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a b s t r a c t
The permeability of textile reinforcements is a crucial input for the simulation of the impregnation stage
of a composite material fabrication process. In this paper, we present a fast and accurate simulation
method for the permeability of a textile reinforcement, based on a ﬁnite difference discretisation of
the Stokes equations. Results for single layer, multi-layer and sheared models are discussed. The inﬂuence of intra-yarn ﬂow and periodic or wall boundary conditions are considered. We compare the numerically computed permeability values with experimental data.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The design of a mould for the production of composite parts is
still a trial- and error process, or based on accumulated experience.
This is however, expensive and waste producing. More and more,
the mould ﬁlling stage of the resin transfer moulding process is
simulated with software tools like PAM-RTM [1] or LIMS [2]. These
tools require the input of the permeability of the textile reinforcement, not only for the straight textile, but also for the draped textile which is sheared locally.
Analytical formulas for the computation of the permeability of
porous media such as textiles have been presented by several
authors (Table 1). A drawback of analytical formulas, like the ones
from Gebart [3], Berdichevski [4] and Phelan [5] is that they are
only valid for simpliﬁed textile models. Still, these formulas are applied for validation of simulation software and for the computation
of the intra-yarn permeability [6]. The permeability can also be
determined by numerical simulation of the ﬂuid ﬂow through a
textile model and the subsequent use of Darcy’s law. In order to
have a fast permeability predicting method, Long et al. reduce
the 3D ﬂuid problem to a simpliﬁed 2D model [7]. This Grid average approach is well suited for parametric studies, however, it is
not clear for which type of textile structures the method gives sufﬁciently accurate predictions of the permeability [8]. Accurate predictions can be obtained by solving the 3D Navier–Stokes or Stokes
* Corresponding author. Tel.: +32 16 327835; fax: +32 16 327996.
E-mail address: bart.verleye@cs.kuleuven.be (B. Verleye).
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equations or by solving an equivalent lattice Boltzmann model.
Simulation tools based on a lattice Boltzmann model use a regular
grid and avoid the difﬁcult mesh generation. However, in order to
be useful for parametric studies, the calculation of the permeability
must be accurate and fast, which is not the case with the available
lattice Boltzmann software [9]. Direct solution of the Navier–
Stokes or Stokes equations can be done by a ﬁnite element (FE)
or ﬁnite difference (FD) approach. FE simulation tools which work
on a non-structured mesh have the advantage that the geometry
can be meshed accurately, but the disadvantage that they are not
suited for automatic permeability computations since these solvers
require the mesh generation of the ﬂuid region between the yarns
of the textile. Authors do not mention problems in that regard,
however, we are not aware of publications with results for realistic
volume fractions, where the textile model has sharper edges and
thus for which the generation of an appropriate mesh is difﬁcult
[10–12].
We employ a three-dimensional FD solver: it works on a regular
grid but more acceleration techniques for the resulting partial differential system of equations are available than for the lattice
Boltzmann method. For the creation of the textile model, we use
the WiseTex software [15–17]. WiseTex implements a generalised
description of the internal structure of textile reinforcements on
the unit cell level. The WiseTex models are the input for our permeability predicting software FlowTex.
In this paper, we present a mathematical model to predict the
permeability and the numerical methods to solve the resulting
equations. We validate the results of the simulations with experi-
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Table 1
Several methods for the prediction of the permeability of textiles
Method

Reference

Comment

Theoretical formulas
FE modelling
Lattice Boltzmann
modelling
Grid2D

[3–5]
[10–12]
[9]

Inaccurate for realistic textiles
Cumbersome meshing
No acceleration techniques available

[7]

Pore network model
Random walk methods

[13]
[14]

No validation for different kinds of
textile
No satisfactory validation
No satisfactory validation

mental data for non-crimp fabrics, for a plain woven fabric, a
mono-ﬁlament fabric and a random mat is discussed. We show
that our method gives accurate results for several classes of reinforcements. Additionally, we discuss the inﬂuence on the permeability of shear, of the domain boundary conditions and of the
nesting of different layers.
2. Mathematical model
The permeability tensor K is a geometric characteristic related
to the structural features of the textile at several length scales.
For a porous medium, the permeability tensor is deﬁned by Darcy’s
law

hui ¼ ReKh5pi:

