thermoplastiques sont généralement plus visqueux que les
thermodurcissables, augmentant également le risque de déplacement de la préforme. C’est
pourquoi leur utilisation reste problématique et peu répandue.

Inserts

Des coeurs pour des constructions sandwich et des inserts métalliques peuvent étre placés dans
le moule avant injection.

Parametres du procédé

Température

La température du moule est réglée en fonction du polymere. Généralement, la température la
plus élevée possible est préférée afin de diminuer la viscosité de la résine. Cependant, plus la
température est haute, plus la résine réticulera rapidement, ce qui raccourcira donc la fenétre
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de fabrication. Il faut alors trouver le meilleur compromis de température afin de remplir
completement le moule en un minimum de temps.

Pression

Une pression d’injection de l'ordre de quelques bars est généralement choisie (jusqu’a 12 bar).
Une pression trop élevée risque de déplacer le renfort, ce qui risque de diminuer les propriétés
mécaniques de la piéce obtenue (désalignement) voire méme de générer du rebut.

Points d’injection

En fonction de la taille et de la complexité de la piéce a réaliser, il peut étre nécessaire de prévoir
plusieurs points d’injection. Une injection en ligne (runners) peut aussi étre réalisée. Le moule
peut étre rendu étanche par le biais de joints, ou avec un bord de pingage (« pinch-off edge »,
Figure 2).
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FIGURE 2: Bord de pingage (gauche) et joint (droite)

Simulation numérique

Pour limiter au minimum la complexité du moule tout en garantissant son remplissage rapide,
des simulations numériques de 1’écoulement peuvent étre réalisées. Le renfort de taux volu-
mique de fibres V; est modélisé comme un milieu poreux incompressible de porosité ¢ = 1-V7,
et a partir des conditions aux limites imposées (pression, vitesse), un écoulement y est simulé
via la loi de Darcy :

K
A n

ou ) le débit volumique, A la section de la cavité, K la perméabilité des renforts, 7 la viscosité
dynamique de la résine, et P la pression. U est le flux volumique de fluide, aussi appelé vitesse
superficielle. Bien que cette grandeur soit homogene a une vitesse, elle ne représente pas la
vitesse du fluide v dans les pores. La vitesse moyenne du fluide est en fait donnée par v = U/¢.

Les pieces de faible épaisseur peuvent étre simulées en 2D, mais celles plus épaisses pour
lesquelles la perméabilité varie dans 1’épaisseur nécessitent en général une analyse 3D. En 2D,
cas le plus souvent considéré en RTM, la loi de Darcy s’écrit :

~ Ty or

Uy N \Kyz Kyy) \3y
La vitesse d'imprégnation dépend donc de la viscosité de la résine, elle-méme fonction de la
température. Le tenseur de perméabilité peut étre controlé en choisissant différents matériaux,
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Part filling Temperature distribution

10 sec.

FIGURE 3: Simulation numérique de 'imprégnation d"un piece [5]

architectures de renforts, ou géométries de moule. Si l'imprégnation est trop longue, il devient
également nécessaire d’inclure la cinétique de réticulation de la résine dans le modéle.

De nombreux logiciels permettent ce type de simulations, souvent réalisées par la méthode des
éléments finis. Les simulations de I"écoulement peuvent étre couplées a d’autres phénomenes
selon leur importance (thermique, mécanique, etc) et selon les capacités du logiciel utilisé. On
va par exemple s’intéresser aux échanges thermiques afin d’estimer correctement 1’évolution
de la viscosité. Quelques exemples de logiciels incluent : PAM-RTM, COMSOL Multiphysics,
ANSYS, LIMS, RTMFLOT...

Propriétés mécaniques

Le procédé RTM peut faire appel a une large gamme de matériaux et de types de renforts, et
offre donc la possibilité d’obtenir une grande variété de propriétés mécaniques (Table 2). Le
RTM permet aussi de modifier localement le composite (type et nature des fibres) et est donc
plutot utilisé pour des pieces de structure.

Architecture Vy (%)  Résistance en Module de
flexion (MPa) flexion (GPa)

Mat 7.5—25 65— 180 5.5 —11

Préforme continue 19 —40 160 — 250 9-—-14
Tissé 32 —45 300 — 400 15 —21
Unidirectionnel 32 —-50 600 — 750 22 — 28

TABLE 2: Exemples de propriétés mécaniques pour des composites polyester — fibres de verre.

Il est plus facile de draper des renforts a fibres courtes dans des moules complexes, mais les
propriétés mécaniques sont inférieures a celles obtenues avec des renforts a fibres continues. Le
choix des matériaux sera dicté par le cotit des matieres premieres, les performances recherchées
et les volumes de production.

Aspects économiques

L’un des criteres les plus importants dans la sélection d"une méthode de fabrication est presque
toujours le cotit, sauf pour des applications de pointe telles que la formule 1 et le spatial. Le
nombre de pieces a produire et la cadence sont important pour choisir le procédé le plus adapté
(Figure 4).
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FIGURE 4: Comparaison schématique du cofit de certains procédés

RTM vs moulage par compression RTM vs moulage par contact
* Moules et équipement moins chers * Moule et équipement plus chers
* Meilleures propriétés mécaniques Meilleures propriétés mécaniques
* Reproductibilité similaire Meilleure reproductibilité et tolérance
¢ Temps de cycle (beaucoup) plus longs ¢ Temps de cycle plus courts
* Main d’oeuvre plus chere Main d’oeuvre moins chere
* Matériaux plus chers (textiles) ¢ Moins d’émissions de COV

Le RTM peut étre utilisé dans les productions a moyen volume
du domaine automobile, avec par exemple le toit de la BMW M3
(Figure 5). Les composites fabriqués ainsi peuvent s’avérer peu
compétitifs avec 'acier malgré un gain de masse substantiel, a
cause notamment de temps de cycle plus longs et de matériaux
beaucoup plus chers (tissus en carbone).

FIGURE 5: Toit de la BMW M3
(6000 pieces/an)

Applications

Le procédé RTM permet de réaliser des pieces complexes et relativement grandes. Grace au
choix des matériaux, de l'architecture du renfort et du procédé de fabrication, il est possible de
satisfaire une grande gamme d’applications (Figure 6).

FIGURE 6: Applications : automobile (BMW i3), industrie nautique
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Quelques autres procédés par voie liquide (LCM)

De nombreux procédés de mise en oeuvre de composites par voie liquide existent aujourd’hui,
avec des différences subtiles pour certains d’entre eux [4]. Nous présenterons ici quelques
variations que 1’on retrouve régulierement.

Vacuum assisted Resin Transfer Moulding (VARTM)

En RTM standard, le moule contient initialement de 1’air qui est ensuite chassé par la résine lors
de I'imprégnation. Le procédé VARTM utilise un moule étanche, dans lequel Iair est raréfié
en tirant le vide. Cette opération nécessite un moule un peu plus complexe et un systéme de
joints d’étanchéité, ce qui engendre des cofits supplémentaires. Cela permet permet cependant
de réduire les transferts d’humidité, d’augmenter la pression de fermeture, et d’accélérer le
remplissage du moule grace au différentiel de pression plus important.

RTM Light

Le procédé RTM Light est similaire au procédé VARTM, mais fait appel a un réseau de vide
secondaire pour fermer le moule. Le moule supérieur est en général semi-rigide, et fabriqué a
partir d'un matériau léger.

Injection résine Axe de symétrie
(1Bar) de la piéce

Prise de vide ‘

(- 1Bar)

Joints *

Prise de vide (-0,5 Bar)
+ piége a résine silicone

Tissus secs

Poingon
semi-rigide

FIGURE 7: Schéma du principe du RTM Light

Vacuum Assisted Resin Infusion (VARI)

Les renforts sont d’abord placés dans le moule, puis recouverts par un film, une membrane ou
une coque flexible pour le fermer hermétiquement. Des tubes d’entrée et des sortie sont placés
a des emplacements sélectionnés, afin de faire un réseau de vide et d’écoulement. Le tout est
tenu en place en tirant le vide et un systéme d’injection est connecté au moule. Lorsqu’un vide
suffisant est atteint, on laisse la résine imprégner le renfort. Le tirage du vide est arrété lorsque
le moule est plein et la réticulation commence. Apres réticulation, le moule est ouvert et la
piece peut étre démoulée.

L othe; consumables
mould (flow grid, peel ply,....)
. upper mould

sealing tape (gﬁn, plate...)

FIGURE 8: Principe du procédé VARI
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Equipement
Ce procédé requiert un équipement limité (moule, pompe a vide), mais peut faire appel a une
quantité importante de consommables a usage unique (baches, tuyaux et films divers).

Moule
Le moule inférieur peut étre similaire a ceux utilisés en moulage par projection (polyester,
vinylester ou époxy). Plusieurs variantes sont possibles pour le moule supérieur :

Film
[ ]
[ ]
[ ]

a vide

Bon marché

Undercuts possibles
Etat de surface moyen
Fermeture du moule as-
sez longue

Risque de déchirement
Controle visuel possible
Pas d’angles saillants
Usage unique

Membrane élastomere

¢ Chere
* Undercuts possibles

¢ Qualité de surface cor-

recte
* Facile a appliquer

¢ Risque de déchirement

au démoulage
¢ Angles peu
possibles

saillants

Coque composite

Plus chére

Undercuts impossibles
Bonne qualité de surface
Facile a appliquer

Facile a démouler
Angles saillants possi-
bles
Meilleur
'épaisseur

controle de

e Réutilisabilité (100-200)

Comparé au RTM

Comme la fermeture du moule est assurée par 1'air environnant via le tirage du vide, les con-
traintes de compression atteintes (< 1bar) sont souvent moins importantes qu’en RTM, et les
fractions volumiques de fibres maximales seront elles aussi moindres. Cependant les moules
sont moins chers, et cette technique peut étre utilisée pour fabriquer de trés grandes pieces (par
ex. des coques de bateau). Les piéces sont souvent réticulées dans les conditions ambiantes.

