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ABSTRACT

Advanced composite materials reinforced by Non-Crimp Fabrics (NCFs) are 
becoming increasingly popular for high performance, light weight, complex 
structures, due to their high mechanical properties and relatively cheap 
production costs. These materials, not only improve the structural properties, but 
also induce great possibilities for reduced fuel consumptions for aircrafts and 
automotives, due to their high strength to weight ratio. In recent years, even 
more advanced composite materials have been developed, in order to meet the 
increasing demands of optimized composite structures from the manufacturers. 
These materials can have functional properties such as thermal resistance, 
electromagnetic shielding, conductivity, sensor or self-healing properties 
integrated into the material through functional filler-particles, which are pre-
mixed into the resin before being injected into the preform. In order to use these 
kinds of materials in high-end applications, they need to be of highest possible 
quality, meaning few defects and homogeneous distribution of the functionality 
and often also produced at the lowest possible cost. An extensive control of the 
manufacturing is therefore required, in order to fulfil these requirements. 

During the impregnation stage, resin flows at low Reynolds number through 
a porous medium in the form of a fibre reinforcement. In order to control the 
filling process, the permeability of the reinforcement needs to be determined 
accurately. Initially, the local permeability distribution of biaxial NCFs is 
investigated. Three types of unit cells are identified, where each one represents a 
specific geometrical feature originating from the stitching process. The local 
permeabilities of these unit cells are computed for various dimensions by 
combining Computational Fluid Dynamics and Darcy’s law, in order to 
scrutinize the importance of the different features and fabric dimensions on the 
local permeability. It is, for example, shown in this study, that the widths and 
heights of the interbundle channels in NCFs and the fibres crossing them 
between adjacent stitches, have the greatest influence on the local permeability, 
while the stitching thread itself and the shape of the fibre bundles affect it less. 
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In order to improve the speed of the local permeability computations, without 
reducing the accuracy, a model as simple as possible is sought after. An 
investigation of whether or not the fibre bundles need to be included into the 
permeability model is therefore performed. Modelling the fibre bundles of NCFs 
is proved to be irrelevant for the local permeability for high fibre volume 
fractions inside the fibre bundles, fb, while the fibre bundles is shown to be 
important for low fb:s. A new model, including the effect from the fibre bundles 
without modelling them directly, is developed for low fb:s, in order to facilitate 
faster, but still accurate permeability computations on models with reduced fluid 
domains for the entire span of fb:s.

Knowing the influence from the geometry on the local permeability, a global 
permeability model is developed for biaxial NCFs. Unlike most other developed 
permeability models for NCFs, this model comprises the complex geometrical 
features originating from the stitching process as well as the spatial variations of 
the fabric dimensions. The model is based on a network of interconnecting unit 
cells, with local permeability values calculated numerically. Validation of the 
global permeability model shows that inclusion of the features from the stitching 
process into the permeability model, together with an accurate determination of 
the average dimensions of the interbundle channels, are fundamental, in order to 
predict the global permeability of NCFs. 

The second topic considered in the present thesis is related to the 
inhomogeneous particle distribution, resulting in poor mechanical and functional 
properties of liquid composite moulded functional composites. To be able to 
control the distribution of filler-particles in the composites, knowledge and 
control about the particle deposition mechanisms occurring during the filling 
process are mandatory. The mechanisms and their resulting particle depositions 
are examined by microscopic imaging and from velocity fields measured by 
Micro Particle Image Velocimetry, on the flow in simplified miniscule 
geometries. In particular, two main mechanisms are studied, being filtration 
during fibre bundle impregnation and filtration induced by stationary flow 
through fibre bundles. These mechanisms, not only result in particle depositions, 
but also in particle-free regions, which are also observed in the analysis of a 
macroscopic vacuum infused, real biaxial NCF. Several suggestions of 
adjustments of the process and material parameters, such as the injection flow 
rate, fabric architecture and orientation, are furthermore outlined, with the aim 
of reducing these depositions. 
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Chapter 1

INTRODUCTION

Composite materials are built-up by two or more distinct phases, where one 
serve as binder and the other constituent as reinforcement. They have readily 
been used for construction purposes long before modern, synthetic composites 
became popular during the second half of the 20th century. Wood for example, 
consisting of cellulose fibres in a lignin matrix, is only one out of many natural 
composites used by humans throughout history. One of the first uses of man-
made composites is recorded as far back as to the ancient Egypt several 
thousands of years B.C., where straw-reinforced clay bricks were used for 
construction of buildings [1]. Also the early natives in South and Central 
America are known to have created composites in their pottery, where plant 
fibres were used as reinforcements [2]. These early uses of fibrous 
reinforcements were probably based on the desire to keep the clay from cracking 
during drying, rather than improving the mechanical properties as in modern 
applications. Nowadays, composite materials are widely used in several business 
areas such as aircraft and automotive industry, boat manufacturing and sports 
equipment production, in order to produce high performance, light weight 
structures or parts. The composites thus produced are usually made from epoxy, 
vinylester or polyester matrices reinforced by glass or carbon fibres. The 
advantages of such composite materials compared to normal, single phase 
materials are the apparent improvement in mechanical properties such as higher 
strength and stiffness per weight, the possibility to have anisotropic material 
properties and that they are easily formed into complex structures. Their saving 
in structural weight can furthermore result in reduced fuel consumptions for 
aircrafts and automotives, which is of great importance since the oil resources 
are limited. 

In recent years, even more advanced composite materials have been 
developed in order to meet increased demands of light, high quality, cost 
effective materials from the manufacturers of high performance structures. 
These composites have functional properties such as thermal resistance, 
electromagnetic shielding, conductivity, sensor properties or self-healing 
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1. Introduction 

properties integrated into the material and have gained their increased popularity 
thanks to their optimization of material usage. Integration of functionality into 
composite structures not only reduces additional external parts, which can result 
in an immense save in structural weight but also the production costs, since the 
entire functional material often can be processed in one single process. The 
functional properties can be integrated into the material in several ways, among 
which adding functional layers into the composite structure, is one method. This 
was done in [3], where layers with different functionality such as durability, 
ballistic damage protection, fire resistance etc., were put together forming a 
multi-functional armour for armoured vehicles and military carriers. Another 
way is to include functional fibres into fibre reinforcements as in [4], where 
optical sensors were embedded into a reinforcement in order to work as real-
time damage detectors. A third way to include the functionality is to mix 
functional filler-particles into the resin prior to injection. This method is used in 
[5-7] in order to give the material electric conductivity, while self-healing 
composites were created in [8,9] by mixing microcapsules including healing 
agents into the resin. Materials with increased thermal properties and fire 
resistance were also produced by applying this technique in [10]. Introducing the 
functional properties by particle-filled resins not only introduce functional 
properties but often also increase the mechanical properties of the materials. In 
[7,11,12] for example, it was shown that enriched resins significantly increase 
the interlaminar strength and the toughness of the material, which obviously is 
an additional benefit of the advanced functional composites. 

The use of advanced composite materials in high performance structures 
requires a material of the highest quality possible. The requirements of the 
material vary with the application but in general, materials with minimum 
amount of defects are aimed for. In many cases such as series productions of 
automotive parts, it is also of highest concern that the production cost of the 
material is low and that the repeatability is high. However, for other special 
applications, such as custom made, state-of-the-art composite parts, 
manufactured in small production series, these requirements are of less 
importance. Moreover, for composites with integrated functionality it is crucial 
to produce materials with desired distributions of the functionality. To meet such 
requirements, an extensive control of the manufacturing is necessary, since the 
latter can initiate defects leading to poor mechanical and functional properties of 
the produced composites. 

The purpose of this thesis is therefore to contribute to the control and 
knowledge of advanced composites manufacturing in order to improve the 
quality of the materials. In the first part of the thesis, focus is set on the 
permeability of a specific type of fibre reinforcement, named Non-Crimp Fabric 
(NCF), in order to facilitate production of high quality materials through 
enhanced process control. Then, particle depositions during flow processing of 
advanced composites with particle-filled resins are studied. In particular, the 
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1. Introduction 

mechanisms leading to inhomogeneous particle distribution are scrutinized with 
the intention to understand and to furthermore improve the manufacturing of 
functional composite materials. 

1.1. Composites manufacturing 

Manufacturing of advanced composite materials by Liquid Composite 
Moulding (LCM) from existing fibre reinforcement fabrics and moulds is 
usually performed in several steps as shown in Figure 1.1. To start with, a dry 
fabric is preformed into roughly the shape of the final product. This is done by 
placing layers of fabrics in desired locations and orientations onto a structure 
shaped like the final product. In order to fix the shape of the preform, the layers 
of dry fabrics can either be fixed to each other using thermoplastic or thermoset 
resin tackifiers [13], or by cut-and-sew [14,15], weaving [16], braiding [17] as 
well as tow placement technologies [18]. The technique used to fix the shape of 
the preform is highly dependent on the application area, since each technique 
result in different preform qualities such as production speed, handling 
convenience etc. After the preform is manufactured from the fabrics, it is placed 
onto the mould. The mould is then closed, forming a closed cavity into which 
resin is injected or infused. There are several methods that can be used to fill the 
resin into the preform, all going under the family name LCM. The most 
commonly used method is called Resin Transfer Moulding (RTM), which is a 
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Figure 1.1. Schematic steps of a LCM process.
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highly automated method employed to produce high quality composites with 
high mechanical properties in large series [19-21]. During RTM, resin is 
injected into the preform by a pressure ranging from just above atmospheric 
pressure to up to 10 bars. Due to the relatively high pressures involved in this 
processing technique, both the upper and the lower parts of the mould have to be 
stiff. As a consequence, the cost of the mould increases quickly for the 
production of large, complex composite parts, which are getting increasingly 
popular in, for example, the aircraft, ship and wind power industry. Especially, 
production of such large structures in relatively small series requires more cost 
effective manufacturing methods, such as, for instance, Vacuum Assisted Resin 
Transfer Moulding (VARTM) or Vacuum Infusion (VI) as it is also called [22]. 
VARTM is a resin infusion method, where resin is infused into the preform by 
vacuum pressure under a flexible upper part of the mould. The relatively low 
pressure results in long filling times but the production costs are significantly 
reduced for small production series, due to the low applied pressure and cheap 
tooling. In addition to RTM and VARTM, there are also several other methods 
readily used for industrial applications. Compression Resin Transfer Moulding 
(CRTM), which combines RTM and Compression moulding, can for example be 
used when fast filling times of reinforcements with high fibre volume fractions 
are demanded [23,24]. In this case, resin is injected into a partially closed mould 
cavity loaded with a dry fibre preform. Once a sufficient amount of resin is 
injected, the mould parts are brought together driving the resin through the 
preform and compacts the laminate to the final cavity thickness. Resin Film 
Infusion (RFI) is another technique that can be used when fast filling times are 
important for production of small to medium parts [25]. In this method, dry 
fabrics are laid-up interleaved with layers of semi-solid resin films. The air 
inside the lay-up is then removed by applying vacuum pressure. This is followed 
by a heating stage where the resin melts and flows into the reinforcement and 
finally cures. To be able to produce high quality advanced composites, with or 
without integrated functionality, a control of the filling process used is 
necessary. Hence, knowledge about the flow inside the preform is required, 
since it conditions the entire filling process. 

1.2. Flow phenomena during mould filling 

During the mould filling stage of LCM, resin propagates through a dry 
preform consisting of fibre reinforcements and replaces the air/vacuum phase. 
Since the fabrics usually consist of networks of fibres forming a porous medium, 
the fluid flows only in the pore spaces between the fibres. The flow in the pore 
spaces can be described by the incompressible continuity and Navier-Stokes 
equations in the following way: 
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0u  and (1.1)

uuuu 2p
t

, (1.2)

where u [m s-1] is the velocity,  [kg m -3] the fluid density, p [Pa] the pressure, 
[Pa s] the dynamic viscosity and t [s] the time [26]. The geometrical complexity 
of the porous medium makes it impossible to predict the detailed flow field in 
the whole preform. Instead, the phase averaged velocity field, describing the 
flow in a more macroscopic manner is of interest, in order to control the filling 
process of the preform. This route was, for instance, applied by the French 
scientist Henry Darcy in 1856, who formulated a one-dimensional law based on 
experimental observations of the filtering of drinking water in the city of Dijon, 
France [27]. Darcy’s law relates the fluid flow rate through the porous media to 
the applied pressure gradient, using the fluid viscosity and the permeability of 
the porous medium, K [m2]. His law was also later theoretically derived and 
extended to multiple dimensions and anisotropic media from the fundamentals 
of hydrodynamics to take the form: 

pKv , (1.3)

where v [m s-1] is the superficial velocity (the ratio between the volumetric flow 
rate through the porous medium and the cross-sectional area in the flow 
direction) and K  [m2] is the permeability tensor of the porous medium [28]. 
Darcy’s law is valid as long as the Reynolds number is sufficiently low, the fluid 
is incompressible and Newtonian and the porous medium is stationary. Hence, 
in order to describe the flow within the porous preform, knowledge about the 
permeability of the preform is required. 

Apart from the stationary flow of the fluid in preforms, consisting of layers 
of multi-scale fabrics, gas/solid interfaces are replaced by liquid/solid interfaces 
as the mixture resin propagates through the pore spaces in the fabric. According 
to the theory of molecular attraction, liquid molecules far from a surface act on 
each other by forces equal in all directions. However, near the surface the 
molecules of the same phase have greater attraction for each other than they do 
for the molecules in the gas phase [29]. This leads to a sharp interface between 
the gas phase and the liquid, which is generally called flow front when the 
interface is moving. The gas/liquid interface is also in contact with a solid phase, 
being the fibres in porous media such as fibre reinforcements. Depending on 
whether the liquid molecules on the interface are more attracted to the solid 
molecules on the gas phase side of the interface or to the liquid molecules on the 
liquid phase side, the liquid is said to be either wetting or non-wetting. This 
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(a) (b)

Figure 1.2. Flow front shape for (a) wetting and (b) non-wetting condition.

attraction imposes a curvature of the interface, which results in a normal stress 
and consequently a pressure jump, p  [Pa], over the surface. This pressure 
jump can be expressed as: 

21

11
RRsp , (1.4)

where s [N m-1] is the surface tension and R1 [m] and R2 [m] are the radii of 
curvature of the intercepts of the surface by two orthogonal planes [26]. The 
magnitude of p  varies over the interface, depending on its curvature across the 
flow front. In particular, the flow inside the fibre bundles experiences a large 

p , since the radius of curvature of the interface is small in the pore spaces, 
whereas the effect of p  is less in the interbundle channels, where the radius is 
larger, see Equation (1.4). This results in a nonuniform flow front, which can 
lead either in the fibre bundles as shown in Figure 1.2(a) or in the interbundle 
channels as is the case in Figure 1.2(b). The appearance of the front is dependent 
on the wetting properties of the liquid to the fibres in the preform and on the 
local velocity in the pores. The dependence on the local velocity is due to the 
change in curvature with the dynamic contact angle, D [rad], which increases 
with increasing velocity according to: 

s

lT
D

uc3
0

3 , (1.5)

where 0 [rad] is the contact angle at thermodynamic equilibrium, ul [m s-1] the 
liquid velocity and cT  an experimentally determined coefficient [30]. 

The capillary effects are often neglected in composites manufacturing, due 
to their relatively small magnitudes. It is however shown that these effects are 
important for processes such as void formation during infiltration at low 
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pressure injections [31-36]. In [34,35] , for instance, it was found that there is an 
optimal resin infiltration velocity in order to minimize void formation. The 
optimal state implies that neither the microscale flow inside the fibre bundles 
nor the meso-scale flow in the interbundle spacing is leading in fabrics with 
dual-scale porosity. Below this value, where capillary effects are dominant over 
viscous effects, the flow is leading in the fibre bundles and can entrap voids in 
the meso-scale regions and the other way around when the flow is leading in the 
meso-scale regions.  

Flow of suspensions, consisting of a solid and a liquid phase, through a 
preform can lead to several other unwanted phenomena except for those 
occurring for single-phase fluids. For example, mechanisms leading to an 
uncontrolled, inhomogeneous particle distribution in the produced composites 
are highly undesirable, due their negative influence on the mechanical and 
functional properties of the material. This inhomogeneity can originate from, for 
instance, filtering of particles by the fibre network, shear induced particle 
migration [37,38], sedimentation in suspensions with large differences in the 
density of the phases [39,40] and particle entrapment, due to non-Newtonian 
flow behaviour such as shear thinning and shear thickening [41]. All these 
phenomena contribute to the inhomogeneous particle distribution either by 
continuous fluctuations in the particle concentration or by distinct particle 
depositions. Fluctuations of the particle concentration are relatively harmless for 
the inhomogeneity of the mechanical and functional properties as well as for the 
processing compared to the particle deposition. Particle depositions generally 
impair the function of the composites and lead to clogging of pores during 
processing as shown in Figure 1.3. This clogging of the pores, furthermore 
results in a significant decrease of the effective permeability of the preform. 
Low permeability implies increased filling times and risk for incomplete mould 
filling unless the driving pressure is adjusted. This is highly undesirable for the 
manufacturing, since the production cost will increase. The particle deposition 
not only reduces the permeability but also the viscosity of the suspension. This 
makes the prediction of the injection process very difficult, since the alteration is 
both spatial and time dependent. Regions with high particle concentration can 
furthermore provoke curing problems of the mixture resin [42], which results in 
poor quality or even unusable composites. Knowledge and understanding of the 
mechanisms creating these inhomogeneous distributions are therefore vital, to be 
able to produce top quality, advanced composite materials with controlled 
properties. 
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Figure 1.3. Typical particle depositions in Non-Crimp Fabric reinforced composites after 
infusion of a particle suspension.

1.3. Thesis objectives and outline 

In the present thesis, the objective is double and concerns the following 
specific topics: 

Investigation of the influence of local geometrical features on the local 
permeability in biaxial NCFs and development of a global permeability 
model, including a detailed description of the fabric geometry together 
with statistical variations of its dimensions. 

Determination of the mechanisms behind deposition of filler-particles 
during LCM of NCF reinforced advanced composite materials with 
integrated functionality. 

The focus is set on these two topics, despite the different roles they play before 
and during LCM processing of advanced composite materials, in order to 
improve and contribute to the understanding of the latter. Indeed, a better 
understanding and control of the processing, furthermore facilitates 
improvements and optimizations of the materials themselves. 

This thesis is divided into two parts. The first part consists of six chapters, 
summarizing the results of the work described in the appended papers, named 
Paper A-F. Apart from being a summary, it also introduces the problematic 
areas considered and positions the present work into its perspective.  The second 
part consists of a collection of the appended published or submitted papers, 
giving the details of the research carried out. 
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1. Introduction 

The first chapter introduces the strong need for accurate permeability models 
for NCFs and the importance of knowledge about the particle deposition 
mechanisms, in order to produce high quality advanced composite materials. In 
the second chapter, NCF reinforcements are introduced and their specificities 
are investigated. The permeability modelling of NCFs are considered in the next 
chapter. This chapter can be seen as an overview of the context in the appended 
papers, Paper A-D. Initially, the procedure of computing the local permeability 
numerically is examined together with the important topic of numerical 
accuracy. The latter topic is often neglected in permeability modelling, despite 
its crucial role for the quality of the numerically determined permeability. 
Hence, control and emphasizes on this topic is especially focused on throughout 
this thesis. 

In the next step, the concept of using unit cells when computing the 
permeability is introduced and the validity of the unit cells, as a representation 
of the global fabric permeability, is discussed. Three unit cell models are 
developed, with the intention to take into account the specific geometrical 
features formed during the stitching process. The local permeability is then 
computed for the three unit cells of various dimensions, for the investigation of 
the influence of the different features on the local permeability. Moreover, the 
importance of modelling the dual-scale porosity is evaluated by highly accurate 
numerical computations. A new, computationally cheap unit cell model called 
the slip model, is also developed for the situations where the multi-scale porosity 
play and important role for the permeability modelling. 

Knowing the dependence of the local permeability on the features from the 
stitching process and the geometrical dimensions, a global permeability network 
model for the entire fabric is developed, by interconnecting unit cells with 
different assigned local permeability values, in the last section of chapter 3. In 
addition, the model is validated and the effect of variations in the local unit cell 
geometry on the global permeability is studied. 

In chapter 4, the second objective is introduced and studied, being related to 
the particle depositions in manufacturing of advanced functional composites 
based on NCFs. The mechanisms leading to particle depositions are first studied 
by detailed experiments on simplified geometries, designed to frame in specific 
geometrical features and the specific flow phenomena occurring in the fabric. 

PIV and microscopic imaging are used to reveal the particle depositions 
resulting from various flow induced deposition mechanisms. Especially, two 
mechanisms are studied, being particle deposition due to fibre bundle 
impregnation and due to stationary flow induced filtration. In order to 
investigate the validity of the observed deposition mechanisms in the detailed 
experiments, macroscopic vacuum infusion experiments on a real biaxial NCF 
are carried out. 

In chapter 5, the main results are summarized and concluded together with 
some suggestions on suitable material and processing parameters to be used 
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during LCM of structural functional composites. This concluding chapter 
follows by the final chapter of the first part of the thesis, presenting the division 
of work between the authors of the appended papers. 

The second part of the thesis consists of six appended papers, named Paper
A-F, which represents the core of the thesis. Paper A-D are written in order to 
meet the first objective, whereas the second objective is considered in Paper E
and F. More specifically, Paper A, B and D deal with the geometrical influence 
on the local permeability together with careful verification of the results. In 
Paper C, a global permeability network model for biaxial NCFs are developed, 
taken into account the local permeability variations, due to geometrical features 
and statistical variations in the fabric. In Paper E, a transient particle deposition 
mechanism is investigated, whereas both transient and stationary flow induced 
mechanisms are studied and validated in Paper F. The six papers representing 
the core of this thesis are listed below: 

Paper A: Nordlund, M. and Lundström, T.S., 2003, Numerical Calculations of 
the Permeability of Non-Crimp Fabrics. In Proceedings of ICCM 14,
San Diego, CA. 

Paper B: Nordlund, M. and Lundström, T.S., 2005, Numerical Study of the 
Local Permeability of Noncrimp Fabrics. Journal of Composite 
Materials, 39, 929-947 

Paper C: Nordlund, M., Lundström, T.S., Frishfelds, V. and Jackovics, A., 
2006, Permeability Network Model for Non-Crimp Fabrics, 
Composites: Part A, 37, 826-835. 

Paper D: Nordlund, M. and Lundström, T.S., 2006, Effect of Multi-Scale 
Porosity in Local Permeability Modelling of Non-Crimp Fabrics,
Transport in Porous Media. Submitted.

Paper E: Nordlund, M. and Lundström, T.S., 2006, Investigation of Transient 
Flow Behaviour in Dual-Scale Porous Media with Micro Particle 
Image Velocimetry, Experiments in Fluids. Submitted.

Paper F: Nordlund, M. Fernberg, S.P. and Lundström, T.S., 2006, Particle 
Deposition Mechanisms during Processing of Advanced Composite 
Materials. Composites: Part A, Submitted.

12



Chapter 2 

NON-CRIMP FABRICS

Non-Crimp Fabrics (NCFs) are built-up by layers of fibre bundles, usually 
made of glass or carbon fibres, stitched together by a thin thread. The layers can 
be oriented in different directions, in order to provide the required mechanical 
properties of the composite material. NCFs are generally manufactured by a 
multiaxial warp knit process, where unidirectional plies initially are placed in a 
warp knit machine with different orientations as described for the typical system 
shown in Figure 2.1. The configuration of layers, oriented 45º, 0º, -45º or 90º to 
the machine direction, are dependent on the type of NCF, which is about to be 
produced. Biaxial, triaxial and quadriaxial are the three most common 
configurations of NCFs, where biaxial NCFs, for instance, are built-up by two 
layers of fibre bundles oriented perpendicular to each other, i.e. 0º and 90º or 
±45º to the manufacturing direction. Triaxial and quadriaxial NCFs on the other 
hand can be built-up by any configuration of the four orientations. Even other 

Figure 2.1. Multiaxial warp knit LIBA machine [43].
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2. Non-Crimp Fabrics 

types of layers, such as functional materials or random fibre mats, can be 
included into the lay-up before being stitched together in order to improve 
and/or extend the use of the produced fabrics. In order to stitch the plies together 
with the warp knitting process, loops are formed by several needles knitting 
series of warp threads fed parallel to the direction of fabric formation. There are 
several knitting techniques available resulting in different knitting patterns. Two 
common patterns used in the warp knitting process are the chain knit pattern, cf. 
Figure 2.2(a) and the tricot knit pattern, cf. Figure 2.2(b) [43]. The differences in 
stitching technique used for the specific pattern, stitch frequency and tension in 
the thread all results in different internal geometry and degree of stability of the 
fabric. Tricot knitted NCFs, for example, are more stable and withstand shear 
better than chain knitted NCFs, due to their more complex stitching pattern [44]. 

Common to the two knitting methods is the formation of fibre bundles and 
interbundle channels from the penetration of the needle through the fibre bed. 
This resulting multi-scale nature is a typical feature for all NCFs, regardless of 
the stitching technique used. The dimensions of the pore spaces inside the fibre 
bundles are often less than 10 m, while the dimensions of the interbundle 
regions are larger than 100 m [45,46], cf. Figure 2.3. This multi-scale nature of 
NCFs plays an important role during LCM processing, since the formation of 

                  Top                 Bottom 
(a)

                  Top                 Bottom 
(b)

Figure 2.2. Multiaxial warp knit pattern with (a) chain stitch and (b) tricot stitch.
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2. Non-Crimp Fabrics 

interbundle channels facilitates the filling of resin. Depending on the stitching 
technique and its accuracy, straight almost undisturbed interbundle channels 
between the stitches can be created. More often though, the stitching is 
somewhat distorted, resulting in fibres crossing the interbundle channels, cf. 
Figure 2.4. The amount and frequency of those fibre crossings are strongly 
dependent on the stitching technique and its frequency [47,48]. Hence, three 
main characteristics of NCFs are the dual-scale porosity in the form of 
interbundle channels and fibre bundles, the presence of the stitching thread and 
fibres crossing over the interbundle channels. 

1 mm1 mm

Figure 2.3. Multi-scale nature of a Non-Crimp Fabric. 

Figure 2.4. Structural features of a biaxial NCF.
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2. Non-Crimp Fabrics 

The name non-crimp comes from the fact that the dimensions of the fabric 
are directly determined by the length of the fibre bundles in NCFs compared to 
in, for example, woven fabrics, where the bundles are longer due to their 
waviness, cf. Figure 2.5. In fabrics with undulated fibre bundles, regions with 
high internal stresses are built-up at the contact zones between bundles, when 
the fabric is exerted to in-plane tension. These internal stresses originate from 
the fibre bundle compaction, which occurs during the straightening of the 
bundles. Due to the close to nonexistent fibre bundle undulation, these internal 
stresses are close to nonexistent in NCFs. Another advantage of NCFs, 
compared to for example woven fabrics, are the significant improvements of the 
mechanical properties, since the fibres directly take up the load in NCFs, due to 
its straight fibre bundle architecture. Hence, the risk of extension of the 
composite and its resulting internal stresses in the resin matrix is much reduced 
compared to fabrics with fibre bundle undulation. 

(a)

(b)

Figure 2.5. Difference in undulation between (a) NCF and (b) woven fabrics.
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Chapter 3 

PERMEABILITY MODELLING OF NON-CRIMP 
FABRICS

As mentioned in the introduction, knowledge about the permeability of the 
preform is mandatory to be able to control the filling process. The permeability 
can be determined in several ways. One way is to do injection experiments with 
the fibre reinforcement. A unidirectional and a central injection method can be 
used for in-plane permeability measurements, while the out-of-plane 
permeability can be determined in special out-of-plane devices. The 
unidirectional setup can be used to measure both the saturated and the 
unsaturated permeability [19,49] and requires measurements in at least three 
fabric orientations to determine the principle permeability values, whereas only 
a single experiment is needed when using the central injection setup [50,51]. 
The limitation with the central injection method is that only the unsaturated 
permeability can be measured and that it is very sensitive to defects in the 
preform close to the injection point. Measurements of the permeability are 
shown to vary largely between subsequent measurements on the same fabric 
with the same equipment as well as between different equipments and methods 
[49,50,52]. In addition to the uncertainty, due to the large variations between 
measurements, experimental determination of the permeability of an entire 
preform is extremely time-consuming and cost ineffective. Not only is it 
required to perform several measurements in each direction to obtain statistical 
certainty, but measurements have also to be done for all the layers of a preform, 
since each layer normally comprises different architectures, materials and 
orientations. Hence, models that can predict the in-plane permeability of the 
fabrics used in the preform are highly desirable. 

The first attempt to model the permeability was for isotropic granular beds 
consisting of ellipsoids. This attempt resulted in the famous Kozeny-Carman 
equation, which for flow along the fibre direction can be written as: 

2

32 1
4 f

f
k

RK , (3.1)
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3. Permeability modelling of Non-Crimp Fabrics 

where R [m2] denotes the radius of the fibres, k [-] is the Kozeny constant and f
[-] is the solid volume fraction [53]. This semi-empirical model is sometimes 
used for the flow in the transverse direction to the fibres, by using a different 
value of k. A drawback of using the model for transverse flow, is that the model 
does not consider the stop of the flow, when the fibre volume fraction reaches 
the maximum packing efficiency [19,54]. Several researchers have therefore 
attempted to adjust the formula and to develop new analytical expressions for 
the anisotropic media often used in composite materials. This resulted in new 
improved expressions for the permeability of fibre arrangements perpendicular 
and parallel to the fibres [55-57]. Comparison between the developed models 
indicates that there are huge discrepancies in the predicted permeability between 
these models [58,59]. The discrepancies indicate that the permeability is very 
sensitive to the method used to describe the geometry and flow. Even though 
these models take into account the anisotropy of the porous medium, they work 
only for fibre reinforcements consisting of one geometrical scale and generally 
fail to predict the permeability of multi-scale fabrics [19,54]. 

Fibre reinforcements used in composite manufacturing often consists of at 
least two geometrical scales, since the fibres usually are collected in fibre 
bundles with an interbundle spacing between them, cf. Figure 2.4. The 
development of permeability models for multi-scale fabrics have therefore been 
the focus for many researchers lately. A few researchers have developed 
analytically based models for simplified geometries [60-62] but the main effort 
have been on the development of numerically based permeability models, since 
the internal geometry and flow of multi-scale fabrics are highly complex.  

3.1. Numerical modelling 

Numerical permeability models have been developed for various kinds of 
multi-scale fibre reinforcements in the literature. Models for unidirectional 
fabrics were, for example, developed in [46,63], for woven fabrics in [64-68] 
and for NCFs in [58,60,61,69,70]. The general strategy of the numerical 
permeability modelling is basically the same for all these models and can be 
described schematically as exemplified in Figure 3.1. The first step is to describe 
the geometry of the fabric in a computerized way. This can, for example, be 
carried out by forming the geometry in a Computer Aided Design (CAD) 
software from geometrical data taken either from detailed tomography produced 
images [71,72], analysis of images of entire fabrics [47,48,58] or from 
micrographs [60]. Monte-Carlo simulations or spectral expansion can also be 
used to build up a distorted fabric geometry from average geometrical data 
extracted from image analysis [61,73]. The computerized representation of the 
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geometry is thereafter discretized spatially by meshing algorithms, which divide 
the geometry into control volumes with assigned nodes connected to them. After 
the spatial discretization is performed, the discrete governing equations, 
describing the velocity field inside the represented fabric geometry, are solved 
numerically by Computational Fluid Dynamics (CFD) for an applied pressure 
gradient, fluid and specified boundary and initial conditions. The flow in the 
largest scale of the dual-scale geometry is generally described by either Navier-
Stokes or Stokes equation, whereas the flow inside the fibre bundles can be 
modelled in several ways. The flow through the porous fibre bundles can either 
be neglected as in [68] or modelled by Stokes equation in the pore regions 
between the fibres in the bundles as in [46]. The latter method can only be 
applied when modelling very small geometries, due to the enormous amount of 
fibres generally existent in the bundles. Instead of these two methods, the flow 
through the fibre bundles can be computed in an averaged way by modelling the 
flow through the fibre bundles by either Darcy’s law [65,67,69] or by 
Brinkman’s equation [64,66,70]. After determining the velocity field, uCFD [m s-

1], inside the fabric, the flow rate, Q [m3s-1], can be computed by integrating the 
velocity over the cross-sectional area of the fluid domain, AS [m2], as: 

sA
CFD dAnQ ˆu , (3.2)

where  is the unit normal vector to that surface. The computed Q is thereafter 
inserted into the one-dimensional Darcy’s law to get the permeability, K:

n̂

p
L

A
QK , (3.3)

where p [Pa] is the applied pressure drop over the length L [m] of the fabric 
and A [m2] is the total cross-sectional area of the modelled fabric. 
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Figure 3.1. Schematic of the strategy for numerical permeability modelling.
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3. Permeability modelling of Non-Crimp Fabrics 

3.1.1. Numerical method 

To be able to determine the permeability of the fabric, the velocity field 
inside the modelled fluid domain needs to be computed. This can be done by 
using CFD to solve the governing equations for the flow. The method implies 
that the differential equations are approximated by discretization methods, 
resulting in a system of algebraic equations, which can be solved by computers. 
The resulting numerical solution is discrete in both time and space with 
resolution dependent on the discretization. The discretization can be performed 
in several ways, where Finite Difference (FD), Finite Element (FE) and Finite 
Volume (FV) are common methods. The FD method is based on the differential 
form of the conservation equations, while FE and FV methods are based on their 
integral form.

