Transverse permeability of woven fabrics
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ABSTRACT: The transverse permeability is an essential inpudescribing the consolidation process of
CETEX® laminates. A two-dimensional, finite difference based k&soflow solver has been developed to
determine the mesoscopic permeability of arbitrary fabitiactures. The use of a multigrid solver dramatically
decreases the cpu time required (less than one minuté ti? grid). The permeability of a square packed bed
of impenetrable cylinders is calculated and shows excedigreement with values found in literature.
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1 INTRODUCTION wherep andu denote, respectively, the pressure and
velocity field, i is the resin viscosity anK the per-

CETEX® fabric reinforced thermoplastic laminates, meability tensor. The transverse permeability, as a
mainly used for aerospace applications, are producefinction of fibre volume fraction, is an essential pa-
by forcing thermoplastic films to infiltrate the fabric at rameter in describing the consolidation process. The
high pressure and temperature. Currently, polyethemforementioned authors obtained this function by fit-
imide (PEI) and polyphenylenesulfide (PPS) are useting experimental data with a power law [6]. How-
as matrix material in CETEX products. The use of ever, since permeability experiments are generally
alternative thermoplastic polymers potentially offerslaborious and suffer from significant experimental
an increase in performance, e.g. strength or toughscatter a modelling approach is desired.

ness, combined with a decrease in cost. A thorougfihe permeability, as function of fibre volume fac-
understanding of the consolidation process is requiretion, can be described by the Kozeny-Carman rela-
to develop an optimal processing route for these newion, which is based on flow through granular beds

thermoplastic composites. consisting of ellipsoids [2]:

he aim of the consolidation phase is to fully impreg-

nate the fabric reinforcement. Thermoplastic resin R? (1 —vy)3

needs to infiltrate into the dry fabric during consoli- K= E,/ijg (2)

dation. This is a complex process with various inter-
related phenomena. The applied pressure drives tha this relation, which was initially derived for
resin through the fabric but simultaneously deformsisotropic homogeneous porous mediajs the so-
the compliant fabric, thereby altering the infiltration called Kozeny constant. = Several authors, e.qg.
kinetics. A strong coupling exists between reinforce-Gutowski [4], have proposed to adapt (2) for
ment compaction and permeability. Michaud andanisotropic media by applying distinct Kozeny con-
Manson [5] described the one dimensional, isotherstants for flow perpendicular and parallel to the fibres.
mal, infiltration of a needled glass fibre mat. TheOne of the main drawbacks of the Kozeny-Carman
model is based on Darcy’s Law for conservation ofequation is that the Kozeny constant has to be de-

momentum: termined experimentally. Significant discrepancies in
the parametek for given reinforcements have been
K reported in literature, which is a reflection of the large
u= _;Vp' (1) amount of variation in the experimental results.



More sophisticated methodologies aim to take intogrid algorithm dramatically decreases the cpu time re-
account the preform structure more accurately. Theuired. The solver is validated with experimental re-
basis of these models lies in the assumption that thsults found in literature [8] and compared to the so-
porous media can be divided into repetitive elementsutions presented by Bruschke and Advani [1] and
or unit cells. The fabric permeability is then deter- Gebart [3].

mined by modelling the flow through these, more or

less, idealised cells. The degree of structural detail

taken into account in the unit cell ultimately deter- 2 STOKES FLOW SOLVER

mines the accuracy of the model. In general the re- : :
inforcing preform consists of woven or stitched bun-2'1 Governing equations
dles, which themselves are build up from small fiIa—T
ments. The geometric shape, weave pattern and pacg

ing characteristics of the fabric should all be includedCally in flow problems regarding composite forming

n tr]lle _;nﬁdel. bBtehS|des, Lhe zrterl:orm E?;er%gegle'typrocesses the inertial forces are small compared to
I-€- Idulla ?WS ot around and through the bundi€Sy, o yiscous forces, i.e. the Reynolds number is low
could be ot importance. (Re << 1). The impregnating fluid is, for now, as-

nggrt £3] df”"‘?ﬂ[ the perrpeablllltyt.of ar]: 'deall'STdsumed to be Newtonian. The Stokes equation can be
unidirectional reinforcement consisting of regularly \c.q for conservation of momentum:

ordered impenetrable cylinders. A lubrication ap-
proximation was used to relate the fibre volume frac-
tion to the transverse permeability. The results closely Vp — pAu =0 (3)
match the numerical results for higher volume frac-Conservation of mass reads:

tions. Bruschke and Advani [1] used a similar ap-

proach in the high fibre volume fraction range but V-u=0 (4)
adopted an analytic cell model for lower fibre vol-

ume fractions. A closed form solution, over the full These equations are solved in a two dimensional flow
fibre volume fraction range, is obtained by match-domain. An analytical solution of these equations is
ing both solutions asymptotica"y_ The results Wereonly available for SpeCifiC cases, therefore the partial
experimenta"y validated by Sad|q et al. [8] Ex- system is solved numerically USing a finite difference
cellent agreement was found between the measuredPproach. The flow domain is covered with a fixed
and predicted permeability for flow transversely torectangular grid and the system variables are solved
the impenetrable cylinders. Experiments using poroudt the grid points only. The application of a so-called
cylinders were performed as well. The measured perstaggered grid is common in suchlike problems. Such
meability of the heterogeneous lattice was found to bé grid, for the two dimensional case, is outlined in
up to 25% higher than the measured permeability ofigure 1.