Seemann Composites Resin Infusion Molding Process (SCRIMP)

Le procédé SCRIMP utilise un systéme breveté de distribution de la résine pour diminuer le
temps d’infiltration. Un textile & mailles trés ouvertes est placé sur la surface du renfort. La
résine se propage trés rapidement dans ce textile et impregne le renfort a travers 1'épaisseur
(Figure 9). Il peut étre vu comme une évolution du procédé VARI.

—— Peel ply
/~Sealing tape ; eel ply

SRR

. Flow ‘
medium | /
\ Vent

a |
Sprue

— Vacuum — Fibre material /

bag film |
Tool —

FIGURE 9: Procédé SCRIMP
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Liquid Injection Compression Moulding

La préforme est placée dans le moule, qui reste entrouvert. La ré-
sine est injectée et le moule est ensuite refermé. Cette compression
a la fermeture du moule est censée améliorer la distribution de la
résine et I'imprégnation du renfort.

Equipement
Une presse hydraulique est nécessaire afin d’atteindre une force

suffisante. |.

Moule

Le moule est fabriqué en acier et/ou en alliage métallique. o !
Comparé au RTM

Le recours a une presse hydraulique augmente considérablement

le prix de I’équipement. De plus, des machines d’injection a haut FIGURE 10: Liquid injection
débit sont souvent utilisées pour diminuer le temps de cycle. compression
moulding

Les temps de cycles sont ainsi plus courts qu’en RTM (de quelques minutes a quelques secon-
des). Les pressions d’injection plus élevées et les distances d’écoulement plus courtes rendent
aussi possible 1'utilisation de résines plus visqueuses. De 1'air reste par contre plus souvent
bloqué dans le moule, augmentant la porosité et abaissant les propriétés mécaniques. Finale-
ment, la qualité des surfaces n’est pas aussi bonne qu’avec le RTM. L'application d"une couche
de gelcoat est donc indispensable pour les pieces d’apparence.
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Abstract

This standard is issued in order to create a set of experiments for one to characterize permeability of
any given fabric used in a liquid composite molding process. This standard will establish a general
procedure and list of experimental requirements to fulfill in order for your resulting permeability data
to be considered valid by a general audience who is familiar with this field of work.

Key words: Permeability, Resin Transfer Molding (RTM), Resin Injection, One-D Flow Experiment

1. Scope

1.1.

This standard is designed to measure the per-
meabilities of unidirectional, woven, and stitched
preform fabrics. This standard is only designed
to be used to measure the in-plane (parallel to
woven plane) directions.

1.2.

This standard uses a mold with two rigid mold-
ing surfaces commonly used in the Resin Transfer
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Email addresses: jbalms@udel.edu
(Justin B. Alms), ncorreia@inegi.up.pt
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Institute of Mechanical Engineering and Industrial
Management
2Center for
Delaware
3Center for Applied Research on Polymers and Com-
posites, Ecole Polytechnique Montréal

Composite Materials, University of

Molding (RTM) process. Performing the experi-
mental procedure described within this standard
characterizes the fabric permeability at one fiber
volume fraction. To characterize the permeability
as a function of fiber volume fraction, this proce-
dure must be conducted at least three times while
varying the fiber volume fraction (i.e. varying the
number of layers or mold thickness).

1.5.

Over the years, many permeability character-
ization methods to experimentally measure per-
meability have been developed. Richard Parnas
in 1995 while leading the Polymer Composites
division at the National Institute of Standards
and Technology was the first to suggest such a
standard [1, 2]. Since then many experimental
characterization techniques have been developed
in Trochu and Advani research groups for single
scale and dual scale fabrics [3-8]. There are other
researchers who have also reported characteriza-
tion and measurement techniques with different
modifications. This standard does not plan to ad-
dress all concerns and possible permeability char-
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acterization methods but will focus on providing w Width of the fabric, [m];
guidelines for interested researchers to follow a s Fluid flow front, [ml];
test method for specific fabrics. The results of ¥y Farthest flow front position from
which will be compiled and reliability of the test inlet, [m];
method evaluated as a publication with all the T, Nearest flow front position from in-

participating researchers as co-authors.

2. Terminology: Symbols

Aw = Aerial weight, weight of one layer
of reinforcement per unit area,
[g/m?];

CV = Permeability coefficient of varia-
tion, [%];

€ = Percentage error, [%];

h = Thickness of the fabric stack, [m];

I = Pressure integral value, [Pa-s|;

K.r, = Experimental permeability in the
length direction of the mold, [m?];

K., = Average of experimentally mea-
sured permeability, [m?];

K?,, = Measured permeability in the
warp direction, [m?[;

K72, = Measured permeability at 45°,
(m?];

K = Measured permeability in the
weft direction, [m?];

L = Length of the fabric, [m];

m = Slope of zss; vs. t; trendline,
[m?/s];

M; = Mass of all fabric layers used in an
experiment, [g];

i = Viscosity of fluid, [Pa-s|;

n = Number of (x;, t) data points
recorded in an experiment;

N = Number of experiments in a set;

Ny, = Number of fabric layers.

o) = Porosity of fabric, (1-V});

Py = Injection pressure at the inlet,
driving the fluid flow, [Pa];

R = Average of racetrack factor;

pf = Density of the reinforcement,
[g/m”];

Sn—1 = Permeability standard deviation,
(m?];

t = Time during infusion, [s];

Vi = Fiber volume fraction, (1-¢);

let, [m]; and

3. Summary of Test Method

In this test, several layers of a fabric preform
used for making Fiber Reinforced Plastics (FRP)
are cut into rectangles and stacked into a rigid
mold. The fabric stack is then compressed by
closing the mold, bringing the two surfaces of the
mold together until they come in contact with the
rigid spacer frame forming an air tight seal. Once
the mold is closed and secured, a liquid resin or
test fluid is injected into the mold cavity. The
fluid flows through the open pores or free spaces
within the fibrous reinforcement. The resin is in-
jected into the mold in a manner in which results
in a one dimensional flow front pattern. As the
flow progresses the fluid flow front is recorded at
several times throughout the injection. The in-
jection is discontinued once the resin flow front
reaches the vent side of the mold. An analysis
based on Darcy’s Law (1) [9] is then conducted to

K 0P
(W) == o )
determine the permeability in the direction par-
allel to the resin flow [10, 11]. In Equation (1)
(u) represented the volume average flow velocity,
K is the permeability tensor, and dP/0x is the
pressure gradient.

4. Experimental Materials

4.1. Fabric

The fabric preform used in the permeability
experiments which follow this standard should h-
ave a similar architecture to typical fiber used in
FRPs. These fabrics should have a regular struc-
tural pattern with a high degree of uniformity
throughout the entire supply of fabric which is
used in a set of experiments. Only a single mate-
rial should be used in a given set of experiments.
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This procedure and analysis does not claim to pro-
vide any information on permeability of a lami-
nate of multiple types of fabric.

4.1.1. Fabric Layer Dimensions

Though mold dimensions should not have an
effect on permeability, certain conditions should
be met to minimize effects which commonly occur
and cause invalid permeability results. In order
to minimize the influence of non-uniform nesting
between experiments, the number of layers placed
into the mold is prescribed to be 10. The com-
pressed fabric stack-up should have a thickness
between 2.5 and 10.0mm (thickness of the spacer
plate) and should be longer than it is wide. The
length of the fabric is defined in the direction of
the resin flow. The aspect ratio n, defined in
(2), should adhere to the following condition also
shown in (2):

length
77 =

> 3. 2
width_?)o (2)

4.2. Fluid

Thermosetting polymeric resins are the typi-
cal fluid used in the actual manufacturing of the
FRPs. These fluids are normally assumed to be
Newtonian, at least prior to gelation, and as such
only a Newtonian fluid should be used as a test
fluid for experimentation. Also the fluid should
have uniform properties, thus fluids with suspend-
ed particles or catalyzed resins should not be used
in conjunction with this measurement technique.
As standard test fluid, silicone oil of controlled
properties is preferred for experimentation. The
uniformity of the fluid should be verified by mea-
suring the viscosity of the fluid before and after
it has infused the fabric. Lastly, the fluid should
have a comparable viscosity to typical resin sys-
tems used in the Liquid Composite Molding (LCM)
manufacturing industry. The viscosity, u, of the
fluid should fall within the range given in (3):

100.0 < p < 200.0centipoise (3)

5. Apparatus

5.1. Mold Assembly
A proper mold must be used in order for the
characterization of one dimensional permeability.

TP RTM
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A typical characterization mold is composed of
five key components, one top molding surface, one
bottom molding surface, one intermediate frame
(spacer plate), one injection connection, and one
venting connection. A schematic representation of
a typical mold is shown in Figure 1. Other mold
configurations are also possible while respecting

//"
= Top Mold
Frame

>

=

Bottom Mold O-Ring Seal
Injection

Vent

Figure 1. Schematic representation of a typical
mold to be used in conjunction with this standard.

the guidelines of Sections 5.1.1 to 5.1.3. Addi-
tional necessary hardware not shown in Figure 1
includes a positive pressure chamber such as a
spray paint pressure pot and a calibrated pres-
sure sensor.