In the FV method, the computational domain is divided into control 
volumes (CVs), where the integral forms of the conservation equations are 
applied. This approach makes the method conservative by definition and 
suitable for complex geometries, in contrary to the FD method, in which 
conservation is not enforced [74]. Computational nodes, where the variables are 
calculated, are assigned at the centre of each CV and interpolation methods are 
used to express variable values at the boundaries of the CVs in terms of nodal 
values. Furthermore, the surface and volume integral are approximated by 
quadrature formulas, resulting in a two-level approximation in the FV method, 
This makes it difficult to develop higher-order approximations than second-
order ones. These two approximations result in algebraic equations for each CV 
consisting of nodal values from neighbouring CVs. Collecting the equations for 
all nodes, result in an algebraic equation system, which can be solved iteratively 
by a computer. Multigrid solvers are often used to speed up the iterative 
convergence, due to their effective damping of errors [75]. In the multigrid 
method, early computations are performed on a fine grid, which dampens high 
frequency errors efficiently. Computations on progressively coarser grids are 
thereafter carried out to dampen low frequency errors quickly, which would take 
a long time to dampen with a fine grid. The results from the coarsest grid are 
then transferred back to the original fine grid to give the final converged 
solution.

The FE method is based on the integral form of the conservation equations 
in the same way as the FV method. The main difference between the two 
methods is that the integral equations are multiplied by weight functions in the 
FE method before they are integrated over the domain to guarantee continuity of 
the solution across the element boundaries. The FE method is good for complex 
and arbitrary geometries but generally results in highly unstructured matrices 
making it difficult to find efficient solution methods. 

The method used in Paper A-D is a hybrid method called Control-Volume-
based Finite Element Method (CV-FEM). This method is a combination of the 
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FV and FE methods, in which the governing equations are discretized using both 
shape functions and difference schemes. The pressure gradient and the diffusion 
term are obtained with shape functions, while the advection term is discretized 
by a difference scheme with a chosen order of accuracy with respect to the grid 
spacing.

3.1.2. Numerical accuracy 

In computational modelling and simulations the reality is described by a 
conceptual model, which consists of all the information, mathematical 
modelling data and equations that describe the physical system. This model is 
thereafter implemented into a computer and used as a geometrical model when 
solving the discretized governing equations for the flow. Verification is the 
control that the equations are solved correctly within specified limits of 
accuracy, whereas validation on the other hand is rooted in the question how the 
computerized model represents the real physical system and is based on 
comparison with experimental observations. In order to guarantee correct 
predictions of the permeability from the models, verification of the results is 
vital [76,77]. This is especially true in situations where the computational results 
are either used qualitatively for comparison, as a basis for decisions, or when 
experimental data for validation is nonexistent. 

Verification can be done by either comparing the numerical results to 
analytical models or by highly accurate simulations [76,77]. In Paper A, the 
computational results were verified by an analytical permeability model 
developed in [61], for two dimensional channels built-up between two 
elliptically shaped fibre bundles. This analytical model was extended to 
incorporate the three dimensional effects of biaxial NCFs, forming a range 
between an upper and a lower limit, where the numerically calculated 
permeability is to be expected if computed correctly. The numerical 
permeability value resulting from the model developed in Paper A, proved to be 
within these two limits, guaranteeing the correctness of the numerical solution. 

Analytical models are generally impossible to derive for complex 
geometries and can therefore normally not be used for verification purposes. 
Instead, highly accurate computations are often used to verify the results. In 
order to guarantee the accuracy of the results, control of the numerical errors in 
the computations is crucial. The five major sources of errors occurring in CFD 
are the insufficient spatial and temporal discretization, insufficient iterative 
convergence, computer round-off and computer programming errors [76]. The 
stationary flow conditions through the unit cell model in Paper A-D imply that 
the temporal discretization error vanishes. If the computations furthermore are 
solved with double precision by a well tested solver, the risk of programming 
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and computer round-off errors is minimized. Hence, the iterative convergence 
error and the spatial discretization error, or grid convergence error as it is also 
called, are the only two remaining errors that need to be controlled in order to 
verify the models. 

The iterative convergence error evolves from the nature of the iterative 
procedure to solve systems of nonlinear partial differential equations. For pure 
time-independent boundary value problems, the iterative convergence can be 
controlled by the residual errors that remain in the approximate solution to the 
discrete equations. Residual vectors are computed for each iteration and at every 
node. To measure the residual error over the entire domain, an appropriate 
vector norm is computed, which in this work is the Root Mean Square (RMS) 
norm. The value of this norm is then compared with previous iterations and a 
reduction of three to five orders of magnitude is taken as a sign of iterative 
convergence [74,77,78]. Different parameters and variables generally have 
different iterative convergences. It is therefore important to control the specific 
variable of interest, which in Paper A-D is the permeability, even if the 
conventional residuals show iterative convergence. 

The spatial discretization error, Eh, arises from the discrete representation 
of the fluid domain and is defined in [76] as the difference between the grid 
independent value of the parameter studied, h 0, representing an infinitely fine 
spatial resolution, and the value for a given discretization, h, symbolized by a 
characteristic grid spacing h [m]. Since Eh should approach zero as h approaches 
zero, excluding the computer round-off errors, it can be written as: 

hhhE 0 . (3.4)

In Paper A-D, the permeability of the unit cell is the parameter of interest and is 
therefore chosen as the scalar variable, . Instead of the absolute error, the 
relative discretization error is often used to indicate how far from grid 
independence the computations for the finite grid spacing are [76,77,79]. The 
relative discretization error, , can be written as [79]: )(r

hE

0

0)(

h

hhr
hE . (3.5)

Hence, in order to determine the spatial discretization error, the grid 
independent value, h 0, needs to be established. This can be done by several 
methods, which are all based on a finite number of computations on grids with 
different grid spacing. The method used in Paper A-C is based on Richardson 
extrapolation, whereas a method using a polynomial fit is used in Paper D.
Applying Richardson extrapolation on nonuniform grid refinements, the results 
should be considered more of a hint of how large the errors are rather than exact, 
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since the method is defined for uniform grid refinements. For sufficiently fine 
grids, where the leading term in the Taylor series dominates, the error can be 
written as: 

HhaE n
h )(1 , (3.6)

where  is a grid refinement factor between the finest grid and the coarser grids, 
a1 is a coefficient, being independent of h, n is the order of convergence and H
denotes higher order terms [79]. Equation (3.6) can be used on three gradually 
refined grids to derive an expression for the actual order of the numerical 
scheme, n. The mesh spacing of the grids used has to be small enough so that the 
leading-order error term dominates the total discretization error. In this case the 
order of accuracy is constant as the grid spacing is reduced beyond a specific 
threshold and the discretization is said to be in the asymptotic range [16], 
meaning that the error is reduced with the same order of magnitude between all 
grids. The knowledge of n makes it possible to calculate the grid independent 
permeability, Kh 0 [m2] by extrapolation and furthermore also  for the finite 
grids. This method to estimate the spatial discretization error is very sensitive to 
iterative and round-off errors in the results from the computations on the finite 
grids. Small perturbations in the computed permeability values can give large 
deviations or unreasonable values of K

)(r
hE

h 0. Plotting the results from 
computations on more than three finite grids, as in Figure 3.2(a), is therefore 
required, in order to make sure that the calculated grid independent value is 
reasonable.

Another method to determine Kh 0 and furthermore also the discretization 
errors for the finite grids is used in Paper D. It is based on a second-order 
polynomial fit of the calculated permeability values from a finite number of 
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Figure 3.2. Grid convergence with Kh 0 determined by (a) Richardson extrapolation in Paper
B and (b) least mean square curve fitting in Paper D.
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simulations on different grid sizes. In order to reduce the sensitivity of the 
determined independent permeability on iterative and round-off errors, a Least 
Mean Square (LMS) polynomial fit is performed to the permeability computed 
from several grid sizes. The order of the polynomial is selected to be of the same 
order as the differencing scheme used to discretize the equations with respect to 
h. The extrapolated value can then, for a steady-state computational problem in 
one spatial dimension with uniform mesh spacing and second-order differencing 
scheme, be expanded as: 

)( 32
210 hOhghgKK hh , (3.7)

where g1 and g2 are constants and Kh [m2] is the permeability for the grid 
spacing h. The reliability of Kh 0 can be investigated by plotting the LMS-fitted 
polynomial together with the discrete permeability values as was done in Paper
D, cf. Figure 3.2(b), for the different models and fibre volume fractions in the 
bundles, fb, studied. In case the spatial grid spacing varies over the domain of the 
discretization, Kh 0 represents a local estimate for the h chosen, rather than a 
global estimate. A typical edge length, hT, [m] for these nonuniform grids can be 
defined as: 
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h , (3.8)

where Vu.c. [m3] is the fluid domain volume of the unit cell and Nnodes [-] is the 
number of computational nodes. This typical edge length can be used, in order 
to estimate the extrapolated value in a global sense. 

The importance of grid independence was studied in Paper D, where 
comparisons between a single-scale model and a dual-scale model were 
performed. The intention with this comparison is to determine at which 
conditions dual-scale porosity can be approximated by a singe-scale model 
without reducing its validity. It was shown that completely erroneous 
conclusions can be drawn if the solutions are far from grid independence and 
that extreme care should be taken when computational results, which are not 
verified to be close to grid independent, are used for comparison purposes. 
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3.2. Local permeability 

The complex internal geometry of multi-scale fibre reinforcements makes 
computations of the detailed flow field inside the entire reinforcement nearly 
impossible to perform, due to the unreasonable large computational grids and 
computer power required to resolve the complete geometry. To avoid these 
unpractical and too computationally heavy grids, methods reducing the fluid 
domain, without reducing the validity of their geometrical representation are 
highly desired. 

3.2.1. Unit cell approach

Textile fabrics used in composite materials usually consist of fibre bundles 
structured in a repeatable way throughout the material. The repeatability of the 
fabric geometry is utilized in most permeability models developed in the 
literature, with the intention to reduce the computational domain and 
consequently speed-up the calculations. In [46,63] for example, unit cells 
describing the main geometrical structure of unidirectional fabrics were 
developed for permeability modelling, while unit cells describing woven fabrics 
were developed in [64-67,80]. The geometry of these unit cell models usually 
consists of the fibre bundles and the interbundle regions and represents the 
global permeability of the fabric only if the variations of the geometrical 
dimensions throughout the fabric are small. In reality, these variations can be 
relatively large due to inaccuracy in the fabric manufacturing, draping, shearing 
etc. Hence, it is more accurate to state that models based on a single unit cell 
predict the local permeability inside a fabric, rather than the global permeability 
of the entire fabric.

Unit cell models based on the fibre bundle structure have also been 
developed for NCFs in [58,60,61,69], where the repeatability of the fabric is set 
by the stitching process through its formation of fibre bundles and interbundle 
channels. The permeability models developed so far for NCFs, usually neglect 
the geometrical features related to the stitching process, such as the thread 
penetrating the fibre bundle and the fibres crossing the interbundle channels 
seen in Figure 2.4. It is only in [58] that the fibre crossings are included in a 
somewhat different geometrical representation of a unit cell called Stitch Yarn 
induced fibre Distortion (SYD), where only the interbundle region is considered 
for the permeability modelling. Even though represented in [58], the relative 
importance of the features from the stitching process for the local permeability 
of NCFs is unknown. The influence of the thread penetrating the interbundle 
channels of stitched fabrics on the permeability were studied in [81], by 
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Figure 3.3. Division of a biaxial NCF into its unit cell structure. Three types of unit cells are 
identified: the plain unit cell (P), the thread unit cell (T) and the crossing unit cell (C).

modelling various extensions and placements of a cylindrical thread in simple 
rectangular channels. It was shown that the presence of a thread in a channel 
significantly reduces its local permeability. This is also shown in Paper A and 
B, where unit cells of a biaxial NCF, including a representation of the thread 
show a decrease in the unit cell permeability compared to when the thread is 
excluded. It is furthermore shown in Paper A that a single unit cell, excluding 
the features from the stitching process, strongly over-predicts the permeability 
compared to experiments. Hence, it becomes rather obvious that the simplified 
description of the fabric as a network of identical unit cells, without taken into 
account all the features from the stitching process, is insufficient in order to 
accurately predict the permeability of NCFs. 

In order to investigate the local permeability distribution in a fabric, due to 
all geometrical features present in real NCFs, a biaxial fabric is divided into a 
network of unit cells in Paper B, cf. Figure 3.3. The first type, the plain unit 
cell, is based on the fibre bundle geometry and consists of the interbundle 
channels and the fibre bundles similar to the unit cells in [60]. The bundles are, 
to start with, assumed to be impermeable and therefore excluded, cf. Figure 
3.4(a), since most of the flow goes through the interbundle channels for high 
fibre volume fractions in the bundles [45,46]. The second type of unit cell 
identified is the thread unit cell, representing the volume where the thread 
penetrates the interbundle channel. A similar model to the plain unit cell is 
developed but with the extension that it includes a geometrical representation of 
the thread, cf. Figure 3.4(b). The third and final type is the crossing unit cell,
which represents the local geometry, where fibres cross the interbundle channels 
between two adjacent stitches. The model of the crossing unit cell has similar 
basic geometry as the two previous ones but with the extension that the fibre 
crossings are included into the model as cylinders with elliptical cross sections, 
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placed in the centre of the interbundle channels, cf. Figure 3.4(c). The difference 
in the geometries of the three types of unit cells, strengthen the speculation and 
observations that representing the entire fabric geometry with only one type of 
unit cell is inadequate. 

The permeability is strictly dependent of the geometry of the fabric and 
local variations of the geometry are therefore important for the local 
permeability distribution inside fabrics. It is shown in [61] that local variations 
of the permeability inside fabrics have significant influence on its global 
permeability. This is also confirmed in [73], where even small distortions in 
structured fibre assemblies influence the permeability significantly. 
Consequently, in order to perform accurate global permeability predictions of 
fabrics, accurate geometrical representations including all important geometrical 
features of the fabric, are required. These features should not only include the 
geometrical changes, due to the stitching process, but also variations in the 
spatial dimensions and locations of the fibre bundles inside the fabric. 

(a) (b) (c)

Figure 3.4. Unit cell geometry for (a) the plain unit cell (b) the thread unit cell and (c) the 
crossing unit cell.
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3.2.2. Variations in the local permeability 

In order to account for statistical variations in global permeability models, 
the local permeability has to be computed for various possible dimensions of the 
three types of unit cells mentioned previously. This is done in Paper B where 
the influence of variations in interbundle channel width and height, fibre bundle 
shape, extent of the thread and the crossings on the permeability are investigated 
on the three types of unit cells. It was shown that variation in the width, bch [m], 
of the interbundle channel parallel to the main flow direction strongly influences 
the permeability, whereas the permeability was less sensitive to variations in the 
width of the perpendicular channel, cf. Figure 3.5(a). The variations in the 
height, hch [m], of the channels are also proved to influence the permeability 
significantly but not as much as the width of the parallel channel, see Figure 
3.5(b). Investigation of the effect of different extents of the penetrating thread 
was performed for thread unit cells with a narrow channel, an average channel 
and a wide channel. This was done in order to study in which geometrical 
condition the existence of the thread in the interbundle channels is most 
important for the local permeability, since the flow is influenced differently 
depending on the geometry of the channel. In narrow channels for example, the 
slit region is comparable in size with the bulk region, whereas it only takes up a 
small part of the cross-section in wide channels, cf. Figure 3.6. The thread is 
shown to influence the local permeability significantly for wide channels in 
accordance with the results in [81], whereas for narrow channels it only slightly 
affects the local permeability, cf. Figure 3.5(c). The reason for this is that the 
flow in the slit region is more or less unaffected by the thread, since the ratio 
between the areas of the slit region and the bulk region is large for narrow 
channels. For wide channels, where most part of the cross-section consists of the 
bulk region, the penetrating thread has more influence on the local permeability. 
For large sizes of the thread compared to the channel width, the influence of the 
penetrating thread must therefore be taken into account in permeability 
modelling. The most significant influence on the local permeability found in 
Paper B is the presence of fibre crossings. It is shown that the permeability can 
be as much as 90% lower than for the undisturbed plain unit cell, when 
crossings are present in the interbundle channels, cf. Figure 3.5(d). This is 
probably a major reason why the permeability models based on a single plain
unit cell in Paper A and in [60] over-predict the permeability. Moreover, the 
effect of the shape of the fibre bundles on the permeability is also studied in 
Paper B, where it is shown to have only a small influence on the local 
permeability compared to the crossings, for example. The permeability is 
naturally more sensitive to the shape of the bundles where the neighbouring 
channel is narrow, since a large part of the channel cross-section is influenced 
by the fibre bundle curvature in narrow channels. 
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Figure 3.5. The effect on the local permeability from variations of (a) the width of the 
interbundle channel (b) the height of the interbundle channel (c) the diameter of the thread, bt,
and (e) the principal diameters bcr and hcr of the fibre crossings, from the study performed in 
Paper B. The dimensions are varied from a unit cell with width, b0, and height, h0.
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Figure 3.6. Regions of the cross-section of a narrow and a wide channel.
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3.2.3. Influence of multi-scale porosity

The unit cells identified in Figure 3.3, are all of dual-scale nature, with one 
geometrical scale inside the fibre bundles and the other one in the interbundle 
channels. In Paper B, the models of the three types of unit cells all exclude the 
fibre bundles, due to the statements made in [45,46,82] that the fluid 
determining the flow rate is mostly the one flowing through the interbundle 
channels. In Paper D, the validity of this approximation is studied numerically 
by comparing unit cells excluding the fibre bundles as in Paper B with a porous
model including the fibre bundles with different fibre volume fractions inside 
the fibre bundles, cf. Figure 3.7. The flow through the interbundle channels of 
the porous model is computed by solving the continuity equation, Equation 
(1.1), and Navier-Stokes equation, Equation (1.2). For the flow through the fibre 
bundles, Brinkman’s equation is solved instead of Navier-Stokes equation. 
Brinkman’s equation is an averaged momentum equation describing flow 
through porous media, where the resistance from the fibres are represented by a 
linear resistance term as: 

uKu -1
b

2p , (3.9)

where bK  [m2] is the permeability tensor for the permeability inside the fibre 
bundles [66,83]. The permeability inside the fibre bundles are calculated by 
Gebart’s equations for the principle permeabilities parallel, K|| [m2], and 
perpendicular, K [m2], to hexagonal fibre arrangements as: 
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where fb is the fibre volume fraction inside the fibre bundles [56]. 
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Figure 3.7. Computational domain of the porous model in Paper D (1/4 unit cell). 

The permeability of different fb:s are calculated in Paper D. The 
calculations were carried out in order to investigate for which fb:s the fibre 
bundles need to be included into the permeability model to not deviate from the 
simplified, computationally easy plain unit cell developed in Paper B. To be 
able to draw any conclusions, the numerical accuracy of the computations is 
carefully controlled. Comparison between the two types of unit cells show that 
for high fb:s (>60% for fibre radii of 7 m) the fibre bundles can be excluded, 
without resulting in erroneous local permeability modelling of the dual-scale 
fabric. The deviation between the two models is increased exponentially with 
reduced fb, cf. Figure 3.8, indicating that permeability models for low fb:s need 
to include the dual-scale porosity. Similar results were found in [45,82] for other 
geometries such as unidirectional and woven fabric geometries.

To be able to perform computationally easy permeability predictions of unit 
cells with low fb:s, a new model is developed in Paper D. This model, called the 
slip model, is based on the same type of geometry as the plain unit cell in Paper
B but with fluid slip velocity boundary conditions at the fibre bundle/channel 
interfaces. The benefit with this new model is the significant reduction in the 
fluid domain size compared to the full porous model, where both the fibre 
bundles and the interbundle channels are modelled. This not only reduces the 
computational problem in size, complexity and time, but also facilitates 
computations with higher spatial resolution. Together with a compensation term 
for the flow through the excluded fibre bundles in the computation of the flow 
rate, the permeability of the slip model shows good agreement with the 
permeability calculated by the full, more computationally heavy porous model,
cf. Figure 3.8. As a consequence, the local permeability can be computed 
accurately and relatively computationally easy for the entire span of fb:s. This is 
an enormous benefit when fast permeability calculations are required, especially 
in global permeability models based on a network of unit cells as in Paper C,
where numerous computations of unit cells are required. 
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model.

3.3. Global permeability 

As previously discussed, there is a local permeability distribution within 
NCFs, due to the different geometrical features and variations in the internal 
fabric dimensions. In order to compute its global permeability, all these 
geometrical features resulting from the stitching process and their variations, 
have to be included into the model. A network model connecting the three types 
of unit cells developed in Paper B, with different geometrical dimensions, are 
used to compute the global permeability of the entire fabric in Paper C.
Network models have also been used in [58,61] to successfully connect unit 
cells with assigned permeability values, with the aim of computing the global 
permeability of fabrics. The principle of the network model used in Paper C
was developed in [61], where unit cells with individual local permeability 
tensors are connected simply by the fluxes through the cell faces, cf. Figure 3.9. 
Darcy’s law, Equation (1.3), is assumed to be valid within the unit cells, 
resulting in the following equations: 
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where u [m s-1] and v [m s-1] are the velocities in the x and y direction, 
respectively, Kxx [m2] and Kyy [m2] are the in-plane principle permeability values 
of the unit cell, Lu.c. [m] is the distance between unit cell centres and Su.c. [m2], 
the unit cell face area, see Figure 3.9(b). The pressure is assumed to vary 
linearly between neighbouring cells and the total fluxes through the unit cell 
faces are forced to satisfy mass conservation for incompressible fluids:
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jijijiji
, (3.13)

yielding an equation for the pressure. Conservation of mass also has to be 
satisfied globally for the network. In the rectangular system i=1..nx, j=1..ny,
where nx, ny are the number of unit cells in the x and y direction, respectively, 
the boundaries perpendicular to the x-axis are set to be periodic. Moreover, 
pressure boundary conditions are set on the boundaries perpendicular to the y-
axis, or equivalently the main pressure gradient direction. 

In order to calculate the global permeability, the first solution step is to 
compute the pressure distribution. Secondly, the flux through the fabric can be 

Pi,jPi-1,j

Pi,j+1

Pi,j-1

Pi+1,j

(a)

Su.c.

(b)

Figure. 3.9. (a) Placement of bundles in layers for biaxial fabric building a framework for 
network model. (b) Side view of a unit cell in one layer.
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solved from the pressure distribution and the global permeability can finally be 
computed from Darcy’s law.  

This network model is applied to a biaxial [-45/+45] NCF from Devold 
AMT in Paper C, since permeability measurements on the same type of fabric 
have been performed in [84] and therefore can be used for validation purposes. 
To be able to perform global permeability predictions, the internal geometrical 
dimensions inside the fabric need to be determined. The average dimensions are 
determined from image analysis the fabric. These average dimensions are 
thereafter used as input in a Monte-Carlo method in order to determine a viable, 
statistically distorted representation of the fabric geometry. In the Monte-Carlo 
simulations, the geometry is built-up by a representation of the fibre bundle 
network with assigned unit cells to it. In order to introduce realistic geometries, 
adjacent unit cells are related to each other so that if a channel is wide in one 
unit cell, it is also relatively wide in the adjacent cells in the fibre bundle 
direction. This relation is established due to the fibre bundle stiffness occurring 
in real fabrics. The number of neighbouring unit cells affected by the 
disturbance of one unit cell, in the parallel direction of the fibre bundles, is 
called correlation distance and is used in the Monte-Carlo simulations. 
Moreover, a constraint of the dimensions of the unit cells adjacent to each other, 
in the perpendicular direction, is also included into the Monte-Carlo simulations. 
This constraint implies that the geometrical dimensions of neighbouring 
interbundle channels are interconnected, so that a shift of a fibre bundle in a 
confined volume, results in a narrow and a wide interbundle channels adjacent 
to each other.  

Highly accurate CFD computations are then performed for the plain unit 
cell, the thread unit cell and the crossing unit cell in the same way as in Paper
B, for the range of dimensions calculated by the Monte-Carlo method. Since a 
finite number of CFD computations are performed for various dimensions, 
continuous curves are fitted to the values to get a complete range of local 
permeability values for arbitrary dimensions within their ranges. From these 
functions and the geometrical distribution from the Monte-Carlo simulations, a 
local permeability distribution is determined for the entire fabric, with the three 
types of unit cells distributed as in Figure 3.3. 

Knowing the local permeability distribution, the global permeability of the 
fabric is computed by the network model, as described previously. In order to 
determine the influence of the geometrical features from the stitching process on 
the global permeability, various extents of the thread and the crossings are also 
investigated. In Figure 3.10(a), it is shown that variations of the size of the 
thread hardly influence the global permeability, whereas it affects the local 
permeability, cf. Figure 3.5(c). The explanation is that there are multiple choices 
of paths for the fluid to find the way with least resistance through the network 
model. Small disturbances in the fabric are therefore smoothed out, resulting in 
less effect on the global permeability. The crossings on the other hand are 
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proved to have great influence on the global permeability, cf. Figure 3.10(a). 
This means that NCFs with straight interbundle channels free from fibre 
crossings have a significantly higher permeability than fabrics with large fibre 
crossings. Hence, it is not directly the thread penetrating the interbundle 
channels, which affect the permeability the most, but its resulting perturbations 
in the form of fibre crossings. It is furthermore indicated in Paper C that the 
global permeability is largely dependent on the average value of the width of the 
channels. This makes it very important to determine the geometrical input data 
for the permeability models in an accurate way. For example, small deviations 
from the real average channel width, result in large deviations in the predicted 
global permeability. 

 In Paper C, it is also studied whether or not statistical variations in the 
geometrical dimensions, influence the global permeability, when the thread and 
the fibre crossings are represented in the permeability model. Interestingly, it is 
observed that disturbances of the geometrical dimensions, represented by the 
Monte-Carlo parameter , only result in a small increase of the global 
permeability, when the thread and the crossings are represented, cf. Figure 
3.11(a). This increase is of relatively little importance compared to, for example, 
the influence from the fibre crossings. In Figure 3.11(b) it can also be seen that 
the permeability is marginally changed with the correlation distance. This result 
is interesting, since it was found in [61] that the global permeability decreases 
with increasing level of randomness for completely random local permeability 
distributions. However, for correlated distributions, as are used in Paper C, the 
global permeability was shown to either increase or decrease with increasing 
correlation distance, when no thread or crossings were represented. The change 
in global permeability observed in [61], due to statistical distributions, proved to 
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Figure 3.10. The influence of (a) the sizes of the thread, t, (curve - -) and the crossings, c,
(curve - -) and (b) average channel width, b, on the permeability for the Monte-Carlo 
parameter = 0.01 (curve - -) together with the corresponding standard deviation (curve - -).
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Figure 3.11. The influence of (a) the Monte-Carlo parameters  (bottom axis),  (in legend) 
and (b) the correlation distance on the global permeability for different standard deviations, ,
for a network structure including the thread (t = 0.9) and the crossings (c = 0.9) with the unit 
cell structure as in Figure 3.3.

be significantly larger than the change found in Paper C, with the thread and the 
fibre crossings taken into account. This change indicates that the variations of 
geometrical dimensions are of less importance for the global permeability, in 
fabrics with already large inhomogeneity in the local permeability distribution, 
compared to in fabrics with a homogeneous distribution. 

3.3.1. Validation 

The validity of the global permeability model developed in Paper C is 
controlled by measurements carried out by SICOMP AB, Sweden [84] on the 
same type of fabric, i.e. a biaxial [-45/+45] carbon fibre, chain knitted NCF from 
Devold AMT. The permeability of the fabric is measured by a unidirectional 
method in a multi-cavity, parallel flow cell developed and evaluated in [49,85]. 
The validation of the model shows that the modelled permeability is strongly 
over-estimated compared to the measured permeability, when no crossings or 
threads are represented, cf. Table 3.1. The predicted global permeability is 
observed to be strongly reduced towards values of the measured permeability, 
when the crossings and the thread are included into the model. This implies that 
the geometrical features, resulting from the stitching process, need to be 
included in the permeability model, in order to perform accurate permeability 
predictions of entire NCFs. 
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Table 3.1. Experimental and simulation permeability data used for validation. 
Model/Experiment K [m2]

~2.5·10-11  ~4.7·10-11Experiement (SICOMP AB [84]) 

Global permeability model  
(No thread/crossings  max size of thread/crossings) 

~1.1·10-10  ~4.5·10-11
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Chapter 4 

PARTICLE DEPOSITION

Manufacturing of advanced functional, structural composites often implies 
filling of particle-filled resin into a fibrous preform. The flow of multiphase 
resin through a porous preform can lead to particle deposition issues during 
processing [10,42,86-92]. In [42,88,90] it was found that the resulting particle 
density distribution in the advanced composites had a large gradient in the 
processing direction. This gradient was suggested to be a result of the particle 
filtration occurring, during the filling of mixture resin into the dry preform. The 
consequential particle deposition leads to clogging of pores, as seen in Figure 
1.3, which furthermore results in a decrease of the effective permeability of the 
preform. This is highly undesirable for the processing, since the longer filling 
times or higher applied pressures, required to prevent incomplete filling, result 
in higher production costs. Since the multi-phase resin deposit particles in the 
material during its progression through the fabric, the viscosity also decreases 
with injection length, making prediction of the injection process difficult. In 
addition to the processing problems and the lack of control of the process, these 
phenomena also lead to an inhomogeneous particle distribution within the 
composites. This inhomogeneous distribution, not only results in nonuniform 
material properties, but also in variations in the functionality of the material and 
severe curing problems of the mixture resin [42]. Regardless of if 
inhomogeneous or homogeneous mechanical and functional properties are 
sought after, a high control of the particle distribution inside the fibre 
reinforcement is desired. Hence, knowledge and understanding of the 
mechanisms creating the inhomogeneous particle distribution is crucial to be 
able to produce top quality, advanced composite materials with controlled 
material properties. 

Several particle filtration models describing the injection of suspensions 
into porous media have been developed. These models are often created based 
on deep-bed filtration, which is a well established process used to separate 
particles suspended into a carrier fluid [86]. In this process, the mixture fluid is 
injected into a uniform, stationary porous medium, which work as a filter. 
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4. Particle deposition 

Particles are trapped inside the filter medium by various mechanisms, while 
flowing through the porous medium. These models were applied to a process 
model describing RTM in [90], in order to include the particle filtration and its 
implication on the viscosity and permeability. The model is based on simple 
empirical relationships and is shown to predict the filling of some 
reinforcements satisfactorily. The major problems with models based on 
empirical data are their limited validity to only the materials they are developed 
for. For other materials, new experiments need to be carried out. Moreover, most 
filtration models developed so far, describe the filtration in a macroscopic way 
and therefore lack the ability to explain the phenomena causing the particle 
depositions in detail, and where these depositions occur inside a reinforcement. 

In order to scrutinize the phenomena behind the particle deposition, 
micrographs of a VARTM infused, woven, glass fibre fabric with 
aluminatrihydroxide (ATH) particle-enriched resin, were studied in [91]. Severe 
particle deposition regions were found to be located in the interbundle channels 
in the vicinity of the fibre bundles. It was suggested that this is the result of 
particle entrapment, due to non-Newtonian behaviour of the suspension in these 
regions and/or due to filtering of particles during fibre bundle impregnation. It 
was furthermore proclaimed that there is a strong need of further investigations 
into the mechanisms controlling the inhomogeneous particle distribution, in 
order to improve the understanding and to establish general guidelines for 
infusion or injections with particle-filled resin systems. Hence, more and deeper 
knowledge about the phenomena and mechanisms behind the inhomogeneous 
particle distribution is required, to be able to improve the injection models and 
consequently also the advanced materials in terms of better functionality and 
mechanical properties. 

