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Abstract

Resin Infusion under Flexible Tooling (RIFT) is a process by which resin is
infused through the fibres through the application of a vacuum. Only a one-
sided mould is used and the other side is covered with a flexible bag. In the two
parts of this thesis a physically based flow model and a genetically based tool
are presented to simulate and optimise the RIFT process in advance, both for
complex 21 dimensional geometiies.

The flow model of Part [ was based on Darcy’s law. Due to the flexible bag, the
preform compacts during the process and hence the fibre compaction flux term
was taken into account and the process was modelled transient. A stabilisation
method was developed, using a thickness prediction for a new time step size,
Although this prediction was based on a rather crude assumption. it provided a
simple and fast way to overcome stability problems.

Experiments were carried out to establish and model the different wet and dry
compaction behaviour of two types of preform. The different dry and wet preform
properties were also taken into account. A fluid presence function was used for
flow front tracking and for the pressure prediction in the partially filled cells.
The model was implemented for the use of 2% dimensional unstructured meshes.

The model was validated with experiments. The compaction of the preform and
the flow front propagation during mould filling were measured. It was found
that, in the case of highly compactable fibres, the fibre compaction flux term
increased the accuracy of the calculated results significantly.

The genetically based tool of Part 11 is capable of optimising the different process
parameters such as flow pipe position and length, fill-distance and number of
vents. The tool consists of a mesh distance-based model coupled with a genetic
optimisation algorithmn.

The mesh distance-based model was based on the assumption that the resin fills
the nodes closest to the inlets first. The genetic algorithm was based on the
principles of natural selection and genetics and its effectiveness was improved
with a variable cross-over rate. The mesh distance-based model was verified
with cases known from literature and with the results from the physically based
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ABSTRACT

flow model. The effectiveness of the genetic algorithm was validated with a
number of design cases.

For the simple 2D design cases, the tool provided fast solutions which agreed
very well with the obvious solutions. For the more complex cases, the algorithm
proved to be a very stable and cffective method for finding the optimal flow pipe
arrangenient on any complex geometry.
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Uittreksel

“Resin Infusion under Flexible Tooling” (RIFT) word gedefiniéer as die proses
waartydens hars in vesels ingesuig word deur middel van 'n vakuum. Die vesels
word in 'n vop gietvorm geplaas en die bokant word met dun plastiek materiaal
geseél. Hierdie tesis bestaan uit twee dele. In die eerste deel word 'n fisiese en
in die tweede deel, 'n geneties gebaseerde vloeimodel gebruik word om die RIFT
proses te simuleer en optimaliseer vir komnplekse 2% dimensionele geometries.

Die vloeimodel van Deel | is gebaseer op Darcy se wet. As gevolg van die vakuum,
druk die plastiek die vesels saam. Daarom word 'n veselkompakteringsvloedterm
in ag geneem. Die proses word ook ongestadig gesimuleer. 'n Stabilisasie metode
is ontwikkel wat gebruik maak van 'n dikte voorspelling vir die nuwe tydstap
interval. Ondanks die growwe aanname van die voorspelling, blyk dit 'n maklike
en vinnige manier te wees om stabiliteitsprobleme te corkom.

Eksperimente is nitgevoer om die samedrukbaarheidsgedrag van twee tipes voor-
vorms tydens nat en droé toestande te verkry. Die verskillende nat en droé
voorvorm karakteristieke is in die model ge-inkorporeer. Verder is 'n vloeistof
aanwesigheidsfunksie gebruik vir die vloeifront hepaling en vir die voorspelling
van die druk in die gedeeltelik gevulde selle. Die model is geskik vir die gebruik
in 2% dimensionele, ongestruktureerde roosters,

Die numeriese model is verder eksperimenteel geverifieér. Die vervorming van
die voorvorm en die vloeifront beweging gedurende die proses is gemeet, Uit die
resultate het geblyk dat die veselkompakteringsvioedterm die akkuraatheid van
die simulasie resultate aansienlik verbeter in die geval van hoé samedrukbare
vesels.

Die geneties gebaseerde program van Deel 11 van die studie is in staat om die ver-
skillende proses-parameters soos onder andere vloeipyp posisie en lengte. viociafl-
stand en aantal uitlate te optimaliseer. Die program bestaan uit ‘n rooster-
afstand gebaseerde model gekoppel met 'n genetiese optimaliseringsalgoritme.

Die roosterafstand gebaseerde model is gebaseer op die aanname dat hars die
nodes naaste aan die inlate eerste vul. Die genetiese algoritme is gebaseer op die
natuurlike seleksie en genetika beginsels waar die effektiwiteit verbeter is deur
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'n veranderlike kruisverhoudingstempo. Die model is geverifieer met bestaande
gevalle uit die literatuur en met resultate van die fisies gebaseerde vloeimodel.
Die effektiwiteit van die genetiese algoritme is getoets met verskillende ontwerps-
gevalle.

Vir die eenvoudige 2D ontwerpsgeval gee die model vinnige oplossings wat goed
oorcenstent met voor die hand liggende resultate. Vir meer komplekse gevalle
blyk die model baie stabiel en effektief te wees vir die verkryging van die optimale
vlvelpyp posisies.