5.1.1. The Mold Surfaces

Both top and bottom molding surfaces must
be specifically designed to resist deflection as much
as possible during the closing of the mold which
compresses the fabric. Special care must be taken
to reduce the deflection as much as possible. The
amount of deflection should be approximated us-
ing a standard analytical technique such as plate
theory, a numerical technique, or directly mea-
sured using an experimental technique. A descrip-
tion of these efforts and results of calculating this
approximation are to be included in the report-
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ing requirement along with measured permeabil-
ity values.

Minimizing deflection is important because per-
meability analysis technique for analyzing one di-
mensional flow using Darcy’s Law (1) [9] assumes
a constant thickness throughout the length and
width of the mold. The acceptable limit of mold
deflection is defined as 2% of the nominal thick-
ness of the mold.

5.1.2. The Intermediate Frame

The intermediate frame also known as the spa-
cer plate goes between the two molding surfaces
and defines the thickness and thus fiber volume
fraction of the laminate to be infused. The frame
also defines the inner cavity in which fabric pre-
form layers will be placed. It is important to cut
the fabric layers carefully to exactly fit within this
cavity so that the fabric edges come directly into
contact with the frame walls. The only impor-
tant measurement for the frame is that it should
have a uniform thickness and should conform to
at least an ISO IT10 geometric tolerance. Sev-
eral measurements should be taken using accu-
rate calipers of the frame and the details of these
measurements will be included in the reporting
requirements.

5.1.8. The Inlet and Vent Tubes

The inlet and vent tubes should have a secure
connection to the bottom mold surface. Prior
to the injection of resin or test fluid the inlet
and vent tubes should be in fluid contact with an
empty space which allows resin flow along the en-
tire width of the mold to ensure one dimensional
flow. Shown in Figure 2 is a schematic illustra-
tion of a typically tube, empty gap, fabric, silicone
seals, and frame arrangement.

5.1.4. The Fluid Injection System

The injection unit is a container in the form of
a pressure pot in which the resin or test fluid can
be deposited prior to injection. This container
is then tightly closed and pressurized. The con-
tainer should be free of air leaks at the prescribed
injection pressure. Also the air pressure inside of
the container should be controlled by a pressure
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Figure 2. Top view schematic representation of
a typical arrangement of the inlet and vent tubes,
fabric, frame, empty gap, and silicone seals.

regulator. Pressure must be kept constant during
injection with a deviation of no more than 2% of
nominal injection pressure.

5.1.5. The Pressure Sensor

A calibrated pressure sensor should be placed
in fluid contact with the empty gap connected to
the resin inlet. The pressure sensor is intended to
produce the best possible data for the injection
pressure independent of various hardware config-
urations. The pressure transducer should be lo-
cated near the entry point to the mold in such a
way that hydrostatic pressure is measured. This
is usually done by placing the pressure sensor on
a “T” fixture, where the transducer is opposed to
the fluid inlet. The pressure transducer should

have a manufacturer’s accuracy rating of 0.5%
Full Scale (FS) or lower.

5.1.6. Data Acquisition Unit

A data acquisition unit is required to record
the injection pressure in real time during the ex-
periment. The unit needs also to acquire the po-
sition of the fluid flow front during the injection.
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The technique used to track the flow front evolu-
tion has to be accurate enough to detect not only
its position but also any flow distortion such as
edge effects (also known as race-tracking) which
are an important source of error.

6. Procedure

6.1. Measure Fabric Compressibility

To facilitate an accurate approximation of mo-
Id deflection the first step is to characterize the
fabric preform compressibility. Flat plates should
be mounted to both fixtures of an instron ma-
chine. A minimum of 15mm of uncompressed fab-
ric layers are stacked on the bottom fixture. The
fabric is compressed at a cross head rate of 1 mil-
limeter per minute. During the compression the
force on the load cell and displacement of the cross
head are constantly recorded. Knowing the force,
area of the fabric layers, and the displacement of
the cross head; a correlation should be created for
this tested fabric between pressure, thickness, and
fiber volume fraction.

6.1.1. Exceptions

The process of measuring fabric compressibil-
ity may be omitted if any of the following condi-
tions are met:

1. If the mold closure is accomplished by plac-
ing the entire mold inside an industrial style
hydraulic press with adequately thick platens
to reinforce the mold.

2. If the mold deflection is experimentally mea-
sured to ensure it is below the acceptable
limit.

6.2. Fabric Cutting

The fabric can be cut by hand with an appro-
priate template or preferably with an automated
fabric cutting machine. Special care should be
used to make sure that the all cuts are either par-
allel or perpendicular to principal in-plane tow di-
rections of the fabric. The most important aspect
of the fabric cutting is the dimensional tolerance,
d, of width of the cut fabric shown in (4).

B +1.0mm
- —0.0mm

0 (4)
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This tolerance is specified to prevent the forma-
tion of racetracking which occurs when the fabric
width is smaller than the inner width of the mold
frame. The width of fabric should be cut as close
as possible to fit exactly into the mold frame.

6.3. Fabric Mass Measurement

After the layers of fabric have been cut, stack
the fabric on top of each other. Using an accu-
rate and calibrated scale with a resolution of at
least 0.1g, measure the mass of the fabric stack.
Record this measurement as it will later be used
to calculate the fiber volume fraction.

6.4. Mold Assembly

First the inlet and vent tubes are connected
to the bottom molding surface. The tube connec-
tions should be made to be air tight. The frame
is than placed on top of the bottom surface. The
interaction of the frame and the molding surface
must have a sealing gasket to prevent any fluid
leakage during the injection. Then the fabric pre-
form layers are stacked on top of the bottom mold-
ing surface and in between the walls of the frame
as shown in Figures 1 and 2, the number of layers
shall be prescribed to 10. To avoid any racetrack-
ing of the resin to take effect, a silicone sealant
can be used on the sides of the preform (see de-
tail on Figure 2). The upper half of the mold is
then placed on top of the fabric and frame.

6.4.1. Component Alignment

During the stack up of these components align-
ment during placement is critical to prevent the
fabric layers from becoming moved during mold
assembly. A typical effort to providing sufficient
alignment is to have holes drilled through all the
components in the four corners of the mold. Metal-
lic pins can be inserted into these holes prior place-
ment of the frame, fabric, and top molding sur-
face.

6.5. Mold Closure

The mold is closed by compressing the fabric
until both molding surfaces become into contact
with the frame. Mold closure can be accomplished
by perimeter bolting, perimeter clamping, or by
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placing the entire mold into a device similar to a
hydraulic press. If a perimeter closing technique
is used the maximum deflection of the middle of
the mold should be calculated, and additional re-
inforcing methods are recommended.

6.6. Resin Injection
6.6.1. Measure Fluid Viscosity

A resin or test fluid should be prepared and
the fluid viscosity should be measured with a cal-
ibrated viscometer or rheometer. The viscosity
measurement should be conducted at the same
temperature at which the resin or test fluid will
be injected.

6.6.2. Pressurize the Fluid

Once the fluid viscosity is known it is placed
inside of the pressure pot and the pressure pot
is closed to form an air tight seal. A tube is ar-
ranged so that once the pot has been pressurized
the resin will come out of the pressure pot. At this
point this tube should be clamped or closed in any
other manner to prevent resin flow. A compressed
air source is attached to an air pressure regula-
tor which feeds the pressure pot. The injection
pressure, P;yy, of the fluid must be sufficiently
large so that the dominating driving pressure of
the fluid is the applied pressure and not capil-
lary pressure. Injection pressure should not be
too high to avoid any fiber washout or significant
mold deflection. The limits on injection pressure
are shown in (5).

100kPa < P; < 200kPa (5)

6.6.3. Initiate Fluid Flow

Prior to injection, the data recording system
in place should be turned on. The pressure at the
inlet should be recorded during the injection as
well as the time and flow front position. The in-
let tube is then opened to allow fluid flow through
the mold. Once resin begins to flow out of the
vent tube, the data acquisition system may be
discontinued. The inlet tube remains open until
an amount of resin suitable for a viscosity mea-
surement flows through the vent tube into a con-
tainer. Once the appropriate amount of resin has
been collected the inlet tube may be closed.

TP RTM

ANNEXE II

0.6.4. Measure Final Fluid Viscosity

To verify the fluid used in the experiment was
uniform during the injection the viscosity of the
fluid which exits the mold must be measured. The
process of collecting fluid which has infused the
fabric and measuring its viscosity is only required
once for a given set of permeability experiments
given that the same batch of fluid is used through-
out all the experiments in the set.

7. Number of Experiments

7.1. In-Plane Isotropic Materials

For materials which are isotropic in the plane
such as Continuous Filament Mat (CFM) a min-
imum of three experiments should be conducted.

7.2. In-Plane Anisotropic Materials

For materials with different warp and weft per-
meabilities, such as unidirectional, woven, or stit-
ched fabrics, at least three sets of experiments
must be conducted. One set is conducted in the
warp direction, 0°, another set is in the weft direc-
tion, 90°, and the last set is in between the warp
and weft directions, 45°. Each set consist of at
least three identical experiments for the purpose
of statistical averaging.