4.1. Experimental methods 

In order to study the phenomena resulting in the particle deposition 
described above, three experimental techniques, being Micro Particle Image 
Velocimetry ( PIV), microscopic imaging and macroscopic VARTM infusions 
are used for the investigations in Paper E and F. The PIV experiments are 
carried out on simplified geometries, framing in specific flow phenomena and 
geometries of NCFs, in order to link possible deposition mechanisms to the local 
transient and stationary velocity field. Microscopic imaging is also carried out 
on simplified geometries, in order to study the particle depositions, resulting 
from the transient and stationary flow phenomena, whereas macroscopic 
vacuum infusions of NCFs are performed for validation purposes of the 
investigated mechanisms. 
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4.1.1. Micro Particle Image Velocimetry 

In order to couple particle deposition mechanisms to the velocity field 
inside fibre reinforcements, a measuring technique determining the velocity 
distribution across an extended area of a flow field is desirable. Particle Image 
Velocimetry (PIV) is such an optical, non-intrusive method, which has been 
developed over the last 20 years for accurate, quantitative measurements of 
instantaneous velocity fields across planar areas of flow fields. To extend the 
use of PIV measurements to microscale applications, PIV was developed in the 
recent years to become an important tool for analysing microscale flows. In 

PIV experiments, the fluid flow is seeded with fluorescent tracer particles. 
These particles are volume illuminated by a double-pulsed laser [93] and two 
exposures of the particles, located in the focal plane of the microscope lens, are 
recorded and stored in double-frame images by a synchronized CCD-camera, 
mounted to the microscope as seen in Figure 4.1. The two images should be 
captured with small enough time separation, dt, so that most of the illuminated 
tracer particles are caught in both exposures. The recorded particle displacement 
field is measured locally across the entire field of view of the images. It is 
thereafter scaled by the image magnification and then divided by the known 
laser pulse separation to obtain velocity information at each point. This is done 
by dividing the images into small interrogation areas, where the displacements 
of particles in each area are calculated by Fast Fourier Transform (FFT) based 
algorithms [94,95], cf. Figure 4.2. There are basically two procedures available 
to perform the correlation, namely auto-correlation and cross-correlation. If the 
scattered light from the first and second exposure is recorded in one image, the 
particle displacement can be determined by auto-correlation. The auto-
correlation function is characterized by two identical correlation peaks, 
rotationally symmetrical about the highest central peak, indicating zero 
displacement. This method is limited, since the direction of the displacement is 
unknown and some prior knowledge about the flow is required. Moreover, the 
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Figure 4.1. General setup of a PIV System. 
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method works poorly for small displacements, since the peaks will be very close 
to each other. Instead, cross-correlation is more often used, wherein both 
exposures are recorded in different images, resulting in a higher unambiguous 
peak. Depending on the fluid velocity and the factor of magnification of the 
camera lens, the delay between the two pulses, has to be chosen such that 
adequate displacements of the particles between the two images acquired by the 
CCD-camera are obtained. From the time delay and the displacement of the 
tracer particles, the velocity vectors can be determined for each interrogation 
window.

In order to perform successful cross-correlation between two images, the 
displacements of tracer particles have to be sufficiently large, to give a strong 
cross-correlation peak, but small enough to keep the particles in the same 
interrogation areas, [95]. This becomes a great problem when using PIV to 
measure flow fields in multi-scale geometries, where different geometrical 
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Figure 4.2. Evaluation of PIV recordings using cross-correlation. 
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Figure 4.3. Time series of double pulses in  PIV.
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scales can result in huge differences in velocities. In these situations, different 
cross-correlation methods can be used in different regions. The velocity field in 
regions with too low particle displacement can, for instance, be calculated by 
cross-correlating subsequent double-frame images in the time-series, instead of 
the two frames of the double-frame images themselves. The time difference, t,
between subsequent double-frame images in the time series, are determined by 
the acquisition frequency and is hence larger than the dt between the two images 
within the double-frame, see Figure 4.3. Merging the two partitions after the 
individual correlations, result in a complete velocity field of the entire fluid 
domain. However, this method can only be used for stationary flows or slowly 
varying velocity fields, due to the difference in time steps between the regions. 

In stationary flow conditions, a summation of correlation functions from 
several image pairs in a time-series can also be carried out, in order to provide a 
reliably, time-averaged velocity field [94]. This way of computing the average 
velocity field is especially preferable in locations where the tracer particle 
concentration is low, since the summation increases the probability of successful 
correlations in all interrogation areas. Hence, the correlations is greatly 
improved over the entire flow field with this technique, compared to techniques 
averaging the velocity fields from several single cross-correlations [94]. 

The cross-correlation is performed with a standard cyclic FFT-based 
algorithm that calculates a cyclic correlation of the interrogation window and is 
similar to the mathematical true correlation [96]: 
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where I1 and I2 are the image intensities of the first and second interrogation 
window and the two-dimensional array C gives the correlation strength for all 
integer displacements (dx,dy) between the two interrogation windows of size m

m. The fact that the correlation is cyclic means it is calculated as if the two 
interrogation windows are repeated in a two-dimensional space. The true 
correlation is then computed on this pattern. Mathematically, the two 
dimensional FFT is calculated and multiplied to their complex conjugate. The 
inverse transform is then computed, yielding the cyclic correlation function. The 
advantage with this procedure, instead of computing the correlation directly 
from Equation (4.1), is that it is approximately 50 times faster [97]. The 
disadvantage is that it introduces a weighting of the correlation coefficients, 
which limit its use to displacements less than 1/3 of the interrogation window 
size. The introduced weighting in the cyclic FFT-based correlation also 
introduces a bias towards smaller displacements. This bias can be eliminated 
almost completely by using a multi-pass approach, with iteratively smaller 
interrogation window sizes and adaptive window shifts [98]. Moreover, 
Whittaker reconstruction can also be used for the image reconstruction when 
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performing the inverse transform, in order to avoid any smoothing of particle 
images larger than one pixel [99]. By applying Gaussian functions to the 
correlation function, the accuracy of the particle displacements can be in the 
order of 0.1-0.05 pixels in realistic situations [97]. The same order of subpixel 
accuracy can also be obtained by a Fourier series expansion of the discrete 
correlation surface [96,100]. 

4.1.2. Microscopic imaging 

Microscopic imaging is used in Paper F to investigate particle depositions 
occurring after a certain time of flow injections into simplified geometries, 
representing specific geometry and flow conditions in NCFs. Fluorescent 
particles are mixed into the carrier fluid, creating a suspension with a relatively 
low particle concentration, in order to not disturb the fluid flow by 
particle/particle interactions. Fluorescent particles have the advantage that they 
give high signal even for short shutter speeds and low light conditions. This 
makes them beneficial to use in microscopic image acquisitions and particularly 
in transparent porous medium, such as, for example, glass fibre bundles. Due to 
their strong intensity, particles deposited inside the transparent porous medium 
can therefore be detected. The strong signal also facilitates detection of particle 
deposition regions out-of-focus, which appear like high signal regions in the 
images. The same type of system is used for the microscopic imaging as for the 

PIV measurements, to feed the flow through the sample and to acquire images. 

4.1.3. Macroscopic infusion 

Macroscopic vacuum infusion experiments on real biaxial NCFs are carried 
out, with the aim of validating the particle deposition mechanisms studied in 
Paper E and F, by PIV and microscopic imaging on the simplified geometries. 
The basic principle of the vacuum infusion process is that a stack of dry fibre 
reinforcements is placed between a stiff lower mould and a flexible upper mould 
as in Figure 4.4. Everything is sealed to form a closed cavity. Resin is then 
infused into the dry lay-up of fabrics, inside the closed cavity, by applying 
vacuum pressure at the outlet. In order to detect the particle deposition regions 
inside the resulting composite part, samples are cut out from the cured 
composite plate and polished in a polishing machine. These polished samples 
are then studied by microscopy analysis and the particle deposition regions are 
detected by visualization. In order to detect all types of particle depositions, the 
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samples are cut in various orientations and places, cf. Figure 4.5, to guarantee 
that correct conclusions regarding the deposition mechanisms are drawn. 

Figure 4.4. Setup for the macroscopic vacuum infusion experiments done in Paper F.

Figure 4.5. Locations for microscopy analysis of the infused NCFs. 
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4.2. Particle deposition mechanisms 

The main particle deposition mechanisms occurring, during injection of 
particle-filled resins into fibrous preforms, can be determined from careful 
studies of the flow field during the filling process. This is done in Paper F,
where a dual-scale geometry is used, consisting of a rectangular channel with an 
extension, resembling the interbundle channels in biaxial NCFs, and narrow slit 
regions connected to it, representing the fibre bundles, cf. Figure 4.6. The 
velocity field, from the moment just before the flow front enters the geometry to 
until it reaches a stationary flow condition, when all the geometry is filled, is 
determined by PIV measurements. Hence, all the flow phenomena occurring 
during the filling process can be scrutinized. 

To start with, it is shown by the images acquired during injections into the 
dual-scale geometry in Paper F, that for the flow rate studied, the flow front is 
leading in the channel region compared to the slit region, see Figure 4.7(a). 
Fluid is then entering the expansion region, resulting in a drop in the flow front 
progression in the direction of the main channel as long as the expansion is 
filling up, see Figure 4.7(b). This drop is the result of the large transverse 
velocity resulting in the fill-up of the cavity seen in Figure 4.7(b). Another 
interesting observation is the formation of a void in the narrow slit region 
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Figure 4.6. Dual-scale geometry resembling the main geometrical structure of biaxial NCFs 
(Meso-C geometry in Paper F).
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marked by 1 in Figure 4.7(b), (c). This void originates from the fast fill-up of the 
expansion, which encloses the air still present in the slit region, due to its 
lagging flow front. This void formation can however be avoided by adjusting the 
injection velocity so that the flow fronts in the two regions are uniform [31,34]. 
Despite the fact that these flow features play a significant role in flow filling and 
void formations, they do not necessarily lead to particle deposition or 
inhomogeneous particle distribution. 

However, there are several other flow phenomena observed during the 
filling of the dual-scale geometry, which can lead to particle depositions in real 
NCFs during the filling process. One phenomenon is the transverse velocity 
occurring in the left slit region, seen in Figure 4.7(b). This transverse velocity 
can, for instance, transport filler-particles towards and into the slit region, 
resulting in possible particle depositions at the interface region marked by 2.
Another flow feature, which may lead to particle entrapments or depositions, 
due to non-Newtonian flow behaviour or sedimentation, is the low velocity 
region created in the expansion, when the flow adopts a stationary flow 
condition, cf. mark 3 in Figure 4.7(c).  In this region, a stationary vortex is 
formed, entrapping particles locally in the expansion region. In addition, the 
velocity fields indicates that the particles in the main channel region is subjected 
to shear flow, which will not especially lead to particle depositions, but certainly 
to particle migration across the flow field [37,38]. This migration induces an 
inhomogeneous particle concentration in the fluid, which affects the viscosity of 
the suspension. This viscosity variation in the fluid can provoke  non-Newtonian 
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Figure 4.7. Instantaneous velocity field for the Meso-C geometry in Paper F for (a) time t0

(b) time t0+ t and (c) t0+2 t, where t = 3/50 s. 
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flow behaviour such as shear thinning or shear thickening [101]. Finally, a last 
flow phenomenon observed from the velocity fields, which may lead to 
depositions, is the stationary velocity inside the right slit region in Figure 4.7(c). 
This stationary velocity implies that particle-filled fluid is transported into the 
narrow slit region from the expansion, which may result in particle depositions 
at the interface marked by 4, due to stationary flow induced filtration. 

Of all these flow mechanisms observed, two specific ones, namely fibre 
bundle impregnation and stationary flow induced filtration, are believed to have 
significant influence on the particle deposition, during filling of particle-filled 
resins into fibre reinforcements, according to [87-91]. These flow phenomena 
are therefore studied more in depth in Paper E and F.

4.2.1. Fibre bundle impregnation 

In order to understand the influence of the transient flow phenomena, 
occurring during the fibre bundle impregnation, on the particle deposition, the 
flow field in a dual-scale meso-geometry is studied in Paper E. The geometry 
consists of a rectangular channel with a narrow slit region connected to it, cf. 
Figure 4.8(a). This dual-scale geometry is constructed to resemble the fibre 
bundles and interbundle channels oriented parallel to the main flow direction in 
NCFs. PIV is used to study the two dimensional velocity field in the centre of 
the dual-scale channel, through the camera window shown in Figure 4.8(b). 
Measurements of the transient flow of a mixture fluid, consisting of fluorescent 
particles suspended into glycerol, are carried out for three flow rates, in order to 
examine the influence of the injection velocity on the particle deposition. The 
correctness of the computations of the velocity field from the PIV experiments 
is controlled, by comparing the stationary velocity profile across the dual-scale 
channel, with a theoretical profile determined from numerical solutions of the 
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Figure 4.8. (a) Dual-scale geometry for the investigation of particle deposition due to fibre 
bundle impregnation in Paper E and (b) the camera window for the PIV measurements.
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hydrodynamic equations. The theoretical profile, averaged over the depth of 
focus present in the experimental measurements, showed excellent agreement 
with the experimentally determined profile for all three injection flow rates, see 
Figure 4.9. This guarantees the accuracy of the vector field calculations from the 

PIV experiments and that the flow phenomena observed, originate from the 
physical flow and not from erroneous vector field calculations. 

 By investigating the velocity fields in the dual-scale fabric in Paper E, it 
was found that there is a transient flow phenomenon occurring in a region 
directly behind the flow front, for all three flow rates. This region was also 
described in [45], where the interactions between flows inside and outside fibre 
tows were studied. In these regions, marked B, in Figure 4.10(a), (b), for the 
highest and lowest flow rates, respectively, there is a transverse fluid velocity 
present, transporting the particle-filled fluid into the narrow slit region. This 
transverse velocity can lead to particle depositions at the interface between the 
two regions if the spacing of the slit is smaller than the particle sizes. 
Interestingly, the region with transverse velocity vanishes and adopts a 
stationary flow condition a distance after the flow front, see Figure 4.10(b). In 
Paper E, the extent of the region is shown to be strongly related to the fluid 
velocity in the main channel, since it changes the flow front shape over the dual-
scale channel. This can be seen by comparing Figure 4.10(a) and (b), where the 
size of region B is small for injection velocities resulting in uniform flow fronts 
in the two regions, cf. Figure 4.10(b), whereas the region is larger when the flow  
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Figure 4.10. Velocity field in the dual-scale geometry developed in Paper E for (a) high and 
(b) low injection velocity. 
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front in the slit region is lagging behind the front in the main channel, cf. Figure 
4.10(a). Hence, by adjusting the injection flow rate to achieve a uniform flow 
front, the transport of particles into the slit region can be reduced in the same 
way as the void formation was reduced in [32-36]. Depositions, due to fibre 
bundle impregnation, can also be reduced by choosing NCFs consisting of small 
fibre bundles, since smaller bundles facilitate faster impregnation. 

In order to detect the expected particle deposition, suggested in Paper E,
due to fibre bundle impregnation, further experiments are conducted and 
observed by microscopic imaging in Paper F. In these experiments, two 
suspensions with different particle sizes, being 10.2 and 4.02 m in diameter, 
were injected into a geometry consisting of a channel region and a glass fibre 
bundle, oriented parallel to the main flow direction as shown in Figure 4.11. It 
can be seen in Figure 4.12(a) that the relatively large filler-particles are 
deposited mostly at the fibre bundle interface, whereas the smaller particles in 
Figure 4.12(b) are deposited further inside the fibre bundles. 
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Figure 4.11. Meso-scale geometry for Meso-A experiment in Paper F.
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Figure 4.12. Particle deposition from the flow of suspensions parallel to the fibre bundles in 
the experiments with (a) large and (b) small filler-particles, carried out in Paper F.
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Interfacial depositionInterfacial deposition

Figure 4.13. Particle deposition resulting from the fibre bundle impregnation in the 
macroscopic VARTM infused biaxial NCF in Paper F.

The particle deposition, due to fibre bundle impregnation observed at the 
interface and inside the fibre bundle in Figure 4.12(a), (b), is also observed in 
the macroscopic infusion experiments performed in Paper F, see Figure 4.13. 
By studying Figure 4.13, it can be seen that there are high particle 
concentrations located at the interface of the fibre bundles as well as inside 
them, in analogy with the observations in Figure 4.12(a), (b). Since the particle 
deposition is located at both the lower and the upper interface, it is likely that it 
originates from the fibre bundle impregnation rather than from sedimentation, 
which would have resulted in a deposition only at the lower interface, due to the 
gravitational effect. 
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4.2.2. Stationary flow induced filtration 

The transient flow behaviour mentioned previously, vanishes at a certain 
distance after the flow front to make way for a stationary flow condition. Since 
the permeability in the interbundle channels, usually are orders of magnitude 
higher than in the fibre bundles, most of the flow will go in the interbundle 
channels [45,46,82]. Even though this implies that only a little portion of the 
flow will enter and flow in the fibre bundles, this little portion is proved to be 
very important for particle deposition inside the fibre reinforcement, in the 
meso-experiments carried out in Paper F. Two mixture fluids with different 
particle sizes, being 10.2 and 4.02 m in diameter, are injected with constant 
flow rate, into a geometry consisting of a channel and a fibre bundle, this time 
oriented perpendicular to the main flow direction, see Figure 4.14. The flow is 
injected with a constant flow rate into the fibre bundle under a certain time 
before being stopped. Images of the particle depositions, resulting from the 
stationary flow induced filtration found in the geometry, are then recorded and 
analysed by microscopic analysis. It is demonstrated that filler-particles deposit 
at the fibre bundle interface when large particles try to penetrate the fibre 
bundle, whereas the deposition occurred further inside the bundle for smaller 

hB

bB

LB
lB xB

Top view
Camera window

fib
re

bu
nd

le

hB

bB

LB
lB xB

Top view
Camera window

fib
re

bu
nd

le

hB

bB

LB
lB xB

Top view
Camera window

fib
re

bu
nd

le

Figure 4.14. Meso-scale geometry for Meso-B experiment in Paper F.
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particles, cf. Figure 4.15(a), (b). In addition to the particle depositions, an almost 
particle-free fluid is found directly behind the fibre bundle in Figure 4.15(a). For 
suspensions with smaller particles, it is observed that the mixture fluid, flowing 
out of the fibre bundle, is not as free of particles as the one found for the fluid 
with larger particles, cf. Figure 4.15(b). Nevertheless, the particle concentration 
in the fluid exiting the fibre bundle is strongly reduced. Hence, this stationary 
flow induced filtration, not only leads to particle depositions inside and at the 
interfaces of fibre bundles, but also in regions with completely pure, neat carrier 
fluid. These consequences result in highly inhomogeneous particle distribution, 
which can lead to poor functionality and mechanical properties of the advanced 
composite material. 

The particle depositions, due to filtration during stationary flow through the 
fibre bundles, are also found in the macroscopic experiments carried out in 
Paper F. These particle depositions occur in front of and inside fibre bundles, 
see region D in Figure 4.16(a), but also in locations, where the fluid is forced to 
flow into fibre bundles such as in region D in Figure 4.16(b). This means that in 
NCFs, the depositions take place in locations in front of and inside bundles 
oriented perpendicular to the flow direction, as well as in narrow or contracting 
regions, such as the slit regions above these fibre bundles seen in Figure 4.16(a) 
and finally in the regions where fibres cross the interbundle channels as in 
region D in Figure 4.16(b). 

Moreover, the particle-free regions of almost neat resin found in the meso-
experiments, cf. Figure 4.15(a) and (b), are also observed in the macroscopic 
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(b)

Figure 4.15. Particle deposition resulting from flow perpendicular to a fibre bundle in the 
experiments carried out in Paper F, with filler-particle diameters of (a) 10.17 m and (b) 
4.02 m.

experiments in the regions marked by C in Figure 4.16(a), (b). The particle 
deposition and the regions of pure, neat resin, indicate that there will be a large 
irregularity in the particle distribution inside the material, due to this stationary 
flow induced filtration. Hence, in order to reduce the risk for particle 
depositions, due to this particle deposition mechanism, fabrics with as few 
contraction regions as possible should be used, which in practice means fabrics 
with undisturbed interbundle channels, without fibre crossings. Moreover, it is 
also important to choose as small particles as possible, compared to the pore 
dimensions inside the fibre bundles, in order to reduce this particle deposition. 
This can either be done by choosing smaller particle sizes or by reducing the 
fibre volume fraction in the fibre bundles. However, in real composite 
manufacturing situations, these requirements can be difficult to satisfy, due to 
limitations in the available particle sizes or due to strict specifications of the 
mechanical properties.  
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(a) (b)

Figure 4.16. Particle depositions due to stationary flow induced filtration, observed from (a) 
the side and (b) the top of macroscopic VARTM infused composite plates.
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Chapter 5 

CONCLUSIONS

Two topics related to the area of flow processing of advanced composite 
materials, reinforced with Non-Crimp Fabrics (NCFs), are studied in this thesis 
in order to facilitate production of higher quality composites. These two topics 
are:

Permeability modelling of NCFs, where the local permeability 
dependence, on the geometrical features from the stitching process in 
NCFs, are studied and implemented in a network model for the global 
permeability.

Flow processing of functional advanced composites, where mechanisms 
behind the particle deposition, leading to inhomogeneous mechanical and 
functional properties are investigated. 

The geometrical structure of biaxial NCFs is analyzed and three types of 
unit cells are identified, from its repeatable structure and features from the 
stitching process. These three unit cells are the plain unit cell, the thread unit 
cell and the crossing unit cell.

The effects of various geometrical features on the local permeability of 
biaxial NCFs are studied carefully through the identified unit cells. It is shown 
that the presence of fibre crossings in the interbundle channels reduces the local 
permeability significantly. Moreover, the width and height of the interbundle 
channels prove to be important for the local permeability as well as the presence 
of the stitching thread. Even though variations of the fibre bundle shapes in 
NCFs also contribute to the fluctuations in the local permeability distribution in 
a fabric, their effects are much less than, for example, the fibre crossings. 
Modelling the global permeability for NCFs, using only one single unit cell is 
proved to be highly inadequate, due to the presence of the geometrical features 
from the stitching process and dimensional variations in real fabrics. 
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The influence of dual-scale porosity on the local permeability is also 
investigated in this thesis. It is shown that the dual-scale porosity is only 
important for the unit cell permeability when the fibre volume fraction inside the 
fibre bundles are low and that the fibre bundles can be excluded for higher fibre 
volume fractions. A new model, with reduced fluid domain and a representation 
of the fibre bundles through slip boundary conditions, is also developed and 
verified for the low fibre volume fractions, where the dual-scale porosity 
influences the permeability. With this new model, faster and more accurate 
predictions of the local permeability can be carried out for the entire span of 
fibre volume fractions inside the bundles. This improvement in the effectiveness 
of the local permeability computations can be interesting for the composites 
manufacturers, since it results in a possible save in the production time and cost. 

A global permeability model, including the geometrical features from the 
stitching process, such as the thread, the fibre crossings and the statistical 
variations in the internal fabric dimensions, is developed for biaxial NCFs. The 
model is based on a network of the three identified types of unit cells, with local 
permeability values, computed from CFD computations combined with Darcy’s 
law. Validation of the model shows that the predicted global permeability is in 
the range of experimental values, only when the features from the stitching 
process are included and is strongly over-predicted otherwise. It is also shown 
that it is the fibre crossings, which contribute to most of the reduction of the 
predicted permeability and that the presence of the penetrating thread is of less 
importance for the global permeability. Moreover, accurate determination of the 
average values of the interbundle channel width is demonstrated to be crucial in 
order to predict the global permeability accurately, whereas variations of the 
geometrical dimensions inside the reinforcement are found to have only a little 
effect on the global permeability when the crossings are taken into account in 
the model. 

Furthermore, the extensive control of the numerical errors and accuracy of 
the numerical computations reported in this thesis, furthermore, shows that high 
numerical accuracy is crucial when using numerical results qualitatively. In 
particular, a lack of grid independence can lead to completely erroneous 
conclusions when comparisons between different models are conducted. 

The second topic of this thesis concerns, particle deposition mechanisms 
leading to inhomogeneous particle distributions, during flow processing of 
functional advanced composite materials reinforced by NCFs. Two mechanisms 
are especially studied, namely particle deposition due to fibre bundle 
impregnation and stationary flow induced filtration. Filtration of the filler-
particles, due to the transient fibre bundle impregnation, is proved to result in 
particle depositions inside and around fibre bundles oriented parallel to the main 
flow direction. It is shown that large particles compared to the pore spacing in 
the bundles, result in depositions at the interface, whereas smaller particles 
deposit inside the bundles. Investigations of the transient velocity field indicate 
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5. Conclusions 

that the amount of deposition, due to fibre bundle impregnation, can be 
minimized by adjusting the injection velocity to get a uniform flow front in the 
regions with different geometrical scales. Moreover, the amount of particle 
deposition can also be reduced by using fabrics based on small fibre bundles, 
since small bundles are filled-up quickly. 

The stationary flow induced filtration, results in large depositions in front 
and inside fibre bundles and in contraction regions, where the mixture fluid is 
forced to penetrate the fibre bundles. In addition to the particle depositions, 
regions of pure, neat resin are produced from the entrapment of the filler-
particles by the fibre network. These regions are highly unwanted, since they 
further increase the inhomogeneity of the particle distribution in the composites, 
leading to poor functional and mechanical properties of the material. In order to 
reduce this inhomogeneity, originating from the filtration, reduction of the sizes 
of the filler-particles or the fibre volume fraction inside the bundles is suggested 
and the use of fabrics consisting of straight, unperturbed interbundle channels is 
proposed. Adopting some or all of these suggestions is not always feasible in 
real manufacturing situations, since there may be specific demands of the 
material and process parameters, in order to satisfy the requested mechanical 
and functional properties. Nevertheless, the knowledge about these two particle 
depositions mechanisms, and the way to minimize them, can be applied by 
manufacturers of advanced functional composites, in order to produce higher 
quality materials, which satisfy their specific needs and processing conditions. 
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Chapter 6 

DIVISION OF WORK 

The division of the work between the authors for the six papers is presented 
below.

Paper A 

Numerical Calculations of the Permeability of Non-Crimp Fabrics 
M. Nordlund and T. S. Lundström 

The theoretical analysis, the simulations and the data post-processing were 
performed by Nordlund. The paper was written by Nordlund and Lundström. 

Paper B 

Numerical Study of the Local Permeability of Noncrimp Fabrics 
M. Nordlund and T.S. Lundström 

The theoretical analysis, the simulations and the data post-processing were 
performed by Nordlund. The paper was written by Nordlund and Lundström. 

Paper C 

Permeability Network Model for Non-Crimp Fabrics 
M. Nordlund, T.S. Lundström, V. Frishfelds and A. Jakovics 

The outline of the work has been decided in agreement with all the authors. The 
development of the local permeability model and the CFD simulations has been 
performed by Nordlund. The statistical analyses and Monte-Carlo simulations of 
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6. Division of work 

the geometrical perturbations have been performed by Frishfelds. The global 
permeability model was developed by Nordlund, Frishfelds and Lundström. The 
paper was written mainly by Nordlund but in collaboration with all co-authors. 

Paper D 

Effect of Multi-Scale Porosity in Local Permeability Modelling of Non-Crimp 
Fabrics
M. Nordlund and T. S. Lundström 

The theoretical analysis, the simulations and the data post-processing were 
realized by Nordlund. The paper was written by Nordlund and examined by 
Lundström.

Paper E 

Investigation of Transient Flow Behaviour in Dual-Scale Porous Media with 
Micro Particle Image Velocimetry 
M. Nordlund and T.S. Lundström 

The theoretical analysis, the experiments and the data post-processing were 
performed by Nordlund. The paper was written by Nordlund and examined by 
Lundström.

Paper F 

Particle Deposition Mechanisms during Processing of Advanced Composite 
Materials
M. Nordlund, S.P, Fernberg, T.S. Lundström 

The outline of the work in the paper has been determined by Nordlund. The 
macroscopic experiments have been performed by Nordlund, with the help of a 
technician. The experiments were examined by Fernberg. The PIV experiments 
were performed by Nordlund. All analyses and data post-processing were 
performed by Nordlund who also wrote the paper. Fernberg contributed to the 
writing of the macroscopic experiment section. Fernberg and Lundström 
examined the paper before the submission. 
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ABSTRACT

Non-crimp stitched fabrics are becoming increasingly popular as reinforcing 
material in high-performance composites due to their high mechanical properties. 
The focus in this investigation is to calculate the permeability of such a fabric with 
numerical simulations of the flow. The simulations are performed on two different 
models of a representative unit cell of a fabric with the lay-up [0,90]. In the first 
model, the effect of the stitching of the fabric is not taken into account and only 
the fibre bundle geometry is modelled. The second model includes a rough model 
of the thread from the stitching together with the fibre bundle geometry. The 
results from the simulations are compared with an analytical model for the 
permeability as well as experimental data from measurements. The result from the 
simulations, of the model without the thread, gives analogous results with the 
analytical model, while the model including the thread gives a slightly lower 
permeability. Both models give a higher value of the permeability compared to 
experimental results.

KEYWORDS: Permeability; Non-crimp fabric; CFD; Unit cell. 

INTRODUCTION

An extensive control of the impregnation of the fibres is crucial when 
manufacturing fibre reinforced polymer composites. Methods that will predict and 
optimise this stage of the process are therefore highly desirable. Generally, the 
flow of resin through the reinforcing fibres, during a thermoset resin impregnation, 
is known to follow Darcy’s law [1], which gives a linear relationship between the 
flow rate and the pressure. It can in its general form be written as: 
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where i is the superficial velocity vector, Kij the permeability tensor,  the 
viscosity and p the pressure. The one-dimensional form of Darcy’s law is: 
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where Q is the flow rate, A is the area perpendicular to the main flow direction and 
L the length of the porous media. It is important to note that the area, A, is the total 
cross-sectional area of the porous media, including both the fibres and the pores.

The fibre reinforcement can, due to Darcy’s law, be characterized by their 
permeability, which can be determined either by measurements or by some model 
describing the fibre geometry. The geometry of reinforcements is often formed 
from fibre bundles consisting of a large number of fibres. For non-crimp stitched 
fabrics, the fibre bundles are organised in layers. The fibre bundles are stitched 
together within a layer and the layers may furthermore be tied together, forming a 
multi-axial fabric. The stitching also gives rise to channels in between the fibre 
bundles. This often results in dual scale porosity and consequently two types of 
flow during the impregnation. The two flows are a microscale flow within the 
bundles and a mesoscale flow in between the bundles. The typical length scales of 
these two types of flow are <10 m and >100 m, respectively. It has been shown 
that the overall flow rate through the material, to a large extent, is set by the 
mesoscale flow [2,3]. This is easily understood by the fact that the volumetric 
flow rate per unit area is proportional to the square of the characteristic length 
scale of Poiseuille flow. 

If the permeability of the fabric can be determined by a detailed analytical or 
computer based model, the necessity of experimental measurements diminishes 
and an enhanced control over the manufacturing process results. Such 
achievements would also enable optimisations of the fabric geometry. When 
modelling the interbundles as capillaries, with rectangular areas, good agreement 
to experimental data was obtained for some fabrics [1]. The discrepancy was 
however large for other fabrics. Extending the models to more realistic cross-
sections can improve the results [4]. However, a problem with the analytical 
approach is that the expressions for the permeability become very complex even 
for relatively simple geometries. To be able to describe a more detailed and 
realistic geometry of the fabric, another approach is to use numerical calculations. 
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Numerical Calculations of the Permeability of Non-Crimp Fabrics 

With the use of Computational Fluid Dynamics, CFD, on a sufficiently fine grid, 
the permeability can be calculated for very detailed and complex geometries. Due 
to the large equation systems that arise when a very fine grid is used, it is 
important to limit the geometric extent of the problem. In the case of a fibre 
reinforced fabric it is desirable to find a small portion of the fabric, which has 
representative geometric properties for the whole fabric. If such a portion is found, 
the calculations can be performed on a much smaller problem and still be valid for 
the entire fabric. Due to this simplification, the simulation time can be 
considerably reduced. 

