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Abstract

A mathematical model is proposed to describe the macro- and micro-
infil Resin Transfer Moulding. Macro- and micro-properties
include permeabilities and capillary pressures. Parametric computational
studi ¢ caivicd out to study the flow of a modc! Newtonian fluid
thron woven claoths where the f(_\.iicwing paramefers are varied: fihre
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When {he pore Reynolds number is sufl newenily gh, merlia €ifecis are

xpected to be signihicant and numerical procedures are suggested for the

R

etermination of global permeability and inertia coefficient in the cases
of rectilinear and radial flow.

1. INTRODUCTION

Impregnation of the fibre reinforcement by the polymer matrix is a key factor affecting ply
consolidation and void elimination in the processing of polymer composites. In the case of the
reinforcement consisting of fibre bundles, two distinct types of impregnatios are available:
macro- and micro-impregnation. Macro-impregnation controls mould filling and elimination of
large-scale dry spots. Micro-impregnation concerns resin flow between individual fibres, inside
fibre bundles, and affects micro-porosity and the quality of fibre/matrix interface. The fwo
phenomena are closely related since there is a mass halance between macro- and micro- resin
flow. The two types of pores are associated to the macro- and micro- permeability of the fibre
reinforcement and the wetting properties at the resin/fibre interface. Other parameters affecting
both types of impregnation arc rosin theology, applicd mechanical pressure and/or vacuum and
filling length in the mould.

A large group of published papers focus on microscopic studies of void formation in composites
manufacturing {see Mahale et al (1) and Nowak and Chun (2) amongst others]. Void formation
is related to resin impregnation and more.specifically to viscous flow and wetting propertics of
resin related to the reinforcement. With regards to the modelling of impregnation, Darcy's law
has generaily been used to describe the infiltration of viscous resin through a porous medium.
However, several experimental studies illustrated that the flow behaviour of Newtonian fluids in



both saturated and unsaturated remnforcements deviated from Darey's law with the permeability
g a function of porosity, superficial velocity of permeating fiuid 2ad pressure drop {3-6].
At high flowrates and pressures, inertia effects are as important as viscous effects and, hence,
Cai [7-8] suggested that Darcy's law is replaced by Ergun's equation. However, the dependence
of the permeability on the superficial velocity was observed even at low superficial velocities
[Chan et al (3) and Lekakou et al (4)1 where inertia effects were negligible. Chan et al 3)
speculated that the observed increase in permeability with flowrate could be due to a preferential
channelling of the liquid through the large pores (macro-flow) rather than though the micro-pores

within fibre tows (micro-flow).

In flow visualisation studies Molnar et al (9) and Patel et al (10) observed that at 2 low flowrate

micro-flow was leading whereas at a high fiowrate macro-flow was leading. This illustrated the
need for developing 2 mathematical model for the macro- and micro-infiltration. Chan and
Morgan [11-12] constructed a model for macro- and micro-infiltration in bi-directional non-woven
fabrics. Darcy's law was employed for both macro- and micro-fiow but capillary pressures and
wetting effects were not taken into account. Micro-flow inside the tows was considered only in
the radial direction until each tow was fuily impregnated.

ne scope of the cumrent study is to carty out a theoretical analysis of infiltration of
reinforcement in RTM for the two main types of flow used in in-plane permeabili v

measurements:  (2) rectilinear flow from a side gate and (b) radial flow from a central gate.

Radial flow is used frequently in the measurement of the global in-plane permeability as it is easy
to determine simultaneously the compornents of in-plane permeability from the axes of the
elliptical flow front. A model has been constructed to describe the combined phenomena of
macro- and micro-infiltration where separate permeabilities are used for the macro- and micro-
flow and capillary pressures are taken into account. Computational parametric studies follow in
which the effects of the following variables are investigated: porosity, permeabilities, capillary
pressures and global flowrate. Ergun's equation is applied in the case of high injection pressures
and it is demonstrated how to determine the empirical constants for the two maiii types of flow.

2. MATHEMATICAL MODEL OF MACRO- AND MCRG—]NFILTRATION

:Darcy’s law has been employed to describe the relation between flowrate and pressure drop, at
low flowrates and injection pressures, in both macro- and micro-impregnation where the
impregnating fluid was considered to be Newtonian. Since only viscous effects are considered
in Darcy's law, this analysis is applicable to very low pore Reynolds numbers, Re,, where

Re = = (1)

and D, 1s the equivalent pore diameter.