ð1Þ

with u ¼ uðx; y; zÞ the ﬂuid velocity, Re the Reynolds number,
p ¼ pðx; y; zÞ the pressure and h i denotes volume averaging.
In case of a creeping, single-phase, isothermal, unidirectional
saturated ﬂow of a Newtonian ﬂuid, the inter-yarn ﬂow is described by the incompressible Navier–Stokes equations

8 ou
1
>
< ot þ ðu  rÞu ¼ rp þ Re Du
ru¼0
>
:
ujn ¼ 0 and rpjn ¼ 0 on c:

ð2Þ

Here c denotes the boundary of the ﬂuid and the solid region and n
is the outward-pointing unit normal vector on c. The ﬁrst equation
states the conservation of momentum, the second equation states
the conservation of mass.
For the Reynolds numbers we are dealing with, i.e. Re 6 1, the
non-linear convection term can be neglected. Since we are only
interested in the steady state solution, the time derivative can be
omitted. This results in the steady state incompressible Stokes
equations

8
>
< Du  Rerp ¼ 0
ru¼0
>
:
1
ujn ¼ 0 and rpjn ¼ Re
Dujn on c:

Macroscale

ð3Þ

Note that for low Reynolds numbers the approximation rpjn ¼ 0 on
the boundary is not valid, and that the momentum equation must
be projected on the boundary [18]. To determine the permeability
from (1), the solution of (2) or (3) must be computed. Homogenisation of the Stokes equations can be applied within the periodic domain of a textile and yields Darcy’s law (1) on the macro-level
(Fig. 1). In [19] we show that solving Eq. (2) or (3) to simulate the
ﬂuid ﬂow and then using Darcy’s law to compute the permeability,
results in the same numerical value as using the deﬁnition of K arising from homogenisation theory.
Intra-yarn ﬂow depends on the local permeability tensor of the
yarn Kyarn , and is described by the Brinkman equations [20]

(

Du  Rerp ¼ K1
yarn u
r  u ¼ 0:

ð4Þ

The Brinkman equations can be seen as an extension of Darcy’s law
and as a practical way to deal with the coupled problem of ﬂow in a
porous medium and ﬂow in the free ﬂuid domain. Angot [21]
proved that the Brinkman model can be used for such situations
with no explicit interface conditions. Thus, in (4) the additional
term K1
yarn u can be seen as a penalisation of (3). Eq. (4) converges
to (3) for large kKyarn k. To compute the local permeability tensor
Kyarn , the ﬁbres of the yarns are locally approximated as a regular
array of cylinders. The components of Kyarn can then be computed
according to the analytical formulas of Gebart [3] and Berdichevski
[4].
3. Numerical approach
For ﬂow simulations in the irregular geometry of a textile, we
solve the Navier–Stokes equations (2) and the Stokes equations
(3) numerically on a regular grid with a ﬁnite difference discretisation. To this end, the geometry of the yarns is approximated to ﬁrst
order. An example of a textile geometry and its ﬁrst order approximation is shown in Fig. 2. In this section, we discuss some aspects
of the solution technique of the equations. The complete numerical
procedure is summarised in Fig. 3.
3.1. Boundary conditions
A boundary condition must be imposed between the yarn and
the ﬂuid region. If we neglect the intra-yarn ﬂow, the yarns are
treated as impermeable. Each grid point is then either located in
the ﬂuid domain (‘ﬂuid points’) or in the solid yarn domain (‘solid
points’). At the boundaries between the ﬂuid and the solid, no-slip
boundary conditions are imposed. We use a second order discretisation of the PDEs except at the boundaries, where we use a ﬁrst
order discretisation. Since the geometry is approximated to ﬁrst order, we cannot expect second order accuracy near the boundaries.