In the present paper, the permeability of a non-crimp stitched fabric, with a 
[0/90] lay-up, is to be determined by the use of CFD-analysis on representative 
unit cells, which represents the whole fabric. Two different unit cells are analysed. 
One of them is neglecting the thread from the stitching while the other one is 
including it. The results from the CFD-analysis are then to be compared with the 
results from both an analytical model and experimental measurements for the 
permeability on the same fabric. 

MODELLING

The fabric used for this analysis is a non-crimp stitched fabric with a [0˚/90˚]
lay-up with the geometry properties taken from the first set of input parameters of 
fabric 2 in [1]. The layers of fibre bundles in this type of fabric are directed 90 
degrees to its neighbours. As indicated in the introduction, a representative unit 
cell will be determined, for which the permeability is calculated by CFD. The unit 
cell should take the form of an average, repeatable cell in the fabric to be 
representative for the whole fabric. To be able to define such a unit cell, some 
assumptions must be made in the model. First of all, the structure of the fabric is 
such that a repeatable, representative unit cell does exist and can be geometrically 
described. Secondly, the flow is assumed not to travel between the layers to enable 
a unit cell approach. Two different models of the unit cell are analysed. The first 
model does not include the thread from the stitching of the fabric. The geometry is 
therefore exclusively determined by the fibre bundles, as displayed in Figure 1. 
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Figure 1. The unit cell of the fabric with a [0˚/90˚] lay-up. 

In the second model a rough representation of the threads is included, see Figure 
2. It should be considered as a first estimate and hence the results will only give a 
hint of how the thread will affect the overall permeability.  

X

Y

Z
X

Y

Z CFX X

Y

ZX

Y

Z CFX

Figure 2. The unit cell of the fabric with a [0˚/90˚] lay-up with the thread 
included.

As mentioned in the introduction, the flow through the bundles is negligible 
and the main flow, flows through the ducts in between the bundles. To start with 
the fibre bundles are therefore treated as solids and their porosity is neglected. In 
the model including the effect of the stitching, the porosity of the thread is also 
neglected and the thread is treated as a solid. This assumption can however easily 
be relaxed in an extension of the model. 
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The fibre bundles are modelled with a cross-sectional shape as seen in Figure 
3. The typical shape has been observed from samples of non-crimp stitched 
fabrics. The ratio between the total bundle width, Lf, and the sum of the width of 
the curved ends, b1 + b2, was calculated for a number of bundles. The average ratio 
was then used on the actual geometry of the modelled fabric to get a relevant fibre 
bundle shape. 

Lf

b1 b2

Lf

b1 b2

Figure 3. A principal sketch of the cross-sectional shape of a fibre bundle. 

NUMERICAL SIMULATIONS 

To simulate the flow in the unit cells, the commercial CFD code CFX5.5.1 
from AEA Technology is used with the assumption of a steady, incompressible 
and laminar flow of resin. The code is based on the finite volume method and uses 
a non-structured grid. Since the Reynolds number is low, Re<<1, the flow is 
stationary and the fluid can be treated as incompressible the following equations 
describe the flow: 

ijiijj UPUU 21 , (3)

0iiU , (4)

where Ui is the local mean velocity vector,  is the fluid density, P is the local 
pressure and  is the viscosity. The differencing schemes used to discretize the 
Equations (3) and (4) in CFX5.5.1, are close to second-order accurate High 
Resolution schemes as recommended in [5]. 
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Boundary Conditions 
The boundary conditions of the unit cells, in the CFD-simulations, are of three 

types. The first boundary condition is at the surface of the fibre bundles. Since the 
bundles are treated as solids, as previously mentioned, non-slip conditions are set 
on the bundles. In the model including the thread, the thread is treated the same 
way as the fibre bundles are, that is with a non-slip condition at the surfaces. The 
second type of boundary condition is set on the ends of the ducts directed 
perpendicular to the main flow direction. Since a unit cell is assumed to be 
repeatable throughout the fabric, symmetry boundary conditions are chosen. The 
third boundary condition is applied on the inlet and outlet of the duct, being in line 
with the main flow. The fact that a unit cell is assumed to be repeatable implies 
that the flow that goes out of the unit cell is the same flow that goes into the next 
unit cell and hence a periodic condition apply. A periodic boundary pair is set to 
satisfy this condition. In addition to this a pressure gradient is added to the 
momentum equation to drive the flow. 

Grid generation 
The unstructured grids, for the CFD-simulations, are generated by the 

CFX5.5.1 meshing tools. To create a finite volume description of the fluid 
domain, in which the flow is to be solved, a surface mesh has to be generated. In 
the present work, the Delaunay surface mesher is used, which produces an 
unstructured surface mesh made from triangular elements. The API volume 
mesher is thereafter applied to produce the final volume mesh consisting of 
tetrahedral elements. 

NUMERICAL ACCURACY 

The largest numerical error in CFD is the grid convergence error [6]. Another 
error that is important to control is the iterative error [7]. 

Iterative error 
The iterative error can be defined as the difference between the current and the 

exact solution to the discrete equations on the same grid [6]. The iterative 
convergence is controlled by the residuals of the equations. The residuals are 
coupled to the real iterative error so that a reduction of the residuals results in a 
reduction of the iterative error [7]. If zero initial values are used as a starting guess 
then the initial error will be equal to the solution. E.g. if the residuals have fallen 
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about 4 orders of magnitude, then the error should have fallen by a comparable 
amount, i.e. the error is about 0.01% of the solution [8]. A reduction of these 
residuals by 3 or more orders of magnitude can be taken as a sign of convergence 
[8]. 

Grid convergence error 
The grid convergence error is calculated with a method based on Richardson 

extrapolation [9]. The method is defined for uniform grids so when using it on 
non-uniform grids, the result should be considered more of a hint of how large the 
error is rather than exact. The exact relative grid convergence error is defined as 
[9]: 

exact

hexact
re , (5)

where exact is the exact value and h is the value from a grid with grid cell size h.
Because exact is not known, an extrapolated value, extrapolated, can be used as an 
approximation [9]. The approximate relative error is then: 

edextrapolat

hedextrapolat
approxre , . (6)

This approximate value of the error can be obtained by using Richardson 
extrapolation as in [8]. The grid convergence error is expanded as the leading term 
in a Taylor series: 

Hha p
hexacth )(1 , (7)

where h is the grid cell size,  is a grid refinement factor and a1 is a coefficient 
which do not depend on h. Equation (7) can be used on three sequential grids to 
derive an expression for p, the actual order of the numerical scheme: 

pp

pp

hh

hh

12

23

21

32 , (8)
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The three grids have to be in the asymptotic range for this analysis to work, that is 
h has to be small enough. The grid refinement factor is defined as: 

3/1

1

i
i N

N , (9)

where N1 is the number of volume elements for the finest grid and Ni for the 
coarser grids. The extrapolated value can then be calculated by: 

12

2 2

p
hh

p

edextrapolat . (10)

The grid convergence error can then be calculated for different grids by the use of 
Equation (6). 

ANALYTICAL MODEL FOR THE PERMEABILITY 

An analytical model for the permeability of a two-dimensional structure was 
derived in [4]. A parallel flow through a cross-section made up by two straight 
lines and two ellipses was considered. The cross-section is showed in Figure 4. 
This two-dimensional fragment is treated as a simple duct. 

Y

X
d a/2

b

Figure 4. The shape of the analytical duct. 
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A one parameter polynomial approximation of the permeability for this simple 
duct, gives the formula [4]: 

32)(1
8

)(
9
4

8
2

253

CCadCaadabSK , (11)

where K is the permeability and S is the total area including both fibres and ducts 
and
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for a cross-sectional area of the duct enclosed by the straight lines 
2
by  and 

ellipses
2211

22 b
yadx .

RESULTS

A number of simulations of the two unit cells were made with different spatial 
resolutions of the grids, in order evaluate the numerical errors. As seen in Table 1, 
the reductions of all the residuals from equations u, v, w and p are more then three 
orders of magnitude for the outer iteration, which by [8] is a sign of convergence 
for the solutions. The iterative error is therefore in the range of about 0.1% to 
0.001% of the solution. 
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Table 1. The reductions of the RMS- residuals for the equations u, v, w and p for 
the different grids of the two models: (1) without the thread and (2) including the 
thread.
Model No. of volume 

elements 
U

reduction
V

reduction
W

reduction
P

reduction
1 269741 2.2·105 4.2·103 2.7·104 1.3·105

1 450277 7.7·104 1.9·103 1.9·104 1.1·105

1 844160 1.9·105 3.3·103 4.4·104 9.2·104

1 1331508 2.1·105 3.5·103 3.8·104 7.8·104

2 425815 2.8·104 1.5·103 7.1·103 1.0·104

2 777171 4.8·104 1.6·103 1.7·104 1.8·104

2 1207826 1.4·105 3.0·103 3.3·104 2.0e·104

To check the grid convergence error, the permeability was used as the variable 
 in Equations (5)-(10). The volumetric flow rate was calculated for all the grids at 

one of the periodic boundaries from the simulations, by integrating the velocity 
over the area of the cross-section of the duct. The permeability was then calculated 
by Equation (2). The area used when calculating the permeability, is the total area 
of the unit cell wall, being perpendicular to the flow. As seen in Table 2 the 
permeability is reduced with the number of volume elements for the different 
grids.

Because the differentiation schemes are close to second-order for all terms, 
Equation (8) should render a value of p of about 2, if the solution converges 
monotonically as the grid is refined and the two finest grids are in the asymptotic 
range [7]. Using Equation (8) for the three finest grids gives p=2.247 for the 
model without the thread, model 1, and p=2.420 for the model including the 
thread, model 2. Since the value of p is close to 2 for both models, an extrapolated 
value from Equation (10) can be calculated. This results in extrapolated 1 = Kextrapolated 

1 = 1.659·10-10 m2 and extrapolated 2 = Kextrapolated 2 = 1.442·10-10 m2 for the two 
models. The approximate relative errors for the grids can now be calculated by the 
means of Equation (6). The grid convergence error are 3.6% and 3.5% for the two 
finest grids for the two models, see Table 2.  
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Table 2. The calculated permeability and grid convergence error for the different 
grids for the two models: (1) without the thread and (2) including the thread. 

Model Number of volume 
elements 

K [·10-10 m2] Grid Convergence 
error (%) 

1 269741 1.829 10.6
1 450277 1.781 7.7
1 844160 1.735 4.9
1 1331508 1.713 3.6
2 425815 1.559 8.1
2 777171 1.514 5.0
2 1207826 1.493 3.5

VERIFICATION AND VALIDATION  

The permeability from the simulations is now to be compared with the 
analytically derived permeability and with experimental measurements conducted 
in [1]. The permeability derived from the analytical expression is calculated for 
the duct in Figure 4, by setting the following values on the geometrical 
parameters, d = 0.27 mm, a = 0.54 mm and b = 0.33 mm. These values of the 
parameters, build up a similar duct as the one in the simulations of the model 
without the thread. By the means of Equation (11) and by using the same value of 
the area, S, as the one in the simulations, the permeability of the analytical model 
is calculated to be Kanalytical = 1.286·10-10 m2. This value is smaller than the 
extrapolated permeability from the simulations, which is expected since the 
analytical duct does not have an altering cross-sectional area along its centreline, 
as the numerical model has. A way to verify the model is to treat the simulated 
duct as series of sections with different permeability as shown in Figure 5(a).
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K1, L K2, l K1, L

K1, Lcase1 K2, lcase1 K1, Lcase1

K1, Lcase2 K2, lcase2 K1, Lcase2

a)

b)

K1, L K2, l K1, L

K1, Lcase1 K2, lcase1 K1, Lcase1

K1, Lcase2 K2, lcase2 K1, Lcase2

a)

b)

Figure 5. (a) Series of sections with different permeability. (b) The simulated duct, 
of the model without the thread, divided into sections with different permeabilities 
for two cases. 

The total permeability of such a duct can be calculated by the following 
equation: [10] 

N

i i

i

total

total

K
L

K
L

1
, (12)

where Ltotal is the total length of the porous material with the combined 
permeability Ktotal and Li is the length of section i with permeability Ki. The 
simulated duct, of the model without the thread, can be analyzed in this way, in 
two extreme cases as in the Figure 5(b). Since K1 is known and that it is 
reasonable to assume that K2>>K1, due to the increase in the area in section 2, the 
equation for the total permeability becomes: 

12
2

K
L

lL
K

j

jj
total , (13)

where the index j indicates the two cases shown in Figure 5(b). In case 1, the 
permeability is expected to be lower than the extrapolated permeability from the 
simulations and in case 2 higher, due to the extreme geometrical descriptions of 
the cases. Equation (13) for the two cases gives the permeability presented in 
Table 3. 
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Table 3. The permeability for case 1 and 2 together with the extrapolated 
permeability from the simulations of the model without the duct. 

Model Permeability [·10-10 m2]
Ktotal, Case 1 1.522
Ktotal, Case 2 1.770

Kextrapolated 1, Simulation 1.659

The extrapolated permeability from the simulations is in between the two extremes 
in case 1 and 2 as expected. Clearly the cross-sectional variation of the duct is of 
importance to the permeability as the simulations prove. 

Experimental results have been presented by [1] for the same fabric dealt with 
in this paper. The permeability in this experimental study, measured in the same 
direction as the simulations, was Kexperiment = 2.43·10-11 m2. The experimental 
permeability is of about an order of 101 lower than the simulated permeability for 
the both models of the unit cell. The reason for this difference can be that the 
models of the simulated unit cells are too rough to describe the fabric. 

DISCUSSION AND CONCLUSIONS 

It has in this study been found that simulations of unit cells can be used to 
calculate the permeability of a fabric. The permeability for the simulated model 
without the thread gives good agreement with the analytically derived 
permeability. The permeability from the simulation proves to be slightly higher 
than the analytical permeability. This result is due to the cross-sectional variation 
of the duct that is taken into account in the simulations. A comparison with an 
analytical duct consisting of a series of sections with different permeability shows 
that the simulated permeability is in analogy with the analytical permeability. The 
permeability calculated from the simulations of the model, which includes the 
thread, proves to be lower than the permeability from the simulations of the model 
without the thread. This result should only be considered as a hint of how the 
thread affects the permeability rather than qualitatively, due to the rough 
modelling of the thread. To be able to get a qualitative result, when the thread is 
included, a more detailed model must be considered.  

Experimental results of the permeability are approximately of an order of 101

lower than the simulated permeability. This is probably due to the approximations 
made in the models. The simulated models in the present work are modelled as 
perfect unit cells, without the geometrical variations that occur in a real fabric. 
Vital effects, such as for example fibre crossings between the bundles, are 
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neglected. A future, more detailed model of a unit cell and/or a network of unit 
cells, which include these neglected effects and variations, definitely have the 
potential of giving an accurate result of the permeability for a fabric when using 
numerical simulations. 
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ABSTRACT: Noncrimp stitched fabrics (NCF) are often used as reinforcing 
material in high performance composite materials. Prediction models of the 
processing stage of the manufacturing are highly desirable in order to enhance 
the control of the process and enable the production of materials with higher 
quality. In NCFs, layers of parallel fiber bundles consisting of a large number of 
fibers are stitched together with other layers forming a network of interbundle 
channels with different directions. In earlier works, numerical simulations on 
unit cells had been performed in order to predict the global permeability of 
NCFs. It was shown that features like the thread influence the local permeability 
of the unit cells and therefore the local permeability distribution of a fabric also. 
Furthermore, this influences the global permeability of the entire fabric. In the 
present paper, different geometrical features are therefore studied in order to 
investigate their influence on the local permeability within an NCF. The 
stitching process in addition to the interbundle channels gives rise to two 
geometrical features, the thread which penetrates the channels and the crossing 
of fibers between two neighboring fiber bundles. The influences of these two 
features on the local permeability are studied together with variations of other 
geometrical parameters of the fabric. Computational Fluid Dynamics are used 
for the flow simulations in order to calculate the local permeability for the 
different unit cells. To ensure quality and trust, the numerical accuracy of the 
simulations is also studied. This work proves that the thread and the crossings, 
as well as the variations of the width and height of the interbundle channels have 
great influence on the local permeability. Prediction models therefore, have to 
take these features as well as geometry distortions, which influence the local 
permeability distribution, into account in order to make accurate predictions of 
the global permeability of a fabric. 

KEY WORDS: permeability, unit cell, processing, composites, noncrimp 
fabrics, stitching. 
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INTRODUCTION

In order to produce high quality fiber reinforced composite materials, it is 
crucial that the amount of defects introduced during impregnation of the 
reinforcing fibers is minimized. New and improved models of this stage of the 
process are therefore highly desirable. It is well known that the flow through a 
fabric of a thermosetting resin follows Darcy’s law [1]. Hence, a linear 
relationship between the flow rate and the pressure gradient is anticipated 
according to: 

j
ij

i p
K

, . (1)

Here, i is the superficial velocity vector, Kij the permeability tensor,  the 
dynamic viscosity and p the pressure. Knowledge of the permeability of a fabric 
is therefore indispensable when the impregnation process is to be predicted. The 
permeability can be determined by measurements but these are often time-
consuming and it is therefore, relevant to develop models based on the geometry 
of the fabric. In the latter case, the need for experimental measurements can 
diminish and a higher level of control of the process could be possible. 
Optimizations of the fabric geometry with regard to the impregnation process 
will also be facilitated with a proper model. 

The focus in this paper is on noncrimp fabrics (NCFs). The geometry of this 
reinforcing material is built up by layers of fiber bundles that are stitched 
together preferable in different directions. The stitching results in the formation 
of channels between the fiber bundles and since the fiber bundles consist of a 
large number of fibers, the fabric has a dual scale porosity. Two types of flow 
can therefore be identified, microscale flow within the bundles and mesoscale 
flow between them. Typical length scales for these two types of flow are <10 

m and >100 m, respectively. It is important to note that the overall flow rate 
through the material, to a large extent, is set by the mesoscale flow [2,3]. 

Numerous models for the permeability of different porous materials have 
been developed that work for certain classes of geometries, but that fails to 
quantitatively predict the global permeability of fabrics used in composite 
material. For such fabrics, the focus on the modeling, during the last years, has 
shifted from micro- [4-6] to mesoscale modeling. Modeling of the interbundle 
channels as capillaries with rectangular areas [6] is one example of the latter. In 
this case, good agreement with the experimental data was obtained for some 
fabrics but the discrepancy was large for other types. Extending the models to 
more realistic cross-sections can improve the results [7], but the analytical 
expressions for the permeability become very complex even for relatively 
simple geometries. A few other attempts to model the local permeability of 
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repeatable unit cells in such clustered fiber networks have been undertaken. For 
instance, a permeability model for woven fabrics was developed in [8], where 
the Stokes and Darcy flows were set in the resin channels, and the weft and warp 
bundles respectively. In [9], conceptual models were proposed for four 
representative fiber reinforcements. For the unidirectional model of noncrimp 
fabrics, a medium-sized pore parallel to a smaller pore was modeled to represent 
the flow in the interbundle channels and within the fiber bundles, respectively. 
This model was validated but showed a quantitative disagreement with the 
experiments.

One way to make the permeability modeling more exact is to improve the 
description of the meso geometry of the fabric. This can be realized using 
Computer Aided Design (CAD) tools, combined with either a Finite Element 
Method (FEM) code [10,11] or a Computational Fluid Dynamics (CFD) code 
[12-14]. In [10,13] two-dimensional FEM and CFD were used respectively in 
order to study the influence of fiber distributions on the permeability on a 
microscale level within the fiber bundles. It was shown that even with the same 
fiber volume fraction, the permeability variation can be substantial, due to local 
variations of the geometry. In [11,14], three-dimensional mesoscale unit-cell 
models of woven fabrics were developed, for which the permeability of the unit 
cells were calculated by FEM and CFD simulations, respectively. The calculated 
permeability was validated and showed reasonable good agreement with the 
experiments conducted in [11], while the discrepancy was rather large in [14]. 
The numerical techniques are by definition approximate and the results from the 
simulations must therefore be verified before being used. Although this was 
carefully done in [12], a CFD unit-cell model of a biaxial NCF strongly over-
predicted the permeability compared to the experimental data. It showed that the 
presence of a thread has influence on the unit cell permeability, which was also 
shown in [15]. Since the thread does not appear in every unit cell in a fabric, 
there is a local permeability distribution present in a stitched fabric. It was also 
shown in [7] that distortions of the local geometry within a fabric give rise to a 
local permeability distribution, which furthermore influences the global 
permeability of the fabric. This shows that additional features of the fabric such 
as the stitching [12,15], fibers crossing the interbundle channels, as well as local 
geometry variations [7] must be accounted for, which all result in changes of the 
local permeability distribution of a fabric, and therefore, its global permeability 
also.

In the present paper, a study of how different geometrical features of a 
biaxial NCF influence the local permeability of a fabric has been conducted in 
order to enhance the knowledge of the local permeability distribution of an NCF 
and its importance when developing global permeability models. The features, 
originating from the stitching process, are analyzed together with variations of 
various geometrical parameters and dimensions. Unit cells similar to those in 
[12] with different geometries are used in order to study the different features 
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and at the same time reduce the computational load and time. A complementary 
study on the numerical accuracy is also performed to enhance the quality and 
trust of the simulations. 

STRUCTURE OF NCFs 

Noncrimp fabrics (NCFs) consist of layers of fiber bundles stitched together 
in different directions. A consequence of such a stitching is that channels are 
formed between the fiber bundles. In addition to the channels, the stitching 
process gives rise to two other major geometrical features of the fabric. The first 
is the penetration of the interbundle channels by the thread where the fabric is 
stitched, Figure 1(a), and the second is the crossing of fibers between two 
neighboring fiber bundles, Figure 1(b). 

The geometrical features are somewhat repeatable in a fabric due to the 
periodicity of the stitching process and their distribution is therefore dependent 
on the stitching pattern. A typical distribution of the different features in a 
material is visualized in Figure 2(a).  

The repeatability of the stitching makes it possible to determine a 
representative volume of the fabric. This quantity should be repeatable 
throughout the fabric and can be considered as a large unit cell including all the 
features from the stitching process (see Figures 2(a) and 2(b)). The indicated 

(a) (b)

Figure 1. Top view of a [-45˚/+45˚] NCF showing (a) the thread and (b) the 
crossings.

(a) (b) (c)

Figure 2. (a) Typical distribution of the different features from the stitching process 
in a biaxial [-45˚/+45˚] NCF. (b) Representative part of the unit cell including all the 
features which arise from the stitching process. (c) Unit-cell distribution of the 
biaxial fabric.
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volume is, however, too large if a detailed simulation has to be carried out with 
CFD. Resolving the geometry and flow to get a close-to-grid independent 
solution is extremely important in CFD- simulations for reliable results [16]. A 
way to overcome this problem is to perform simulations on smaller unit cells as 
was done in [12]. These unit cells can, thereafter, be used to build up the 
representative part of the fabric as outlined in [7] (see Figure 2(c)). Another 
advantage with the unit cells, except from being small, is that the different 
features such as the stitching are isolated and can therefore, be evaluated 
separately.

In real fabrics, with a certain global fiber volume fraction, the placement of 
the fiber bundles in the fabric can be distorted within the same volume without 
changing the global fiber volume fraction. This deviation from the average, 
structured fiber bundle placement results in unit cells with different channel 
widths and heights but with constant fiber bundle width throughout the fabric. 
Hence, there will be a fiber volume fraction distribution within the fabric, even 
though the global fiber volume fraction for the entire fabric is the same as for 
the unperturbed fabric. Unit cells with perturbations of the channel widths and 
heights as well as deviations from the average thread and crossing dimensions, 
must therefore be considered. Each unit cell represents the local geometry of the 
fabric, Figure 2(c), and their resulting permeability is therefore the local 
permeability of the fabric where the unit cell is located. Hence, the local 
permeability distribution of a fabric can be determined by the use of unit cells, 
including the different features and geometries. 

MODELING 

The fabric used for this analysis is a biaxial noncrimp stitched fabric with a [-
45 /+45 ] lay-up from Devold AMT. The interbundle channels of a unit cell are 
built up by the fiber bundles with the shape defined by the dimensions b0, h0, BB0,
l0 and w0 (see Figure 3). To determine a unit cell for this type of fabric, the 
following assumptions are introduced: 

(1) The unit cells are assumed to be repeatable in all directions of the fabric. 
(2) The flow is assumed not to travel between different layers. 
(3) The cross-sectional shape of the fiber bundles is assumed to be symmetric.
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h0

l0 B0 b0

w0

h0

l0 B0 b0

w0

B = 0.232e-3 m B0
H0 = 0.310e-3 m 
BB0 = 0.762e-3 m 
l 0 = 1.756e-3 m 
w0 = 0.270e-3 m 

Figure 3. The dimensions of the average basic unit cell, the plain unit cell. 

(a) (b)

Figure 4. (a) The basic geometry of a fabric with a [-45  /+45 ] lay-up. (b) The fluid 
domain of the corresponding plain unit cell. 

The fiber bundle volume fraction of the average unit cell in Figure 3, is 
77.8% when the bundles are treated as solids. The real fiber volume fraction is 
lower than the fiber bundle volume fraction since it is dependent on the fiber 
arrangement within the bundles. 

The Basic Cells 

To represent the features of the fabric, three basic unit cells are defined: the
plain unit cell, the tread unit cell and the crossing unit cell. For the plain unit 
cell the geometry is exclusively determined by the fiber bundles (Figure 4(a)). 
Since the mesoscale flow in the channels dominates over the microscale flow in 
the bundles [2,3], the fiber bundles are treated as solids, and only the interbundle 
channels are included in the fluid domain (Figure 4(b)). For typical dimensions 
of the actual unit cell, see Figure 3. 

The thread unit cell has the same geometry as the plain unit cell, but with the 
extension that it contains a representation of the thread. In real fabrics, the 
thread has a relatively complex shape as it penetrates the interbundle channels 
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(a) (b)

Figure 5. (a) The thread in a fabric with a [-45  /+45 ] lay-up. (b) The fluid domain of 
the corresponding thread unit cell. 

(a) (b)

Figure 6. (a) The crossings in a fabric with a [-45  /+45 ] lay-up. (b) The fluid domain 
of the corresponding crossing unit cell. 

(Figure 5(a)). To facilitate the numerical simulation the thread in this stage, is 
modeled as a vertical solid cylinder (Figure 5(b)). 

In the final basic unit cell the crossings are represented. The crossings are a 
consequence of the stitching process and consist of fibers going from one bundle 
to another, crossing the interbundle channels (Figure 6(a)). The cross-sectional 
shapes of the crossings vary, but a reasonable assumption based on their 
formation and from observations of micrographs show that the crossings have 
elliptical cross-sections. The crossings are usually longer than a basic unit cell 
and consequently a much larger cell is required to describe their behavior 
exactly. However, a first assumption is to let the crossings be represented by 
elliptical cylinders placed symmetrically within a plain unit cell, see Figure 6(b). 
This rather crude model of the crossings can still be seen to represent the main 
feature of the crossings, the packing of the interbundle channels. 

Variations to the Geometry of the Basic Unit Cells 

As stated in the introduction it is of interest to study how the local 
permeability is influenced by variations of the geometry of the basic unit cells in 
order to get the local permeability distribution in a fabric. The distortion of fiber 
bundles within a fabric gives rise to variations in channel dimensions throughout 
the fabric. Therefore, variations to the channel width and height of the plain unit 
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cell are carried out, according to Figures 7(a) and 7(b). The fiber bundle width is 
held constant throughout the variations, since the bundle widths are the same 
throughout the fabric, independent of the spatial distortion of the bundles. While 
varying the width, the two directions of the interbundle channels are varied 
independently and simultaneously in order to reveal the most significant 
parameters for local permeability (Figure 7(c)). The variations of the height are 
performed on both channels simultaneously. During the variations of the 
channel height, the ratio w/h is held constant to ensure the same curvature of the 
fiber bundles. 

For the thread unit cell the diameter of the thread, bt, is varied as percentages 
of the channel width for three width to height ratios of the channels (Figure 8). 

In the crossing unit cell the crossings are modeled as elliptical cylinders, as 
described earlier. Similar to the thread the parameters bc and hc are varied as 
percentages of the channel width and height, respectively. This is done for three 
width to height ratios of the channels, Figure 9. In this initial parameter study 

(a) (b) (c)

bparallel

bperpendicular

bparallel

bperpendicular

h0+ h

b0 w0

h0+ h

b0

h0+ h

b0 w0

h0

b0+ b

h0

b0+ b

Figure 7. (a) Variations of the channel shape by varying the channel width. (b) 
Variations of the channel shape by varying the channel height. (c) Variations in 
different channel directions of a unit cell. 

bt

h0

0,5b0

bt

h0

0,5b0

bt

h0

b0

bt

h0

b0

bt

h0

1,5b0

bt

h0

1,5b0

Figure 8. Definition of the variations of the thread for three different channel shapes: 
narrow, average and wide. 
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hc

0,5b0
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0,5b0
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h0
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1,5b0

h0

bc

hc

1,5b0
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Figure 9. Definition of the variations of the crossings for three different channel 
shapes: narrow, average and wide. 
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(a) (b)

sw

w0

s0

sw

w0

s0

w0

h0

w0w0

h0

Figure 10. (a) Warp of the bundle shape, sw. (b) Curvature variation of the bundle, 
w.

the alterations to the parameters, bc and hc, are coupled so that the ratios bc/b and 
hc/h are held equal. 

Finally, the influence from the bundle shape on the local permeability is 
studied. Average bundle shapes can be determined by analysis of micrographs of 
cross-sections of manufactured composites. Two types of variations are studied. 
The first is the shift of the center line of the bundle curvature, sw, Figure 10(a), 
and the second is the amount of curvature of the bundle, w/h, Figure 10(b). The 
variations are performed for all the bundles in the unit cells to maintain 
symmetry, wherever possible.  

NUMERICAL SIMULATIONS

The commercial CFD code CFX5.6 from ANSYS Inc. is used to simulate a 
steady, incompressible laminar flow through the unit cells. The code is based on 
a finite volume method and uses a nonstructured solver [17]. Since the flow is 
laminar and the fluid treated as Newtonian the governing equations describing 
the flow are [1]: 

ijiijj UPUU 21 , (2)

,0iiU (3)

where Ui is the local mean velocity vector,  is the fluid density, P is the local 
pressure and  is the kinematic viscosity. To drive the flow, a pressure gradient 
is added to the momentum equation as a momentum source. Knowing that the 
Reynolds number is low, Re << 1, in the simulations the term on the left-hand 
side of Equation (2) could have been excluded. Including it facilitates, however, 
studies on higher Reynolds number flows in the future. The differencing 
schemes used when solving Equation (2) and (3) in CFX5.6 are high resolution 
ones, which gives a close to second-order accurate solution, as recommended in 
[18]. 
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(a) (b)

Wall (no-slip)
Periodic

Periodic

Symmetry

Symmetry

Wall (no-slip)
Periodic

Periodic

Symmetry

Symmetry

Wall (no-slip)Wall (no-slip)
Periodic

Periodic

Symmetry

Symmetry

Figure 11. (a) Entirety fluid domain for the plain unit cell and (b) the adapted fluid 
domain used by the solver.

The flow through the unit cell is simulated in the +45° direction of the fabric. 
Symmetry can therefore be applied to the fluid domains, in order to reduce the 
computational load of the simulations. The fluid domains used in the simulations 
are therefore, with one exception, one fourth of the domains of the unit cells (see 
Figure 11). The exception is when the channel geometry is asymmetric (see 
Figure 10(a)). In this case, the solver fluid domain is half of the unit cell. 

Since the bundles, threads and crossings are treated as solids no-slip 
boundary conditions are applied on these quantities. By definition of the unit 
cell, periodic boundary conditions are set at the inlet and the outlet of the fluid 
domain and symmetry boundary conditions are set on the rest of the fluid 
boundaries.

The unstructured grids, used in the simulations, are generated by the CFX5.6 
meshing tools [17]. In order to get a finite volume description of the fluid 
domain, in which the flow is to be solved, a surface mesh was generated. The 
Delaunay surface mesher used produces an unstructured surface mesh made 
from triangular elements. To create the final volume mesh, the API volume 
mesher is applied thereafter. The resulting volume mesh consists of tetrahedral 
elements. The appropriate mesh for the fluid domains are determined by a grid 
convergence study performed on the fluid domain of the plain unit cell. The 
same grid resolution is thereafter held throughout the simulations. 