8. Calculations

Two techniques can be used to perform the
calculation of the unidirectional permeability mea-
sured through this standard. The first case is
based on a linear interpolation of the squared flow
front position in time while the second case uses
an statistical approximation of the experimental
data. Both techniques should result in similar val-
ues. The two techniques are detailed in Sections
8.2 and 8.3.

8.1. Fiber Volume Fraction

Fiber volume fraction, V/, is a measure which
represents the percentage of volume in the mold
which is occupied by the reinforcement. Since the
permeability of a material is a function of V; it
is important to report this value along with the
permeability measurements. For each experiment
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calculate the V; and include it in the report. To
calculate V4, first calculate the aerial weight of
the fabric as follows:

My

Ay — — I
YT LWN,

(6)

Then calculate the V; as follows:

o AwNL
psh

Vs (7)
Lastly, porosity, ¢, is a measure related to V;
which represents the volume percentage of empty
space in the mold and is calculated as follows:

p=1-V; (8)

8.2. Squared Flow Front Approach

In order to determine the one dimensional per-
meability for a constant injection pressure test,
the experimental flow front position must be plot-
ted versus time. This graph should look similar
to the one on Figure 3.

Flow Front Position, x

Time, t

Figure 3. Schematic graph of typical constant
pressure flow front position versus time results.

The flow front position must then be squared
and plotted versus time. According to Darcy’s
law, this should look as a straight line as depicted
in Figure 4. A linear trend line can then be ob-
tained from this treated data. The slope of this
trend line, m, is then determined for the charac-
terization of permeability. For a one-dimensional
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Figure 4. Schematic graph of typical constant

pressure flow front position squared versus time

results. This line is normally produced by com-

puting a linear trend line of the recorded data

points. The slope of this line is the shown param-
eter, m.

constant pressure injection, the permeability of
the fibrous reinforcement can be evaluated based
on Darcy’s law as shown in (9).

- x?‘f,i¢ﬂ

Kepp = 9
P 2PItz ( )

Using Equation (9) and the slope, m, of the graph
shown in Figure 4, the experimental permeability
value can be obtained as follows (10).

o p
—m

Kex =
Paop

(10)

The error of the measure using this analysis tech-
nique can be estimated in the following form:

n

1 2
e =100 x Ez<xff,i_ mti)

i=1

(11)

8.3. Least Square Fit Approach

A least square fit can be applied to the exper-
imental pressure data in order to estimate perme-
ability value that will be self-correlated to Darcy’s
law. The integral solution of a Darcy’s flow can
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be computed in the following form (12) and (13)
3]

I(t) = /0 t Pr(t)dt

~[(Pri1+ P
_ K%ﬂ) (ti - ti_l)}
=2

- 2K 1/2
Tpp = (W f(t))

By applying a least square fit on equation (13),
the following parameter a can be calculated using
equation (14) and (15).

Z 5 VL

o= (14)

S
=2

Priy+ Pry
I, = (LlTﬂ) (ti —tio1)

The value of parameter a calculated using equa-
tion (14) finally leads to the mean permeability
value as follows (16).

(12)

(13)

(15)

a’ ¢

2
The error of the measure using this analysis tech-
nique can be estimated in the following form:

1 Z” 2
i=2

8.4. Racetracking

Racetracking is the fluid flow behavior which
occurs when there is a specific area of relatively
low resistance to flow. This most often occurs
along the edges of the mold where the fabric con-
tacts the inner walls of the intermediate frame.
This behavior has an effect on the apparent one
dimensional permeability and it is nearly impos-
sible to prevent completely [12]. For each experi-
ment calculate the average racetrack factor in (18)
and include it in the report.

R= (fo - xn> /(n- L) (18)

Ke:cp = (16)

€ =100 x (17)
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8.5. Statistics

For each set of permeability experiments, cal-
culate the average permeability, standard devia-
tion, and coefficient of variation as follows:

exp <Z Kea:p z> /N

(19)

(Z exp,i N Kgxp))
(20)

(N-1)

OV =100 X $p_1/Keap (21)

8.6. Permeability Tensor

The square root of the effective permeability
along one direction of a porous medium, K.,
follows an ellipse as displayed in Figure 5, where
the semi-major and minor axes [4] represent the

i
o
=1

o

Weft Direction
<
o B

vs

VK

Elliptic flow front

Figure 5. Elliptic pattern of the in-plane perme-
ability tensor showing the effective permeabilities.

square roots of the principal permeabilities, K3
and K5. The principal values of the permeability
tensor K; and K, can be estimated by measur-
ing the permeability of the fibrous reinforcement
Kz, at three different directions. In order to eval-
uate the permeability tensor of a reinforcement,
three sets of permeability measures need to be
carried out following this standard. These mea-
sures have to be conducted at different directions
on the fibrous reinforcement, at warp (0°), weft
(90°) and at 45° as depicted on Figure 6. From
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90°

00
\_//_\__/_Vwarp
\_//’\/
Figure 6. Sketch for cutting out the samples from

the bulk roll to measure permeability of unbal-
anced fibrous reinforcements.

the effective permeabilities measured on each di-
rection, the principal permeabilities can be com-
puted following (22-26) [5, 13].

K = K° (a=1) (22)
o— —L

( COS(2ﬁ))
K2 — KQO (a + ’7) (2?))

(a + COSZQﬁ))

1, fa a?—9?2
g ($-Gh) e
o = KV, + K2,)/2 (25)
Y= (Kgxp - K?a[c)p)/Q (26)

9. Report

The report of any experiment set should in-
clude all the following information. All variation
from this procedure should also be reported to
form a basis for the results.

1. Complete description of the fabric material
used:
e Type of material.
e Description of the weaving pattern.

e Description of fiber sizing (if known).
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2. Complete description of the test fluid used
including:

e Composition of the fluid.

e Any preparation procedure of the test
fluid.

e Viscosity measurement of the test fluid
before each injection.

e Viscosity measurement before and af-
ter at least one injection in each set of
experiments.

e Temperature of the test fluid before
each infusion.

3. Details of the cutting procedure.
4. Fiber volume fraction of each experiment
according to Section 8.1.

5. Results of each measure according to Sec-
tions 8.2 or 8.3, including the experimental
error described in these sections.

6. The race-tracking factor for each experiment,
as given by Equation (18) in Section 8.4.

7. All statistical parameter identified in Sec-
tion 8.5.

8. The number of experiments conducted.
9. Experimental Conditions:

e The date and location of each experi-
ment.

e The temperature of the testing labora-
tory during each experiment.

e Temperature of the mold during each
experiment.

10. Complete description of the test apparatus.
e Mold Dimensions

e Average and standard deviation of mold
frame thickness measurements.

e Approximate mold deflection or descrip-
tion of efforts used to prevent deflec-
tion.

e Description of the flow detection sub-
system such as sensors or video.

e Best approximation of measurement sen-
sitivity of flow detection system.
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11. The components of the permeability tensor,
K, and K>, as described in Section 8.6.

12. Complete description of any variation to test
procedure.
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Permeability properties of reinforcements
In composites

V. MICHAUD, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Switzerland

Abstract: Permeability is defined from the equations of fluid flow through
porous media. Modelling of the saturated permeability tensor is then
presented using a historical perspective, going from the first geometrical
models developed in soil science, to recent unit-cell models based on

a precise description of composite reinforcements. Deviations from the
saturated flow models are then presented, discussing in particular the effect
of capillarity. Finally, experimental methods to measure permeability are
described and discussed.

Key words: permeability, saturation, Darcy’s law, liquid composite
moulding, textiles.

141 Introduction

Reinforcements used in the production of polymer composite materials are
in general thin filaments or fibres, assembled into yarns or tows, which are
further assembled into a fabric. This initially dry fibre assembly thus constitutes
a self-sustaining porous body or ‘preform’. During composite processing,
a fluid precursor of the matrix phase (a thermoset resin, a thermoplastic
polymer or pre-polymer) is made to infiltrate the open pore space within the
preform. Upon subsequent chemical reaction or solidification of the matrix
precursor, a composite material is produced. The drive to manufacture sound
and homogeneous parts at the lowest cost has driven the need to predict the
kinetics of the process, as well as the local void and fibre content distribution
within the composite, and in some cases residual strain or stress fields that
may have built up in the final part. All these final attributes of the process
and the resulting part are influenced by the flow characteristics of the fluid
matrix precursor into the preform, which are chiefly governed by the fluid
viscosity and the resistance to flow brought by the reinforcement. This last
point is generally expressed by the permeability of the preform, the object
of the present chapter. We will first describe porous media constituted
by the more common composite reinforcement preforms, and then define
their permeability as it emerges from the equations of flow through porous
media. Modelling of the saturated permeability tensor will be presented

431
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from a historical perspective, starting with the first geometrical models
developed in soil science, and then moving to more recent unit-cell models
that couple precise descriptions of the fluid flow path with realistic models
of the reinforcement phase used in producing the composite. Deviations
from such saturated models arise, however, when the fluid does not fill all
open pore space within the preform: fluid flow is then said to be unsaturated,
and the problem is then one of multiphase flow. Experimental methods used
in the measurement of permeability are then described, and discussed by
comparison with theoretical models.

14.2 The permeability tensor
14.2.1 Porous medium description

Textile reinforcements used in composite processing have been described in
detail in the previous chapters of this book, together with strategies used in
modelling their internal geometry. The mechanical behaviour of dry textile
reinforcement has also been described in several chapters: it is important to
note that composite reinforcements tend to deform and shear rather easily,
with a frequently hysteretic behaviour.