the corresponding lattice of impenetrable cylinders.

he solver is developed to calculate the fluid flow
round an arbitrary geometry in a unit cell. Typi-

While the proposed analyses provide valuable funda- rwf U gt up—+
mental understanding of permeability they show lim- A u‘l » u‘l ’ UU
ited applicability in practise. This is partly caused by H
the fact that the heterogeneous character of the rein- Jﬁ“ \ b U H
forcement is not taken into account. But more impor- WP ow p N P W P W
tantly, the bundle cross-sectional shape can generally ’ \

not be described as circular. This problem can be cir- ]L” “ \ﬂ

cumvented by calculating the complete fluid flow in a wop o ow pow pow P
unit cell around an arbitrary cross-sectional shape nu- \
merically. Subsequently, Darcy’s Law (1) can be used

to de_termme the l_mlt Ce!l permeability. Figure 1: Part of the staggered grid; the gray section reptss
In this paper a finite difference based Stokes-Flow g part of the fibre bundle, the white section correspondsdo th
solver is presented to predict the meso-scopic perme- pore space.

ability of textile reinforcements. The use of a multi-
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The grid lines define the cells. The discrete presfractions, excellent agreement to the results found in
sure is defined at the cell centres. The discrete vditerature. For lower fibre volume fractions, however,
locity u; is defined at the centres of the of the verti-the obtained permeability deviates. Finite element
cal links, andu, is defined at the centres of the hori- calculations, using Ansys CFX, have been performed
zontal links. The conservation of mass (4) is consid+o verify the results in the lower range. The CFX re-
ered in every individual cell, whereas the conservasults virtually coincide with the multigrid solver re-
tion of momentum (3) should hold on the cell faces.sults, as can be seen from the graph. For comparison,
Both equations are discretised using a central differthe finite element calculation takes approximately six
ences scheme. Dirichlet or Neumann boundary conminutes.

ditions can be applied on every cell face throughout

the domain to define the domain boundaries and rein- symm.

forcement geometry. The solution of the defined flow 1

10 T T Din Pout
problem is then obtained by using a Jacobi relaxation
method [9].
10°
. . . >
2.2 Multigrid algorithm E symm.
<
Q -1
The convergence speed of these elliptical partial £ ™ |
derivative equations is generally low. A multigrid so- =
lution technique has been employed to overcome this. £ ;52| ‘
A Full-Multigrid Algorithm, using five different grid % “QD
sizes, has been implemented in Matlab. To furtherde- 2 Flow Solver
crease the computational calculation time the solver <2 10 | gebar;k & Advan |
. . . Tuscnke vani
will be implemented in C++. O Ansys CEX \
1074— O  Sadiq
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Fibre Volume Fraction
3.1 Square packed cylinders

. . Figure 2: Comparison between results from MG solver and data
The permeability of a square packed bed of impen- from literature.

etrable cylinders is determined to validate the de-

veloped solver. The obtained results are compared

with the results obtained by Bruschke and Advani[1],3.2 Square packed ellipses

Gebart [3] and Sadiq et al. [8]. The repetitive unit cell

is depicted in figure 2. Using symmetry only the flow The bundle cross-sectional area can, in general, better
in a quarter of the unit cell is calculated. The fig- be represented by an ellipse than a perfect circle. The
ure shows that symmetry is applied on the upper angermeability of square packed ellipses can easily be
lower boundary. A pressure is applied on the left andnvestigated. Figure 3 shows the defined unit cell. The
right boundary. The velocity on the inlet and outlet ellipse axes ratio equals the unit cell aspect ratio. The
is restricted to have no vertical component. The veconstant is used to vary the fibre volume fraction of
locity on the cylinder surface is equal to zero. Thethe reinforcementy; = wc¢?/4. Symmetry is, as be-
calculated volume flow can, by applying Darcy’s Law fore, applied on the upper and lower boundary, while
(1), be used to determine the permeability. The di-a pressure is enforced on the left and right boundary.
mensionless permeability is determined by dividingThe graph in figure 3 shows the dimensionless perme-
the permeability by the squared radius of the cylin-ability, which is obtained by dividing the calculated
der. A single analysis of such a problem on a fine gridoermeability by product of ellipse radii, as function
(2562) takes approximately 30 seconds. of the fibre volume fraction for three different cases.
In figure 2 the dimensionless permeability for varying The obtained results show excellent agreement to An-
fibre volume fraction is compared to the values foundsys CFX simulations.

in literature. The results show, for higher fibre volumeMost of the flow resistance is caused by the narrow
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gap between two adjacent bundles. In case the md&uture research activities will concentrate on extend-
jor axis of the ellipse is oriented parallel to the flow ing the developed solver in order to improve its ac-
direction, i.e. A/B = .5, the gap through which the curacy. First, additional rheological models, such
flow is forced is smaller than in case the major axisas a power-law description, will be incorporated to
lies perpendicular to the flow direction. This also fol- accurately represent the thermoplastic films used in
lows from the results shown in the graph, as the highCETEX® laminates. Secondly, the heterogeneous
est permeability values correspond to the domain witltharacter of the reinforcement will be addressed. This
the largest gapA/B = 2). dual porosity can have a significant influence on the
fabric permeability as was shown by Sadiq et al. [8]
and Phelan and Wise [7].

B - .
10° : : — An experimental set-up has been developed for vali-
dation purposes. The transverse permeability of dis-
R tinct CETEX® fabrics will be measured and used as a
| reference.
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