The permeability of the unit cell is calculated using the flow rate through the 
unit cell from the simulations in Darcy’s law, Equation (1). Since the pressure 
gradient and hence also the flow is directed in the +45° direction (see Figure 
11(b)), the calculated permeability is in that same direction. The flow rate is 
calculated as the area integral of the velocity at one of the periodic boundaries, 
which leads to the resulting equation for the simulated permeability: 
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P
l

A

dSu
K A 0

tot
CFD

per , (4)

where u  is the velocity field at the periodic boundary, Aper is the area of the 
periodic boundary, which equals the channel cross-section and Atot is the total 
area of the unit cell face in Figure 3, which coincides with the periodic 
boundary.

NUMERICAL ACCURACY 

In order to ensure the quality of the numerical simulations it is crucial to 
perform estimations of the numerical errors of the solutions. The two main 
numerical errors to control are the iterative error and the discretization error. 
The latter is usually the largest numerical error in CFD [16].  

The iterative error can be defined as the difference between the current and 
the exact solution of the discrete equations on the same grid [19]. The iterative 
convergence is determined by the residuals of the discrete equations and a 
reduction therefore, results in a reduction of the iterative convergence error [19]. 
Foe example, if the residuals have fallen about four orders of magnitude, then 
the error should be reduced by a comparable amount. A reduction of the 
residuals by an order of three or more can be taken as a sign of convergence 
[18,19]. In some cases the iterative error of a quantity can be large, even though 
the residuals are small [16]. This makes it necessary to analyze the iterative 
convergence of the physical parameters of interest also and not together with the 
residuals.

A method based on Richardson extrapolation is used to calculate the grid 
convergence error or discretization error [20]. The method is defined for 
uniform grid refinements so, when using it on nonuniform grid refinements, the 
results should be considered more of a hint of how large the errors are, rather 
than how exact they are. The exact relative grid convergence error is defined as 
in [20]: 

exact

exact r
re , (5)

where exact is the exact value and r is the value from a simulation of a grid with 
grid cell size r. Because exact is not known, an extrapolated value, extrapolated, can 
be used as an approximation [20]. The approximate relative error is then: 
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edextrapolat

edextrapolat
approx,

r
re . (6)

This approximate value of the error can be obtained by using Richardson 
extrapolation [20]. For sufficiently fine grids where the leading term in the 
Taylor series dominates the grid convergence, the error can be written as: 

Hra n
rr )(1exact , (7)

where,  is a grid refinement factor, a1 is a coefficient which is independent of r,
n is the order of convergence and H stands for higher-order terms. The grid 
refinement factor is defined as: 

3/1

1

i
i N

N , (8)

where N1 is the number of volume elements for the finest grid and Ni for the 
coarser grid. The grid refinement factor is a measure of the refinement of r
between two grids. Equation (7) can be used on three gradually refined grids to 
derive an expression for the actual order of the scheme, n:

nn

nn

rr

rr

12

23

21

32 . (9)

The solutions for the three grids have to be in the asymptotic range for this 
analysis to work, which implies that r has to be sufficiently small. The 
extrapolated value can then be calculated by: 

12

2
edextrapolat

2

n
rr

n

, (10)

The grid convergence error can finally be calculated for different grids by using 
Equation (6). 
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RESULTS AND DISCUSSION 

As a direct measure of the iterative convergence error of the local 
permeability, the flow rate, Q, through the plain unit cell was plotted as a 
function of the iteration number. As seen in Figure 12, the solution fully 
converges after less than 50 iterations for all the grid sizes tested, see Figure 12. 
The difference in Q between 50 and 100 iterations is, for instance, less than 2 
10-4 % for the finest grid. The final value of Q, however, is strongly dependent 
on the grid size.

In order estimate the grid convergence error for a certain grid size, the results 
from the five simulations have been scrutinized. The permeability from the 
different grid sizes converge towards a value, extrapolated, as the grid is refined 
(Figure 13). The grid convergence errors are calculated using the permeability 
from the simulations of the three finest grids as the variable  in Equations (6)-
(10). The observed order of convergence, n, is calculated from Equation (9) to 
be n = 2.26 and the extrapolated permeability is extrapolated = 2.885 10-10 m2.
Since the order of convergence is greater than 2, the grids are not entirely in the 
monotonic convergence region and higher-order terms are probably required in 
the Taylor expansion of the error. Another reason for the slightly higher value of 
n is that the grid refinement is not uniform throughout the fluid domain, due to 
grid quality limitations. The values presented in Table 1 can nevertheless be 
used as an indication of the magnitude of the grid convergence error, since the 
observed order of convergence is close to 2. 

The grid resolution for the rest of the simulations in this work is set around 
the grid resolution of the simulation with about 3% grid convergence error in 
order to get proper results in a reasonable period of time. 
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Figure 12. The iterative convergence of Q for five grid sizes.
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Figure 13. Local permeability, K, for the different grids and the corresponding 
extrapolated value. 

Table 1. Local permeability and grid convergence error. 
No. of elements (1/4 unit cell) Permeability (m2) Grid convergence error (%) 
134,499 3.064E-10 5.83
200,493 3.011E-10 4.19
313,390 2.978E-10 3.11
537,113 2.947E-10 2.10
1,074,891 2.922E-10 1.26

Having control of the numerical errors and knowing from earlier studies that 
the numerical results correspond to analytical results [12], enable in-depth 
studies of the variations of the mesoscale geometry. To start with, the local 
permeability naturally increases with increased width of the channels. Since 
there are channels in two different directions (see Figure 7c)), the channels can 
be varied independent of or coupled to each other. Variations of the width of the 
channel parallel to the pressure gradient give large variations in the 
permeability, while variations of the channel perpendicular to the pressure 
gradient give marginal influence on the permeability (see Figure 14). The 
coupled variations, where both channels are varied equally, show almost the 
same permeability variation as for the variations of the channel parallel to the 
pressure gradient alone. Hence, most of the contribution to the permeability 
variation comes from the variations of the channel parallel to the pressure 
gradient.

The same result is obtained by analyzing three regions with different 
permeabilities coupled in series (Figure 15). 

The total permeability of the system in Figure 15 can be calculated by [21]: 
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m
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i
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L

1total

total , (11)

The fact that the permeability of the middle region, K2, is large gives: 

1
1

22
total 2

1 K
L

lLK . (12)

On the one hand, variations of the channel width perpendicular to the flow, l2,
result in small changes of the total permeability; see Equation (12). On the other 
hand, a variation of the channel width parallel to the flow direction substantially 
changes K1, and therefore gives a greater change in Ktotal. The variations of the 
width can therefore be performed simultaneously in both directions to reduce the 
degree of freedom (DOF) without violating the resulting permeability. This will 
greatly reduce the number of simulations required to determine the local 
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Figure 14. The influence on the local permeability for different variations of the 
widths of the channels of a plain unit cell.

L1, K1 L2+ l2, K2 L1, K1

Flow direction

L1, K1 L2+ l2, K2 L1, K1

Flow direction

Figure 15. Side view of the fluid domain and the different regions with different 
permeability.
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permeability for a large set of variations. 
The details in Figure 14 show that the gradient of an imaginary curve through 

the star-like points approach zero as the channel becomes narrow. This is due to 
the fact that the unmodified slit region takes up a considerable part of the 
channel cross-section for narrow channels (Figure 16(a)), while for wider 
channels, the slit region is small compared to the variable bulk region (Figure 
16(b)). The slit region therefore has a great influence on the local permeability 
for narrow channels, while it has lesser influence for wider channels. To 
exemplify, the permeability for a unit cell with a width two times the average, is 
198% higher than the average permeability, while a decrease of the width to half 
of the average reduces the permeability by 83%. Variations of the channel 
widths are therefore a very important factor to take into account in prediction 
models. 

Having studied the influence of width on the local permeability it is natural 
to also find out how the variations of the height of the channels affect the local 
permeability. In this case the relation is nearly linear, with a slightly nonlinear 
behavior, i.e. a steeper gradient for smaller heights (Figure 17). Larger heights 

(a) (b)
Slit region

Bulk regionBulk region

Slit region Slit region

Bulk region

Slit region

Bulk regionBulk region

Slit region

Bulk region

Slit region

Figure 16. Regions of a cross-section of a a) narrow channel b) wide channel. 
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Figure 17. The influence of variations of the channel height on the local permeability 
for a plain unit cell.
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of the channels give larger cross-sectional areas, which naturally result in higher 
permeability while lower heights result in lower permeability as indicated by 
Figure 17. The steeper gradient for the small heights of the channels originate 
from the fact that the channels are wide, and therefore the bulk region dominates 
over the slit region, see Figure 16(b). An increase of the height of the channels 
twice the average gives an increase in the local permeability by 36%. A decrease 
in the heights of the channels to half of the average heights, results in a decrease 
in the permeability by 24% of the average. Hence, variations of the height have 
a large influence on the local permeability, whereas the influence is significantly 
smaller for the variations of the width. 

An interesting feature of the variations of the channel widths and heights is 
that the same channel shapes can be obtained, either by varying the height or the 
width. The only difference is the sizes of the channels (Figure 18). 

The relative permeability for variations of the channel width for three 
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Figure 18. Identical channel shapes but of different sizes, from variations of the 
width and height respectively. 
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Figure 19. The influence of different channel shapes and sizes on the local 
permeability. 
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different heights shows that the permeability can be scaled between different 
sizes of the same channel shapes, b/h (Figure 19), in analogy with low Reynolds 
number conduit flow. This feature results in a great advantage if large sets of 
simulations of unit cells with different dimensions are to be studied, since the 
scalability significantly reduces the number of simulations. 

Moving over to the thread unit cell, it is found that alterations to the diameter 
of the thread for cells with narrow channels give small variations to the 
permeability, compared to unit cells with wider channels (Figure 20). For unit 
cells with narrow channels, the local permeability decreases about 5.4% when 
the diameter of the thread is 80% of the channel width, while for unit cells with 
wide channels, the decrease is about 28%. This difference is due to the fact that 
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Figure 20. The effect on the local permeability from variations of the thread 
dimensions for different shapes of the channel. 
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Figure 21. The effect on the local permeability from variations of the crossings for 
different channel shapes.
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for narrow channels, a large part of the cross-sectional area consists of the slit 
region (Figure 16(a)), and variations of the thread only takes place in the bulk 
region. A large part of the flow is therefore not influenced by the variations for 
unit cells with narrow channels. For wide channels where the bulk region 
dominates (Figure 16(b)), the variation in the thread dimensions consequently 
influences the local permeability more. 

The influence from the crossings is similar to that of the thread (Figure 21). 
Crossing unit cells with narrow channels are less affected by the crossings than 
those with wide channels due to the same argument as for the thread. For unit 
cells with narrow channels the local permeability decreases by about 75%, 
compared to the plain unit cell, when the width and height of the crossings are 
80% of the channel width and height, respectively. For unit cells with wider 
channels, the local permeability is decreased as much as 90% for the same case. 
The results indicate that the crossings have much more influence on the local 
permeability as compared to the thread. This can be explained by the fact that 
the thread appears only at one location, while the crossings are present 
throughout the geometry of a unit cell. The location of the thread is also at the 
place where the fluid domain is most voluminous (see Figure 5(b)). 

When the curvature of the bundles is varied, the permeability is affected only 
slightly, see Table 2. An increase of the curvature of the bundle, w/h, by 20% 
from the average gives a 5.4% higher permeability than for the average 
curvature in Figure 3. A 20% reduction of the bundle curvature, w/h, from the 
average gives 6.2% lower permeability. For the simulation of the unit cell where 
the center line of the bundle curvature is shifted and the bundle shape therefore 
is warped by 20% of the parameter s0 (Figure 10(a)), the local permeability is 
only increased by 0.98%. This indicates that possible asymmetries of the bundle 
curvatures are not that important to the permeability and unit cells can instead be 
modeled by symmetric curvatures. The curvature of the bundle is obviously 
more important for narrow channels, where the slit region takes up a larger part 
of the fluid domain than for wide channels, where the bulk region dominates.   

Table 2. Local permeability for different shapes of the bundles. 
Variation Permeability, K (m ) K/K2 average

3.007E-10 0.97%Warp of curvature (s =0.2 sw 0)
3.138E-10 5.4%Curvature 1.2 w/h
2.793E-10 -6.2%Curvature 0.8 w/h
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CONCLUSIONS 

The effect on the local permeability from variation in mesoscale geometry of 
biaxial NCFs, has been studied. Unit cells with different geometries have been 
used to describe different features which arise from the stitching process. 
Variations of a number of geometrical parameters such as the width and the 
height of the interbundle channels have also been performed due to the natural 
distortion of the fiber bundle placement within real fabrics. CFD has been used 
to simulate the flow through the unit cells in order to determine their 
permeability.

A detailed study on the numerical errors is carried out that together with a 
previous verification of the unit cells [12] to ensure quality and trust of the 
simulations. The simulations then show that the features originating from the 
stitching process, i.e., the thread and the crossings, have significant influence on 
the local permeability. The significance of the two features is dependent on the 
width to height ratio of the channels in the unit cell. In the unit cells with narrow 
channels, the thread can reduce the local permeability by about 5.5% and the 
crossings by as much as 75% compared to unit cells without these features for 
the cases investigated. In the wider channels, the effects of the thread and 
crossings are even larger. The reductions of the local permeability are as much 
as 28 and 90%, respectively for the cases studied. Hence, generally, the thread 
and the crossings do not influence the permeability as much in unit cells with 
narrow channels as they do in unit cells with wider channels, but they are still of 
great importance for the local permeability independent of the channel shapes. 

It has also been shown that variations to the width of the channels parallel to 
the pressure gradient alone, have a large influence on the permeability, while the 
effect of variations of the perpendicular channel alone is very small. Regarding 
the channels parallel to the pressure gradient, a width twice the average width, 
results in an increase in the unit-cell permeability of about 200%, while an 
increase of the height twice the average height, gives an increase of about 35%. 
A feature of the unit cell that has a small effect on the permeability is the bundle 
shape. The bundle shape variations have a noticeable influence on the 
permeability only for unit cells with very narrow channels, where a large part of 
the flow goes in the slit region of the channels. 

To summarize, this study has pointed out the geometrical features and 
variations that have the greatest effect on the local permeability of biaxial NCFs. 
An interesting outcome of this study is that a prediction model of the global 
permeability of noncrimp fabrics as the one presented in [7] has to include the 
effects from the stitching process, the thread and the crossings, as well as 
statistical variations of the channel dimensions in order to get realistic 
predictions.
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Abstract

In this work a global permeability model is developed and applied to a biaxial Non-crimp stitched fabric (NCF). This model focuses on a

detailed meso-scale description of the fabric geometry, which takes into account the local permeability distribution in a fabric due to

perturbations of the geometry as well as the geometrical features which arise from the stitching process. It is shown in this work that these

features significantly affects the global permeability. The influence of the amount and type of perturbation of a fabric is also studied in this

work. It is shown that perturbation of the fabric geometry affect the global permeability but not as much as the stitching process. The model

developed is finally validated with experimental permeability data and it is suggested how to use the model for an arbitrary lay-up.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: C. Computational modelling; C. Numerical analysis; C. Statistical properties/methods; E. Stitching

1. Introduction

When producing high-quality fibre reinforced materials

it is crucial that the amount of defects introduced during

impregnation of the fibres are minimized. It is also of great

importance to make the processes efficient in order to reduce

the production cost of the material. It is therefore of highest

interest to develop new models of this stage of the process.

Theflow through fabrics used in compositemanufacturing

is usually modelled with Darcy’s law, which in its general

form is written as [1]

vi ZK
Kij

m
p;j ; (1)

where v is the superficial velocity;K the global permeability

tensor, m the dynamic viscosity and p the pressure. Hence, in

order to control the filling process, the numerical values ofK

must be known. These values can either be measured or

determined from the fabric geometry. The advantagewith the

latter approach is that the connection between the

geometry and the permeability are clarified and that

a trustful general model can be formed. The drawback is

that the geometry can be fairly complex. NCFs consist of

parallel-orientated fibre bundles in layers that are stitched

together. This results in formation of channels between the

fibre bundles. Since each bundle consists of a large number of

fibres, a two-scale porosity material is obtained, micrometer

scale within the bundles and millimetre scale between them.

This implies that there will be two types of flow during

impregnation, i.e. within and between the bundles where the

second type is likely to bemost important for the overall flow

rate and thus also the permeability [2–4]. The possible

locations of the bundles within the fabric are limited to a

certain volume but their actual position within this volume

can vary [5,6]. This implies that the dimensions of the inter-

bundle channels will vary within a fabric, which furthermore

results in a fibre volume fraction distribution. The stitching

and fibres going from one bundle to the other also add to the

complexity of the geometry [7–10]. The result of these

variations of the geometry is that there will be easy and less

easy paths for fluids to penetrate the fabric. In order to

properly predict the global permeability of real fabrics, these

variations and features have to be considered.

Local permeability modelling requires a fundamental

knowledge of the detailed geometry within a fabric. The

permeability of several relatively simple geometries is well

known, including: regular packing of cylinders [11–13],

3D periodic structures [14], and an array of rings [15].
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On the other hand, there is a lack of knowledge of systems

having irregularities in the geometry as well as systems

which includes more complex features such as those arising

from the stitching process during the manufacturing of

NCFs. The comprehension can partly increase by usage of

results from permeability measurements [16,17], but to

obtain full insight the flow must be studied in detail. One

way to increase the exactness of the permeability modelling

is to improve the description of the meso geometry of the

fabric. This can be realized by usage of Computer Aided

Design (CAD) tools combined with a numerical method to

calculate the flow through the geometry. In [7,8,18–21],

different types of numerical methods have been used to

calculate the flow. In [18,20], the two-dimensional flows

were calculated numerically in order to study the influence

of fibre distributions on the permeability on a micro-scale

level within the fibre bundles. It was shown that even with

the same global fibre volume fraction, the permeability

variation can be substantial, due to local variations of the

geometry. In [19,21] three-dimensional meso scale unit cell

models of woven fabrics were developed for which the

permeability of the unit cells was calculated by numerical

simulations. The calculated permeability was also validated

and showed reasonable good agreement with experiments in

[19], while the discrepancy was rather large in [21]. The

techniques of numerical methods are by definition approxi-

mate and the results from the simulations must therefore be

verified before being used. Although this was carefully done

in [7], a Computational Fluid Dynamics (CFD) unit cell

model of a biaxial NCF strongly over-predicted the

permeability compared to experimental data. It showed

that a thread can strongly affect the unit-cell permeability,

which is confirmed by results from [8–10]. In [8] it was also

shown that fibres crossing the inter-bundle channels and

perturbations of the channel dimensions have great

influence on the local permeability. Alterations to perfect

geometries have also been considered in a few other cases. It

has, for instance, been shown that perturbations to the fibre

pattern and fibre radii can give remarkable changes to the

permeability within fibre bundles [22]. This also holds for

cases when the actual pattern is distorted [22,23]. All these

investigations show that features other than the fibre bundle

structure of a fabric, which result in changes to the local

permeability distribution of a fabric, must be accounted for

in order to perform an accurate global permeability

prediction.

In order to include statistical variations of the geometry

into a global permeability model, Monte Carlo simulations

can be used to generate a statistically perturbed geometry

[6]. An alternative route to determine the geometry is to

form 3D-images of the fabric by methods such as optical

coherence tomography [24,25]. The generated geometries

can thereafter be used in flow calculations as in [26].

In this work a global permeability prediction model

is developed, by combining a detailed CFD unit cell model

[7, 8] for the local permeability and a global network

model [6]. The permeability prediction model includes both

statistical distributions of the geometry and the geometrical

features from the stitching process. The global network

permeability prediction model is applied to a real biaxial

NCF regarding bundle geometry, stitches and fibres going

from one bundle to another and is then validated with

experimental data. Finally, a possible route for a general-

isation of the model is outlined.

2. Global permeability

The frame for the global permeability model is here put

in its context by usage of a biaxial [K458/C458] NCF from

Devold AMT. The main geometrical features of the fabric

arising from the stitching process are the inter-bundle

channels, the penetration of the channels by the thread

where the fabric is stitched (Fig. 1a) and the crossing of

fibres between two neighbouring fibre bundles (Fig. 1b).

Due to the periodicity of the stitching process, the

geometrical features are periodic in a fabric and their

distribution is therefore dependent on the stitching pattern.

Repeatable unit cells, which are based on the basic fibre-

bundle structure, can be determined as was done in [7,8]. A

network of these unit cells including the different features

can thereafter be used to build up the entire fabric

(see Fig. 1c).

To model the global permeability a network model is

used [6]. In this model, unit cells with individual local

permeability tensors are connected and the global

permeability of the formed network is calculated. The

connection is carried out simply by the fluxes through the

cell faces. Darcy’s law, Eq. (1), is assumed to be valid

within the unit cells. Hence, the following equations are

formed

Ð
vxðiþ1=2Þ;jdS ¼ Kxxðiþ1=2Þ;j

S

Lm
ðPiþ1;j KPi;jÞ

Ð
v
y
i;ðjþ1=2ÞdS ¼ K

yy
i;ðjþ1=2Þ

S

Lm
ðPi;jþ1 KPi;jÞ

;

8><
>: (2)

where L is the distance between unit cell centres and S the

unit cell face area. The pressure, P, is assumed to vary

linearly between neighbouring cells. The total fluxes

through the unit cell faces are obliged to satisfy mass

conservation for incompressible fluids

Ð
vxðiK1=2Þ;jdSC

Ð
v
y
i;ðjK1=2ÞdSC

Ð
vxðiC1=2Þ;jdSC

Ð
v
y
i;ðjC1=2ÞdSZ 0;

(3)

which yields an equation for pressure. Conservation of mass

also has to be satisfied globally for the network and in order

to solve the pressure distribution, pressure boundary

conditions must be specified. In the rectangular

system iZ1.nx, jZ1.ny, the boundaries perpendicular

to the x-axis are set to be periodic, while pressure boundary
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conditions are set on the boundaries perpendicular to the

y-axis, or equivalently the main pressure gradient direction.

In order to be able to calculate the global network

permeability, discrete local permeability values are required

at the cell faces of the unit cells. By usage of the values from

the CFD-simulations of the unit cells, the permeability at

these faces in the positive x-direction, KxxðiC1=2Þ;j, can be

defined as [27]

Kxx
ðiC1=2Þ;j Z

1
1

2Kxx
i;j
C 1

2Kxx
iC1;j

(4)

if the two unit cells have approximately the same width. The

permeability values at the cell faces in the other directions

are defined in analogy with Eq. (4). When the pressure

distribution has been solved for, the flux out of the fabric can

be calculated and furthermore also the global permeability

by applying Darcy’s law.

3. Local permeability

The local permeability tensors for the unit cells can be

determined by numerical simulations of the flow with help

of CFD as in [7,8]. Since the number of different unit cells in

a network can be rather large, it is convenient to develop a

function for the local permeability, based on a few

simulations, from which the permeability for all unit cells

can be derived. The numerical accuracy of the CFD

simulations is carefully controlled throughout this work to

ensure iterative convergence and close to grid independent

solutions. The grid convergence errors for the grids used in

the simulations are determined by a Richardson extrapol-

ation method [28] and are allowed to be around 3% for all

the simulations in order to save simulation time.

In order to be able to calculate the unit cell-permeability

in an arbitrary direction, the components of the full 3D

permeability tensor have to be determined. Since this

permeability model is developed for global in-plane flow,

only the in-plane components have to be determined. In

terms of the principal permeability values of the unit cell, K1

and K2, the components can be expressed as [27]

K11 Z
K1 CK2

2
C

K1 KK2

2
cos 2q; (5)

K22 Z
K1 CK2

2
K

K1 KK2

2
cos 2q (6)

and

K12 ZK21 ZK
K1 KK2

2
sin 2q: (7)

where q is an arbitrary direction in the plane. With

knowledge of the principal directions only the principle

permeability values have to be determined by the

simulations.

Fig. 1. Top view of the NCF showing (a) the thread and (b) the crossings.

(c) Typical distribution of the features from the stitching process together

with its unit cell structure. P in the figure denotes the plain unit cell, T the

unit cell including the thread and C the unit cell including the fibre

crossings.
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The unit cells have, as discussed previously, dual scale

porosity, the channels and the fibre bundles. The

permeability within the fibre bundles is approximately in

the order of the square of the fibre diameter [13], while the

permeability of the channels is in the order of the square of

the channel dimensions [1]. Since the channel dimensions

are of at least one order of magnitudes larger than the fibre

diameter, the porous fibre bundles can safely be excluded

from the model of the unit cell for fully saturated flow

calculations, where the capillary pressure is negligible, and

when the cross-sectional area of the channels is in the same

range as the cross-sectional area of the bundle [4]. Hence,

the fibre bundles can be modelled as solids instead of porous

bundles. Generally, for very small channel widths as well as

for relatively low fibre volume fractions within the fibre

bundles this assumption is no longer entirely valid, since a

significant part of the flow then takes place within the fibre

bundles [4]. The CFD-calculated permeability of the unit

cell should therefore be slightly lower than the real

permeability. Due to the high-fibre volume fractions of the

fibre bundles of the NCF studied and their resulting low

permeability, this assumption has, however, only a negli-

gible influence on the results as compared to other

geometrical parameters.

In order to account for the different features from the

stitching process and the statistical distributions of the

geometry, three types of unit cells are modelled for

the biaxial NCF with the averaged dimensions obtained

from observations from micrographs and scanned images

(cf. Fig. 2). The three unit cells: the plain unit cell, the

thread unit cell and the crossing unit cell are the building

blocks in a network of unit cells, see Fig. 1c and [8]. The

plain unit cell is exclusively determined by the fibre bundle

structure (Fig. 3a). The thread unit cell is modelled in the

same way but with the extension that it contains a

representation of the thread, a vertical cylinder penetrating

the inter-bundle channels (Fig. 3b). The geometry of the

crossing unit cell is also modelled in the same way as the

plain unit cell but with elliptical cylinders as representations

of the crossings (Fig. 3c).

To be able to include statistical variations of the

geometry into the network model, the local permeability

(unit cell) model should be designed to give the variation of

the permeability as a function of the geometrical dimensions

and parameters. Variations of the width and height as well

as variations of the dimensions of the crossings and thread

have proved to have large influence on the permeability,

while variations of the bundle shape had less influence [8].

Since the height of the fabric is set by the tooling, the

variation in height of the unit cells for a certain global f is

assumed to be negligibly. This assumption can though

easily be relaxed in more complex models. However, the

variations of the channel width and the thread and crossing

Fig. 2. The average dimensions of the unit cells for the biaxial NCF.

Fig. 3. The fluid domains of (a) the plain unit cell, (b) the thread unit cell,

(c) the crossing unit cell.
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diameters must be included in the local permeability model.

The discrete permeability values from CFD-simulations of

such variations can thereafter be fitted to analytical

functions according to

Kcellðb; h; c; tÞZ Tðb; h; tÞCðb; h; cÞKplainðb; hÞ; (8)

where the function T(b,h,t) is the contribution from the

thread, C(b,h,c) from the crossings and Kplain(b,h) is the

permeability for a plain unit cell. The parameters t and c are

the percentages of the diameters of the thread and crossings

to the channel width, respectively. Since the thread and

crossings are proved to be dependent of the shape [8], width

to height ratio of the inter-bundle channels, the dependence

is included in T(b,h,t) and C(b,h,c). One restriction is that

the thread and the crossing cannot exist in the same unit

cell, cf. Fig. 1c, and at least one of the parameters c or t has

to be zero. Eq. (8) is furthermore formulated so that when

c or t is equal to zero, the functions T(b,h,0) or C(b,h,0) are

equal to one, respectively. It will turn out that the limits

limc/C0 Cðb; h; cÞ and limt/C0 Tðb; h; tÞ are slightly lower

than 1, but let us neglect this feature since it will only

marginally influence the results.

The permeability for variations of the width of the inter-

bundle channels of a plain unit cell with constant height is

observed to take a slightly quadratic form in [8]. The

function Kplain(b,h) can therefore be written as

Kplainðb; hÞZC1 CC2

b

h
CC3

b

h

� �2

; (9)

where the constants C1, C2, and C3 are supposed to be

independent of b/h. In a similar manner, the contributions

from the thread and crossings can be written as

Tðb;h; tÞZ F1CF2

b

h

� �
C F3CF4

b

h

� �
tC F5CF6

b

h

� �
t2;

(10)

Cðb;h;cÞZ G1CG2

b

h

� �
C G3CG4

b

h

� �
cC G5CG6

b

h

� �
c2;

(11)

respectively, where Fi, Gi are assumed to be independent of

b/h. These two equations assume a linear relationship of the

variations of the diameters between two shapes of the

channels.

4. CFD-simulations of the unit cells

Steady, incompressible, laminar and Newtonian flow

through the unit cells is solved with the commercial CFD

code CFX5.6 from ANSYS Inc. The code is based on a finite

volume method and uses a non-structured solver [29].

The governing equations describing the flow are [1]

UjvjUi ZK
1

r
viPCnV

2Ui; (12)

viUi Z 0; (13)

where Ui is the local mean velocity vector, r the fluid

density, P the local pressure and n the kinematic viscosity.

In order to drive the low Reynolds number (Re/1) flow, a

pressure gradient is added to the momentum equation and

second order differencing schemes are used when solving

Eqs. (12) and (13) to give an accurate solution. The pressure

gradient is applied in the C458 direction of the fabric.

Symmetry can therefore be applied to the fluid domains and

the computational load of the simulations is reduced. The

fluid domains used in the simulations are therefore one

fourth of the domains of the unit cells (cf. Fig. 4). No-slip

boundary conditions are set on the bundles, threads and

crossings, while periodic boundary conditions are applied at

the inlet and outlet of the fluid domain due to the

repeatability of a unit cell (cf. Fig. 4). Since the fibre

bundles are of porous nature and not solids, the no-slip

boundary condition applies in reality only on the individual

fibres, while there is a small slip velocity between the fibres.

This mixed boundary condition can be approximated by a

no-slip condition as long as the fibre volume fraction of

the bundles is high and there is a large difference in the

permeability of the porous bundles and the channels [4].

The minor underestimation of the permeability due to this

slip velocity between the fibres is therefore negligible in this

study.

The permeability of the unit cell is calculated by

using the flow rate through the unit cell from the

CFD-simulations for an applied pressure gradient in

Darcy’s law, Eq. (1):

KCFD Z

ÐÐ
Aper

u$dA

S

m$l0
DP

: (14)

Here �u is the velocity field at the periodic boundary,

Aper is the area of the periodic boundary, which equals

Fig. 4. The adapted fluid domain of the plain unit cell used by the solver.
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the channel cross-section and S is the total area of the unit

cell face coinciding with the periodic boundary.

5. Generation of a statistically perturbed geometry

The geometry of a NCF can be determined in numerous

ways, as outlined in Section 1. In this work, a Monte Carlo

method is used in order to generate a statistically perturbed

geometry for given distributions of the geometrical dimen-

sions and parameters. The randomisation of the geometry of

the unit cells is performed in such a way that the geometrical

dimensions of adjacent cells are correlated as described in

[6]. The distribution of the bundle placement within a layer

depends on how easy the bundles can bend and how firm

they are fixed by the stitching. Hence, there are mainly two

types of fibre bundle distortions or irregularities namely: the

inclinations of the bundles and the transversal shifts of the

bundles from the regular structure. For parabolically shaped

bundles with uniform cross-sectional areas, assuming they

obey Hooke’s law, the energy of the inclination per unit cell

for low curvature can be written as

Ein
j z 1KlC

3

5
l2 K

l3

7

� �
Ghl30ðl0 C hbiÞ

24
ðs00j Þ2; (15)

assuming the ends of the bundles are free to move in

the longitudinal direction. Here G is Young modulus,

lZ2w0/l0, j is the index of the cell, sj is the transversal shift

of the bundle at the cell j and b, h, l0 are the geometrical

parameter from the mean unit cell (Fig. 2). A rough estimate

of the translation energy can be found by setting the

parabolic dependence of energy per cell to

Etr
j Zg 1KlC

3

5
l2 K

l3

7

� �
Ghl30

24ðl0 C hbiÞ3 s
2
j ; (16)

where g is a dimensionless parameter that indicates whether

inclination or shift irregularities dominates. One require-

ment of Eq. (16) is that the minimum of energy should

correspond to equidistantly spaced bundles when sjZ0. The

amount of perturbations, Tperturb, in the system is determined

by a fictive parameter, t, in the Monte Carlo simulations as:

Tperturb Z
tGhl30

ðl0 C hbiÞ : (17)

The important properties of the channel width frequency

distribution are the standard deviation, s, and the corre-

lations along and perpendicular to the channel. The

correlations can be better interpreted by a correlation

distance, i.e. characteristic maximal distance d0 (in cells),

upon which cell i, j influences a cell located d0 cells apart.