For the purpose of the present chapter, the fabrics or preforms are
considered as porous media to be invaded or ‘infiltrated’ by a fluid phase.
Many methods to describe such preforms can be found in other branches
of engineering dealing with porous media, such as soil science, reservoir
engineering, textile engineering and membrane science (Bear, 1972; Dullien,
1979; Scheidegger, 1974). Like most porous media, reinforcements used
in composite processing are statistical by nature, so a complete description
of their pores would require mapping the internal geometry of the whole
preform, a task that is still beyond reach in practical cases. A continuum
mechanics approach, calling for average properties of the reinforcement, is
thus used in most models. This rests on the definition of a representative
volume element (REV), large enough to contain representative averages
of all phases, solid, liquid and gas, yet small enough to be considered as a
differential element on the scale of the preform, to which the model assigns
only average values of relevant process parameters such as temperature or
pressure. Figure 14.1a provides an example of REV for a reinforcement
fabric, and Fig. 14.1b shows a typical micrograph, for a non-crimp fabric
composite which was incompletely infiltrated, showing tows, matrix and
porosity. A REV contains in the most general case what remains of the initial
atmosphere, the fibres, and infiltrated liquid, in respective volume fractions
V,, Vi and Vj, such that

Va+Vf+ V1=1 14.1

© Woodhead Publishing Limited, 2011
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Probability of occurrence

Pore size
(c) (b)

14.1 (a) Representative volume element containing tows, fluid and
pores; (b) micrograph of a carbon fibre non-crimp fabric, showing
the tows, the matrix, and pores (part thickness is about 6 mm); (c)
typical pore size distribution for a reinforcement fabric.

By similarity with soil mechanics, the fluid phase saturation § is defined
as:

-V
=17

S 14.2
where (1 — V}) is the initial, dry preform, open porosity; S varies from 0 to
1 between a dry and a fully infiltrated (saturated) preform.

The main descriptors of the dry porous medium are its porosity, its specific
surface, and the pore distribution. The fibre volume fraction (complementary
of porosity, and most often used in composite practice) is calculated as V;
= N2/(p; h), where N is the number of fabric layers, X the areal mass of
the fabric, p; the density of the fibre material and 4 the height of the fabric
stack. For a simple arrangement of aligned cylinders, packed on a square
array, the maximum fibre volume fraction that can be attained iS Vipays =
m/4. For a hexagonal array, Vipam = T2V3.

The specific surface S; of the porous medium per volume of material is
rather difficult to measure as it is also linked to the surface roughness of the
reinforcement, and thus its measure depends on the measurement method
(Bear, 1972). For composite reinforcements, it can be measured using the BET

© Woodhead Publishing Limited, 2011
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(Brunauer, Emmet and Teller) technique based on the physical absorption
of gases on a surface (Verrey, 2006), or alternatively it can be estimated
using simple geometrical models. For example, it can be assumed that an
assembly of parallel rods of radius r lies on a square array, Sg = 2Vy/r, or
for a hexagonal array, Sy, = 3Vy/r.

Pore size distribution is a statistical descriptor of the porous medium that
is also difficult to measure directly. It is often measured through gradual
filling of the media with non-wetting fluids (Bear, 1972, p. 42). As textiles
are most often formed of tows or yarns that are assembled into a preform,
the porous medium is generally described by a bimodal pore size distribution,
as sketched in Fig. 14.1c.

14.2.2 Fundamentals of flow in porous media

The underlying physical phenomena for all composite processes include
capillary or surface phenomena, transport of fluid, heat, and mass, the
mechanics of preform deformation during infiltration, matrix solidification
or chemical cross-linking, and also potential matrix/reinforcement chemical
reaction during and after the process. Complete solutions of the flow equations
will be described in detail in Chapter 19.

In the following, we consider the general case of infiltration by a liquid of
a compressible porous preform in which all initial porosity is interconnected
(no closed pores), all attributes typical of textile reinforcements. We do not
treat heat or mass transfer (as induced by a chemical reaction) since these
are not directly used in defining permeability.

To describe the flow of liquid in a porous medium, averaged values of
relevant parameters, such as velocity or volume fraction, are used to derive
equations for conservation of mass and momentum, all in a continuum
mechanics approach. It is generally assumed that the densities of liquid and
solid phases are constant; in most cases of non-compressible liquid fluids,
this is a reasonable assumption; on the other hand it should be removed
when infiltration by a gas is considered, which complicates the equations
somewhat (Scheidegger, 1974).

Mass conservation equations are written for the solid and the fluid phase,
respectively, as

Vi

Ve _
L4V (Vi) =0 143
and
=TS v (1= viysup =0 14.4

where u is the local velocity of the solid, and u, is the average local velocity
of the liquid within the pores.

© Woodhead Publishing Limited, 2011
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The momentum equation is generally written using Darcy’s law:
_ K
A =Vp)S —us)——ﬁVP 14.5

where K (a function of S and Vj) is the permeability of the porous medium
in AV, n is the liquid viscosity, and P is the pressure in the liquid. K, the
permeability, is thus defined from Eq. 14.5 as a tensorial quantity, with units
m?’. Equation 14.5 is written neglecting gravitational or other potential body
forces, and is only valid provided the relevant Reynolds number, defined
in relation to the average fluid velocity and the pore diameter, is less than
about 1: this is most often the case for polymer composite processes because
polymers have comparatively high viscosity. The left-hand side of Eq. 14.5
is called the superficial velocity, often also called the filtration velocity,
which was initially defined by Darcy as the ratio of the volumetric flow rate
Q out of a porous medium, over the cross-section of this porous medium,
A (Darcy, 1856). For fully saturated flow in a rigid porous medium, the
filtration velocity u is generally simply written as:

%=I/l0 =(1—Vf)l/l1 14.6

Finally, having neglected inertial and body forces in both solid and liquid,
stress equilibrium is written using an extension of the effective stress principle
developed for partially saturated soils (Wang, 2000):

Vo'-V(BS P) =0 14.7

where o’ is the effective stress acting in the solid, counted as positive in
compression and averaged over a surface area comprising both solid and
liquid. B is the Biot tensor; if the porous medium is isotropic, then B = bl,
where [ is the identity matrix, and b = 1 — Cy/C,, where C, is the compression
modulus of the fibre assembly, and C; is the compression modulus of the
fibre material itself. If the porous medium is not isotropic, as is often the
case for composite reinforcements, the Biot tensor is still diagonal and all
three diagonal terms depend on the compliance tensors of the fibre material,
and of the fibre assembly (Tran, 2009). Since the fibre material is generally
of very high modulus compared to the compressibility of the fibre bed, b
= 1 in all directions is often used in composite processing, with very few
exceptions (Tran, 2009). Initial and boundary conditions valid for each case
complete the definition of the problem.

Four main characteristics of the fibre preform and the fluid thus need to
be known for a solution of the problem: the viscosity 7, the dependence of
the saturation S on the local pressure P, the stress—strain behaviour of the
preform, and the permeability K. This last parameter is not only important;
it is somewhat special in that it varies strongly with its underlying governing
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parameters: K increases with the square of the average pore diameter, and
varies even more strongly with the pore volume fraction; it is thus a crucial
parameter in modelling composite fabrication processes.

In the most general case of multiphase flow, permeability as defined in Eq.
14.5 is a function of the preform volume fraction, fibre arrangement and stress
state, as well as of the degree of fluid saturation in the preform, S. Following
the approach developed in soil science, K is then generally separated into two
terms, K = k.K,. The saturated permeability, K, is the permeability tensor
of the preform for fully saturated flow, a function of the internal geometry
of pores in the reinforcement only. The relative permeability, k., is a scalar
ranging from O to 1, which is a function of S. In composite processing,
most attention has so far been given to the determination of the saturated
permeability, K. We will focus on this parameter in the next section, and
will then briefly address the issue of relative permeability, k..

14.3  Saturated permeability modelling for fibre
preforms

14.3.1 Introduction and historical perspective

By definition, the saturated permeability K is a characteristic of the preform
only, which in principle does not vary with the nature of the infiltrant —
provided of course that this infiltrant is an incompressible Newtonian fluid,
which furthermore has fully infiltrated all open pores of the preform and flows
in the Darcian regime of appropriately low Reynolds number. As indicated
earlier, K| is a tensor, so in principle nine values need to be identified for a
three-dimensional case of infiltration:

Ky K Kis
Ks=| Ky Ky K
K3 K3 Ki;
For symmetry reasons, K;; = Kj;, so only six values differ. Finally, if the
principal axes of the tensor are found, it is possible to write the permeability
tensor with only three distinct elements, K., K, and K on the diagonal, all
other terms becoming nil (Bear, 1972). For textile fabrics, it is often easy
to determine that the axes of the coordinate system should be oriented with
x and y in the plane of the fabric, and z corresponding to its thickness. As a
result, in the composite community, three values of the saturated permeability
tensor are considered, two in plane, and one through the thickness of the
reinforcement, following the fabric geometry as shown in Fig. 14.2. It should
be noted, however, that the warp and weft directions of the fabric do not
necessarily correspond to the principal in-plane axes.
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14.2 Schematic of a reinforcement preform and principal axes.