Vi
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Preface

In 2001, a research project was initiated at the North-West University to de-
velop, test and produce different types of wind turbine blades, especially for the
Southern-African market. The first blade to be developed and produced was a
1.8 m blade. In this framework, a Ph.D. project was started in 2004 te focus on
the production technique. especially for larger blades. The goal was to develop
a fast, consistent, worker and environmental friendly and cost effective produc-
tion technique. This technique should be optimised to further reduce production
costs and time. [t was soon found that the Resin Infusion under Flexible Tool-
ing (RIFT) was the production technique best suited for the production of these
large parts. In order to simmlate and optimise the RIFT process in advance, two
models were developed and are presented in this thesis.

All the modelling work was carried out at the Faculty of Mechanical Engineering
of the North-West University in Potchefstroom, South-Africa. The experimental
work to determine the material properties, as described in Appendix A and Ap-
pendix B. and the experiments to measure the preform thickness during mould
filling were carried out at the Faculty of Mechanical Engineering of the University
of Twente in Enschede, The Netherlands. The other experiments, as the infu-
sion of the wind turbine blade, were carried out at the workshop of AeroEnergy,
Potchefstroom. South-Africa.

The first part of this thesis has already been published in the journal "Com-
posites Part A: Applied Science and Manufacturing” {(available online since 15
March 2006) with the title: "Fully 21D flow modelling of Resin Infusion under
Flexible Tooling using unstructured meshes and wet and dry compaction proper-
ties”. The second part of this thesis is currently in the process of being published,
also in the journal "Composites Part A: Applied Science and Manufacturing”.
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CHAPTER 1

Introduction

Composites have emerged as a valuable class of engineering materials because
they offer many attributes not attainable with other materials. Light weight,
coupled with high stiffness, ease of shaping and selectable properties have fos-
tered their use for many years in high performance products as satellite frames.
boat hulls, glider fuselages, and also wind turbine blades (Figure 1.1).

Figure 1.1: A wind turbine with three 1.8 meter blades

The primary reason preventing wider usage of high quality fibre reinforced comn-
posites is their price. The high costs are primarily due to the material cost
itself, but also owing to the high production costs. A wide range of possibilities
to manufacture a fibre reinforced composite exist. The oldest and. especially
in South Africa with its relatively low labour costs, most common technique to
produce composite parts, is hand lay-up. Dry fibre mats are placed into an open
mould and plastic resin is poured and distributed by hand over the fibres as a
matrix material. The resin cures and the product, made of this composition of
fibres, is taken out of the mould.




1. INTRODUCTION

Although this process is easy, flexible and has low investment costs, a number of
disadvantages arc linked to it. One of the major disadvantages can be derived
from Figure 1.2. This figure shows the contribution of the different process
steps to the total production time of a hand lay-up part. These times were
measured during the production of one side of a 1.8 meter wind turbine blade at
AeroEnergy. The laminating process makes it a very labour and time intensive
process. Therefore the labour costs are high and long pot life resins are required.

Mould preparation
15%

Giass culting

Laminating 15%

65%

Resin preparation
5%

Figure 1.2: Measured hand lay-up process times for one side of a wind turbine
blade

Furthermore styrene, a volatile organic compound {(VOC), is emitted during
this process when polyester-based resins are used. Cases have been reported
where this styrene vapour had a detrimental effect on the workers. It can cause
depression and fatigue and in severe cases psychiatric symptoms (White et al.,
1990; Castillo et al., 2001). New legislation dealing with VOC emissions has
identified styrene as the main harmful substance to eliminate. In the UK, the
limit has been set at 50 ppm, requiring the users to seek new production methods.
Another disadvantage is that the fibre volume fraction and void content are hard
to control and hence final product properties may vary largely (Williams et al.,
1996).

Closed Liquid Composite Moulding (LCM) processes overcome most of these
disadvantages. The two most common ones, Resin Transfer Moulding (RTM)
and the Resin Infusion under Flexible Tooling (RIFT), will be discussed in the
subsequent sections.



Resin Transfer Moulding

1.1 Resin Transfer Moulding

In the Resin Transfer Moulding (RTM) process several layers of dry continuous
strand mat, woven roving, or cloth are placed in the bottom of a two-part mould.
The mould is closed, and a catalyzed liquid resin is injected into the mould.
Typically, a pressure between 2 and 10 bar is used, but the resin can also be
drawn into the mould by a vacuum pressure. As the resin spreads throughout the
mould, it displaces the entrapped air through the air outlets and impregnates the
fibres. Depending on the type of resin-catalyst system used, curing is performed
at either room temperature or an elevated temperature in an oven. Once the
cured part is pulled out of the mould, it is often necessary to trim the part at
the outer edges to conform to the exact dimensions (Miravete, 1999).

Instead of filling the bottom mould with fibres, a preform, which already has the
shape of the desired product, can be used, as depicted in Figure 1.3. Some advan-
tages of using a preforin are good mouldability with complex shapes (Mallick,
1988) and the elimination of the trimming operation (near-net-shape produc-
tion), which is often the most labour-intensive step in a RTM process (Miravete,
1999).

1 TR

%’ v‘f’@.%
‘ :.&q, ”m’%ﬁ-'
X ’sw.!‘?‘&’.’:’o 0’::

G R

N 27

2 1. Dry preform
2. Top mould
—— 3. Bottom mould
4 3 4. Resin and catalyst

injection
M 5. Air/Resin outlet
6. Composite product

Figure 1.3: Roesin Transfer Moulding nsing a preform

The major advantages of the RTM process compared to the hand lay-up include
(Loos, 2001):

e Near net-shape moulded parts;

e Short cycle time:

e Close dimensional tolerances;
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e Void-free, structural quality parts;
e Closed mould process, reduced volatile emissions;

e Smooth surface. Finish on both sides of the part can be of class A.