The correlation distance naturally depends on the direction.

The correlation distance along the bundles can be tens of

cells, while in the perpendicular direction usually only 1–2

cells. Along the direction of the bundles an exponential

decrease of correlations with distance, d, can be assumed for

the channel widths as [30]

hbi;jbi;jCdicazhbi;jbi;jica
hbi;jbi;jC1ica
hbi;jbi;jica

� �d

; (18)

where ca means the cumulative average. The characteristic

correlation distance can be written as:

d0 Z
1

ln
hbi;jbi;jica
hbi;jbi;jC1ica

; (19)

In [6] the Monte–Carlo simulations showed that the

standard deviation depends on both parameters of the Monte

Carlo simulations: t, g, while the correlation radius, d0, only

depends on g. Thus, it is easy to transform from the fictive

parameters t and g of the Monte Carlo simulations, having

indirect physical meaning, to s and d0, with direct physical

interpretation.

6. Results and discussion

The geometry of the fabric is generated by Monte Carlo

simulation of a 100!100 unit cell network with the average

values taken from Fig. 2. Before assigning permeability

values to the unit cells in the network from the local

permeability model, the positions of the plain unit cells,

thread unit cells and crossing unit cells have to be

distributed in the network. Since the frequency of the

stitches is dependent on the stitching pattern of the fabric,

the thread unit cells have to be placed in a structure similar

to that of the real NCF. Also the crossing unit cells, which

also are results of the stitching, are placed in a regular

manner due to the specific stitching pattern (see Fig. 1c).

6.1. Local permeability

In order to determine the local permeability function for

an arbitrary unit cell of the fabric the coefficients in

Eqs. (9)–(11) have to be found. CFD-simulations are

therefore performed on unit cells with different channel

widths but with constant heights, as previously explained. A

least square fit to Eq. (9) results in the constants Ci presented

in Table 1. Since the thread and crossings have different

influence on the permeability for different channel shapes

[8] variations of the diameters of the thread and crossings

are performed for two shapes of the channels, narrow and

wide. The coefficients for the contributions from the thread

and crossings, Fi, Gi, are determined by fitting the discrete

permeability values from the CFD-simulations to Eqs. (10)

and (11), see Table 1 (tRtm, cRcm). These equations only

describe the unit cell-permeability for values of t and c in

the neighbourhood of those used in the CFD simulations. In

order to satisfy the restrictions T(b,h,0)ZC(b,h,0)Z1,

Eqs. (10) and (11) are divided into two parts. One part for

values of t, c larger than the specific merge values, tm, cm,

respectively, and one part for lower values. The parts with
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values higher than the merge values are the parts for which

the CFD simulations are fitted, while the parts with lower

values are chosen to ensure continuous equations and to

satisfy the restrictions. The merge values are the values from

the CFD-simulations with lowest values of t and c,

respectively.

The quadratic behaviour of the variations of the channel

width is shown in Fig. 5a. Fig. 5b and c shows that the

permeability of a unit cell with narrow channels is less

influenced by the thread and crossings than unit cells with

wide channels. It should be noted that the permeability for

small b/h is subject to some errors due to the negligence of

the fibre bundle porosity. This error is, however, small due

to the high-fibre volume fraction of the bundles in this study.

It is shown that the crossings influence the local

permeability more than the thread, which can be expected

since the crossings are present throughout the inter-bundle

channels.

6.2. Global permeability of the network

The local permeability model developed and the

perturbed geometry generated by the Monte Carlo method

can now be used to mimic the local permeability distribution

of the Devold fabric. The pressure distribution within the

fabric can then be calculated by Eqs. (2) and (3) and the

global permeability of the fabric is solved by Eq. (1).

Since the dimensions of the crossings and thread are

difficult to determine accurately, variations of these

parameters are performed within the network to investigate

their sensitivity on the global permeability prediction. Fig. 6a

shows that in a network including both the thread unit cells

and crossing unit cells, the global permeability is very

sensitive to the dimension of the crossings, while the

dimension of the thread is of less importance, due to its

smaller influence on the local permeability (cf. Fig. 5b and c).

The influence from the thread on the global permeability is

even lower than on the local permeability, since the fluid in

the network has the possibility to choose an alternative route

through the network if it encounters a thread. The presence of

crossings can reduce the predicted global permeability from

about 1.1!10K10 m2 without any crossings down to about

4.5!10K11 m2 with crossings present (cf. Fig. 6a).

Furthermore, the global permeability is very sensitive to

the chosen mean value of the channel widths as indicated by

the steep gradient of the permeability curve for different

mean values of the channel widths in Fig. 6b.

In order to investigate the importance of the amount of

perturbation in the geometry of a fabric, calculations of the

global permeability have been performed for different

configurations of the Monte Carlo parameters for a network

including both the thread and crossings. These calculations

show that at a given correlation parameter g, the global

permeability of the network first increases with irregularity,

t, but afterwards it decreases (see Fig. 7a). This is

anticipated since at high t the irregularities of inclination

are dominating leading to a reduction in the correlation

distance in the direction of the bundles and thus an increased

number of constrictions as described in [6] and confirmed by

an increase in the standard deviation of the channel width,

see dotted curves in Fig. 7a. It is also clear that the global

network permeability increases with the corresponding

characteristic correlation distance, being the physical

interpretation of the fictive Monte Carlo parameter g, for

different standard deviations (see Fig. 7b). This increase of

the global permeability is because the wide channels get

longer with increasing correlation distance. This is

especially true for higher standard deviations. The devi-

ations from the global permeability of a regular structure

without any perturbations due to the irregularities are,

however, small, cf. horizontal lines in Fig. 7a and b.

7. Validation

The global permeability was measured in the C458
direction, which is the same direction as the simulations

have been performed by SICOMP AB, Sweden. By using

the method evaluated in [31] the saturated global

permeability was measured to vary between 2.5!10K11

and 4.7!10K11 m2. The predicted global permeability of

the same type of fabric takes the value of 1.02!10K10 m2

for a regular, unperturbed geometry when neither the thread

nor the crossings are present. This large discrepancy from

the experimental data was also observed in [7] when no

thread or crossings were taken into account. By including

the perturbations of the geometry as well as the thread and

crossings into the prediction model, the predicted global

permeability is found to be about 4.5!10K11 m2 or more

depending on the sizes of the crossings and the amount of

perturbations in the fabric (cf. Fig. 6a). This validation is

somewhat uncertain, since the statistical certainty of the

data of the geometrical dimensions from the micrographs

and scanned images of the fabric is rather weak.

Table 1

Coefficients to Eqs. (12)–(14) for the Devold NCF

Coefficient iZ1 iZ2 iZ3 iZ4 iZ5 iZ6

Ci 2.23!10K11 5.57!10K12 4.15!10K10 – – –

Fi (tRtm) 1.00 K0.038 0.0100 K0.114 0.0433 K0.197

Fi (t!tm) 1 0 0.0213 K0.222 K0.0352 K0.121

Gi (cRcm) 1.15 K0.494 K1.19 K0.220 0.216 K0.580

Gi (c!cm) 1 0 0.348 K5.16 K3.63 12.9

M. Nordlund et al. / Composites: Part A 37 (2006) 826–835832



One example of the uncertainty is that where the plain unit

cells are placed in the network, there are some fragments of

the crossings present at one side of the channels (cf. Fig. 1c).

In reality, this results in narrower channels for the plain unit

cells, which is not taken into account due to limited amount

of data. The global permeability predicted in this work is

therefore slightly higher then it should be if this was taken

into account. In order to fully be able to validate the

prediction model, more data of the geometrical dimensions

are therefore required. Even if the validation of the

prediction model is rather uncertain, the trend is that the

predicted permeability is approaching the experimental

data, when geometry perturbations as well as the features

from the stitching process are introduced to the model.

8. Ways towards a generalisation of the model

Composites based on NCFs usually consist of many

layers of fabrics stacked in certain lay-ups. The model

proposed in this work is applied to a biaxial NCF where

perturbations of the unit cell geometries are assumed only in

the in-plane directions. This assumption implies that there

are no interactions between unit cell layers in the out-of-

plane direction, due to symmetry, when the in-plane

permeability is to be calculated. When the geometries of

adjacent unit cells in the out-of-plane direction are

perturbed, interactions between unit cell layers are unavoid-

able. To incorporate the possibility of these interactions,

Fig. 5. (a) Permeability for variation of the channel width, (b) influence of

the thread, T(b,h,t), and (c) the crossings, C(b,h,c), on the permeability for

two channel shapes, b/h.

Fig. 6. The influence of (a) the sizes of the thread (curve -%-) and the

crossings (curve -&-) and (b) average channel width on the permeability

for gZ0.01 (curve -&-) together with the corresponding standard deviation

(curve -%-).
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the out-of-plane permeability of the unit cells have to be

simulated and calculated for, in analogy with the in-plane

permeability. With the full 3D permeability tensor of the

unit cells in hand, only the fluxes though the cell faces in the

third dimension have to be added to the network model,

Eq. (3), to allow the interactions between unit cells in the

out-of-plane direction. With the 3D local permeability

distribution of the lay-up determined, the 3D pressure field

can then be solved for and the flux out of the entire lay-up

can be determined. Inserted in Eq. (14) with the total cross-

sectional area of the lay-up, the global permeability for the

entire lay-up can be calculated.

The combined CFD unit cell/Network technique outlined

in this work can be applied to other types of fabrics than

biaxial NCFs as in this work. This is done by defining new

unit cells and network combinations.

9. Conclusions

A global permeability prediction model has been

developed which includes both perturbations of the

geometry and the geometrical features from the stitching

process, i.e. the presence of the thread and fibres crossing

the inter-bundle channels. The model is based on detailed

meso-scale descriptions of the local geometry. Detailed unit

cell models of the local geometry are used in order to

determine the local permeability distribution within a fabric.

CFD-simulations are performed in order to calculate the

permeability of the unit cells. These unit cells are then

coupled in a network to yield the global permeability of the

NCF. It is shown that the presence of the thread in the inter-

bundle channels has small influence on the global network

permeability compared to the secondary feature from the

stitching process, the fibres crossing the inter-bundle

channels. These crossings are proved to significantly reduce

the global permeability. Hence, a representation of the

crossings in a global permeability prediction model is

absolutely crucial for accurate predictions of the global

permeability of NCFs. An interesting outcome is that the

permeability of a fabric can be increased by a more precise

stitching process, which reduces the amount of crossings.

The perturbation of the geometry also affects the global

permeability. The predicted global permeability of the

fabric is very sensitive to the estimated value of the mean

channel width of the fabric. An inaccurately determined

mean channel width will strongly affect the prediction. The

influence from the standard deviation of the channel width

has on the other hand less influence on the global

permeability, where an increase of the standard deviation

only results in a slight rise in the global permeability. The

global permeability model also showed good agreement

with experimental data when the crossings and statistical

variations were included in the model.

To summarize, this study have pointed out that the

features from the stitching process is important to include

into prediction models for the global permeability. A global

permeability model has also been proposed, which takes

into account the local permeability distribution present in a

fabric due to geometrical features and perturbations of the

geometry. The model has furthermore been validated

against experimental data where it showed good agreement.

Possible routes are suggested for utilization of the model to

other types of fabrics and lay-ups than the biaxial NCF in

this work.

Acknowledgements

This work was carried out within FALCOM, an EU

founded fifth framework programme and we therefore send

our appreciation to the partners for letting us publish the

work. We also acknowledge The Royal Swedish Academy

of Sciences who founded the collaboration between Luleå
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1. Introduction

There is a strong need for refined modelling- and simulation-based design or 
control methods in composite manufacturing, in order to decrease the production 
time and costs and to obtain higher quality materials and processes. High quality 
composites for civil aircrafts, for instance, require high control of the processing 
stage of the manufacturing, in order to minimize the amount of defects 
introduced, during the impregnation of the reinforcement. New and improved, 
accurate models of this stage of the manufacturing are therefore highly 
desirable.

Impregnation of fabrics with a thermoset resin takes place in the creeping 
flow regime (Re << 1). This implies that the flow within the fabric can be 
described by Darcy’s law, which is a linear relationship between the flow rate 
and the pressure gradient, with a ratio of the permeability of the fibre 
reinforcement to the fluid viscosity as a proportionality constant (Batchelor, 
2000). To be able to predict and control the filling of resin into fibre 
reinforcements, knowledge of the permeability of the reinforcement is therefore 
required.

The permeability of fabrics can be determined, either by measurements, 
which are often cost and time-consuming, or by models based on the geometry 
of the fabric. In (Gebart, 1992), for instance, an analytical model was developed 
for the permeability in the direction parallel as well as perpendicular to fibres 
organized in different arrangements. The model showed good agreement with 
unidirectional fabrics, but lack the ability to represent more complex fabric 
geometries, due to its single-scale nature. The influence of channel regions 
within the fibre bundles, on the permeability was studied in (Cai et al., 1993) 
and in (Bechtold et al., 2003). It was found that the formation of channel 
regions, within the fibre bundles, has a great effect on the permeability and that 
a different modelling strategy is necessary, when more than one geometrical 
scale is present in the fibrous porous medium. 

The fibre reinforcements used in composite materials are most often of a 
multi-scale porous nature. They generally consist of fibres collected in bundles, 
which are weft or stitched together in layers with different orientations, creating 
multi-scale, fibre bundle network structures as the one seen in Figure 1. The 
typical length scale of the pores regions within multi-scale fabrics are often <10 

m inside the fibre bundles and >100 m in the interbundle regions. 
To be able to calculate the permeability of common types of fabrics, a 

number of permeability models for complex fabric structures have been 
developed. In (Song et al., 2004), for example, the permeability tensor of a 
three-dimensional circular braided preform, was predicted by finite element 
computations of the flow in the meso-scale interbundle regions. The 
permeability was shown to strongly over-predict the permeability measured in 
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the experiments and the discrepancy was suggested to be a result of the complex 
geometry. Another permeability model, based on the interbundle channel 
geometry, was developed in (Lundström, 2000) and furthermore extended to 
more complex interbundle channel cross-sections in (Lundström et al., 2004), 
for a biaxial Non-Crimp Fabric (NCF). This analytical model is also shown to 
over-predict the permeability compared to experiments, in the same way as the 
model in (Song et al., 2004). It was therefore concluded that, more detailed and 
complex descriptions of the geometry are required, in order to accurately model 
the permeability of multi-scale fibre reinforcements. This was realized in 
(Nordlund et al., 2003) and (Nordlund et al., 2005), where the local 
permeability, based on the meso-scale geometry of a biaxial NCF, including the 
complex geometrical structures from the stitching process, was modelled. It was 
shown in these two studies, that disturbances in the ideal geometry, strongly 
influence the local permeability of the unit cells. This was also shown in (Hu et 
al., 2003), where the influence of a thread penetrating the interbundle channels 
of unidirectional stitched fabrics was studied. In order to take the variations of 
the local permeability into account, when predicting the global permeability of 
biaxial NCFs, a global permeability network model, based on the local 
permeability of the unit cells identified in (Nordlund et al., 2005), was 
developed in (Nordlund et al., 2006). In this model, the local permeability of the 
unit cells was computed numerically and connected to each other by a global 
network model developed in (Lundström et al., 2004). Validation of the model 
confirmed the importance of modelling the complex geometry, in order to 
accurately determine the global permeability of stitched, biaxial NCFs. 

For the models previously discussed, the permeability has been modelled, 
either for the micro-scale fibre bundle geometry or for the meso-scale 
interbundle channel geometry, alone. A few models have also been developed, 
where both geometrical scales are considered in the same model. For example, a 
lattice-Boltzmann based model was developed and tested in (Spaid et al., 1997) 
for saturated, transverse flow through a square array of porous cylinders. The 

Figure 1: Multi-scale porosity of a biaxial NCF. 
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results were verified by a lubrication model to which they showed good 
agreement. Models of the permeability of more complex fabric geometries, such 
as woven fabrics, have also been developed. These models, generally describe 
the flow in the interbundle channels by Stokes equation and the flow inside the 
fibre bundles by either Brinkman’s equation, as was done in the model of (Ngo
et al., 2001), or by Darcy’s law as in the model of (Simacek et al., 1996). 

Whether or not the fibre bundles should be included into the permeability 
model, when modelling the saturated permeability for multi-porous fabrics, has 
been debated in the literature by many researchers. In (Binétruy et al., 1997) and 
(Papathanasiou, 1996), for example, it is stated that the overall flow rate through 
a multi-scale fibre reinforcement is determined mostly by the flow in the meso-
scale region, which consequently implies that the saturated permeability is also 
determined mostly by the flow in that region. In contradiction, the results in 
(Ranganathan et al., 1996) indicate that the fibre bundles play an important role 
in the permeability modelling, due to their influence on the total flow rate. A 
more thorough study of the subject was performed for a simple dual-scale 
geometry in (Pillai et al., 1995). In this study, it was shown that the bundles are 
important for the permeability, when their internal permeabilities are 
comparable in magnitude, with the permeability of a model excluding the 
bundles. Consequently, this implies that for certain fibre volume fractions inside 
the bundles, fb:s, both scales have to be modelled, while for other fb:s the fibre 
bundles can be excluded from the model. Clearly, there is an unanswered 
question of when the fibre bundles can be excluded from the permeability 
models, especially for complex multi-scale geometries, in order to reduce the 
complexity of the model without reducing its accuracy. This reduction can, for 
example, lead to decreased computational time, which is especially important 
when network models based on local permeability values are used for 
computations of the global permeability. Improved modelling of the global 
permeability is of highest importance in the processing stage of the composite 
manufacturing, in order to produce higher quality components with reduced cost 
from, for instance, material waste. 

In the present work, a numerical study is therefore performed, in order to 
determine for which fb:s the dual-scale porosity is important for the local 
permeability modelling of biaxial NCFs. This is done numerically by comparing 
the calculated permeability of a unit cell model including the fibre bundles, with 
one that excludes them. To ensure that correct decisions are taken from the 
numerical solutions, for when the fibre bundles need to be modelled or when 
they can be excluded, the numerical accuracy is carefully controlled. The 
important issue of having highly accurate solutions when comparing numerical 
results is unfortunately often neglected in the literature on numerical 
permeability modelling of fibre reinforcements. The consequence it has on the 
decision of when to model the dual-scale porosity, is therefore also studied. In 
addition, a new model based on the interbundle channel geometry is proposed 
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and verified, where the fibre bundles are represented through modifications of 
the boundary conditions of a single-scale channel model. This local permeability 
model is developed, in order to reduce the complexity and size of the 
computational problem, without reducing its accuracy, for conditions when the 
flow through the fibre bundles influences the permeability. 

2. Model development 

2.1. Unit cell geometries 
Biaxial NCFs consist of layers of parallel fibre bundles with different 

orientations, which are stitched together forming repeatable structures as shown 
in Figure 2. This permits that the local permeability within a fabric can be 
computed by a unit cell approach as was done in (Nordlund et al., 2005). 
Initially, two unit cell models of a [0°/90°] NCF are developed, in order to 
investigate when the dual-scale porosity influences the permeability modelling. 
The first unit cell model, the porous model, includes both the porous fibre 
bundles and the interbundle channels, and has the dimensions: BB0 = 1.90 mm, b0
= 0.139 mm, w0 = 0.207 mm, B90B  = 1.56 mm, b90 = 0.427 mm, w90 = 0.284 mm, 
h1 = 0.162 mm and h2 = 0.165 mm, cf. Figure 3(a). The local permeability of the 
unit cell is computed for fibre bundles with six fibre volume fractions inside the 
bundles, fb [0.250 0.375 0.500 0.625 0.750 0.900] and fibre radii of 7 m. The 
second unit cell model, the channel model, consists of the interbundle channels 
only, cf. Figure 3(b), in the same way as the one developed in (Nordlund et al.,
2005). Hence, the fibre bundles in this model are completely excluded and the 
channel/bundle interfaces are modelled as impermeable walls, as if the fibre 

Figure 2: Biaxial [0º/90º] NCF and its unit cell.
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Figure 3: One fourth of the unit cell model: (a) porous- and (b) slip model.

bundles were solids. 
A third model, the slip model, is also developed. This model is based on the 

geometry of the channel model, but with the extension that the influence of the 
flow inside the fibre bundles, is taken into account through modifications of the 
boundary conditions at the channel/bundle interfaces. The obvious benefit with 
this model compared to the porous model, is that the complexity and 
computational grid required to compute the local permeability, are strongly 
reduced, without having to neglect the influence from the flow inside the 
bundles.
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2.2. Governing Equations 
The permeability of the unit cells can be calculated by Darcy’s law, which in 

its general form can be expressed as:

pK , (1)

where [m s-1] is the superficial velocity (the ratio between the volumetric flow 
rate through the unit cell and the total cross-sectional area in the flow direction), 
K [m2] is the permeability tensor,  [Pa s] is the dynamic viscosity and p [Pa] is 
the pressure. The elements of the permeability tensor can be determined by 
computing the velocity field in the modelled geometry, for an applied pressure 
gradient. For multi-scale fabrics, the incompressible, Newtonian flow in the 
interbundle channel region can be described by Navier-Stokes equation and the 
continuity equation according to: 

upuu
t
u 2  and (2)

0u , (3)

respectively. In these equations,  [m s-1] represents the velocity,  [kg m-3]
density of the fluid and t [s] the time, (Batchelor, 2000). Simplifications of 
Equation (2) can be carried out, since the inertia is negligible in the creeping 
flow regime (Re << 1). This is however not done in the present work, in order to 
leave the possibility to simulate flow, for when inertia is important in the 
channel region of the model. To directly use Equation (2), inside the complex 
geometry of the fibre bundles, is impossible, due to the enormous amount of 
fibres in a fibre bundle. Therefore, the creeping flow in this region can instead 
be described by Brinkman’s equation: 

uup b
-12 K , (4)

which is a volume averaged momentum equation, where the influence of the 
complex fibre geometry inside the bundles on the flow, is modelled by a 
resistance term proportional to the mean velocity in the porous medium, (Ngo et 
al., 2001). This term consists of the permeability tensor of the fibre bundle, bK ,
and the viscosity of the fluid. The principle permeability values of bK  can be 
expressed for various fb:s, by (Gebart, 1992): 
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, (6)

for the principle flow directions: parallel, K|| [m2], and perpendicular K [m2], to 
the fibres, for a hexagonal fibre arrangement and fibre radius R [m], 
respectively. By solving the governing equations, Equations (2)-(4), in the unit 
cell geometry, the velocity field can be determined. Knowing the velocity field 
in the geometry, the volumetric flow rate, Q [m3s-1], can furthermore be 
calculated by integrating the velocity field resulting from the CFD 
computations, CFD [m s-1], over a cross-sectional area of the fluid domain, As
[m2], with normal vector  according to: n̂

sA
CFD dAnuQ ˆ . (7)

The calculated flow rate is then used in Darcy’s law, in order to calculate the 
permeability.

In the slip model, an extra term, Qb [m3s-1], representing the flow through the 
excluded fibre bundles, needs to be included into the expression for the total 
flow rate. Hence, the total flow rate in the slip model, Qslip [m3s-1], can be written 
as:

b
A

CFDslip QdAnuQ
s

ˆ , (8)

where CFD is the velocity inside the channel region of the slip model, calculated 
from the hydrodynamic equations and where Qb is calculated from Darcy’s law 
with bK  as the permeability tensor. 

2.3. Boundary conditions 
To facilitate fast and highly accurate computations, the symmetrical 

properties of the unit cells are applied to the computational domain, in order to 
reduce its size to one fourth of the actual unit cells, cf. Figure 3(a), (b). Periodic 
boundary conditions are furthermore defined at the unit cell faces perpendicular 
to the applied pressure gradient, in order to simulate its periodic behaviour. This 
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constrains the model to be valid only for the principle permeability Kzz in the 
present work. In order to compute the all the principle permeability values, other 
locations of the symmetry and periodic boundary conditions need to be 
specified, resulting in three different geometries of the fluid domain.

In the porous model, the fluid flows in both the interbundle channels and in 
the fibre bundles. This makes it necessary to define a continuous flow condition 
at the interface between the two regions. Hence, the velocity and its gradient are 
defined to be continuous there. For the channel model, on the other hand, the 
fluid will only flow in the interbundle channels and no-slip conditions are set on 
the fibre bundle interfaces, with the intention to represent the bundles as 
impermeable solids. In the slip model, the influence of the flow through the fibre 
bundles is represented by slip velocities at the channel/bundle interfaces parallel 
to the pressure gradient (Slip(B.C.) 1 and 2 in Figure 4), while fluid flux boundary 
conditions are set on the interfaces perpendicular to it (Flux(B.C.) in Figure 4). 

 The slip velocities at the interfaces named Slip(B.C.) 1 and 2 are directed 
tangential to the interfaces in the direction of the pressure gradient. To keep the 
slip model relatively simple, in order to minimize the complexity of the model, 
the slip velocity is approximated to be constant over the interfaces, even though 
it in reality varies, due to the velocity profile in the neighbouring interbundle 
channel. Since the bulk flow in the centre region of the interbundle channel 
contributes to most of the flow through the model, the constant slip velocity on 
the interface is chosen to take the value of the interface velocity, which is closest 
to the maximum velocity in the channel. Hence, the slip velocities at Slip(B.C.) 1 
and 2 are selected to be the interface velocities at the lines (x,y,z) = (0,0,z) and 
(x,y,z) = (b0,h1,z) in Figure 5, respectively. These velocities can be calculated 
approximately by assuming that the porous bundles at Slip(B.C.) 1, have an 
infinite extension in the y-direction, while the bundle at Slip(B.C.) 2 have an 
infinite extension in the z-direction. With this assumption, the slip velocities for 
different fb:s can be derived analytically by solving the one-dimensional Stokes 
equation in the form: 

0)(
2

2

d
wd

dz
dp , (9)

for the flow in the channel and Brinkman’s equation: 

0)(
)(

2

2

w
Kd

wd
dz
dp

b

, (10)

for the flow within the bundles, with w [m s-1] as the z-component of the 
velocity,  = x [m] and Kb = K|| for calculations of the slip velocity at Slip(B.C.) 1 
and  = y [m] and Kb = K  at Slip(B.C.) 2. Equations (10) and (11) are matched to 
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each other at the interface by assuming continuity in the velocity and its gradient 
over the interface and that w( ) = <w( )>.

Moreover, since the fibre bundles are not modelled directly in the slip model,
the flow emerging from the fibre bundles, through the boundary Flux(B.C.), has to 
be defined. The flux can be calculated from the one-dimensional Darcy’s law 
with K = K . The constant, average velocity over the boundary area is then used 
as boundary condition at Flux(B.C.), resulting in the same approximation of a 
constant velocity over the interface as for Slip(B.C.) 1 and 2.

P

Flux (B.C.)

Flux (B.C.)

Symmetry

Symmetry

Slip (B.C.)2

Slip (B.C.)2

Slip
(B.C.) 1

Slip
(B.C.) 1

P

Flux (B.C.)

Flux (B.C.)

Symmetry

Symmetry

Slip (B.C.)2

Slip (B.C.)2

Slip
(B.C.) 1

Slip
(B.C.) 1

Figure 4: Boundary conditions for one fourth of the slip model.
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Figure 5: Locations of the analytical calculations of the slip velocities. 
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2.4. Numerical Method 
The software ANSYS CFX5.7.1 is used to solve the governing equations for 

the flow in the fluid domains with a finite element based finite volume method, 
using a multi-grid solver. The fluid domains are built-up by ANSYS 
WorkbenchTM 9.0 and ANSYS ICEM CFD 5.1 is used to generate tetrahedral 
grid structures. Eleven systematically refined grids are produced for the porous
model, 14 grids for the channel model and six grids for the slip model, cf. Table 
I. The spatial resolution of the grids can either be represented by the number of 
nodes in the domain, N, or by an edge length, h [m], of the control volumes, 
where a high N and low h represents a fine grid resolution. The reason to 
generate such a large number of grids is to be able to control the discretization 
error in the computations, so that correct conclusions can be drawn from the 
computational results. 

The discrete representation of the fluid domain requires discretization of the 
governing equations. The pressure gradient and the diffusion term in the 
equations are discretized with shape functions, while the advection term is 
discretized by an upwind difference scheme with a correction factor to make it 
second-order accurate with respect to the grid spacing, h. ANSYS CFX5.7.1 
solver uses a robust, fully implicit formulation for the steady state flow through 
the unit cell, which permits that a physical time step of around 9·10-4 s can be 
selected, in order to accelerate the iterative convergence from an initially zero 
valued velocity field. 

Table I: Grid information for the porous model (P), the channel model (C) and the 
slip model (S).

N(P) h(P) x 105/(m) N(C) h(C) x 105/(m) N(S) h(S) x 105/(m) Grid
1 12384 5.77 2246 5.13 2187 5.17
2 19539 4.96 3365 4.48 14754 2.74
3 28940 4.35 4882 3.96 40408 1.96
4 50180 3.62 7880 3.37 100475 1.44
5 99820 2.88 14746 2.74 331721 0.970
6 139851 2.57 19049 2.51 975081 0.677
7 189175 2.33 27539 2.22 - -
8 278142 2.05 40420 1.96 - -
9 425872 1.78 60971 1.71 - -
10 724875 1.49 100475 1.44 - -
11 1470172 1.18 187192 1.17 - -
12 - - 331721 0.970 - -
13 - - 536194 0.826 - -
14 - - 1012943 0.668 - -
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3. Verification 

To guarantee correct and reliable computational results, verification by either 
analytical models as was done in (Nordlund et al., 2003), for the same type of 
unit cell as the channel model in the present work, or by highly accurate 
simulations as in (Nordlund et al., 2005) is required. Analytical models can 
often be impossible to derive for complex geometries, which makes it necessary 
to carefully control the numerical accuracy of the simulations (Roache, 1997). 
The verification of the unit cell model conducted in (Nordlund et al., 2003) and 
in (Nordlund et al., 2005), proved that the numerically computed permeability of 
the unit cell, was in excellent agreement with the analytical model, when the 
numerical accuracy is high. Hence, a careful control of the numerical errors is 
performed in the present work, in order to verify the results. 

The five major sources of errors occurring in CFD simulations are by 
(Oberkampf et al., 2002): insufficient spatial and temporal discretization, 
insufficient iterative convergence, computer round-off and computer 
programming errors. The stationary flow condition in the unit cell implies that 
the temporal discretization error vanishes. The computations are furthermore 
solved with double precision by a CFD code, assumed to be well tested, in order 
to minimize the risk of programming and computer round-off errors. Hence, the 
spatial discretization error and the iterative convergence error are the only two 
remaining errors that need to be controlled in order to verify the models. 

3.1. Iterative convergence error 

The iterative convergence error evolves from the nature of the iterative 
procedure to solve the system of governing equations. For pure time-
independent boundary value problems, the iterative convergence can be 
controlled by the residual errors that remain in the approximate solution to the 
discrete equations. To measure the residual error over the entire domain, a root 
mean square (RMS) norm is computed from the residual vectors at every node 
and its value is compared with previous iterations. A reduction of 3-5 orders of 
magnitude can be taken as a sign of iterative convergence by (Roache, 1997). In 
the present work, the RMS residuals are therefore reduced by at least four orders 
of magnitude in all the simulations. Furthermore, the values of the permeability, 
calculated from Equation (1), with data from the simulations, are also controlled 
to have a more than eight decimal precision for all the grids. 
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3.2. Spatial discretization error 

The spatial discretization error, Eh, arises from the discrete representation of 
the fluid domain and is defined by (Oberkampf et al., 2002) as the difference 
between the mathematically correct solution, of the system of equations of the 
model, and the numerical solution for a given discretization, symbolized by a 
characteristic grid spacing h for an arbitrary variable, . Since Eh should 
approach zero as h approaches zero, exclusive of the computer round-off errors, 
it can be written as: 

hhhE 0 , (11)

where h 0 is the limit value of the parameter, representing an infinitely fine 
spatial resolution and h is the value for a finite h. In the present work, the 
permeability of the unit cell is the parameter of interest and is therefore chosen 
as the scalar variable, .