The case of radial global flow from a central gate has been considered:

Macro-flow:
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The micro-permeabilities have been determined from the Carman-Kozeny equation where the
Kozeny parameter k,;; has been taken as 0.5 and k, ;. as 10 [13-15]. The capillary pressures
were calculated according to the relation suggested by Ahn et al (16). :

Regarding the modelling of the combination of macro- and micro-infiltration three modes of flow
have been considered (see Figure 1). In mode I the fibre tows have not been fully impregnated
in the radial direction; the flow then is considered as channelled mainly into the macro-pores
and from there the fluid simultaneously impregnates the fibre tows in the radial direction. In
-, mode I the fibre tows are considered as fully impregnated in the radial direction; the flow then
1s considered as being split between macro-impregnation and micro-impregnation along the fibre
direction. In mode III the fibre tows are considered as fully impregnated in the radial direction
and the flow front is ahead inside the tows; the flow is then modelled as 2 combination of micro-
impregnation along the fibre direction and simultaneous transverse flow from the tows into the
micropores. __ :

The problem is solved numerically by employing the finite difference technique. At every time
step every numerical position along the main macro-flow path in the mould behind the flow front
1s considered. At the flow front it is examined if impregnation will lead inside the macro-pores
(mode I or inside the tows (mode IY). Similarly behind the flow front, it is examined whether
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the tows are fully impregnated (mode I ) or have not been yet fully impregnated (mode D). Then
at every radial position the flowrate is split between macro- and micro- flowrate, The pressure
at the junction of split is considered as P, the pressure at the numerical position R; or x..
However, the pressure at the flow front interface is different in each outlet of the Junction, being
P'pe in the macro-flow, P°,,; in the micro-flow paralle] to the fibres and P°,; | in the radial
micro-flow. This generates different total pressure differences in equations (2)-(4). The three
types of permeability in these equations are also different. Macro- and micro-flowrates are
estimated following a trial-and-error procedure (17).

3. MATHEMATICAL MODEL INCLUDING THE INERTIA EFFECTS

Momentum transport for the general case of flow though a porous medium, including both ineria
and viscous terms, is described by the following relation in rectilinear coordinates:
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where the first and second terms on the right hand side represent the inertia and viscous terms,
respectively. Relation (5) can be easily considered as the outcome of a combination of Ergun's
and Carman-Kozeny equations. K denotes a global permeability and a denotes an inertia
coefficient to be determined from experimental data. Relation (5) can be used at high injection
pressures where capillary effects may be ignored.

In order to determine the empirical constants a and K in rectilinear flow experiments, relation
(5) is rewritten as follows:
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I'Under constant injection pressure experiments Q is recorded as a function of filling length Ax,
whereas under constant flowrate experiments AP is recorded as a function of Ax.

The equivalent relation for radial flow under constant flowrate is as follows:
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4. RESULTS AND DISCUSSION

4a. PARAMETRIC STUDIES OF MACRO- AND MICRO-INFII TRATION

A series of computational parametric studies were carried out concerning the in-plane infiltration
of five layers of a woven cloth, Y0212 from Courtaulds Advanced Mafterials, by silicone oil of
# = 0.140 Pas. The cloth was a plain weave glass fabric of a density of 0.546 kg/m?, thickness
- 0.48 mm, containing 6.7 ends/cm and 6.3 picks/cm (used in the in-plane permeability
measurements of Lekakou et al (4)). First the micro- and macro- impregnation times were
compared in rectilinear flow under different constant injection pressures for a mould filling length
of 0.3 m. At low injection pressures, due to relatively long filling times, micro-impregnation
could be considered to occur instantaneously: for example toil totimg ~ 1x107. At high Injection
pressures, filhing occurs in short times which are comparable to micro-impregnation times as
Figure 2 illustrates. The driving factors for micro-impregnation are the capillary and local
mechanical pressures. Since the local mechanical pressure decreases as the fluid moves away
from the gate, the micro-impregnation time increases.

In the next set of parametric studies, in which the layers of cloth were compressed to different
fibre volume fractions, changes were taken into account at macro-level, i.e. macro-porosity and
average size of macro-pores, while bundle dimensions and micro-porosity were assumed to
remain the same. The following micro-properties were calculated:

i = 042 K. = 2.6x10"2 m? K., = 1.3x108 m?
Pun = 11720 Pa P’ . = 5860 Pa

In the parametric studies, the overall fibre volume fraction was varied from 0.3 t0 0.58 resulting
in the macro-porosity changing from 0.48 to 0.034 respectively. This resulted in large changes
n the macro-properties, K_, and P°_, as is illustrated in Figure 3. At low V, the macro-
permeability is much higher than the micro-permeabilities whereas the macro-capillary pressure
is much lower than the micro-capillary pressures. However, at high V, the bundles come so
close together that macro-properties approach micro-properties.

Table I Permeabilities at various flowrates:
QI=6.76x10"m’/sec, Q2=2xQ1, Q3=4xQ1, Q4=8xQl.