14.3.2 Continuum mechanics models for dilute and
concentrated fibre beds

Capillary tube models

The easiest and earliest model of permeability considers unidirectional fluid
flow inside a cylindrical tube of radius R along a direction x parallel to the
tube axis. The Hagen—Poiseuille solution of the Navier—Stokes equation in
this simple case for the volumetric flow rate is (Bird, 2007):

_(=dp/dx\(nR*) 0 R2dp
Q—( X )( T j’SOA__Sndx 14.8

Comparing Eq. 14.8 to Eq. 14.5, and considering the tube thickness as
negligible, it is clear that K, = R%/8. This simple relation intuitively shows
that permeability is roughly in the order of magnitude of the square of the
pore space dimension. In a composite reinforcement, the space between fibres
has an order of magnitude of a few microns to a few hundred microns, hence
permeability values are expected in the range from 10~ to 1073 m?. If there
are N such tubes per unit area of cross-section normal to the direction of
flow, then V; = NnR*/1, and K, = (1 — V)R?/8. These models are of course
very limited as the description of the porous medium is far from realistic;
in fact this view of flow through porous media is often misleading.

This equation is at the basis of several ‘hydraulic radius’ models that were
developed by ‘guessing’ an equivalent or average radius describing with
sufficient accuracy the porous medium. The most accepted such model is
that derived by Kozeny (1927), later modified by Carman (1937, 1956). In
the various forms of this model, the porous medium is treated as a bundle
of parallel capillary tubes that are not necessarily circular in cross-section.
A constant is introduced that depends on the internal geometry of the porous
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medium. A well-known form of this equation, very often used in composite
literature, is given below:
r2 (1-Vp)®

K= g 14.9

where r is the fibre radius, V; the fibre volume fraction, and k;; the Kozeny—
Carman constant (i = x, y, z) (Advani, 1994).

The Kozeny—Carman equation is in general reasonably accurate for isotropic
porous media (packed particle beds notably) or flow parallel to the axis of
parallel fibres, a situation in which it was later re-derived by several authors
in the composites literature aiming to arrive at a more precise estimate of k;;.
For example, Gebart (1992) derived a similar equation, with k,, = 1.78125 for
a hexagonal fibre arrangement, and k,, = 1.65625 for a square arrangement.
On the other hand this estimate does not work well for many other situations,
notably for transverse flow through anisotropic fibrous porous media. This
is due in particular to the fact that the Kozeny—Carman constant does not
take into account the fact that there is a maximum packing volume fraction,
at which the permeability drops to O for a fibre volume fraction V; less than
unity, at which touching fibres simply block transverse flow. Several authors
have proposed to extend the validity of the Kozeny equation (Astrom, 1992;
Cai, 1993); however, the Kozeny—Carman constant is not known a priori
and such extensions generally rely on an experimental fit valid only for a
given fabric, which furthermore has to depend on flow direction, fibre volume
fraction, fibre, fluid and pressure gradient, demonstrating the limits of the
model.

Resistance to flow models for a uniform distribution of cylindrical fibres

Another approach to modelling flow in porous media is to consider a fluid,
in which spheres or cylinders are suspended without the possibility to move.
These suspended solid objects thus present a resistance to flow of the fluid,
called a drag force, which can be calculated by solving the Stokes equations
for flow of a fluid around a rigid isolated body. Such models are strictly valid
only for diluted suspensions, as they do not include the interaction between
neighbouring fibres. Happel and Brenner (Bear, 1972) extended this model
to treat flow across a less dilute body of cylindrical fibres, introducing a
coefficient A that takes into account the interaction between neighbouring
fibres. Several other authors proposed models along these lines, proposing a
‘cell” approach, in which the Stokes equations are solved and the geometry
of the cell is defined according to a packing geometry, such as quadratic
or hexagonal.

For flow parallel to the fibre axis, only one fluid velocity component is
present, and solutions are found, assuming zero velocity on the fibre surface,
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and zero velocity gradient at the cell surface, situating this mid-way through
the liquid, across planes of symmetry. Most models fall along similar lines,
with a general equation given as follows by Drummond and Tahir (Jackson,
1986):

Ko 1

V2
= :4W(_1n\4+1<+2vf—ij 14.10

2
where K depends on the geometry of the array: K = —1.476 for a square
array, and K = —1.354 for a hexagonal array. This curve is shown together
with Eq. 14.9 with the coefficients proposed by Gebart, and the simple initial
straight tube model, in Fig. 14.3.

For flow perpendicular to the fibre axis, similar solutions have been
proposed, which are reviewed by Jackson (1986). Solutions are again very
similar, taking the following form:

% = SLVf(_ln Vi — 1476 +2V; — 1.774V? +4.076V3 + O(V))
14.11
for a square array, and:
%:ﬁ(_lnw—l.@omw-o.sw+0(Vf4)) 14.12
r f
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14.3 Reduced permeability as a function of fibre volume fraction, for
flow along the fibre axis.
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for a hexagonal array. These curves are shown in Fig. 14.4.

For more concentrated fibre assemblies, nearly all resistance to transverse
flow is imposed by the narrowest constriction between two fibres (the well-
known ‘bottleneck effect’). A solution for flow within this restricted space
alone, based on fluid-flow patterns often derived from lubrication theory,
coupled with an estimate of the spatial density of such constrictions, leads
to a permeability value. Several relevant models based on lubrication
theory are found in the literature, which give quite similar results, varying
mostly by the assumptions taken to analytically solve the equations. These
are found in references by Keller (1964), Sangani (1982), Jackson (1986),
Gebart (1992), and Bruschke (1993). The most often used expression in the
composite literature is that proposed by Gebart (1992), since it was the first
to be presented in a composites journal:

5
2

K, 16 Vimaxs 2
Bs _ -1 14.13
2 on2|V Vi

for a quadratic arrangement of cylinders, and

5
>
Ks 16 meaxh
Ds _ -1 14.14
2 onfel\ Vi

0.1

k/r?
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14.4 Reduced permeability as a function of fibre volume fraction, for
flow orthogonal to the fibre axis.
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for a hexagonal arrangement of cylinders.

Another development was later proposed by Bruschke (1993) by taking a
more accurate geometrical description to solve the flow equations for square
arrays:

-1
_72y2 _ 2
K _1d=-0) g+ ba=-m 14.15
r Ji-1 2

3 3
where [ = \/4V;/n, and for hexagonal arrays:

-
—I2)? t 1+ 41 -1 2
K. _ 1 (=) {3arc an( (L + )t h>>+%+1] e

SN Ji-7
where [, = \/2\/§Vf/1'c .

Equations 14.13 to 14.16 are also plotted in Fig. 14.4, together with the
Carman—Kozeny model with the coefficient chosen so as to obtain the same
value as with Eq. 14.14 for V; = 0.4.

Note that in fibre preforms, particularly in woven textiles, there are two
‘fibres’: the fibres themselves at the finer scale, but also, on a coarser scale
at which much of the fluid flow will occur, the woven fibre tows. As a
consequence, these models have been extended to elliptical cylinders, which
correspond better to the shape of tows used in the composite reinforcements
(Labrecque, 1968; Epstein, 1972; Phelan, 1996; Ranganathan, 1996;
Papathanasiou, 2002; Markicevic, 2003; Merhi, 2007), or to non-Newtonian
fluids (Bruschke, 1993).

More recently, numerical solutions of fluid flow around bundles of cylinders
removed the need for several of the above assumptions, and also gave
efficient testbed data for evaluation of the validity of the analytical models
(Cai, 1993; Berdichevsky, 1993; Gebart 1992; Bruschke, 1993; Nagelhout,
1995; Phelan, 1996). For flow perpendicular to the fibre axes, these showed
that Eqs 14.13 to 14.16 are quite accurate in the high volume fraction range
of general interest to composite processing. Numerical simulation results
are, however, generally limited to simple periodic geometrical units.

14.3.3 Permeability prediction of multi-scale porous
media using numerical models

Since most reinforcements are not based on uniformly dispersed fibres, but
rather comprise fibre bundles, which are often woven or knitted, there is
a need to develop permeability predictions for multi-scale porous media.
This has motivated the proposal of several models that rely on a more
accurate description of the internal pore geometry in preforms of this type.
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The models vary by the solution method chosen to compute fluid flow
through the fabric, but the strategy is often similar. In such models, the
representative volume element contains fibre tows that are assumed to either
constitute an impermeable solid or have themselves a porous structure. One
example of such a unit cell is given in Fig. 14.5. To describe a fabric more
accurately, it is also possible to produce a series of different representative
unit cells that will then be assembled following a given pattern. Then, the
relationship between the flow-rate across the unit cell and the pressure drop
is calculated by a numerical method (computational fluid dynamics, or finite
element method) or an analytical method (combining analytical solutions of
flow inside the tow and in between tows) and a permeability value is thus
computed for the cell.
Flow between tows is generally modelled using the Stokes equation:

VP = nVu 14.17

The boundary for flow at the tow surface is often treated as a no-slip boundary
for impermeable tows, or by matching fluid velocities and/or pressure at the
interface when the tow is permeable. In semi-analytic models, flow within the
tow is described using Darcy’s law, Eq. 14.5; in some cases, an extension of
Darcy’s law to high-velocity flow regimes, known as the Brinkman equation,
is used instead, often because it presents the advantage of being more easily
coupled, in simulations, with the Stokes equation:

(Vp)=— Ki () + 1.V 14.18

The brackets denote (REV) volume average properties, while 7, is an effective
viscosity, which is used to match the shear stress values at the interface between

)| _ n d{en)

the free flowing fluid and the porous medium: nd—y “dy

il

y=0"

y=0"

ZM
X

14.5 Schematic of a unit cell used for numerical modelling; channels
are dark grey and tows are light grey.
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where y = 0" represents the boundary on the side of the free-flowing fluid,
and y = 0™ represents the boundary on the side of the fibre tow. This was
used among others by Ranganathan (1996), Phelan (1996) and Song (2005)
to model flow within fibre tows.