In order to calculate the discretization error for the finite grids, Kh 0 has to be 
determined. Several computations of the permeability of the unit cell have been 
performed for different h:s for the three models, cf. Table I. These values are 
then fitted to a second-order polynomial, since the discretization error is 
assumed to decrease in a quadratic behaviour, due to the second-order accurate 
difference scheme used to discretize the governing equations. The extrapolated 
value, for a steady state condition in one spatial dimension with uniform h, can 
then be expanded as: 

)( 32
210 hOhghgKK hh , (12)

where g1 and g2 are constants. For the unstructured grids used in the present 
work, the spatial node spacing varies over the domain, making the estimate of 
Kh 0 approximate rather than exact. An average, representative h is therefore 
defined as: 

3/1
1

node

h (13),

where  is the node density with dimension [m-3
node ], i.e. number of nodes in the 

unit cell divided by the unit cell volume. 
In order to accurately represent the grid convergence behaviour of the 

permeability with a second-order polynomial, <h> have to be small enough so 
that the leading-order error term dominates the total discretization error. The 
finite discretizations are then said to be in the asymptotic range and the error is 
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reduced by a constant order of magnitude with reduced <h>, according to 
(Oberkampf et al., 2002). In order to reduce the sensitivity of the determined 
grid independent permeability to iterative, interpolation and round-off errors, the 
second-order polynomial, with respect to <h>, is fitted by a least mean square 
method to the permeability values from an over-determined set of finite 
discretizations.

4. Results & Discussion 

The permeability converges steadily towards the grid independent values (h
 0) for both the porous model and slip model for all fb:s tested, as well as for 

the channel model. The convergence behaviour proves to be strictly dependent 
on the discretization, since the same type of convergence behaviour is observed 
for all fb:s for the porous model and the slip model, cf. Figure 6(a) and (b). It is 
furthermore obvious that second-order polynomials, fitted to the permeability 
values for the finite grids with h < 0.04 mm, describes the reduction of the errors 
accurately and therefore can be used when computing the grid independent 
permeability K(P) (C)

h 0 for the porous model, K h 0 for the channel model and 
K(S)

h 0 for the slip model. These grid independent values are determined from 
the fitted second-order polynomials, where they intersect the permeability axis 
(h = 0). 
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Figure 6: Grid convergence behaviour of (a) the porous model with different fb:s and 
the channel model and (b) the slip model for different f .b

Comparison between the grid independent permeability values and the 
permeability values from the finite discretizations, facilitates an approximate 
estimation of how far from grid independence the simulations are. The coarsest 
grid for the porous model (P-11) with fb = 25.0% is ~20% from grid 
independence, while the finest grid (P-11) is about 5.1%. For the same model, 
but with fb = 90.0%, the grid P-1 is ~16% and P-11 about 2.3% from grid 
independence. This shows that the spatial discretizations for the porous model
are too coarse to directly be used to represent the local permeability, but the 
monotonic convergence they show in Figure 6(a), allows K(P)

h 0 to be computed 
and used. The same study is done for the channel model, where the permeability 
of grid C-1, is about 35% from grid independence, while it is only 0.52% for the 
finest grid (C-14). This proximity to the grid independent permeability is due to 
the better spatial resolution permitted in the channel model, since the fluid 
domain is significantly smaller than the domain of the porous model. For the slip
model with fb = 25.0%, the permeability calculated with the coarsest grid (S-1) is 
~29% from grid independence and around 1.9% for the finest grid (S-6), while it 
is around 39% for S-1 and 2.7% for S-6 when fb = 62.5%. In the same way as for 
the porous model, the monotonic convergence behaviour of the discretizations 
of the slip model, cf. Figure 6(b), allows K(S)

h 0 to be determined and used. 
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Table II: Kh 0 determined from the second order polynomial fitting for the porous 
model, the channel model and the slip model. 

Having calculated the grid independent permeabilities for all the three 
models and all the fb:s, see Table II, the grid independent values of the porous
model and the channel model can be compared to each other, in order to 
investigate for which fb:s the fibre bundles can be neglected. Figure 7 shows that 
for fb:s larger than about 60%, the permeability values of the porous model are 
approximately equivalent with the permeability of the channel model. It is only 
when the fibre volume fractions inside the fibre bundles are below 60% for the 
fibre radius studied, that the bundles are important to take into account. The 
discrepancies between the porous model and the channel model, calculated from 
the grid independent values in Table II, are for example less then 2.4% for fb >
62.5%, whereas it is over 39% for fb = 25.0%. 

Moreover, comparison between the permeability of the porous model and the 
slip model in Table II, shows that the fibre bundles can be replaced successfully, 
by introducing slip velocities at the interbundle channel walls, for the fb:s, for 
which the bundles are important for the local permeability calculation. Figure 7 
furthermore shows that there is some discrepancy between the two models. The 
under-prediction of the permeability calculated by the slip model, when the fb is 
low, is a result of the approximations done when calculating the contribution of 
the flow inside the fibre bundles, Qb, to the total flow rate, Qtot. Since pure 
Darcy flow is assumed inside the fibre bundles and hence no influence from the 
channel is taken into account when calculating Qb in the slip model, Qb is under-
predicted compared to the flow rate calculated in the porous model. This can be 
seen in Figure 8, where Qb takes up a larger part of Qtot in the porous model
compared to in the slip model. It is also shown that the discrepancy between the 
models increases for decreasing fb, due to their difference in the calculation of 
Qb.

fb /(%) K(P)
h 0  x 1010/(m2) K(C)

h 0  x 1010/(m2) K(S) 10
h 0  x 10 /(m2)

25.0 2.090 - 2.061
37.5 1.708 - 1.696
50.0 1.581 - 1.568
62.5 1.536 - 1.508
75.0 1.520 - -
90.0 1.518 - -

100 (Solid) - 1.500 -
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The velocity profiles along the line (x,y,z) = (x,0,0) show that the slip 
velocity, at the interface between the channel and the fibre bundle in the slip
model, have approximately the same value as the in porous model for the three 
lowest fb:s, cf. Figure 9. This indicates that the slip velocity, used at the 
channel/bundle interface as boundary condition in the slip model, can be 
computed successfully, by the one-dimensional approach previously described. 
It is furthermore shown that the slip model slightly over-predicts the velocity 
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Figure 7: The permeability dependence on fb of the porous model and the slip
model.
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profile in the channel, compared to the profile in the porous model. This can be 
traced back to the definition of a constant slip velocity at the channel/bundle 
interfaces. The over-estimate, this constant slip velocity imposes, slightly 
increases the flow rate throughout the entire domain. Another reason for the 
small over-prediction, is that the velocity gradient is higher at the 
channel/bundle interface in the slip model than in the porous model, due to the 
lack of continuity condition for the velocity gradient at the interface of the slip
model, cf. Figure 9. 

As demonstrated in Figure 6(a) and (b), the numerical computations were 
carefully verified in the present work. This is extremely important, since the 
decision of when to include or exclude the fibre bundles in permeability models 
of multi-scale reinforcements is based directly on the numerical results. A lack 
of grid independence can lead to completely erroneous and misleading 
conclusions, especially in the cases where the grid convergence curves are 
approaching their grid independent permeability values from opposite directions 
as in Figure 6(a). For example, the porous model with fb =75% show large 
deviations from the channel model for coarse grids, while their permeability 
actually converges towards the same grid independent permeability as the grids 
are refined, see Figure 10. If the decision on, whether or not, the bundles 
influence the permeability modelling, is taken based on coarse grids, far from 
grid independence, completely wrong conclusions are therefore drawn. The 
same phenomena is shown for fb =25% for grid 4, where it seems that the porous
model and the channel model give similar permeability values, whereas the 
difference between the models is huge for finer grids. These two examples 
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emphasize the importance of verification and control of the grid convergence in 
order to avoid erroneous assumptions in modelling and simulations of multi-
scale porous media. 
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Figure 10: Difference in permeability between the channel model (K(C))and the 
porous model (K(P)) for the 11 coarsest grids. 

5. Conclusions 

In this work, the importance of modelling the multi-scale porosity in local 
permeability models of a biaxial NCF is studied, together with an extensive 
control of the numerical accuracy of the simulations. It is shown that the local 
permeability of the unit cell can be predicted with the channel model, excluding 
the fibre bundles, for high fb:s, whereas its permeability deviates largely from 
the porous model, for low fb:s. This facilitates permeability computations on 
considerably smaller fluid domains for high fb:s, without any reduction in the 
accuracy of the permeability determination. 

A new model, the slip model, based on the channel model but with modified 
boundary conditions, is developed, in order to include the influence of the flow 
through the fibre bundles without modelling the bundles directly. This model is 
shown to determine the local permeability well for the low values of fb, for 
which the channel model fails to predict the permeability. Computations of the 
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local permeability can therefore be performed by either the channel model or the 
slip model for the entire span of fb. This implies that the local permeability can 
be computed accurately on models with reduced fluid domains, instead of 
modelling the entire multi-scale geometry of the porous model. This reduction in 
the size of the computational problem, facilitates improved and faster 
computations of both the local and global permeability of entire fabrics. Even 
though the investigation in the present study is based on a biaxial fabric, the slip
model approach can also be used for other fabric geometries, as long as the 
boundary conditions are adjusted for the specific case. 

It is furthermore shown that verification of the computational simulations is 
absolutely necessary for accurate permeability predictions of the unit cells of the 
fabric, since a lack of grid independence can lead to completely erroneous 
conclusions, such as negligence of the fibre bundles in conditions where they are 
actually important and vice versa. 
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Abstract: Liquid composite moulding of composite materials most often includes infiltration 
of a thermoset resin into a multi-scale porous fabric. Controlling the fluid flow within the 
multi-scale fabric is essential for the quality of the final composite material, since the 
transport of fluid between regions with different scales is important for phenomena such as 
void formation and filtration of particle-filled resins. Hence, the transient flow behaviour in 
dual-scale porous media is investigated with Micro Particle Image Velocimetry. These 
experiments show that the fluid transport between the two scales can be controlled by the 
injection velocity. Validation of the measured velocity fields furthermore shows excellent 
agreement with theory. 

Keywords: micro particle image velocimetry, transient, dual-scale, porous, multi-functional, 
composite, particle filtration 

1 Introduction 
Manufacturing of fibre reinforced composite materials always includes an 

impregnation stage, where resin is allowed to flow into a geometry. During 
impregnation, air/fibre interfaces are replaced by resin/fibre interfaces at the 
flow front. A pressure difference is present over the flow front due to the 
difference in surface tension between the resin and the air. This local jump in 
pressure, called capillary pressure drop, and can either enhance or work against 
the filling depending on the curvature of the interface surface, which vary with 
the actual speed of the flow front, Verrey et al. (2006). A multi-scale geometry, 
built from fibre bundles, results in an inhomogeneous wetting of the fibre 
reinforcement. This implies that there will be nonuniform flow front propagation 
in the fabric, since the flow can be leading either in the micro-scale pore spaces 
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inside the fibre bundles or in the meso-scale interbundle channels depending on 
the dynamic wetting behaviour of the fluid in combination with the injection 
velocity, Pillai (2004). An optimal resin infiltration velocity was, for instance, 
found in Patel and James Lee (1996), that reduces void formation. The optimal 
state implies that neither the micro-scale flow in the fibre bundles nor the meso-
scale flow in the interbundle spacings is leading. Below this value, the flow is 
leading in the fibre bundles and can entrap voids in the meso-scale regions, since 
the capillary effects are dominant over the viscous effects. For velocities above 
this optimal value, the voids are instead entrapped in the fibre bundles, since the 
flow is leading in the meso-scale regions. The entrapment of air in the meso-
scale regions was also found in Bernadiner (1998), where an experimental 
investigation of the wetting front in a network of random sized pores was 
performed. Binétruy et al. (1997) showed that lack of capillary action during 
saturated flow conditions implies that the flow in the meso-scale geometry is 
dominating over the micro-scale flow. 

Multi-functional properties of composite materials often originate from 
functional particles being added to the resin. In order to obtain a homogeneous 
functionality in the entire material, a homogeneous distribution of such particles 
is of highest concern. In Fernberg et al. (2006), it was found that severe particle 
deposition occur in the interbundle channel regions close to the fibre bundles, 
during infusion into a woven fibre reinforcement. This was suggested to be a 
result of a Bingham type of viscosity behaviour, which directly relates to the 
sheer flow particle migration effect studied in Lam et al. (2004). It was 
furthermore stated in Fernberg et al. (2006) that further investigations is required 
to determine the real mechanics for the inhomogeneous particle distribution 
observed in their experiments. One way to accomplish this quest is to study the 
velocity fields taking place during injections in detail. 

In order to do this, Micro Particle Image Velocimetry ( PIV) is applied in 
the present work. The technique has been demonstrated for flows through 
porous media in Agelinchaab et al. (2006) and Zhong et al. (2006), where two-
dimensional flows through hexagonal arrangement of cylindrical rods were 
captured and showed good agreement with existing theory. The problem of 
multi-scale porosity was furthermore studied in Shams et al. (2003) and Tachie 
et al. (2003), where the flow in the transition zone between the porous medium 
and the meso-scale geometry was investigated. In Goharzadeh et al. (2005), 
refractive index matched PIV showed that the transition layer between two 
porosities is in the order of the fibre diameter of the porous media instead of 

K , where K is the permeability, as predicted by the theory for steady state 
flow conditions. The result is furthermore supported by investigations presented 
in Shams et al. (2003) and Tachie et al. (2003). Complex multi-scale geometries 
rather than structured porous media were studied in Bown et al. (2005) in order 
to develop and validate a theoretical model describing the dual-scale flow and in 
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Shavit et al. (2002) to investigate the systematic error produced by the 
interrogation volumes in the PIV method, respectively. 

The previous mentioned works have mainly focused on measurements of 
stationary velocity fields in different geometries, whereas transient micro-scale 
flow has been studied in Buffone et al. (2005), where refractive index matched 

PIV was used to measure the velocity field in the vicinity of an advancing 
meniscus in a capillary tube. It was shown among other things that symmetrical 
vortices are produced behind the meniscus. Furthermore, a measurement 
technique in order to study fast transient flow phenomena was developed using 
high speed PIV measurements in Kyosuke et al. (2004). 

As discussed above, experimental investigations of the stationary flow 
conditions in the interface region of multi-scale porous media has been studied 
by several research groups, but there is still a lack of understanding of the 
transient velocity field and the mass transfer between regions of different scales 
in the vicinity of a flow front. This is studied in detail in the present work by the 
use of PIV measurements and its possible impact on the processing stage of 
composite manufacturing is discussed. The experimental results are furthermore 
validated with theory. 

2 Theory 

2.1 Governing equations 

Stationary, incompressible, low Reynolds number (Re << 1) flow through a 
multi-scale porous medium, consisting of micro- and meso-scale regions, can be 
described by Stokes equation and the continuity equation, Batchelor (2000):  

u2p ,  (1) 

0u ,  (2) 

where p is the pressure, u the velocity vector and  the viscosity. Eqn:s (1) and 
(2) are valid throughout the multi-scale porous medium regardless of the various 
geometrical scales, as long as the smallest scale have a Knudsen number 
sufficiently high, so that the effect of individual molecules does not disturb the 
continuum assumption and that the flow in the region with largest scale has a 
Re-number below one, so that the inertia is negligible.  

In simple geometries the equations can be solved analytically, while for 
complex geometries, numerical methods such as finite volume based 
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Computational Fluid Dynamics (CFD) are preferable. In numerical methods the 
entire fluid domain is divided into a finite number of control volumes in which 
the discretized integral form of the equations are solved by an iterative solver. 
This implies that an iterative error and a discretization error are introduced in the 
results. To be able to use numerical results for validation of experimental data, 
their quality and trust have to be secured by controlling the numerical accuracy 
through verification. For pure time-independent boundary value problems, the 
iterative convergence error can be controlled by the reduction of the residuals 
that remain in the approximate solution to the discretized equations, according to 
Oberkampf and Trucano (2002). A Root Mean Square (RMS) norm can be 
defined from the residual vector norms of the control volumes and a reduction of 
this norm by more than 3 orders of magnitude can, according to Roache (1997), 
be used as a sign of iterative convergence. Since the discretization error arises 
from the discrete representation of the geometry, its magnitude can be controlled 
by studying the convergence behaviour of a vital parameter for the problem, ,
for when the grid spacing, hg, is reduced. The values of this parameter obtained 
from computations on a number of successively finer grids can be used to 
estimate the grid independent parameter value, hg 0. This value corresponds to 
an infinitely fine grid and can be calculated by extrapolation of a curve fit of the 
values from the computations on the finite grid spacings. In order to reduce the 
sensitivity of the determination of hg 0, the values from the computations are 
fitted by a least mean square fit of a polynomial, of the same order n as the 
differencing scheme used to discretize the governing equations, in the form: 

)( 1

1
0

n
g

n

i

i
gihh hhC

gg
,  (3) 

where Ci are constants. The computed  for each finite grid spacing can then be 
compared with the extrapolated value in order to estimate how large the 
discretization error is for each grid and if grid convergence is achieved. 

2.2 Micro Particle Image Velocimetry 

PIV is an optical technique for measuring instantaneous velocity fields in 
microscopic fluid systems, combining fluorescent microscopy and specialized 
image interrogation algorithms. In PIV experiments, the fluid flow is seeded 
with fluorescent tracer particles. These particles are illuminated by a double 
pulsed laser and two exposures of the particles located in the focal plane of the 
microscope lens are recorded and stored in double-frame images by a 
synchronized CCD-camera. The two images should be captured with small 
enough time separation, dt, so that most of the illuminated tracer particles are 
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caught in both exposures. Then the velocity field can be determined from 
calculation of the displacement of the tracer particles. This is done by dividing 
the images into small interrogation areas, where the displacements of particles in 
each area are calculated by a Fast Fourier Transform (FFT) based cross-
correlation algorithm, Wereley and Meinhart (2001). 

In order to perform successful cross-correlation between two images, the 
displacements of tracer particles have to be sufficiently large, to give a strong 
cross-correlation peak, but small enough to keep the particles in the same 
interrogation areas, Wereley and Meinhart (2001). This becomes a great 
problem when using PIV to measure flow fields in multi-scale geometries, 
where different geometrical scales can result in huge differences in flow rates. In 
these situations, different cross-correlation methods can be used in different 
regions. The velocity field in regions with too low particle displacement can for 
instance be calculated by cross-correlating subsequent images in the time-series 
of double-frame images, instead of the double-frame images themselves. The 
time, dt, between subsequent, double-frame images are determined by the 
acquisition frequency and is hence larger than the dt between the two images 
within the double-frame. This method can however only be used for stationary 
flows or slowly varying velocity fields. Merging the two partitions after the 
individual correlations, result in a complete velocity field of the entire fluid 
domain. 

In stationary flow conditions, a summation of correlation functions from 
several image pairs in a time-series can be carried out, in order to provide a 
reliably, time-averaged velocity field, according to Meinhart et al. (2000). This 
method is especially preferable in locations where the tracer particle 
concentration is low. The summation over several correlations increases the 
probability of successful correlations in all interrogation areas, whereas the 
sensitivity of the background noise is strongly reduced. Hence, the accuracy of 
the correlations is greatly improved over the entire flow field with this technique 
compared to calculation of average velocity fields from single cross-
correlations, Meinhart et al. (2000).

3 Experiments 
To perform a controlled study of transient flow fields in a multi-scale porous 

medium, the experimental setup consists of a closed dual-scale, rectangular, 
horizontal channel made from glass plates. It consists of a meso-scale, 
rectangular channel with two thin, rectangular slits at each side, cf. Fig. 1. The 
dimensions of the dual-scale channel are: h = 1.00 mm, hs = 0.136 mm, dc = 0.72 
mm, ds = 0.50 and L = 40 mm. The slit regions have widths ds and thickness hs
and are build up between double sided adhesive tapes separated by a distance of 
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Fig. 1. Dual-scale channel. 
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Fig. 2. Schematic setup of the PIV system.

dc = 2·ds. The fluid is injected into and conducted away from the multi-scale 
channel through two tubes attached to the entrance and exit of the channel, in 
order to ensure that all regions of the cross-section are exposed to the fluid flow 
at approximately the same time. 

The fluid used in the present experiments is a 88% glycerol/water mixture, 
which has a viscosity of 0.133 Pas at 22°C, Forsythe (2003). Fluorescent MF-
RhB-2150 particles with diameters of 10.20 m ± 0.17 m from MicroParticles 
Gmbh are mixed into the glycerol mixture in order to work as tracer particles. 
The particles are assumed to freely follow the flow, since they have a close to 
neutral buoyancy. The amount of particles in the fluid is so low that particle 
interactions are very few and the viscosity can be assumed to be very close to 
the one for the pure liquid. The flow is driven by a constant flow rate controlled 
by a KdScientific 100-series syringe pump with a 60 ml syringe. The system, 
pumps the fluid with an accuracy of less than ±1%. 

The PIV system used to perform the transient velocity measurements 
consists of a 100 Hz double pulsed Nd-YAG laser from Litron with a 
wavelength of 532 nm, in order to illuminate the fluorescent tracer particles, and 
a LaVision FlowMaster Imager Pro camera with a spatial resolution of 
1280×1024 pixels per frame to record the double-frame images. The maximum 
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Tab. 1. Experimental data 
Q [m3s-1]Experiments (Rate) Re
4.2·10-8 2.2·10-4Exp1-3 (High) 
1.4·10-8 7.4·10-5Exp4-6 (Medium) 
2.8·10-9 1.5·10-5Exp7-9 (Low) 

frequency of the camera is 636 fps, which enables high speed PIV
measurements. The laser and camera are externally triggered by a computer in 
order to ensure successful image acquisition of time series of the double-frame 
images. In order to record images of the micro-scale geometry, the CCD-camera 
is mounted to a Zeiss Axiovert 200 microscope with a Zeiss EC Plan-
NEOFLUAR 10x/0.3 lens, cf. Fig. 2. 

The PIV system is calibrated with the use of a precision made glass plate 
with width, wc = 1.000 mm to yield a calibration factor of 1.175 m/pixel for the 
in-plane spatial dimensions. Furthermore, the out-of-plane depth of focus is 
determined by investigating the magnification of a fluorescent particle when 
shifting the location of the focus plane. The depth of focus is in these 
experiments determined to be approximately ±74 m by defining it as the 
distance from the focal plane, where a particle diameter is 2.5 times its real 
diameter. This definition of the depth of focus is used, since a filter is applied to 
the images before the cross-correlation, in order to exclude displacements of 
larger particles in the vector calculations. 

Measurements have been performed for three flow rates, Q, in order to 
investigate the transient velocity field in the vicinity of the flow front and its 
dependence on the injection velocity, cf. Tab. 1. For each flow rate, three 
independent experiments have been carried out in order to get a statistical 
representation of the results. The double-frame images are recorded at a distance 
of 17.0 mm from the inlet of the dual-scale channel with a frequency of 20 Hz 
and time step, dt = 1562 s between the frames. The acquisition times for the 
experiments with the highest Q and the medium Q were three seconds, while it 
was six seconds for the lowest Q. The images are recorded from underneath the 

slit

slit

channel

Camera view

slit

slit

channel

Camera view

Fig. 3. Camera window. 

7



M. NORDLUND AND T.S. LUNDSTRÖM

horizontal dual-scale channel with focal plane in the centre of the slit region. 
The image window therefore covers one of the slit regions and most of the 
meso-scale channel, cf. Fig 3. 

The image acquisition and post-processing is controlled and performed 
with the software DaVis 7.1.1.0 from LaVision Gmbh. A multi-pass cross-
correlation algorithm using two passes with interrogation areas of 128×128 
pixels with 50% overlap and 1 pass with 64×64 pixels interrogation area and 
75% overlap is used to improve the correlation where the tracer particle density 
is low. In order to reduce the noise of out-of-focus particles, a sliding average 
filter is applied to the raw images before performing the cross-correlation. The 
sliding average filter furthermore even out intensity differences, which might 
occur in the images due to reflections from the channel walls. 

4 Numerical modelling 
In order to validate the experimental measurements, a CFD based numerical 

model of the dual-scale channel is developed for the stationary flow. The steady 
state flow condition occurs a distance behind the flow front, where transient 
effects in the vicinity of the front have vanished. The reason to choose steady 
state flow rather than transient flow when validating the experiments is that 
modelling of transient flow imposes severe numerical difficulties with high 
uncertainty as result, while stationary flow can be modelled with high accuracy.

A two-dimensional model of the channel cross-section is built-up with the 
software Ansys DesignModeler 10.0, with the same dimensions as the 
experimental channel, cf. Fig. 4. A small depth of the cross-section of 30 m is 
defined due to the control volume representation of the two-dimensional cross-
section. The software Ansys CFX 10.0 is furthermore used to solve the 
governing equations with a finite element based finite volume method, using a 
multi-grid solver. In order to compute the two-dimensional flow through the 
model, periodic boundary conditions are applied to the channel cross-sections 
and a momentum source is added to the momentum equation in order to drive 
the flow. No-slip boundary conditions are defined on the channel walls and 
symmetry boundary conditions are set to reduce the computational fluid domain 
to one fourth of the original geometry, resulting in fast and cost effective 
calculations, cf. Fig. 4.  

The spatial discretization of the fluid domain is generated in the commercial 
software Ansys ICEM CFD 10.0, where hexahedral elements are used to build 
up the grid structure as shown in Fig. 4. Four grids with systematically reduced 
grid spacing, hg, cf. Tab. 2, are produced in order to control the discretization 
error for the grids. The discretizations of the pressure gradient and the diffusion 
term in the governing equations are obtained with shape functions, while the 
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Symmetry

Symmetry

PeriodicNo-slip Symmetry

Symmetry

PeriodicNo-slip

Fig. 4. Two dimensional computational model of the dual-scale channel with boundary 
conditions and grid structure for grid g1. 

Tab. 2. Structured computational grids 
hg [ m]Grid Nodes [-] 

g1 3510 27.8
g2 22415 13.9
g3 69580 9.26
g4 157869 6.94

advection term is discretized by an upwind difference scheme with a correction 
factor to make it second-order accurate with respect to the grid spacing. 

The velocity profile along the bottom symmetry line in Fig. 4 is used for 
validation of the experimentally measured velocity profile for the steady state 
flow in the dual-scale channel. It represents the maximum velocity profile 
occurring in the centre of the slit and channel region. Since the experimentally 
determined velocity profile represents the average profile over the depth of 
focus rather than the maximum profile occurring in the focal plane, a mean 
velocity profile from the numerical results are also calculated over the depth of 
focus.
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5 Results and discussion 
To start with, the shapes of the flow fronts are determined from the acquired 

images of the flow by image analysis. This analysis indicates that for the highest 
Q, the flow front is clearly leading in the meso-scale channel and lagging in the 
slit region, cf. Fig. 5. For the medium Q, the flow front is also leading in the 
meso-scale channel region, but the lag of the front in the slit region is not 
significant anymore. Interestingly, the flow fronts observed for the lowest Q are 
leading in the slit region rather than in the channel region as for the higher Q:s. 
These results imply that the shape of the flow front can be controlled by the 
injection velocity in multi-scale geometries in order to give specific, transient 
flow behaviour. Controlling the flow to neither lead in the meso-scale channel 
region nor in the slit region may lead to a significant reduction in void contents 
as was found in Patel and James Lee (1995) and Patel and James Lee (1996). 

It can also be observed that the shape of the flow front in the meso-scale 
channel is convex for the two highest Q:s, while it is concave for the lowest Q,
implying a development from non-wetting to wetting behaviour as the flow rate 
is reduced. This may be important in pressure injection methods, since the 
capillary pressure drop in the meso-scale region is increased with increasing 
injection velocity and a higher applied pressure is required for the injection. 

The velocity field in the vicinity of the flow front shows a similar behaviour 
in the meso-scale channel region of the dual-scale geometry as was found in 
Buffone et al. (2005), where fluid in the centre of the channel region is 
transported   outwards   towards   the   edges,   see   region  A  in  Fig.  6(a),  (b). 
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Fig. 5. Flow fronts for the three sets of experiments. 
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Fig. 6. Velocity field for (a) Exp 3 and (b) Exp 9 with the velocity vectors 1.5x and 10x 
magnified, respectively.
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This transport of fluid originates from the surface tension in the slit area, which 
produces net forces, acting tangential to the interface between the fluid and air, 
directed outwards due to its curvature. Since the capillary forces are inversely 
proportional to the radius of curvature, they are significantly larger in the slit 
region compared to in the meso-scale channel, Batchelor (2000). The larger 
capillary forces acting at the flow front in the slit region, thus produces a suction 
of fluid into the narrow slits from the meso-scale channel region. Hence, 
relatively large transversal velocity components transporting fluid into the slits 
occur in the slit region, cf. region B in Fig. 6(a), (b). A comparison between the 
velocity fields of the highest Q, Fig. 6(a), and the lowest Q, Fig. 6(b), show that 
the sizes of region B, where the transversal velocity components are present, 
differ significantly. For the highest Q, the transverse velocity components are 
active over a relatively large region behind the flow front, cf. region B in Fig 
6(a), whereas they are only present in the vicinity of the front for the lowest Q,
cf. region B in Fig. 6(b). 

The mean velocity components in the slit region are computed by averaging 
the velocity vectors over a representative area in the centre of the slit, directly 
behind the flow front. Comparison between the individual slit velocity 
components and the maximum velocity in the centre of the meso-scale channel, 
umax, show that the transversal velocity component, vslit, in Fig. 7, increases 
significantly in a close to linear behaviour with increasing maximum velocity, 
while the longitudinal velocity component, uslit, has a variation within the 
standard deviation of the measurements, cf. Fig. 7. Evidently, the velocity 
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vectors in the slit region in the vicinity of the flow front are directed at large 
angles, , from the main flow direction in the channel, see Fig. 8. The angle 
also increases with increasing maximum velocity in the channel and when 
correlating to the results presented in Fig. 5, it is evident that the velocity in the 
vicinity of the flow front in the slit region is directed approximately 
perpendicular to the fronts. Fig. 7 and 8 furthermore show that a more vigorous 
fluid transport takes place between the regions for large injection flow rates than 
for small ones, since both  and the transversal velocity component increase 
with increasing maximum velocity in the channel. 

As the results from the investigation of the detailed flow fields indicate, 
there is a major mass transfer between regions with different scales in the 
vicinity of the flow front. This is very interesting for composite processing when 
particle-filled resins are transported into micro-scale fibre bundles. If the 
particles or clusters of particles are too large, they will deposit in the interface 
region between the fibre bundles and the interbundle channels. This initiation of 
particle deposition will build up an even finer filter, resulting in further 
deposition of particles. This may furthermore lead to an inhomogeneous particle 
distribution throughout the composite material as was observed in Fernberg et 
al. (2006). Adjustment of the injection velocity to avoid an inhomogeneous flow 
front, may lead to a reduction in the particle filtration in the same way as it does 
for void formation. Hence, the overall properties of multi-functional composites 
can be improved by adjusting the injection velocity in such way that the flow 
front is uniform throughout the material. 
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Fig. 9. Discretization convergence for the maximum velocity in the dual-scale channel.

To be able to validate the experiments with velocity profiles from numerical 
computations, the numerical accuracy of the computations has to be controlled. 
The iterative convergence is checked by reducing the RMS-residuals 5 orders of 
magnitude. The discretization errors for the finite grids are in their turn 
determined by computing the ratio between the values of the maximum velocity 
for the finite grids and the extrapolated grid independent value for the three 
injection flow rates. It is by this technique shown that the discretization error is 
around 0.1% for the computation on the finite grid with smallest hg for the two 
highest Q:s, while it is approximately 0.6% for the computations of the finest 
grid for the lowest Q, see Fig. 9. Hence, close to grid independent results are 
achieved and the numerical accuracy of the computations is of first class. 

Comparison between the experimentally determined steady state velocity 
profiles for the three sets of experiments and the numerically computed velocity 
profiles, show excellent agreement in the meso-scale channel for the maximum 
and mean velocity profiles, cf. Fig. 10(a). It can however be seen that in the 
interface region between the channel and the slit region, the two numerical 
velocity profiles differs from each other and the experimentally determined 
velocities show lower values compared to the numerical velocities in the vicinity 
of the interface region, cf. Fig. 10(a). This is the result of the increased 
uncertainty in the cross-correlations in this region, due to the small particle 
displacements between the two images in the double-frames, and the averaging 
over the interrogation areas. The zoomed plot of the slit region in Fig. 10(b) 
better illustrates that the maximum velocity profile strongly overestimate the 
experimentally   determined   velocity,  whereas  the   mean   numerical  velocity 
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profiles over the depth of focus show good agreement with the experimental 
velocities. This indicates that the measured velocity fields from the PIV
experiments represent the mean velocity field over the depth of focus rather than 
the velocity field in the focal plane. The validation of the experimental velocity 
profiles with highly accurate numerical computations furthermore proves that 
the PIV measurements are in great agreement with theory. 