V; K2/K1 K3/K2 K4/K3
0.30 1.29 1.11 1.05
0.40 1.06 1.03 - 1.02
0.50 1.02 1.01 1.00
0.58 1.00 1.00 1.00




Computer simulations were then carried out to evaluate global permeabilities in radial flow at
constant flowrate. A first set of overall permeabilities, K1, was calculated for all the range of
Vi atan infiltration flowrate Q1=6.76x107 m*/sec. Then the infiltration flowrate was increased
and new sets of permeabilities Ki were calculated for the whole range of V; corresponding to Qi.
Table I displays the ratios Ki/Kj for varying Qi/Qj and different V¢ 's. At low V; macro-flow
is important. Low flowrates are generated from low applied mechanical pressures, AP. At low
AP the micro-capillary pressures are important and produce micro-flowrates which cannot be
neglected. As a result the macro-flowrate is reduced and this reduces the overall permeability
which is calculated on the basis of AP. As Q increases AP also increases, capillary effects
become less important and the flowrate is channelled towards the largest permeability, i.e. the
macro-pores. The flow front then moves quickly as macro-flow first and this raises the
permeability. As Q is raised further in the parametric studies the capillary effects become
negligible and the flow is channelled primarily as macro-flow leading to constant K. On the
other hand, as V, is increased the macro-permeability is reduced. So, the effects of flow
channelling into the macro-pores are less umportant and K changes less with Q. At V, = 0.58
macro- and micro-impregnation become almost identical and no change of permeability is
calculated when the flowrate is varied.

Inertia effects are present at relatively high injection pressures which are not usually employed
in permeability measurements. A search of appropriate data in the literature yielded Trevino et
al's study (6) in which a non-linear relation between pressure and superficial velocity was
reported and injection pressures reached 8x10° Pa. In that study there was no data of fibre or
pore size and, hence, it was not possible to estimate the macro-flow Reynolds number.
However, if relation (5) could be applied to Trevino et al's data, a linear relationship should exist
between the variable groups AP/U and U. As Figure 4 displays, the data could fit a linear
relationship with a negative value for the inertia coefficient a, which is not acceptable.
Therefore, the non-linear relation between ihjection pressure and superficial velocity in Trevino
et al's data cannot be attributed to the presence of inertia terms. Figure 5 displays some data
from the study of Lekakou et al (4) where the estimated macro-pore Reynolds number is 0.07.
According to this data a small degree of inertia might be present at this Re,, although there are
no sufficient points in the graph for a reliable evaluation of the inertia coefficient, a.

3. CONCLUSIONS

A mathematical model was suggested for macro- and micro-impregnation in the processing of
polymer composites, including Darcy's and capillary effects. It was demonstrated that micro-
impregnation times increase as the resin front moves away from the inlet port due to the
corresponding decrease of local mechanical pressure. A series of computational parametric
studies were performed for a range of fibre volume fractions, where macro- and micro-
properties were calculated in each case. As the impregnation flowrate was increased from a low
flowrate of 6.76x107 m®/sec the overall permeability initially increased in agreement with



previous experimental studies [3-4] due to the fact that micro-capillary effects become fess
important and flow is channelled into the macro-pores. Above a certain flowrate capillary
effects become negligible and as a result the overali permeability remained constant. At high
fibre contents the overall permeability also remained constant due to reduced differences between
macro- and micro-flow.

It was demonstrated that inertia effects are usually negligible under RTM conditions. The value
of pore Reynolds number should be a good indication for the presence of inertia effects, and, if
present numerical procedures have been suggested for the determination of global permeability
and inertia coefficient from experimental data in the cases of rectilinear and radial flow.
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LIST OF SYMBOLS

A = cross-sectional area (m?)

a = 1nertia coefficient

D, = equivalent pore diameter (m)

AL, = length of individual tow being
impregnated in parallel flow in numerical
control volume (m)

AL, = total length of tows in numerical

control volume (m)

AN,,. = no of tows in numerical control
volume

AP = mechanical pressure difference (Pa)
€ = porosity = (1-V,)

h = thickness of compressed sample (m)
K = permeability (m?)

k, = Kozeny parameter

L = total filling length (m)

p = viscosity (Pa s)

P = pressure (Pa)

P® = capillary pressure (Pa)

Q = flowrate (m*/sec)

R, = radial position at flow front (m)

R, = radius of gate (m)

T.. = radius of tow (m)

Tiows = NON-impregnated radius of tow (m)
p = density (kg/m®)

U = superficial velocity (m/sec)

V. = fibre volume fraction

Subscripts

ma = macro
mi = micro

Il = parallel to fibres
1 = normal to fibres

MODE 111

Figure 1: The three modes of the impregnation model for woven cloths.
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Figure 2: A comparison between micro-impregnation and filling times in rectilinear flow
under constant injection pressure of 8x10° Pa.
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Figure 3: Macro- and micro-properties (permeability and capillary pressure) as functions of
global fibre volume fraction.
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Figure 4: Graphs of experimental data of Trevino et al (6) to test the applicability of relation

(5); rectilinear flow of DOP oil though a random glass fibre mat. 0: V,=0.23; a: V=0.34;
0: Vv.=0.46.
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Figure 5: A graph of experimental data of Lekakou et al (4) to test the applicability of
relation (5); rectilinear flow of silicone oil though an assembly of glass fibre woven cloths.
Re,= 0.07.
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