Mesoscale
if solid

impose no−slip boundaries
and compute NavierStokes
in the fluid domain
Microscale

obstacle
if porous

fluid

Use Darcy’s law to calculate the permeability K
Fig. 1. The different scales and mathematical equations.

compute NS/Brinkman on
the whole domain
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Fig. 2. A 2D-textile model (left) and its ﬁrst order approximation on the grid (middle); 3D voxel geometry(right).

Fig. 3. Flowchart of the numerical procedure.

Including a second order description of the geometry would not
only lead to the geometry modelling problems, but a second order
approximation of the boundary would also impose additional
numerical stability problems. Although using a ﬁrst order approximation of the yarns means that ﬁne meshes are required to obtain
an accurate result, it is shown in the validation section that we obtain permeability values within an acceptable computation time
(Section 5).
Boundary conditions must also be imposed on the boundary of
the unit cell. In the X- and Y-direction (in-plane directions) it is
obvious to use periodic boundary conditions because of the periodic structure of the textile. In the Z-direction (through the thickness direction) however, both periodic and wall conditions can be
justiﬁed: several layers of textile are put on top of each other in the
mould, so periodic boundary conditions are acceptable. However,
the mould is closed under pressure, and the thickness of the textile
specimen may be too small to neglect the inﬂuence of the closed
mould. Moreover, if several layers are put inside a mould, nesting
of the layers is inevitable. If two layers nest, they form a layer
through which no ﬂuid can ﬂow in the Z-direction. In the validation
section of this paper, we show a comparison of the possible boundary conditions with experimental results.
3.2. Solution of the Brinkman equations
The Brinkman equations (4) are similar to (3), and the same discretisation methods are used. They have to be solved in the yarn
points if we take intra-yarn ﬂow into account. We solve the Brinkman equations on the whole domain with kKyarn k ¼ 1 at ﬂuid
points (i.e. the Stokes equations), while kKyarn k in the yarns is typically 104 6 kKyarn k 6 107 .

3.3. Implementation
A ﬁnite difference Navier–Stokes solver, NaSt3DGP, was developed at the Institute for Numerical Simulation at the University
of Bonn [22,23]. The ﬂow solver employs a Chorin projection method on a staggered grid for the solution of the Navier–Stokes equations (2). In the staggered grid approach, the pressure is discretised
at the centre of the cells, while the velocities are discretised on the
side surfaces. This discretisation leads to a strong coupling between pressure and velocities, and therefore avoids the occurrence
of unphysical oscillations in the pressure. From a numerical point
of view, boundary conditions between the ﬂuid and the solid region can be implemented in two ways:
 boundary values are set explicitly in the solid cells which are
bordered by ﬂuid cells;
 the boundary conditions are included in the equation to be
solved in the boundary points in the ﬂuid region.
NaSt3DGP sets the boundary values explicitly. On a staggered
grid, this leads to the requirement that a solid point may not be bordered at two opposite sides by ﬂuid points. When the solid region
forms very ﬁne structures, as is the case for random ﬁbre assemblies,
e.g. non-wovens, this constraint leads to a very ﬁne mesh (ﬁner than
required to capture the geometry itself and to obtain a sufﬁciently
accurate solution). More implementation details are discussed in [19].
The extension of NaSt3DGP towards a ﬁnite difference Stokes
solver additionally uses the PETSc library [24] to solve the resulting
system of discretised equations. Here, the discretisation has been
realised on a collocated grid, i.e. all the unknowns are discretised
in the centre of the cell, and includes the boundary conditions into
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the discrete system matrix. Discretisation of the Stokes system (3)
yields a saddle-point problem which can be written as

"

D rT
r 0

#

U
P

"