Analytical models have also been developed; in this case the unit cell
is greatly simplified so that a tractable solution of the equations can be
written for flow within the tow and also between tows, the two being then
assembled into a full permeability model. Recent examples are by Yu (2000),
Lundstrom (2000b), Endruweit (2011) and Chen (2010). These models are
useful for rapid evaluation of the influence of tow permeability, or intra-tow
channel size on the permeability. For example, Chen (2010) showed that
the in-plane permeability of a woven fabric scales with the third power of
the channel width, while the through-thickness permeability scales with the
fourth power of this parameter. Such models can also easily demonstrate
that several fabrics having similar overall volume fractions of fibre do not
have the same permeability.

Many variations of the numerical models are found in the literature (Cai,
1993; Gebart, 1992; Markicevic, 2003; Papathanasiou, 1997, 2002; Verleye,
2008, 2010; Griebel, 2010; Nordlund, 2005, 2006), also extended to the case
of non-Newtonian fluid flow (Loix, 2009). These are in general compared
to analytical or experimental results, and the agreement is often, beyond
the accuracy of the modelling method, related to the accuracy of the fabric
description. Alternative models based on lattice Boltzmann methods or smooth
particle hydrodynamics (SPH) methods have also been developed, initially
at NIST (Spaid, 1997, 1998; Belov, 2004; Comas-Cardona, 2005). These are
elegant but remain difficult to use in practice, as the necessary parameters
lack a direct relation to physical characteristics of the preforms.

The predictive power of these multi-scale models thus relies on the
trade-off between a very accurate description of the porous medium and
computation complexity. These models are best if a faithful description of
the internal structure of the reinforcement is available. As a result, they are
often coupled to unit cell models that describe the internal structure of the
textiles, such as those described in Chapters 7 and 8. In addition, it is now
possible to account for an evolving fibre distribution in the cell, caused by
preform deformation when the fabric is sheared or compressed during the
preforming operation. Recently, Verleye et al. (2010) compared the speed and
accuracy of two methods, one based on a finite-difference solution of Stokes
flow in a unit cell, the other using a 2D approximation of the fluid flow path.
The Stokes flow solution was found to attain the desired accuracy of 10%,
but for several hours of computing, making this solution time consuming. A
look-up table with already computed values for a given fabric was proposed
to give access to values for K in practical cases.

Finally, the description of the porous medium can also be based on an
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experimental 3D reconstruction of a given textile; as mentioned, this is now
feasible using X-ray microtomography, as the current resolution is somewhat
below the micrometre using X-ray synchrotron radiation (Desplentere, 2005;
Badel, 2008; Koivu, 2010).

14.4 Unsaturated permeability modelling
14.4.1 Relative permeability

This parameter, inherited from soil science treatment of multi-phase flow,
represents the additional resistance to fluid flow created when the pore
space comprises a third phase, generally air or a gas. It thus depends on the
fibre—matrix system, and is much more difficult to measure in the case of
composite systems since model fluids cannot be used, or to predict theoretically
given the far greater geometrical complexity of non-saturated flow. Therefore,
models are mainly semi-empirical. Such models have been proposed and
validated experimentally in soil science, and take the general form:

k, = S" 14.19

where n is an exponent typically between 1 and 3 for particle-based soils
(Spitz, 1996) while S is considered here as the saturation in the non-wetting
phase (this assumes that the resin is considered in this chapter as the non-
wetting phase, but it is possible to consider the inverse case). Alternative
models introduce a parameter 4 (Brooks, 1964), named the pore size
distribution index:

M
k, :52[1 -(1-5)1 ] 14.20

or additional parameters L, M and f (Van Genuchten, 1980) that are related
to the shape of the S(P) curve :

1 2M
ke = S’*(l -Q —S)M] 14.21

The approach also implies, as indicated in Section 14.2.2, that the saturation
curve be measured for the given reinforcement/matrix system (Patel, 1996a,
b; Nordlund, 2008). Although this approach is standard in multi-phase flow
modelling for other branches of engineering, it has seldom been used toward
composite process modelling. There are examples however, that either were
based on formulae derived from soil science (Markicevic, 2006; Patel,
1996a,b; Michaud, 1994) or used inverse determination of Eqs 14.19 and
14.21 from experiment (Dopler, 2000; Nordlund, 2008). This is due to the
difficulty in evaluating the necessary parameters with the matrix phase, and
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to the fact that most models developed in soil science implicitly assume that
capillary forces are independent of fluid velocity, which is not always true
when high-viscosity matrices are used (Verrey, 2006).

14.4.2 Alternative methods: use of sink terms

Another approach taken by researchers in the composite field is to consider
saturated fluid flow, but introduce pores that will gradually get filled during
impregnation, typically representing a tow. In general, flow is assumed to
first take place in between the fabric tows, with the resin only penetrating
later and more slowly the tows themselves, gradually behind the infiltration
front. This implicitly assumes that the fluid does not wet the fabric. In that
case, the permeability values are evaluated using saturated models, with one
value for the tow permeability, and another value for the overall permeability
of the fabric. A sink term is then introduced in the models, providing fairly
good agreement when adjusting the saturation rate for tow infiltration
(Binetruy, 1997, 1998, 2006; Acheson, 2004; Zhou, 2006; Kuentzer, 2006;
Lawrence, 2009; Bréard, 2003; Wolfrath, 2006; Bayldon, 2009). As a result,
the overall saturation of the fabric varies with time, but no specific relative
permeability model is needed. These models have proven to help solve the
issue of permeability evolving during flow progression, but are also heavily
reliant on empirical or simplified models, or on the use of experimental
values to back-calculate the saturation kinetics.

145 Permeability measurement methods

As described in the previous sections, several models have been developed to
predict the permeability of an assembly of fibres or tows; however, these are
based either on analytical solutions for very simple geometrical descriptions
of the pore structure, or on numerical simulations that describe a specific
(and often still idealized) pore structure but require one to build a dedicated
computer model implying sometimes long computation times. In all cases,
validation of the models is crucial; hence it is necessary to confront the
models to experimentally measure values of permeability. Also, for practical
purposes of composite manufacturing, it is sometimes sufficient to directly
measure preform permeability, without the need for a model.

Many experimental methods have been proposed to measure permeability of
fibre preforms; since there is no established procedure or norm for permeability
testing of reinforcements for composite processing (whereas norms exist for
permeability measurement to air of textiles (ISO, 1995), for clothing, industrial
textiles, air bags, and of course soils), all researchers have developed in-
house methods depending on the fabric type, flow geometry and available
funding. As a result, the literature reports many measurement methods and

© Woodhead Publishing Limited, 2011


Valentin



MSE 340 TP RTM ANNEXE III

446 Composite reinforcements for optimum performance

results for permeability of fabrics, which are not easily comparable (Sharma,
2010). Parnas et al. (1995, 1997) at NIST proposed to use a reference fabric
for standardization of permeability measurement methods, and a benchmark
exercise was later reported (Lundstrom, 2000a), where scatter was observed
and attributed to differences in specimen preparation. A benchmark exercise
is currently running between several laboratories (Laine, 2010; Abter, 2011)
with the aim of reaching practical guidelines for permeability measurement
as applied to composite reinforcements.

In principle, permeability measurement is rather straightforward: following
Darcy’s law, Eq. 14.5, if a fluid of known viscosity flows under a known
pressure differential through a known thickness and area of porous medium,
measurement of the volumetric flow rate leads to the permeability. This is the
method proposed by Darcy in 1856. With fibre composites, reinforcements are
often highly anisotropic; as a consequence, in measuring the permeability of
fibre preforms, flow of the fluid must be directed along selected orientations
to arrive at each of the relevant component(s) of the permeability tensor. In
practice, this measurement leads to a large variability, because the porous
medium itself is statistical in nature (and this is also true for reinforcements
used in composites), or because the measurement method leads to many
potential variations.

The choice of test fluid is also important: different fluids have been used
that ideally have a viscosity close to that of the pre-polymer used in practice.
For many cases of liquid composite moulding, thermoset resins are in the
viscosity range between 0.3 and 1 Pa.s. As a result, water is never used;
rather, several vegetal or mineral oils, corn syrup, dilute polymer solutions
(such as PEG solutions), or the resin itself have been used (Sharma, 2010).
If the flow is saturated and no capillary effects are present (meaning flow
is fully or analogously saturated), all fluids should give the same results,
provided each has a stable Newtonian behaviour and does not degrade during
flow or react with the reinforcement or its sizing. Temperature control of the
fluid during the test is also a crucial point, unfortunately often neglected.

14.5.1 Through-thickness permeability measurement

For through-thickness permeability measurement, techniques used for
composite reinforcements are all somewhat similar, being based on
unidirectional saturated flow across a stack of reinforcement layers, as shown
schematically in Fig. 14.6. This is similar to the methods used in soil science
for permeability measurement of granular porous media. The critical point
is to prevent edge flow between the porous medium and the container; this
is in general addressed by using tight-fitting samples, a side membrane that
can be fitted to the preform, or by blocking lateral flow (Merhi, 2007; Wu,
1994; Endruweit, 2002; Ouagne, 2010; Drapier, 2002, 2005; Buntain, 2003;
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14.6 Schematic of through-thickness permeability measurement.