6 Conclusions 
In the present work an experimental study of detailed flow fields in the 

vicinity of an advancing flow front in a dual-scale channel has been performed. 
It is shown that the shape of the flow front in the dual-scale region varies 
significantly as a function of the flow rate. At higher flow rates, the front in the 
micro-scale slit region is lagging, whereas lower flow rates can result in close to 
parallel fronts in the two regions. Hence, the shape of flow fronts can be 
controlled by adjusting the injection velocity from leading in the meso-scale 
channel region for high velocities to be leading in the micro-scale slit region for 
lower velocities. It is also proved that the transverse velocity in the slit region is 
active only in the very close vicinity of the front when the fronts are even, 
whereas it acts over a larger area behind the front in flow conditions when the 
flow is clearly leading in the meso-scale channel. The transversal velocity 
component in the slit region in the vicinity of the flow front is shown to increase 
linearly with the maximum velocity in the channel, whereas the longitudinal 
component is approximately constant. Hence the angles between the main flow 
direction in the channel and the velocity vectors in the slit region close to the 
front is increasing with increasing maximum velocity. The slit velocity vectors 
close to the flow front is shown to be approximately perpendicular to the front. 
To guarantee the validity of the experimental results, the PIV measurements 
are validated to theory and show excellent agreement. The detected fluid 
transport, between the channel and the slit region in the dual-scale channel, in 
this work, is suggested to be one of the mechanisms behind the severe particle 
deposition observed in the interface region between the fibre bundles and the 
interbundle regions in Fernberg et al. (2006). 
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Abstract

Liquid composite moulding of advanced composite materials often comprises 
infiltration of a particle-filled resin into a multi-scale porous fabric. These 
injections/infusions are subject to severe particle depositions inside the 
reinforcement, leading to undesired inhomogeneous mechanical and functional 
properties. Hence, the mechanisms for particle depositions are investigated by 
detailed meso-scale experiments, analysed by microscopic imaging and micro 
particle image velocimetry, and macroscopic infusions of a biaxial Non-Crimp 
Fabric. It is shown that two main particle deposition mechanisms are: filtration 
during fibre bundle impregnation and filtration induced by stationary flow 
through fibre bundles. It is also clarified where in the reinforcement the particles 
will deposit. Finally, a number of suggestions on how to process advanced 
composite materials with a more homogeneous particle distribution are 
launched.

KEYWORDS: D. Optical microscopy, E. Injection moulding, E. Resin flow, A. 
Fabrics/textiles.

1. Introduction 

In the always present battle of finding optimal, light weight, high 
performance materials for high technological applications, new and innovative 
advanced composite materials are developed and are becoming increasingly 
popular. These materials can include toughness strengthening properties or 
having integrated functionalities. The obvious benefits of such materials are the 
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apparent increase of the material properties, saving in structural weight by 
reducing external functional parts or equipments but also reduced production 
costs, since the complete functional structure is injected in one process. The 
functionality of the material can be realized by either introducing functional 
fibres into the fibre reinforcement as in [1], where optical sensors were 
integrated into the material, functional layers of the composite as in [2] or by 
introducing functional particles or fibres into the resin. For example, nano- or 
micro-particles mixed into the resin can give significant improvements of the 
toughness of fibre reinforced composites [3,4] as well as electromagnetic 
shielding properties [5], improved thermal properties for fire resistance [6,7] and 
self-healing properties [8]. 

In order to produce fibre reinforced advanced composite materials, Liquid 
Composite Moulding (LCM) processes such as Resin Transfer Moulding (RTM) 
or Vacuum Assisted Resin Transfer Moulding (VARTM) are generally used for 
the impregnation of particle enriched resins into multi-scale fibre reinforcements 
such as woven fabrics, Non-Crimp Fabrics (NCF) etc., due to their low 
production cost for large complex parts. During the processing, multiphase 
resin, consisting of neat resin and filler-particles, is injected into a fibre 
reinforcement, replacing the air/vacuum phase, as the flow front propagates. The 
difference in geometrical scales inside the multi-scale reinforcement, cf. Figure 
1(a), (b), results in differences in the capillary pressure and in the local 
permeability, which furthermore leads to a highly uneven flow front [9]. This 
uneven flow front can lead to void formations in the processed material [10,11], 
which furthermore result in poor mechanical properties. 

Apart from the problems of void formation, processing of advanced 
composites faces another critical issue during the processing stage, namely 
particle deposition during processing. Deposition of particles occurs during 
injections of particle-filled resins into porous reinforcements, resulting in 
clogging of the pores [7,12,13]. The clogging leads to a decrease of the 
permeability [12,14], which is highly undesirable for processing, since the 
filling times are increased and a risk of incomplete mould filling is provoked 
unless the driving pressure is increased. Also the viscosity will vary as a 
function of spatial position and time due to the particle deposition. This 
variation results in difficulties when predicting the injection process [12]. The 
clogging of pores furthermore leads to an inhomogeneous particle distribution 
within composites produced by RTM [15,16]. Similar observations was done in 
[7], where micrographs of a processed material showed high particle density in 
some regions of the composite and low in others. This variation in the particle 
distribution, not only gives non-uniform material properties and functionality, 
but also processing and curing problems. Hence, to be able to produce top 
quality, advanced composite materials, control of the process parameters is of 
highest importance, to achieve a close to homogeneous distribution of the 
particles within the material. 

2



Particle deposition mechanisms during processing of advanced composite materials 

(a)

(b)

Figure 1. (a) Micrograph of a cross-section of a multi-scale biaxial NCF and (b) its fibre 
bundle structure.

Several particle filtration models have been developed describing the 
injection of suspensions into porous media. For example, a process model 
describing the RTM process was developed in [12], where the particle filtration 
and its implication on the viscosity and permeability was included. These kinds 
of models are based on simple empirical relationships and can predict the filling 
for some reinforcements, but fails for others. They furthermore do not describe 
the phenomena causing the particle depositions and in detail the deposition in 
itself. Hence, more and deeper knowledge about the phenomena and 
mechanisms behind the inhomogeneous particle distribution is required in order 
to improve the injection models and consequently also the advanced materials. 

In order to full-fill this quest, micrographs of a VARTM injected, woven, 
glass fibre fabric with aluminatrihydroxide (ATH) enriched resin have been 
studied [13]. The observation was that severe particle depositions took place in 
the interbundle regions in the vicinity of fibre bundles. It was suggested that this 
is a result of a particle entrapment, due to non-Newtonian behaviour of the 
suspension in these regions and/or due to filtering of particles during fibre 
bundle impregnation. It was furthermore proclaimed that there is a strong need 
of further investigations of the mechanisms controlling the inhomogeneous 
particle distribution, in order to facilitate improved understanding and to 
establish general guidelines for infusion with particle-filled resin systems. The 
mechanism behind filtering due to fibre bundle impregnation was continued to 
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be studied in [17], where the transient velocity field inside a dual-scale 
geometry, representing fibre bundles with neighbouring interbundle channel, 
was measured by Micro Particle Image Velocimetry ( PIV). A transverse 
transport of fluid from the region with large geometrical scale into the one with 
small scale was revealed. This transport is shown to be present in the close 
vicinity of the flow front only and vanishes a distance behind the front, where 
the flow adopts a stationary flow condition. The extent of this region behind the 
front turns furthermore out to be strongly dependent on the unevenness of the 
flow front. Hence, there is a high probability for initial particle filtration at the 
fibre bundle interfaces, due to fluid transport between the regions. Even though 
these investigations points out some mechanisms leading to particle depositions, 
the results are not yet conclusive and even deeper studies of the impregnation 
are required. 

During flow of particle-filled resins into multi-scale reinforcements, the 
suspended particles can apart from the transient filtration investigated in [17], be 
deposited in the material due to filtration induced by stationary flow through the 
reinforcement [12], sedimentation of non-neutrally buoyant particles [18] and by 
non-Newtonian fluid properties such as shear thinning [19] or shear thickening 
[20]. The non-Newtonian properties, which can either enhance the particle 
migration or stagnate the flow leading to entrapment of particles by a Bingham 
behaviour, can be induced by particle migration caused by the shear flow inside 
the reinforcement [19,21-23]. Hence, an inhomogeneous distribution of particles 
in the viscous fluid, leading to variation in the local effective properties of the 
suspension, such as its viscosity and density, can also be present during 
injection.

In the present work, the objective is set on understanding some of the 
mechanisms giving rise to the particle depositions leading to inhomogeneous 
particle distributions in LCM processed advanced composite materials. 
Microscopic imaging and PIV are performed on a number of controlled 
experiments on simplified geometries and flow conditions, designed to simulate 
various deposition mechanisms present during injection. These detailed 
experiments are thereafter compared to micrographs from macroscopic 
injections of a biaxial NCF, in order to connect the comprehensive experimental 
analyses to real injection situations. Finally, a number of general guidelines on 
how to inject particle-filled resin systems into multi-scale fibre preforms are 
suggested based on the observations. 
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2. Theory 

As previously discussed, particle deposition occurs in various places within 
reinforcements [13]. They are created either by filtering of particles, 
sedimentation or due to a non-uniform particle concentration induced by particle 
migration. In the present work the focus is set on the particle deposition due to 
two filtration mechanisms. 

In order to minimize the particle deposition leading to an inhomogeneous 
distribution, it is important to understand the flow patterns inside the 
reinforcements and how they influence the deposition, so that the fibre 
reinforcement and processing parameters can be optimized. It was shown in [17] 
that particle transport into fibre bundles only occurs in a region close behind the 
flow front and that particle filtration at the interface can be minimized by 
adjusting the injection flow rate, such that there will be uniform flow front 
propagations in the regions with different geometrical scales. Since this initial 
transient filtration is only present in a region close behind the flow front, the 
severe particle depositions found in [13], for example, cannot be explained 
solely by this mechanism. Additional particle deposition originating from other 
flow phenomena must therefore be present. A distance behind the flow front, the 
transient flow behaviour present at the front is replaced by a stationary flow 
condition. Even though most fluid will flow in the interbundle region, some 
particle-filled resin will flow through the fibre bundles, due to its much higher 
permeability compared to the permeability inside the fibre bundles [24,25]. 
During this stationary flow, filler-particles larger than the pore spacing in the 
fibre bundles can be deposited at the interface, whereas smaller particles may 
either be transported completely through bundle or get deposited inside the 
bundles, in locations where the pore spacing is smaller than the particles [26]. 
Moreover, even smaller particles than the smallest pores can also be entrapped 
inside the fibre bundles, due to their chemical or electrostatic attraction to the 
fibres. The effect of the stationary flow induced particle deposition must 
therefore be studied together with the suggested deposition due to fibre bundle 
impregnation made from the observations of the flow field in the dual-scale 
geometry in [17]. 

Sedimentation, wherein particles fall under the action of gravity through a 
fluid in which they are suspended, is always present to some extent during LCM 
of particle-filled resins into fibre reinforcements. Initially well mixed 
suspensions, will separate into three regions when subjected to sedimentation. A 
layer of clarified fluid will form at the top, a suspension region in the middle and 
a sediment layer at the bottom. If the suspended particles are identical, the 
interface between the clear fluid and the suspension will be fairly sharp. The 
significance of sedimentation as a particle deposition mechanism, during 
injection of particle-filled resins into fibre reinforcements, is dependent on the 
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particle/resin system, the injection velocity and also the porous media. The 
setting velocity u(0) for a single rigid sphere with radius a and density s through 
an unbounded Newtonian fluid with density  and viscosity  at zero Reynolds 
number is derived by Stokes´ analysis to be [18]: 

9
2 2

)0( gau s . (1)

where g is the gravitational constant. As Equation (1) indicates, relatively heavy 
particles suspended in low viscous resins are more subject to sedimentation than 
light particles in highly viscous resins. Sedimentation is therefore a serious 
problem when metallic or heavy ceramic particles are to be injected, whereas it 
is less significant for lighter particles with close to neutral buoyancy and 
relatively fast injection times. This is shown in [27], where the distribution of 
non-buoyant, migrating, rigid spherical particles flowing through a tube show 
strong dependence on the injection length, due to the settling time of the 
particles. Sedimentation will furthermore continue after the mould cavity is 
completely filled and the resin flow is stopped, until the resin is no longer in a 
viscous state. This sedimentation will, due to the stopped resin flow, be more or 
less homogeneous throughout the reinforcement. Since it is the gravitational 
force acting on the particles, which leads to sedimentation, the depositions of the 
particles will always be located on top of fibre bundles or fibres dependent on 
which scale being of interest. 

PIV is an optical technique for velocity field measurements in microscopic 
geometries, based on fluorescent microscopy and specialized image correlation 
algorithms. In PIV measurements, the fluid is seeded with fluorescent tracer 
particles, which are illuminated by laser pulses separated by a time, dt. Two 
exposures of the in-focus particles are recorded by a CCD camera, which is 
synchronized with the laser pulses. The principle behind the velocity field 
computation is described by the schematics in Figure 2, where the images are 
divided into small interrogation areas, for which the displacements of particles 
between the exposures are calculated by a Fast Fourier Transform (FFT) based 
cross-correlation algorithm [28]. 

In order to perform successful cross-correlation between two images, the 
displacements of tracer particles have to be sufficiently large, to give a strong 
cross-correlation peak, but small enough to keep the particles in the same 
interrogation areas [28]. Using PIV to measure flow fields in multi-scale 
geometries is therefore problematic, due to the huge differences in velocities 
between regions with different geometrical scales. This problem can be solved 
by using different cross-correlation methods in different regions to get 
satisfactory particle displacements throughout the flow field. This can however 
only be used for stationary flows or slowly varying velocity fields and will 
therefore not be adopted in the present work. This implies that the velocity fields 
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Figure 2. Illustration of how the velocity field is extracted from an image pair.  

measured in the present work are highly accurate in regions with sufficiently 
large displacements but less accurate or non-existence where the displacements 
are too small. 

3. Meso-scale experiments 

In order to study how specific mechanisms influence the particle deposition, 
resulting in the inhomogeneous particle distribution found within fibre 
reinforcements, detailed experiments on meso-scale geometries are performed. 
Each geometry represents and frame in a specific part of the real fibre 
reinforcement and by applying flow conditions resembling the proposed 
mechanisms, their influence on the particle deposition can be studied. 

The first meso-scale geometry (Meso-A) consists of a rectangular channel 
constructed from glass plates with two syringes integrated into the channel, cf. 
Figure 3(a). The geometry has the dimensions bA = 1.7 mm, hA = 1.0 mm, ØA = 
1.0 mm and xA = 7.8 mm. The syringes together with adhesive tape on top of the 
channel are used to keep a fibre bundle in place on one side of the channel. The 
fibre bundle is extracted from a biaxial [0/90] glass fibre NCF from Ahlstrom 
with an average surface weight of 900 g/m2. The purpose of this first model is to 
study the filtration forced by the transport of fluid from the interbundle channel 
regions of multi-scale fibre reinforcements into the fibre bundles, during fibre 
bundle impregnation. 

The second geometry (Meso-B) is also built up by glass plates forming a 
cross when viewed from the top, cf. Figure 3(b). A fibre bundle is placed in the 
channel perpendicular to the injection direction in order to investigate the pure 
filtration due to particle size, occurring during stationary flow through a fibre 
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bundle. The geometry has the dimensions bB = 0.88 mm, hB B = 1.0 mm, LBB = 49 
mm, lB = 25 mm and xB = 0.44 mm. 

The third geometry (Meso-C) is developed in order to investigate the role of 
the fibre bundle network structure and the influence of transient and stationary 
flow on particle deposition. A similar channel as the one built in [17] is 
developed, taking into account the dual-scale porosity of the fabric in a 
controlled manner. The dual-scale channel is built up from glass plates, forming 
a rectangular channel with a narrow slit connected to it, cf. Figure 3(c). The 
height of the slit is set by double sided adhesive Scotch tape. The channel also 
has an expansion in the middle in order to resemble the perpendicular channels 
intersecting the parallel channels in a real fabric, cf. Figure 1(b). In real fabrics, 
different channel directions are located in different layers, resulting in a vertical 
transport of fluid when going between channel orientations. This makes the 
Meso-C geometry approximate, since it only accounts for in-plane fluid 
velocity. The dual-scale channel has the dimensions bC = 0.70 mm, hC = 1.0 
mm, dC = 0.14 mm, wC = 0.81 mm, LC = 49 mm, lC = 25 mm and xC = 0.90 mm. 

The fluids used are 88 percentage glycerol/water mixtures with viscosities, 
[Pa s], taken from [29], for the different meso-scale experiments and 
temperatures, T [ºC], cf. Table 1. Fluorescent MF-RhB-2150 and MF-RhB-L765 
particles with diameters of 10.20 m ± 0.17 m and 4.02 m ± 0.090 m from 
MicroParticles Gmbh are mixed into the glycerol mixtures creating two 
suspensions with different particle sizes. The fluorescent properties of the 
particles are used in order to perform successful PIV measurements on the flow 
field. The particle concentration is chosen to be low, so that the particle/particle 
interaction can be neglected and the viscosity can be assumed to be close to the 
one for the pure glycerol mixture. This enables that the flow phenomena, 
resulting in particle depositions can be studied. 

The flow is injected into the meso-scale geometries by constant flow rates, Q
[m3s-1], cf. Table 1, controlled by a KdScientific 100-series syringe pump with a 
60 ml syringe. The flow rate variations are less than ±1%. The image acquisition 
and PIV measurements are done with a PIV system consisting of a 100 Hz 
double pulsed Nd-YAG laser from Litron with a wavelength of 532 nm, a 
LaVision FlowMaster Imager Pro camera with a spatial resolution of 1280×1024 
pixels per frame triggered to the laser and a Zeiss Axiovert 200 microscope with 
a Zeiss EC Plan-NEOFLUAR 10x/0.3 lens, cf. Figure 4. 
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Figure 3. Meso-scale geometry: (a) Meso-A, (b) Meso-B and (c) Meso-C.
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Figure 4. Schematic diagram of the PIV system.

The PIV system is calibrated with the use of a precision made glass plate 
with width, wc = 1.000 mm to yield a calibration factor of 1.175 m/pixel for the 
in-plane spatial dimensions. Furthermore, the out-of-plane depth of focus is 
determined by investigating the magnification of a fluorescent particle when 
shifting the location of the focus plane. A filter is applied to the images to 
exclude recording of out-of-focus particles. Hence, the depth of focus in these 
experiments is defined to be the distance from the focal plane, where a particle 
is ~2.5 times its real diameter (approximately ±74 m). 

Two experiments with different particle sizes are performed for the Meso-A 
and Meso-B geometry, respectively, and five experiments with the same particle 
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Table 1. Experimental conditions. 
Q 10-8·[m3s-1]T [ºC]  [Pa s] Experiment Tracer particles 

(MF-RhB-)(Meso-)
A1 L765 ~27 0.096 0.139
A2 2150 ~27 0.096 0.139
B1 L765 ~27 0.096 0.139
B2 2150 ~27 0.096 0.139

C1-5 2150 ~25 0.11 2.78

size throughout the experiments for the Meso-C geometry, in order to get a 
statistical representation of the results, cf. Table 1. Microscopic imaging is used, 
for the Meso-A and Meso-B experiments, on pictures acquired after three 
minutes of filling. For the experiments on the Meso-C geometry, PIV
measurements on the flow field are performed. Double frame images are 
recorded at 50 Hz with a time step, dt = 1500 s between the frames. The 
acquisition times for the experiments were 7.12 seconds. The images are 
recorded from underneath the horizontal dual-scale channel with focal plane in 
the centre of the slit region. The image window therefore covers the slit regions 
and most of the meso-scale channel, cf. Figure 3(c). 

The image acquisitions and post-processing of the PIV experiments are 
controlled and performed with the software DaVis 7.1.1.0 from LaVision Gmbh. 
A multi-pass cyclic FFT based cross-correlation algorithm using two passes with 
interrogation areas of 128×128 pixels with 75% overlap and one pass with 
32×32 pixels interrogation area and 50% overlap is used to improve the 
correlation where the tracer particle density is low. High accuracy Whittaker 
reconstruction [30] is used for the final pass in order to further improve accuracy 
of the vector field computations. 

4. Macroscopic experiments 

Macroscopic composites manufacturing experiments are carried out in order 
to validate the proposed particle deposition mechanisms observed in the meso-
experiments. The reinforcement used in the experiments was a DB810E05-A 
from Devold AMT. This is a biaxial glass fibre NCF made from 600 Tex fibres 
with an average surface weight of 808 g/m2. The neat resin system consists of a 
CRYSTIC U 904 LVK and an orthopthalic unsaturated polyester (UP) resin 
designed for vacuum infusion. The resin was cured using 1% methylethylketone 
peroxide (Norpol No 1) and 0.2% NLC 10 inhibitor. Aluminatrihydroxide 
(ATH) particles, MARTINAL OL 104, were mixed with the neat resin and used 
as fillers in the suspensions. The median particle size is 2 m and 90% of the 
particles have a characteristic diameter between 0.5 and 5 m. Two filler 
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contents were used in the experiments, 22 and 9 % by weight (corresponding to 
12% and 4.4% by volume).  

Four preforms with dimensions 178 mm x 300 mm, consisting of five layers 
of the fabric were placed on a flat metal table and covered with a flexible nylon 
bag. Two of the preforms were prepared and placed so that flow progressed 
perpendicular and along fibres (correspond to [0/90] lay up in Figure 5), 
whereas the other two were placed to yield flow angles of ±45° with respect to 
fibres ([45/-45]-lay up in Figure 5). Tacky tape was used to seal the bag onto the 
table to create a closed cavity. A plastic spiral was used as distribution channel. 
It was positioned in a circle and one edge of each preform was placed along the 
perimeter of the circle to promote the desired one-dimensional flow progression 
in each preform, see Figure 5. Prior to actual infusion, the polyester suspension 
was degassed for 5 minutes at a vacuum pressure of 1000 to 6000 Pa. The 
vacuum pressure within the cavity, measured by a manometer positioned at the 
outlet of the mould, was kept at 5000 to 8000 Pa during mould filling. All 
constituents involved in the manufacturing were kept at ambient room 
temperature conditions during the entire process. 

Microscopy analysis on the final microstructure was performed on cross 
sections of the laminates. Samples were produced by cutting pieces of the 
laminate, which were subsequently cast in epoxy resin. Polishing was performed 
in a Struers Pedemat, Rotopol polishing machine using silicon carbide paper 
applied in successive steps from 180 to 4000 grit, and in a final step, Buehler 
Mastermet polishing suspension. An Olympus BHSM-F optical microscope 
equipped with a Color View 1 digital camera was used to study and acquire 
digital images. 
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Figure 5. Schematic and photograph of the experimental setup during the macroscopic 
experiments.  
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5. Results and discussion 

In order to study particle deposition, during fibre bundle impregnation, two 
experiments on the Meso-A geometry are carried out with different sizes of the 
filler-particles. The Meso-A1 experiment shows that particles are deposited at 
the interface as well as inside the fibre bundles, see Figure 6(a). For the larger 
particles used in the Meso-A2 experiment, it is clear that most of the particles 
are captured at the interface and only few penetrates the fibre bundle as 
compared to in Meso-A1, cf. Figure 6(b), where the white region inside the fibre 
bundle indicates dense particle concentrations. Since the main flow is parallel to 
the fibre bundle and that it is only in the close vicinity of the flow front that 
there is a region of transversal velocity transporting the suspension into the fibre 
bundle from the channel [17], the particle deposition observed can be assumed 
to result from the impregnation of the fibre bundles. Comparing to the 
macroscopic injections, similar particle depositions are found for all fabric 
orientations and particle concentrations tested. Figure 6(c) shows typical 
depositions of particles located both underneath and on top of the fibre bundles 
after macroscopic injections, which can be related to the observations in the 
meso-scale experiments. Hence, the particle depositions located at the interface 
and inside bundles parallel to the main flow direction can be explained by the 
transient phenomenon related to fibre bundle impregnation. In order to minimize 
this deposition during processing of advanced composites, it is important to 
reduce the region in which the transverse velocity is active. Since small fibre 
bundles are filled up faster than large bundles and the active region therefore is 
smaller [17], fabrics with many small fibre bundles are preferable compared to 
few and large bundles. Another way to reduce the particle deposition is by 
adjusting the injection velocity so that the flow fronts in the two  

(a) Fibre bundle

Channel

Interfacial deposition

Internal deposition
Fibre bundle

Channel

Interfacial deposition

Internal deposition
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(b) Fibre bundle

Channel

Interfacial deposition

Fibre bundle

Channel

Interfacial deposition

(c)

Interfacial depositionInterfacial deposition

Figure 6. Particle depositions in (a) the Meso-A1 experiment, (b) the Meso-A2 experiment 
and (c) the macroscopic experiment with [0/90] lay-up and 22% by weight filler particles.

regions are uniform [17]. 
The case where mixture fluid is flowing through a fibre bundle oriented 

perpendicular to the main flow direction, is considered in two experiments with 
different particle sizes. The white colour in Figure 7(a) in the first experiment, 
Meso-B1, shows that particles are deposited inside the fibre bundle, leaving a 
close to particle free resin behind the fibre bundle. This is even clearer for the 
experiment Meso-B2, where the larger tracer particles are entirely deposited 
either at the interface or inside the fibre bundles, leaving a completely clear fluid 
behind the bundle. It is clear that the sizes of the particles are of high importance 
for this phenomenon, and that the smaller particles in Meso-B1 penetrate further 
into the bundle before being trapped compared to the larger particles in Meso-
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B2. The particle depositions, due to this stationary flow through fibre bundles, is 
observed to occur in front of the fibre bundles and in regions where the channel 
flow is lead into fibre bundles, cf. mark D in Figure 7(c). It is furthermore 
observed in Figure 7(d), that particles are deposited at the end of the channel 
region, the stitch creates in NCFs. This deposition is due to the contraction of 
the channel to a slit, in the same way as in Figure 7(c). Moreover, regions of 
neat resins or at least resin with strongly reduced particle concentration is found 
for the macroscopic injected composites in Figures 7(c) and (d) at the locations 
marked with C. The phenomena, resulting in the inhomogeneous particle 
deposition in Figure 7(c) and (d), are observed for all particle concentrations and 
fabric orientations in the macroscopic experiments. Since the meso-scale 
experiments indicate that the particle deposition is strongly dependent on the 
size of the filler-particles, the particles should ideally be chosen as small as 
possible compared to the pore spacing inside the fibre bundles when processing 
advanced composite materials. This can be realized by either choosing small 
particles or by choosing a fabric with low fibre volume fraction inside the fibre 
bundles. In real composite applications, the advantages of using small particles 
or low fibre volume fractions must however also be considered in the light that 
particle geometry will influence the viscosity and reduced fibre volume fraction 
leads to reduced mechanical properties. It is furthermore preferable to use 
fabrics consisting of clearly defined fibre bundles with straight interbundles 
channels without contractions as in Figure 7(d), in order to avoid particle 
deposition. 
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Figure 7. Typical particle depositions in (a) the Meso-B1 experiment, (b) the Meso-B2 
experiment and (c) the macroscopic experiment with [0/90] lay-up and 9.0% by weight filler 
particles viewed from the side and (d) viewed from the top.
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In order to study particle deposition mechanisms directly related to the flow 
field, when injecting particle-filled resin into multi-scale fibre reinforcements, 

PIV measurements of the velocity field are carried out in a dual-scale 
geometry, the Meso-C experiments. To start with, all five experiments give 
similar velocity fields. To exemplify, the flow front is leading in the channel 
region compared to the slit region for the flow rate studied, see Figure 8(a). 
Fluid is flowing into the expansion of the geometry resulting in a drop of the 
flow front velocity in the channel oriented parallel to the main flow direction, 
until the cavity is filled up, cf. Figure 8(a), (b). Figure 8(b) furthermore shows 
that the transverse velocity in the expansion region is comparable in magnitude 
to the main velocity in the channel. This facilitates fast filling of the channel 
regions perpendicular to the main injection direction. An interesting 
phenomenon connected to the observed flow field, is the formation of voids in 
the narrow slit region, cf. region 1 in Figure 8(b), (c). The voids are formed 
since the flow front is lagging in the narrow slit region compared to in the 
channel region. The fast filling of the expansions encloses the void inside the slit 
region. This void formation can however be avoided by adjusting the injection 
velocity so that the flow fronts in the two regions are uniform [10,11]. 

Indication of the transient flow phenomenon leading to particle depositions 
caused by the fibre bundle impregnation studied in Meso-A and in [17] are also 
found in Figure 8(b). The transverse velocity present in the left slit region 
transports the particle-filled resin into the narrow slit from the channel region, 
resulting in possible particle depositions at the interface marked 2, like the 
depositions observed in Figure 6(a)-(c). As stated in [17], this phenomenon is 
present only in the vicinity of the flow front, since the transient velocities decays 
to a stationary condition when the slit region is fully impregnated. This can be 
seen in the left slit region in Figure 8(c), where the transversal velocity found in 
Figure 8(b) has vanished. 

The velocity field in the dual-scale geometry adopts the stationary condition 
in Figure 8(c) quickly after the flow front propagation. During this stationary 
flow condition, the velocity in the expansion area is small in comparison with 
what it was during the transient filling stage. A vortex around mark 3 in Figure 
8(c) is furthermore created, which entraps particles locally in the reinforcement 
where the velocity is low. The stagnation in the perpendicular channels can also 
lead to non-Newtonian flow behaviour for some suspensions, such as stagnation 
due to a Bingham type of behaviour where a certain shear rate is required to 
make the suspension flow. 

Particle depositions, due to sedimentation, are difficult to distinguish in the 
macroscopic experiments, since the filler-particles are close to neutrally buoyant 
in the carrier fluid. For heavier filler-particles in low viscous fluids however, 
particle depositions due to sedimentation will occur in the reinforcement. The 
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locations of these regions are exclusively on top of fibre bundles due to the 
action of the gravitational force on the particles. 

Indication of the particle deposition observed in the Meso-B experiments is 
also seen in the Meso-C experiments. The velocity found in the right slit region 
in Figure 8(c) shows that the particle filled resin enters the narrow slit region, in 
the same way as in the Meso-B experiments. Consequently, particles larger than 
the spacing of slit region will be deposited at the interface region 4, building up 
a area with high particle concentration in front of fibre bundles in the same way 
as in Figure 7(c). 
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Figure 8. Measured instantaneous velocity field in Meso-C1 experiment for (a) time t0, (b) 
time t0+ t and (c) time t0+2 t, where t = 3/50 s. The vector field is reduced by a factor four 
horizontally and a factor two vertically.

6. Conclusions 

Particles deposition mechanisms leading to inhomogeneous distributions 
when producing advanced composite materials have been studied. Microscopic 
imaging, PIV measurements and macroscopic VARTM infusions have been 
performed and compared to be able to find out the role of different filtration and 
flow induced mechanisms on the particle deposition. It is shown that filtration of 
the filler-particles, due to both transient and stationary effects, leads to large 
particle depositions around and in front of the fibre bundles, respectively. 
Particle size compared to the spacing inside the fibre bundles is an important 
factor deciding where the particles are trapped. It is also likely that particles are 
entrapped in the stagnant vortex, in the region of slow flow in channels 
perpendicular to the main flow direction. The observations made from the 
detailed meso-scale experiments can explain the particle depositions found in 
the macroscopic injections. Hence, filtration due to fibre bundle impregnation 
and filtration due to stationary flow through fibre bundles are the most important 
mechanisms leading to particle depositions during injection of particle-filled 
resins into multi-scale fibre reinforcements. 
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To minimize the risk for particle depositions, fabrics used for LCM 
processed advanced composites should be based on small rather than large fibre 
bundles, in order to reduce the risk for filtration due to fibre bundle 
impregnation. The injection flow rate should furthermore be adjusted so that the 
flow fronts in the regions with different scales are uniform. The filler-particle 
sizes also have to be small compared to the pore spacing inside the fibre 
bundles, in order to minimize the particle deposition resulting from the 
stationary flow through the fibre bundles. This can be realized by either 
reducing the particle sizes or the fibre volume fraction inside the bundles. 
Fabrics consisting of straight, unperturbed interbundle channels are preferred to 
further reduce the deposition. In order to reduce the risk for particle entrapment 
during injection, the fabrics should be oriented in a way so that possible 
stagnation regions are reduced. By adapting one or several of these five 
suggestions, more homogeneous particle distributions and consequently higher 
quality advanced materials can be achieved. 
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