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Abstract

For the simulation of the injection stage of the manufac-
turing process of composite materials, the permeability
value of the textile is an important input parameter.
The permeability of textiles can be determined experi-
mentally, however, this is a time and resource consuming
process, and no standard procedure is yet available. In
this paper we present an easy to use software package
to simulate the flow through a textile model, and pre-
dict the permeability. Results are presented for a woven
fabric and are compared with experimental results.

INTRODUCTION

Liquid Composite Moulding (LCM) is a rapidly devel-
oping manufacturing process. It involves: laying up of
a textile reinforcement in a mould cavity of a desired
3D shape; injection of a liquid resin; polymerization
(thermosets) or solidification (thermoplasts) of the resin
(Parnas, 2000). The permeability of a textile is a key
characteristic for composite manufacturing and is of par-
ticular importance for the simulation of the injection
stage of LCM. The evaluation of textile permeability
gained importance due to the often encountered prob-
lems of non-uniform impregnation, void and dry spot
formation.
The permeability is a geometric characteristic related
to the structural features of the textile at several length
scales. Textile is a porous medium, so permeability can
be defined using Darcy’s law

〈~u〉 = −ReK · 〈∇p〉 , (1)

with ~u = ~u(x, y, z) the fluid velocity,Re the Reynolds
number, p = p(x, y, z) the pressure, 〈〉 volume averaging
and K the permeability tensor of the porous medium.
Equation (1) is a homogenized equation, the informa-
tion of the internal geometry of the reinforcement being
hidden in K. Finite element or finite difference Darcy
solvers require the input of K. Unfortunately, measure-
ments of textile permeability are time and resource con-
suming (Hoes, 2003), hence reliable numerical prediction
of K is required for the Darcy solvers.

Figure 1: Examples of models of textile reinforcements:
2D woven; 2D woven laminate; 3D woven; UD laminate;
2-axial braid; 3-axial braid; weft-knitted; Non Crimp
Fabric

TEXTILE MODELLING

A key task in permeability modelling is the character-
isation of the reinforcement. For the creation of a sin-
gle layer model of the reinforcement, we use the Wise-
Tex software (Verpoest and Lomov, 2005). The software
package WiseTex implements a generalised description
of the internal structure of textile reinforcements on the
unit cell level. The description integrates mechanical
models of the relaxed and deformed state of 2D and
3D woven (Lomov et al., 2003, 2000, 2001), two- and
three-axial braided (Lomov et al., 2002b), weft-knitted
(Moesen et al., 2003) and non-crimp warp-knit stitched
(Lomov et al., 2002a) fabrics (NCF) and laminates (Lo-
mov et al., 2002c) (Fig. 1). All these models, including
the models of deformed fabrics, use a unified descrip-
tion format of the geometry of the reinforcement unit
cell. This format allows the calculation of physical and
mechanical parameters of the fibres near an arbitrary
point in the unit cell. The reader is referred to (Ver-
poest and Lomov, 2005) for more details.

MATHEMATICAL APPROACH

To compute the permeability via the law of Darcy (1),
we solve the Stokes equations

{ −Re∇p + ∆~u = ~g
∇ · ~u = 0 , (2)

in a unit cell of a textile modell (Fig. 2). Periodic
boundary conditions are imposed in XYZ-direction for
the velocity and pressure. The design engineer can



Figure 2: Example of a typical unit cell with periodic
boundary conditions

choose to put wall conditions in one or two directions.
As driving force, a global force ~g or a constant pressure
drop ∇p0 can be imposed.
If one wants to take the micro flow inside the yarns into
account, a penalty term K−1

yarn is added to the stokes
equations which results in the Brinkman Brinkman
(1947) equations:

{ −Re∇p + ∆~u−K−1
yarn~u = ~g

∇ · ~u = 0 . (3)

The software package FlowTex, is based on the
freely available finite difference Navier-Stokes solver,
NaSt3DGP, developed at the institute for Numerical
Simulation of the University of Bonn (Griebel, 2004;
Griebel et al., 1998). The Stokes solver uses the PETSc
library (Balay et al., 2004, 2001, 1997), to solve the re-
sulting system of discretised equations.
As the solver is based on a finite difference discretisation,
no meshing problems arise in the preprocessing. That
allows the design engineer to neglect the mathematics
of the solver, and to compute the permeability with one
button (Figure 3). The more advanced user can also
use the software on Unix clusters (without GUI), which
allows to perform many experiments at once.

EXPERIMENTAL SETUP

The experimental validation is performed with a highly
automated central injection rig, called PIERS set-up.
This PIERS (Permeability Identification using Electri-
cal Resistance Sensors) set-up consists of a mold cav-
ity with two sensor plates, each containing 60 electrical
sensors (Fig. 4). After placing the reinforcement and
closing the mold, the test fluid can be injected. This
is done centrally in the reinforcement through a hole in
the middle of the lower sensor plate. While the flow
front propagates through the reinforcement, the fluid
flow makes contact with the electrical sensors. Since an
electrical conductive fluid is used, the wetting of these
DC-resistance sensors will change their electrical resis-
tance. This variation is registered and hence an arrival
time for the sensors can be stored.

Figure 3: The GUI of FlowTex

Figure 4: The PIERS set-up



Model Permeability (mm2)
Single layer 3.44 E−04

Random nesting 3.24 E−04± 1.03 E−04
Maximum nesting 1.54 E−04

Experimental 2.7 E−04± 10%

Table 1: Results for the Monofilament Fabric with dif-
ferent nesting

From the stored date, the experimentally determined
permeability is computed with the inverse method (Mor-
ren et al., 2006).

VALIDATION

The Monofilament fabric Natte 2115 is a realistic struc-
ture which is close to actual textile reinforcements, and
for which permeability is experimentally validated. The
fabric consists of fibres which are coated with a PVC
coating, so micro flows are eliminated. The full descrip-
tion of the Monofilament Fabric Natte 2115 test-fabric
can be found in (Hoes, 2003; Hoes et al., 2001). Table 1
compares the results of calculations on the single layer
model, the two layer model with maximum nesting, the
two layer model with random nesting, with the experi-
mental result. The permeability of the model with ran-
dom nesting is the average of 15 calculations on models
with different random nesting.
The experiments on the Natte fabric where performed
with several layers of Natte in order to fit into the exper-
imental mold. The layers are compressed in the mould
cavity, which leads to a random nesting. The random
nesting parameters are however not fitted to the lay-
ing up process. In table 1 we see that the experimen-
tal value is in between the single layer and the maxi-
mum nesting value, which is an acceptable result. For
the Natte structure calculations with a fine discretisa-
tion (∆x = 0.02mm) took about one minute on the
K.U.Leuven high performance cluster.

CONCLUSIONS

In this paper we presented the permeability predicting
software FlowTex. Textile models are designed with
WiseTex and then imported into FlowTex. A fast finite
difference solver is used to solve the Stokes equations
and compute the permeability. The software is efficient
and userfriendly for non CFD-experts.
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