A BT
B

C

#

U
P


¼

 
f
;
0

ð5Þ

with A the diffusion matrix, B the mass conservation matrix, C equals
0 or contains stabilisation coefﬁcients and f represents the external
force on the system. System (5) is a linear system, and the PETSc library provides several iterative and direct methods to solve the equations. The generalised minimal residual method (GMRES) with an
incomplete LU (ILU) preconditioner was used for the numerical
experiments in this paper. Solving system (5) with C ¼ 0 results in
slow convergence to an unstable solution for P. Therefore, stability
coefﬁcients are added to the matrix C. Stabilisation terms of the form
ah2 Dp are added to the conservation equation, with a a free parameter and h the discretisation step in the respective direction [25,26].
The choice of a is not without consequences: a large a introduces
an error in the continuity equation and results in a non-divergence
free ﬂow ﬁeld. On the other hand, a small a results in slow convergence rate of the iterative solvers and if chosen too small, the stabilisation effect disappears and unwanted pressure oscillations are
present in the solution. Our numerical simulations and experience
lead to the appropriate choice of a ¼ Oð102 Þ.
4. Experimental set-up
The experimental prediction of the permeability on the majority
of the textiles presented, is performed with a highly automated
central injection rig, called PIERS set-up. This PIERS (permeability
identiﬁcation using electrical resistance sensors) set-up consists
of a mould cavity with two sensor plates, each containing 60 electrical sensors. After placing the reinforcement and closing the
mould, 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 resistance. This variation
is registered and hence an arrival time for the sensors can be
stored. From this data, the experimentally determined permeability is computed with an inverse method [27–30].
5. Validation
In this section, our numerical predictions of the permeability
are validated against experimental results. Experimental veriﬁcation of computational methods for the simulation of textile permeability is often missing in the literature. We demonstrate that our
method is a general approach, valid for several types of textile
structures. This is an important difference to other permeability
predicting methods which rely on the structure of the textile. For
example, special methods for the prediction of the permeability
of non-crimp fabrics are presented in [31].
5.1. Textile modelling
The methods and techniques to model woven textiles and noncrimp fabrics are explained in [15–17]. The multi-layered models,
with or without nesting, are presented in [32].
The geometrical description of the internal structure of non-woven material is based on the following data:
 ﬁbre volume fraction of the material;
 ﬁbre geometrical (diameter, linear density) and mechanical
properties;

 distribution of the ﬁbre length;
 ﬁbre orientation distribution (in- and out-of-plane), given as
second order orientation tensor;
 ﬁbre waviness, expressed as random combination of two
harmonics.
The geometrical model uses these parameters of the individual
ﬁbres and creates a random ﬁbrous assembly via a hierarchy of
modelled objects:
 straight ﬁbre, characterised by ﬁbre properties, length and
orientation;
 curved ﬁbre, consisting of several straight intervals, and characterised by ﬁbre properties, total length, averaged orientation of
the intervals and shape of the ﬁbre, generated using the given
waviness parameters;
 random realisation of an assembly of a given number of (curved
or straight) ﬁbres. The boundaries of the unit cell of the material
(where all the centres of gravity of the ﬁbres are randomly
placed) are calculated based on the given ﬁbre volume fraction
and thickness of the non-woven fabric. The number of ﬁbres is
randomly generated by the model according to the given distributions of length, orientation and waviness of the ﬁbres. In the
case of non-woven fabric (as opposed to bulk material) the orientation is corrected to ﬁt all the ﬁbres inside the given thickness of the fabric. The random realisation of a non-woven
assembly is considered to be periodic; the degree of stochasticity included in the description is regulated by the number of the
ﬁbres in the assembly.

5.2. Experimental validation
Table 2 presents experimental and numerical results for two
non-crimp fabrics, a bi-axial and a quadri-axial fabric, together
with details of the computational parameters and the fabric data.
The textile models are shown in Figs. 6–9. On the bi-axial structure,
three institutes performed the experiments: MTM (K.U.Leuven),
EPFL (Lausanne) and Ecole des Mines (Douai), and the presented
experimental value is the result of an interpolation of the experimental values for different volume fractions. The non-crimp fabric
has a dense structure which results in a high inﬂuence of the intrayarn ﬂow. For the quadri-axial non-crimp fabric the computed permeability without Brinkman ﬂow is 5:3 E  04 mm2 , which would
be a large underestimation of the experimental permeability.
The experimental permeability value is higher than the numerical value. To ﬁnd the reason for this discrepancy, the inﬂuence of
the stitching pattern and the size of the openings on the permeability is investigated in Table 3 for the Quadri-axial fabric. The
stitching pattern has almost no inﬂuence on the permeability. On
Table 2
Details of the non-crimp fabrics
Parameter