Unfortunately the RT'M process requires more expensive double-matching moulds.
Handling of the matching mould can hecome a serious problem, especially for
larger products such as big wind turbine blades. The use of a single-sided or
even an existing hand lay-up mould is preferred for these cases. Such a process
already exists and is called Resin Infusion under Flexible Tooling (RIFT).

1.2 The Resin Infusion under Flexible Tooling
Process

In RIFT, existing hand lay-up moulds can be used with only minor alterations.
The dry fibre mats or preform are/is draped into or onto the female/male mould
and then covered by a semi-flexible plastic sheet (bag). The mould and bag
arc scaled and placed under vacuum. The resin, which is drawn into the mould
by this vacuum, impregnates the fibres. A sketch of the process can be seen in
Figure 1.4 and a cross-section of the process in Figure 1.5.

In literature, the RIFT process is often also referred to as Vacuum Assisted Resin
Infusion (VARI), or the Yacuum Assisted Resin Transfer Moulding (VARTM)
process (Acheson et al., 2004; Correia et al., 2004). The term VARTM is in
practice also used for the version of the RTM process, where no injectiol pressure

\Vacuum

Resin in f

Final product

4

Plastic sheet

N Dry fibres
; i
,
Mould

Figure 1.4: Schematical representation of the RIFT process
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vacuum bag Vacuum pump —

— pipe

Pressure
gauge

—Resin Trap

Figure 1.5: Cross-section of the RIFT process on a flat mould

is applied to the inlet, only a vacuum on the outlet. Therefore ouly the term
RIFT will be used here.

Compared to open mould manufacturing, RIFT has various advantages.

e Reduced volatile organic compound emissions. Experimental results show
that more than 90% of the VOC emissions from resin is eliminated (Han
et al., 2000).

s Reproducible process (Thagard et al., 2003).

o Reduced part weight because less resin can be used as the fibre mats are
compressed {Han et al., 2000; Craen et al., 1998). As a result, resin costs
are reduced as well.

» Reduced void content and hence higher quality products are produced
since gas is expelled by a vacuum (Han et al., 2000). Hand-laid composites
always show distinct voids (Summerscales, 2002). Although remaining gas
in the resin can also form large voids during RIFT, correct degassing at a
lower absolute pressure than the process pressure overcomes this problem.

o Existing hand lay-up moulds can be used with only minor alterations (Tha-
gard et al., 2003).

o Higher production rate versus hand lay-up (Thagard et al., 2003).

o RIFT has the ability to produce very large components and the tooling
costs are lower compared to RTM (Thagard et al., 2003).

The first versions of the RIFT process were already described in 1950 as the
"Marco Method”. It was designed in the USA for manufacturing boat hulls with
reduced voidage and tooling costs when compared to RTM (Marco, 1950). In
this method, dry reinforcement was laid up onto the solid male tool and a semi-
flexible/splash female tool was used for consolidation and to provide a seal for
the application of vacuum. It was only in the late 70s that the method became
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more widely adopted. Up until then, the compositc manufacturing industry
was a rather under-regulated industry and resin and reinforcement development
favoured open mould lay-up or spray deposition.

In 1974, the Health and Safety at Work Act was introduced to reduce styrene
emissions into the work environment. In reaction, Gotch (1978) presented the use
of vacuum impregnation using one solid tool face and a silicone rubber diaphragm
bag. Liquid resin was poured onto preplaced dry fibre before being enclosed by
the bag. Besides reducing styrene emission, moulding quality was higher than
that achieved by using hand lay-up.

In the 1980s, the use of a rubber bag as a flexible tool was further investigated and
as a result Seemann (1989) patented the ”Seemann Composites Resin Infusion
Molding Process”™ (SCRIMP). SCRIMP is very similar to the RIFT process, but
it uses a mesh of flow channels, integrated in the flexible bag, to distribute the
resin.

Nowadays., many manufacturers of large composite structures such as wind tur-
bine blades and boat hulls use the RIFT process. For these large structures,
flow enhancement structures are normally used to speed up the process. Figure
1.6 shows a coarse infusion mesh and a spiral bind infuston pipe which are com-
monly used. The infusion mesh is a flow distribution medinm, while the spiral
bind functions as a flow channel. Both have a much better permeability than
the preform and are therefore placed between the preform and the plastic bag,
improving the overall permeability. With the help of these flow enhancement
structures, large components can be infused in a relatively short space of time.
Brouwer et al. (2003) and Gunnarsson (2004) presented some very impressive
examples, e.g. an infusion of an 11.8 m boat hull in only 195 minutes with 340
kg of resin.

{a) infusion mesh (b) spiral bind

Figure 1.6: Flow enhancement structures.



The Resin Infusion under Flexible Tooling Process

Although RIFT overcomes most of the problems of hand Jay-up, such as styrenc
emission and reproducibility, a number of disadvantages are also linked to it,
which include the following;

1. Product properties and process parameters correlate strongly and hence
there is limited direct control over the final product properties (Williams
et al., 1996).

2. The risk of failures, compared to hand lay-up, iu very large products is
often considered to be too high (Brouwer ef al., 2003).

3. More consumables are being used compared to RTM or hand lay-up (Sum-
merscales, 2002; Thagard et al., 2003).

4. Surface quality can be a problem (Summerscales, 2002).

The flexible bag allows the preform to compress under the vacuum pressure. Fig-
ure 1.7 schematically shows this behaviour during the process. On the left hand
side, the resin enters the process with atmospheric pressure and therefore the
preform is uncompressed. On the right hand side of the flow front, the pressure
equals the applied vacuum pressure, causing the preform to be compressed.