Comas-Cardona, 2007; Song, 2009). Some authors included the possibility
of simultaneously compressing the reinforcement stack in the permeameter
device, with a goal of evaluating the change of permeability with volume
fraction in a direct measurement (Comas-Cardona, 2007; Buntain, 2003;
Ouagne, 2010).

14.5.2 In-plane permeability measurement

In-plane permeability measurement leads to the identification of the two
in-plane values of the permeability tensor, K, and K|, that are necessary for
almost all LCM processes where in-plane flow predominantly takes place.
As a result, diverse methods have been proposed, which can be classified
into several measurement types (Sharma, 2010; Verleye, 2010): (1) based
on the flow geometry, radial versus unidirectional; (2) based on the inlet
boundary condition: constant flow rate or constant inlet pressure; and (3)
based on the type of flow: saturated continuous flow, or transient filling of
the reinforcement, generally called ‘unsaturated” measurement. In saturated
unidirectional measurements, the permeability is calculated directly from
Eq. 14.5 as:

_ —0OnLy,

K = AAP 14.22

where L, is the length of the preform in the direction of flow, A its cross-
section, and AP the pressure difference in the fluid between outlet and inlet
(hence negative), generally measured by a pressure transducer at the flow
inlet.
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In unsaturated unidirectional measurements, monitoring of the flow front
position with time, L(¢) is used to compute permeability, based on integration
of Eq. 14.5 with the mass conservation equation (Eq. 14.4), assuming saturated
flow. The flow front position is most often measured by visual monitoring
through a transparent mould as shown in Fig. 14.7 (Ferland, 1996; Verrey,
2006). Alternative methods have also been proposed, using fibre optic
sensors (Ahn, 1995), thermistors (Weitzenbock, 1998), pressure transducers
(Endruweit, 2006), or electrical resistance measurements (Luthy, 2001). If
flow is under constant applied pressure at the inlet, it is shown that L*(¢)/r =
v~ is a constant, which is experimentally measured as the slope of the L()
versus ¢ curve, and the overall permeability K is measured as:

_ - -Vony?

K 2AP

14.23

where AP is the (constant) pressure difference in the fluid between the flow
front and the inlet (Michaud, 2001).
Y

If flow is forced to proceed at a constant flow rate, then L(7) = mt

(the flow front position varies linearly with time), and the inlet pressure
increases with time, so that:

-0’n

=—t
AT V)AP 14.24

where AP is the pressure difference between inlet and outlet at instant 7. To
evaluate AP, an assumption that is often made is to neglect the capillary
pressure at the flow front, and set the front pressure to the gas pressure in
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14.7 Schematic of in-plane permeability measurements, allowing
both measurement methods, through flow front monitoring, for
unsaturated measurements, and through flow rate measurement
after complete filling, for saturated measurements.
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the preform ahead of the infiltration front. This has led to the observation
that the overall permeability K measured this way is often different from
K, measured in a saturated flow experiment and depends on the model fluid
used (De Parseval, 1997; Pillai, 1998, 2004; Slade, 2001; Tan, 2007; Bréard,
2003; Verleye, 2010). The discrepancy appears greater for fabrics with wider
pore size distributions, for example woven fabrics versus random fibre mats
(Pillai, 2004). This is related to the wetting characteristics of the fluid as
compared to air: according to Eq. 14.19, the permeability value K is reduced
by a factor k. < 1 when the fluid is not wetting, and increased when the fluid
is wetting (as we considered saturation in non-wetting fluid in Eq. 14.19).
Moreover, an overall measurement of K thus depends on the potentially
changing saturation level during the experiment. As a result, it is advised to
prefer saturated flow experiments if one seeks to measure the ‘true’ saturated
permeability. Unsaturated flow measurements are nonetheless often used for
practical assessment of the flow kinetics, which is fairly accurate provided
the test fluid is close in properties (viscosity, surface tension) to the resin
used in the composite process.

If the principal directions of the fabric are not known a priori, three
measurements are needed in three different in-plane directions to obtain the
two in-plane principal permeabilities and their orientation axes. To gain time,
with fabric preforms, the in-plane permeability is often measured by infiltrating
the model fluid through a central hole in a thin fibre preform made of the fibre
lay-up of interest clamped within a flat transparent mould. The progression
of the resulting elliptical flow front, directly showing the principal directions
of the fabric, is measured using a CCD camera, and the two principal values
of the permeability tensor in this plane are deduced from Darcy’s law and
the mass conservation equations solved in cylindrical coordinates (Adams,
1987, 1988; Wang, 1994; Weitzenbock, 1999a, b; Lekakou, 1996; Parnas,
2000; Liu, 2007). This relatively easy experiment may, however, again lead
to erroneous measurement because of the potential influence of capillarity.
Alternative methods for permeability measurement with planar flow use an
array of pressure sensors, distributed at several locations close to the surface
of the mould, to monitor the fluid pressure at these locations during the test,
instead of the flow front. This a priori alleviates the capillary issues (Liu,
2007; Wietgrefe, 2010). Advantages of the radial flow experiments are the
lack of race-tracking flow at the edges between the fabric and the mould,
and the rapid identification of the principal directions of the permeability
tensor.

Comparison of results for in-plane permeability measurements shows that
the measurement method is not consistent yet, and leads to very scattered
results (Laine, 2010; Gommer, 2009; Abter, 2011). Several reasons have
been identified, in addition to potential issues of test fluid viscosity change
during the experiments. A major reason is the intrinsic variability of the
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fabrics, which has been demonstrated in several studies to be a dominant
factor (Hoes, 2004; Lundstrom, 2000a). As a result, permeability values
should be considered as a statistical measurement, and a large number of
experiments are required to precisely measure the statistical parameters.
Another major reason is a high probability of experimental errors, due
for example to manual fabric cutting and placement, to mould deflection
during flow, to uncontrolled fabric compression during flow if pressure
is high, to race tracking, or to errors in the flow position or fluid pressure
measurements. Permeability measurement thus still remains a difficult task,
with errors within a factor of 2 often encountered. A potentially valuable
method to calibrate measurements is to use a stiff reference porous medium
of well-known permeability (Morren, 2009; Vechart, 2010).

14.5.3 Gas permeability measurement

The methods described above apply when the test fluid is a viscous liquid. If
the porous medium is sensitive to fluids, for example as may be the case with
natural cellulose-based fibre mats (Pettersson, 2006) or biological tissues, or
if the fabric already contains a fluid phase as for prepregs (Sequeira-Tavares,
2009), it may become necessary to use gas as the test fluid. Equations for
flow and mass conservation of the gas phase are similar, but the gas phase
is compressible. Solutions have been developed again in soil science (Van
Groenewoud, 1968; Stonestrom, 1989; Shan, 1992). The permeability is quite
readily measured by placing the porous medium between two gas chambers,
one kept at a given pressure P,, the other one left to equilibrate from an
initial pressure P;, different from P,, until P, is reached. The permeability
k is then obtained as (Li, 2004; Sequeira-Tavares, 2009):

ln[(Pa + PO)(P, —Pi)} _ kAP,

P _PO)(B +P)| w2V’ 14.25

where A is the-cross section of the porous medium, Z its thickness, V the
volume of the gas chamber of initial pressure P;, and u, the viscosity of
the gas phase. The measured value of permeability is the slip-enhanced
permeability, as there may be slip effects at the reinforcement surface,
also known as Klinkenberg or Knudsen effects, which alter the value. By
conducting several experiments at various levels of pressure, the saturated

b
permeability value can be obtained as k = K| 1 - —] , where b is a parameter

of the porous medium, deduced from experiments (Wu, 1998; Tanikawa,
2009; Bear, 1972).
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14.6 Conclusion and future trends

This chapter was intended to provide insight into the theoretical and
experimental methods previously and currently used for assessing the
permeability of textile reinforcements. Permeability is a key parameter in
liquid composite moulding processes; it is a well-defined concept, but still
a difficult parameter to quantify, in large part because textile reinforcements
are not constant in their internal geometry. As a result, statistical variations
should be taken into account, both in the models and in the experimental
methods. In addition, the fibre distribution inside a unit cell of fabric is not
uniform, and depends on the stress-state of the fabric, so that permeability
should also be defined as a function of the stress-state of the textile preform
(compression, shear, etc.). Surface tension effects also play a role when
unsaturated flow is used to measure permeability, and an adequate method
to extract the saturated value from unsaturated experiments is still lacking.
Progress is nonetheless observed, on the modelling side thanks to the
improvement of computational fluid dynamics methods using real descriptions
of the fabric unit cell, and on the experimental side as best practice methods
are progressively introduced to standardize the set-ups and analysis. As
a result, a large palette of possible modelling methods is now available,
depending on the level of precision one seeks to attain: simple analytical
models provide quick first estimates, more advanced numerical models
based on a precise unit cell description provide accurate data, and complete
statistical models, based on a statistical description of the fabric unit cell
coupled with simulations, should provide the most realistic picture. Finally,
these models should eventually be always coupled to those simulating the
unit cell geometrical change with the local stress-state and/or temperature
in the mould, so as to map more precisely the local permeability variations
during processing of a part.
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