Bi-axial

Quadri-axial

Number of plies

2

4

Orientation of plies (°)
Mass of the fabric (g/m2)
Stitching pattern
V f (%)
Periodic b.c. in
K xx Numerical (mm2)
K xx Experimental (mm2)

+45; 45
322  16
Tricot
38.5
XYZ
5.0 E4
1.3 E3

0; 45; 90; 45
629  31
Tricot-chain
41.2
XYZ
8.8 E4
2.1 E3
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Table 3
Inﬂuence of the opening size on the permeability of non-crimp fabrics
Parameter

Q orig

Q1

Q2

Q3

Stitching pattern
V f (%)
Opening size (mm)

Tricot-chain
41.2
0.66/0.18
0.18/0.48
8.8 E4

Tricot
41.2
0.66/0.18
0.18/0.48
8.8 E4

Tricot-chain
41.2
0.62/0.18
0.18/0.44
8.1 E4

Tricot-chain
41.2
0.71/0.08
0.18/0.53
9.6 E4

K xx Num. (mm2)

The four values for the opening size relate to the four plies.

Table 4
Details of the woven fabrics geometries
Parameter

PWF

MFF

Random mat

Width warp yarns
(mm)
Gap warp (mm)
Width ﬁll
yarns (mm)
Gap ﬁll (mm)
Areal density
(g/m2)
Speciﬁc density
(kg/m3)
Yarn tex warp
(g/km)
Yarn tex weft
(g/km)

2.21

0.75

NA

0.58
2.79

0.44
0.66

NA
NA

0.35
420

0.34
390

NA
580

2520

1423

2520

580

115

NA

600

115

NA

odic boundary conditions since nesting does not occur in that case.
The high V f result is obtained by modelling a three layered model
with maximal nesting. Then, the middle part of the model, where
the nesting actually occurs, is extruded, and wall conditions are
imposed.
Fig. 4 also presents the results for a non-woven random mat.
Unfortunately for this random structure no detailed information is
available (Table 4). However, given a certain V f and a diameter of
the ﬁbres taken from the available picture, the geometry is approximated as well as possible (Fig. 10), and the computed permeability
values are close to the experimentally obtained values. The computed value is an average of computations on ﬁve random structures.
We applied our permeability computing method for the computation of the permeability of various textile models. The software
was used to compute the permeability of woven fabrics, non-crimp
fabrics and non-woven fabrics. For all these materials, the computed results are compared with experimentally obtained permeability values. For the non-woven fabric, the numerical
permeability values lie inside the error-bars of the experimental
predictions. For the woven fabrics, a relative difference of 40–
50% between the experimental and numerical values is observed.
The numerical results are better for the lower volume fractions.
This is what could be expected: the model of the low volume fraction is based on measurements on the textile layers of the ﬁnal
composite part. For the higher volume fractions, however, deformations like nesting and compression had to be modelled and
some improvement on the modelling of high volume fraction textile models is possible. Nevertheless, our results present an important contribution compared to publications on other permeability
simulation tools, for which often experimental validation lacks or
results for higher volume fractions are not reported. Moreover, several of the latter simulation tools are only applicable to one speciﬁc
type of textile (Table 1), or have empirical parameters.
5.3. Inﬂuence of shear
WiseTex allows the modelling of shear on the textile [33]. However, the sheared unit cell has no orthogonal repeat. This means
that the periodic boundary conditions of the simulation software
have to be put parallel to the direction of shear, and not, like in
the original case, parallel to the orthogonal system axis. We have
adapted our simulation software in order to compute the permeability in a sheared unit cell. To validate the results, we compare
the computations with analytical formulas from Lai and Young
[34]. They present formulas for the direction of the principal axis
of the sheared textile b as function of the shear angle h, and also
~ ¼ KK xx ) as function of h
for the rate of anisotropy (a
yy

b¼
Fig. 4. Experimental and numerical data of the PWF, MFF and the random mat.