Flow frant
Vacuum bag

. /posilion Vs
A Aw W

PVED
. P >
RESin = ?';T—i_ﬁ.‘}'pl VaCUUm
inlet - reT Ve VYeY Preform
Mould

Figure 1.7: Change in preform thickness due to the pressure gradient

Between the resin inlet and the flow front there will be a pressure gradient
going fror atmospheric to vacuum pressure. This pressure gradient results in
a gradient of the preform thickness as well. This reduction and gradient of
the preform thickness results in higher fibre volumes compared to hand lay-up,
which is desirable in most cases. However, there is limited direct control over the
thickness, because it depends on the pressure gradient. Limited direct control
over the thickness also means limited control over the fibre content of the final
composite laminate and hence final product properties.

The preform compression also causes a reduction of the preform permeability.
Hence infusion times are much longer and more unpredictable compared to RTM.
increasing the risk of failure significantly.
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The process requires single-use ancillary materials such as the bagging film, seals
and flow enhancement pipes and/or breather clothes for resin flow enhancement,
increasing the costs of consumables (Summerscales, 2002; Thagard et al., 2003).

With respect to the product properties and quality, RIFT can produce lam-
inates with a surface which echoes the topology of the reinforcement fabric.
This " print-through” effect is a problem when a good surface finish is required
(Summerscales, 2002; Hammami & Gebart, 2000). However, in most practical
applications a layer of clear paint or gel coat is applied on the final product
making this problem less critical.

1.3 Problem Definition

The previous section explained the great potential of RIFT for the production
of large components such as wind turbine blades, but also its disadvantages.

Crucial in a production environment is to exactly know filling times and final
product properties in advance in order to prevent expensive failures. If, for
example, the fill time is longer than the gel time of the resin used, the process
will result in incomplete mould-filling (Hsiao et al., 2004). The previous section
revealed that the process parameters and product and process properties (for
instance mould-filling time) are related. As shown in Figure 1.8, the mould-
filling time, thickness and fibre content depend on a number of variables: the
permeability and compressibility of the preform under pressure, the vacuum
pressure itself, the resin inlet pesition, and viscosity and the interactions with
the flow enhancement structures {Williams et al., 1996). Due to this dependency,
the mould-filling time, final part thickness and fibre content correlate with one
another.

Thagard et al. (2003) and Hou & Jensen (2004) presented a double-vacuum-bag

Process Parameters

Final Product and Process
Properties

Vacuum Pressure

Process
modelling

1 Process
i optimising

Flow Enhancement Structures |

Resin Viscosity Fibre Volume Fraction

Preform Compressibility Preduct thickness

t and D
{wet and Dry) Mould Filiing Time

I:H: Voids

Preform Permeability

Inlet(s) and Vent(s) position

Figure 1.8: Process parameters and final properties
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process which overcomes this dependency, but it requires more expensive tooling
and is thercfore not attractive for smaller production numbers.

A way to know the filling times and final product properties in advance is to
develop a full process model and hence develop a full process understanding.
Various researchers have worked on these kinds of models and tools {Gutowski
et al., 1987: Han ef al., 2000; Hammami & Gebart, 2000; Acheson et al., 2004;
Correia ef al., 2004; Lopatnikov et al., 2004; Grimsley ef al., 2001). A detailed
overview of this modelling effort will be given in the next chapter. Almost
all these models assume a quasi-static process and do not use a different wet
or dry preforrn compaction. Many researchers found, however, that there is a
significant difference between the wet and dry preform compaction (Craen ef al.,
1998; Williams et al., 1998; Andersson ¢t al., 2003). The permeability and hence
the fill-time is a function of this preform compaction. Therefore the process
should be modelled as fully transient and has to include different wet and dry
preform properties.

Once a full process model has been developed, the process parameters can be
optimised in order to save process time and costs and achieve optimum product
properties.

The ideal process would be fast (short infusion paths and high permeability), give
a high fibre volume fraction without any air entrapments and would not require
any ancillary goods (for example flow pipes). However, these requirements are
conflicting for RIFT processing. A fast process requires the use of flow pipes and
flow enhancement layers. Increasing the fibre volume fraction will decrease the
permeability of the preform and hence increase the infusion time. Therefore an
optimum of the process properties has to be determined by the user, e.g. should
the process be fast or have low-cost or result in a product with a maximun fibre
volume.

After the optimum process properties are determined. the optimum process pa-
rameters need to be established in order to match the optimmum process proper-
ties. The optimum process parameters could be determined by trial and error,
but also here representive computer simulations save significant cost and time.

1.4 Research Objectives

Based on the problems indicated in the previous section, the following research
objectives were formulated:

. Be able to predict the RIFT process, such as filling-time and final product
properties,
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2. Be able to optimise the RIFT process in advance in order to meet the
optimnm process properties.

1.5 Research Activities

To obtain these research objectives. the following research activities were planned
and carried out:

Process modelling

e Model the RIFT process in order to find the correlation between the process
parameters and the process and product properties.

e Experimentally determine the material property data required for the pro-
cess model.

e Develop, where necessary, new material models to implement the results
of these test into the RIFT process model.

e Implement this full process model into a computer simulation tool which
can handle arbitrary Z%D geometry.

Verification

o Verily the process model with known analytical solutions.

e Develop an experimental facility to measure the produet and process prop-
erties such as preform thickness and flow front position during the process.

e Verify the model with experiments using this test facility.
Process optimisation
e Develop an algorithm which optimises the process for the lowest costs

(minimal amount of consumables and mould-filling time) and the highest
quality products (niinimal number of voids).

e Implement this algorithun in a fast computer simulation tool which can
handle arbitrary 2:D geometry.

Verification

e Verity the optimisation tool with cases known in literature.

o Verify the optinusation tool with practical design cases.

10
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1.6 Structure of the Research

This research is divided into two parts, corresponding to the two research ob-
jectives. Part I deals with the first research objective, Part II with the second
objective. Together, the two parts present a full model for both prediction and
optimising the RIFT process:

Part I: Physical Approach presents a full Q%D flow model of resin infusion
under flexible tooling using unstructured meshes and wet and dry compaction
properties,

e Chapter 2 Modelling the RIFT Process commences with a literature
survey of the previous modelling effort. The governing model equations
are presented, as well as the discretisation methods. Finally a method to
track the flow front is proposed.

e Chapter 3 Validation of the Model presents the verification of the
imodel with known analytical solutions and experimental results.

o Chapter 4 Discussion of the Physical Approach and its Results
discusses the model, its accuracy and the comparison with the experimental
results,

Part II: Genetic Approach will present a tool to optimise the RIFT process
in terms of production time and production costs.

e Chapter 5 Model for Optimising RIFT starts with an overview of
controllable process parameters, followed by a literature survey on the
previous modelling effort to optimise the RIFT process. The method of
optimisation is presented. A new, mesh distance-based model, is presented
to calculate these process properties. This model is specially developed for
optimisation purposcs and is much faster than the model presented in
Part I. This model is coupled with a Geunetic Algorithm. The principles of
Genetic Algorithms are explained, together with the used optimising algo-
rithir and functions. Finally, the mesh distance-based model is integrated
into this genetic optimisation algorithm. providing a tool for optimising
the RIFT process.

e Chapter 6 Simulations and Results A number of design cases is sim-
ulated using the developed optimisation routine. Their results and verifi-
cations are presented.

e Chapter 7 Discussion of the Genetic Approach and its Results
discusses the genetically based optimisation tool, its effectiveness and ac-
curacy and the results of the design studies.

11
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Chapter 8 General Conclusion and Recommendations presents the final
conclusions and recommendations of the research.

12
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CHAPTER 2

Modelling the RIFT Process

2.1 Previous Modelling Effort

Many models have been developed in the past to simulate the RIFT process.
In order to give a short overview of all these modelling efforts, a number of
models will be discussed here in chronological order (Gutowski et al., 1987; Han
et al., 2000; Hammami & Gebart, 2000; Andersson et al., 2003; Song et al., 2004;
Acheson et al., 2004; Correia et al., 2004).

Almost all models were developed to simulate the RIFT process for 3D parts,
for which, logically, 3D models would be required. Since the thickness of com-
posite parts is often much smaller than their length and width, thin film part
assumptions were used for these simulation models. For example the resin flow
in the thickness direction (here denoted as z) was neglected. Therefore these
models, although they describe 3D geometries, are often called 2% dimensional
(23D) flow models.

The article of Gutowski et al. (1987) is one of the earliest complete inathematical
descriptions of the RIFT process. Like all later models, it describes the resin flow
through the porous prefom using Darcy’s Law. This law was originally derived
in 1856 by the French hydraulic engineer Henry Darcy. It was originally derived
for water flow through porous soil, but is generally accepted to describe the
flow through fibre beds as well. According to this law the relation between the
local resin flux density (also called superficial velocity), @, an isotropic preform
permeability K, the resin viscosity p and the resin pressure gradient VP, can

he written as: K
i=—-—VP, (2.1)

7!

Gutowski et al. (1987) also assumed that the fibres make up a deformable, non-
linear elastic network. Based on a control voluine of length dz, width dy and

15
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height dz (see Figure 2.1) the following resin continuity equation was derived:

Jwy+ Lo+ey =0 (22)

2+ ) + 5 (15 ) + () + 5

ox dy

Figure 2.1: The unit cell with deformable fibres.

In this equation, € is the relative change (linear strain) in the z direction and
¢ is the porosity of the preform. The preform compression was modelled by
assuming that the preform consists of bending beams of fibres. In later articles,
this compression model is referred to as the Gutowski model.

The Kozeny-Carman Theory (Scheidegger, 1974) was used to describe the rela-
tion between the fibre volume fraction and the permeability. These basic equa-
tions were combined and solved for 1D and 2D compression moulding and for
bleeder ply moulding.

Han et al. (2000) used these equations to model the flow for the SCRIMP process.
As already mentioned in Chapter 1, this process is very similar to the RIFT
process, but it uses a mesh of flow channels to distribute the resin. In this case,
the mesh was integrated into the flexible bag. Han et al. (2000) combined the
Navier-Stokes equation for the flow in the channels with Darcy’s law for the
flow in the preform. The preform compressibility was modelled using a power
law function, and the Kozeny-Carman equation was also used to model the
permeability. A control volume method was used to solve the continuity equation
where the term g—t(é(l + €}) was kept zero at every time step. This term will
Jater be referred to as the preform compaction flux, because it actually describes
the time derivative of the preform height (22). It should not be confused with
the total preform compaction, Ah.