2

a~ ¼
the contrary, a small change in the size of the openings has a signiﬁcant effect on the permeability value. So probably the size of
the openings of the non-crimp fabrics was slightly underestimated,
which results in an underestimation of the permeability.
Table 4 presents for two woven fabrics a picture of the textile
model and the parameter details. The computed permeabilities of
the mono-ﬁlament fabric (MFF) and the plain woven fabric
(PWF) are depicted in Fig. 4. For both textiles results with different
volume fraction V f are presented. For the low values of V f , the computation was performed on a single layer model with wall boundary conditions. Although the experiments are performed on several
layers, periodic boundary conditions yield an overestimation of the
permeability as the layers will nest and form a wall around the
other layers. Note that, in case of a non-crimp fabric we used peri-

!
1
m sinð2hÞ
;
tan1
2
2
1  a  2m sin ðhÞ
sin ðb  hÞ  a cos2 ðbÞ

a sin2 ðbÞ  cos2 ðb  hÞ

ð6Þ

:

Here, a is the anisotropy of the undeformed textile, and m is a
parameter which depends on the barrier effect on the ﬂow of the
yarns in the warp direction. These formulas are based on a mathematical description of the elliptical ﬂow front, the assumptions that
the ﬂow rates in warp and weft direction of the deformed textile are
kept at the same ratio, and that for the deformed fabric the tangent
of the ﬂow front in the warp direction is parallel to the weft
direction.
For different shear angles h, Fig. 5 compares the numerical computed principal direction with the direction computed using the
formula of Lai and Young. Additionally, the ﬁgure shows the
numerical and analytical permeability ratios. We can conclude that
the theoretical results agree well with the numerical values.

B. Verleye et al. / Composites Science and Technology 68 (2008) 2804–2810
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Fig. 5. As function of the shear angle: the direction of the principal axis (left) and the anisotropy (right).

5.4. Computation time
As mentioned in Section 3, the Navier–Stokes solver uses time
stepping to reach the steady state solution in which we are interested. This time stepping procedure can be performed semi-implicitly or explicitly. If semi-implicit time stepping is used, the stability
criterion is less restrictive and time steps can be enlarged which results in faster solution times (Table 5). The Stokes solver computes
the steady state solution directly, and is substantially faster than
the time stepping methods. For a ﬁne grid, Dx ¼ 0:02 mm, the solver only needs approximately 1 min.
6. Conclusions
Fig. 6. Bi-axial non-crimp fabric.

In this paper, a general approach for the computation of the permeability of textiles was presented. Solving the Stokes equations
with a ﬁnite difference discretisation on a regular grid has the
advantage that the solver can be used for any kind of textile structure without meshing problems. Although methods designed for
speciﬁc textiles may lead to a faster solution, they only work for
that speciﬁc structure and have to be redeveloped for new textiles.
Moreover, fast and reliable solvers for PDEs are used in our permeability simulations.

Fig. 7. Quadri-axial non-crimp fabric.

Fig. 8. The plain woven fabric.

Fig. 9. The mono-ﬁlament fabric.
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Fig. 10. Unit cell of a random mat.

Table 5
Permeability values and computation time for a single layer model with XYZ periodic
boundary conditions of the MFF

Dx (mm)

K xx (mm2)

Comp. time NaSt3D

Comp. time stokes

0.02
0.03
0.04

3.3 E04
3.4 E04
4.3 E04

16 min 00 s
03 min 40 s
01 min 11 s

00 min 46 s
00 min 26 s
00 min 05 s

We have presented experimental validation for different textiles: non-crimp fabrics, woven fabrics and a random mat. Computations on a single layer model with periodic boundary conditions
result in a small over-estimation of the experimental value, as
nesting is neglected. Therefore, multi-layered models are to be
used in the simulations, and wall conditions should be imposed.
For textiles with a high volume fraction, intra-yarn ﬂow has an
important inﬂuence on the permeability value. The micro ﬂow is
accounted for by solving the Brinkman equations.
Not only nesting, boundary conditions and intra-yarn ﬂow
inﬂuence the permeability, also the shear of the specimen plays
an important role. Our method is able to model shear and compute
the permeability of the sheared models.
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