16
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Hammami & Gebart (2000) used the same functions {(however, fitted to their
own experimental results) but they only looked at the flow in the preform. A
significant difference between the wet and dry compression behaviour of the pre-
form was observed but it was not used in the model. A quasi-stationary process
was assumed and therefore the preform compaction flux term was neglected,
although at that time it was not proven that this approximation was valid.

Andersson et al. (2003) also used this assumption. They incorporated the equa-
tions for the RIFT process into a commercial 3D CFD software package (CFX-
4), taking wet and dry preform compaction into account. It was shown that the
thickness of the preform decreased towards the outlet during the filling process.
In addition, as Williams et al. (1998) also indicated, a thickness minimum was
observed instantly behind the resin flow-front because of a change in stiffness
due to wetting of the preform.

Song et al. (2004) used a similar model to that of Andersson et al. (2003) but
also modelled the resin curing by taking the resin viscosity as a function of time
and temperature. Mould-filling with different types of flow enhancement layers
was simulated and validated experimentally. It was shown that the process is
significantly faster if these layers are used and that the process can be predicted
accurately if these layers are modelled correctly.

Acheson et al. (2004) developed a 11D model to verify the correctness of the
assumption to ignore the preform compaction flux term. For the materials used
in their article, and because only one preform compaction behaviour was used,
this term was very small and hence negligible. A sink term was used to model
the fluid flow into the single fibre tows. RTM models were shown to give similar
results if an "effective” permeability was used. However, this effective perme-
ability had to be different for the same material being injected under different
pressures.

Based on this work, Correia et al. (2004) also incorporated this model, like
Achecson ef ol (2004}, into existing 2D/3D flow simulating software (in this
case LIMS) making it possible to perform 27D analyses. Also in their case, the
preform compaction flux was ignored and the difference between wet and dry
preform compressibility not taken into account.

Looking back at all the modelling efforts conducted in the past, it can be con-
cluded that almost all models assume a quasi-stationary process and hence ignore
the preform compaction flux term. Furthermore, only Andersson ef al. (2003)
included hoth the wet and dry preform compressibility and showed that this
can have a significant effect on the height distribution during the filling stage.
Evidently the process cannot be considered as quasi-static in the general case
because of the relatively sudden change in height (hence height flux) at the flow
front as soon as the preform wets out. In the subsequent sections a newly de-
veloped transient Q%D model is presented that includes the preform compaction

17
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flux term and both the wet and dry preform compressibility.

2.2 Governing Equations

The newly developed RIFT model is based on a number of assumptions. Firstly,
the Reynolds numbers are low (laminar flow) for the resin flow, wall effects are
ignored, there is no pressure gradient in the z direction and the flow can be
described using Darcy's law (Eq. 2.1). Secondly, the resin is incompressible and
its viscosity stays constant during the filling stage.

The first assumption restricts the model to preforms with a uniform flow through
the thickness. There are fwo situations in which this occurs: The different plies
have a uniform permeability over the thickness, or the flow is dominated by the
layer with the highest permeability. An example of the latter is preform packs
which consist of a thick flow enhancement core which is covered by only a few
single plies of (woven) fabric. In such a preform the single plies of fabric are
wetted almost instantaneously as the resin reaches the underlying core; hence
the flow can be assumed to be uniform (Grimsley et al., 2001). The CoreTEX
fabric. which will be presented later is an example of such a preform.

As for all other models, Terzaghi’s law is assumed in the wetted region (Terzaghi
& Peck, 1963). It states that the total pressure is distributed over the resin, £,
and the compactible preform, Py, as given by the following equation:

Homl — Pa!m T Pva.c = Pf + Pr (2‘3)

In this equation, P, is the total net pressure on the preform/resin system,
which is the difference between the atmospheric pressure. Py, and the pressure
achieved by the vacuum pump, P..

The compaction of the preform under a pressure Py causes a reduction of the
height preform from hy to hy — Ah, as depicted in Figure 2.1. It is assumed that
the volume of the fibres in the control volume is constant, and hence the relation
between the initial (unloaded), Vy,, and current fibre volume fraction, Vj, the
initial, kg, and current height, h, is given by the followiug standard equation:

Vf h,
l +€) = s 2.4
A+ == (24)
The behaviour of the preform under a pressure Py and the resulting increase of
the fibre volume fraction and decrease in permeability can be modelled in numer-
ous ways. A short overview of previous modelling efforts of other researchers for
both the compressibility and permeability is given in Appendix A and Appendix
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B. Both Appendices also present the experiments, carried out in the framework
of this research, to model the material behaviour for the materials investigated
here. Appendix A presents the experiments and results used to model the com-
paction behaviour. Appendix B presents the experiments and results used to
establish the permeability behaviour of these materials. The permeability was
modelled using a power law function and the compressibility with a power law
and a logarithmic function.

Subsequently all the factors in Equation 2.1 are defined. Substituting this equa-
tion into the continuity equation (Eq. 2.2), with u, = 0, leads to the following
time-dependent partial differential equation:

V- (l+ea+ E%(é(l +¢€))

—
S’
—_——

K dh _
EVPr) = o (2.5)

V- (h
In the next section, the discretisation of this PDE using a finite volume repre-
sentation will be discussed.

2.3 Numerical Model

The main advantages of the finite volume method are that it can accommo-
date any type of grid, which makes it suitable for complex geometries, and all
terms which need to be approximated have a physical meaning and hence it is
simple to understand (Ferziger & Perié, 1997; Versteeg & Malalasekera, 1995).
The solution domain was subdivided into a finite number of contiguous control
volumes (CVs), in this case triangles. At the centroid of each CV lies 2 compu-
tational node at which the variable values were calculated (see Figure 2.2). For
each of these CVs the PDE of continuity Eq. 2.5 was written with the following
integrals:

h
/ 7 Bvp) a4 = / 9 4y (2.6)
A i v Ot

The left hand term represents the net rate of flow into the CV and the right

hand term represents the increase of the volume of the CV due to a change in
height., Hence, for CV e in Figure 2.2, with the net flow over its 3 faces, n, these
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Figure 2.2: Schematical representation of Control Volume e and its neighbours

integrals could be discretised as:

1.3
ht — ht—l
Coel P — Po) = ——V. 2.
; FI.L( ) At (2 7)
with Py
Cre = hf———A—— 7. (2.8)

/. and K/, are, the height and the permeability respectively,
of CV e at its face n, A, . is the cross-section of the face side n, P, and P, are
the pressures at the neighbour CV n and the CV e itself respectively, V, is the
volume of the CV e, L, . is the distance between the centroid of CV n and CV
e. h! is the height at the CV's centroid at time step ¢, and finally, 7, . is the
normal vector of face n. The time step size, At, is the difference between the
time at calculation step # and t — 1. The height at the CV faces was interpolated
from the values at the centroids using an arithmetic mean (Pataukar, 1980). For
example in Figure 2.2:

In this cquation hf

h .= (1= b + (i (2.9)
with

f=Laf Ly, (2.10)
The permeability at the faces was calculated from these heights using the func-
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tion of Table B.1. The cross-section of the faces was calculated by using the
length, f, .. of facen of CV e: A,, = fo.- h.ﬁlﬁ. The assembly of Equation 2.7

for all CVs led to the following linearised systen:

¢ _pt-l
—(Ci.1+Cj,1+C'k‘1) Ci‘l Cj.l Ck‘l P h§ ~k) Vv,

.........................................................

Knowing that the resin pressure is equal to the vacuum pressure at the flow
front and equal te the atmospheric pressure at the inlet, it was now possible to
calculate the pressure field in the wetted region. This pressure field was used
to calculate the height and the permeability per CV. The pressure field for the
current time step was then calculated again with these new values for h and K
until the difference between the previously and newly calculated pressure fields
were within a certain tolerance.

2.4 Flow Front Tracking

For the calculation of the pressure field, the position of the flow front was re-
quired. For the 11D case, as presented by Hamniami & Gebart (2000) and
Acheson et al. (2004), the position of the flow front can be found by integrating
the fluid velocity over the time f. Note that Equation 2.1 only gives the resin
flux density. The actual fluid velocity, 7 is the resin flux density divided by the
porosity, ¢, which equals one minus the fibre volume fraction, Vj:

1 1 K
T ==l = — -V P. 212
a-v) "~ 3 v d (2.12)

For the Q%D case, the position of the flow front is more difficult to determine,
In many cases, eg. with multiple inlets, even multiple flow fronts may exist.

Although various ways of flow front tracking exist, there are two main ap-
proaches: moving and fixed grid techniques. The moving grid technique is based
on remeshing of the saturated part of product as the fluid propagates. The ac-
curacy is generally better than fixed mesh techniques, but due to the frequent
remeshing, CPU time is much higher (Garcia et al., 2002).

For the fixed grid approach, there are also a number of ways to keep track of the
flow front (Hirt & Nichols, 1981; Ferziger & Peric, 1997; Versteeg & Malalasekera,
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1995; Garcia et al., 2002). Here the Volume of Fluid technique was chosen (Hirt
& Nichols, 1981; Garcia et al., 2002). This technique uscs CVs as well. There
are different ways to define these CVs. A common method is to associate one
CV with each node of the finite element mesh. In case of a triangular mesh, the
control volume itself is then defined by lines that go through the centroids of the
elements, associated with that node point. For example Koorevaar (2002) and
Lee et al. (1994) usc a control volumme method to simulate the RTM process with
one mesh for the computation of the pressure field and another (staggered) to
update the flow domain. The advantage of this control volume method is that
the values at the nodal points are automatically known, but it adds to CPU tine
and -storage requirements because track needs to be kept of 2 meshes. Therefore
the same mesh for the pressure and fluid domain was used here.

The main advantage of the Volume of Fluid technique is that only one value (the
fluid presence, I) has to be stored. This fluid presence function, J, represents
the relative volume of fiuid in a cell increasing from zero for an empty volume to
one for a fully saturated volume. Furthermore, also only ene scalar convective
equation, like other transport equations, needs to be solved. Unfortunately, it
has the disadvantage that for most solution schemes, for example first order
upwind, the position of the flow front tends to smear out over several CVs. To
overcome this problem, different techniques have been presented in the past, for
example the donor-acceptor formulation (Hirt & Nichols, 1981). Here a central
difference scheme with variable time steps (Patankar, 1980; Davis, 1994) was
adopted, which is easily implemented, less diffusive and suitable for low Reynold
numbers.

The ftuid presence was also used to calculate the pressure field in the flow front
itself. For the empty control volumes P. = P.... In the fully saturated columes,
Eq. 2.5is valid. A combined equation was used for the partially filled (0 < I < 1)
volumes (Hirt & Nichols, 1981; Garcia et ol., 2002).

K O
I [V . h,—ﬁ—VPr] +(I-1[P]=1" [()—:] + (I = 1) {Puac] (2.13)
The volume of resin into each CV volume at the flow front (where 0 < I < 1)
was calculated from the velocity field at every time step. This calculation is
similar to any fluid quantity in the flow (such as density, pressure, etc.} and can
be written as {Ferziger & Perié, 1997):

al

—+7-VI=0 2.14
T (2.14)
Care had to be taken that I < 1 for every CV, when solving Eq. 2.14, especially
for the flow front CVs. If the time step, Af, becomes too large, it can happen
that, for this time step, the flow front moves over more than one CV and hence [
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becomes larger than unity for this certain (flow front) CV. Several methods have
been developed in the past as flux and slope limiters (Garcia et al., 2002) and
also the previously mentioned donor-acceptor method overcomes this problem
(Hirt & Nichols, 1981). The method used here was to select at each iteration the
shortest time step, At, to fill exactly a single CV. This method is widely used
and gives good results (Gutowski et al, 1987; Koorevaar, 2002).

By changing At to fill exactly one single CV, the term "5'_‘,_\";‘—11/ of Eq. 2.11
changes also. This term is defined here as b,. In order to prevent stability
problems when solving Eq. 2.11 with this new At, a prediction of A is made.

The following prediction schemes could have been used:

e The b, from the last iteration step is being used. Besides not making any
physical sense, stability problems occur during the solving of Eq. 2.11.

o The 2! is assumed to be hY™! and hence the right hand term of Eq. 2.11
is 0. This could lead to higher calculated pressure on the fibres for certain
CVs than the previous time step, resulting in negative Ah and hence a
change of sign of the right hand term of Eq. 2.11. Due to the highly non-
linear behaviour of the fibres under compression, this may lead to stability
problems as well. Furthermore, the results of the previous pressure field
calculations as K and V; are no longer used and have to be found again,
leading to longer calculation time.

o A prediction of the new ! is made.

The latter was chosen here. It would have been logical to make a prediction of
the new height, based on the height of the CVs at previous time steps. However,
especially for the newly formed flow front CVs, these data cannot be used,
because they had a constant, compacted height at all previous time steps. A
different prediction was made here. based on the assumption that the right hand
term of Eq. 2.11 stays constant. This assumption is only close to reality if
t — oc and the preforin has similar dry and wet compressibility. Although not
close to reality, it ensured, even for the flow front CVs, at least a correct order of
magnitude of the height, A%, with the new time step size. Therefore it provided
a simple and fast way to overcome the stability problems. The approximation
of 1! for the new time step size Af,,.., based on this assumption, can be written
as:

b, = Bt —pim? v ) — AT -
v = ?{chi } he = (hf_ T+ \/(h.; 1y2 _4T /2 (2.15)

In this cquation, b, is the right hand term of Eq. 2.11 for CV ¢, and A, is
the area of CV e. This prediction of A% is only used for the first iteration step
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2. MopeLLinG THE RIFT PROCESS

after the time-step At is changed into At,,.. After this first iteration step, the
preform height can again be derived from the calculated pressure field, using the
preform compaction models, as presented in Appendix A.

A full set of equations to solve the pressure, height and volume fraction dis-
tribution over the filled region and a way to keep track of the resin flow front
position were presented. In the next chapter, the validation of this model will
be presented.

24



CHAPTER 3

Validation of the Model

‘The model presented in the previous chapter was implemented in the MATLAB
programming environment. The developed program was validated in a number
of ways:

e Closed Form Solution: The numerical accuracy of the model was vali-
dated with a known closed form solution for the RTM case, where preform
compaction is neglected.

e Flow Front Propagation: The model itself and the used assumptions
were validated by comparing the measured and simulated flow front prop-
agation during the filling of flat plates.

¢ Preformm Thickness during Mould Filling: The measured and sim-
ulated preforin thickness was used to validate the assumption that the
different wet and dry preform compaction have a significant influence on
the mould filling.

¢ Infusion of a Wind Turbine Blade: Finally, the filling of half a wind
turbine blade was simulated and compared with experimental results.

The results of these validations will be discussed in Chapter 4.

3.1 Closed Form Solution

Before the model was verified with practical experiments, the numeric code was
compared with a known analytical solution in closed form. For the case of resin
transfer moulding (RTM), where no preform compression occurs, the mould
filling time, ¢, of 2 1D mould with length. x, was derived from the resin continuity
equation and Darcy's law:

o
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3. VALIDATION OF THE MODEL

K |
v-a:v-(FVP)=o:>v2P:0 (3.1)

The pressure gradient is hence constant over the wetted length and can be written
as:

1_)11 mo P'ac Po Q
VP — _ ¢ 1 — _ total (3.2)
r x

Using this equation in Darcy’s law for the actual velocity (see Eq. 2.12), the
following closed form solution for the mould filling time ¢ was obtained:

& K P
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The mould filling for the RTM process with a 0.25 m long mould was simulated
with 0 = (1 — V;)=0.5, K/p=1¢-13 m?/Pa-s and P, = 100kPa.

Figure 3.1a shows the simulated flow front propagation for different numbers of
elements along the length of the product. Since at every time step exactly one
element is being filled, the calculation time increases linearly with the number
of elements used. The position of the flow front at a certain time in the model
was defined as the maximum r coordinate of the centers of the CVs wlhich had a
fluid presence function larger than 0 (7 > 0). All the results presented here will
have the resin inlet on the left hand side (at distance 0} and the vacuum outlet
at the right hand side.

Figure 3.1 shows that the more elements were used, the closer the simulated
results were to the closed form solution. The error between the closed form
solution and the siinulated results was plotted against the nuinber of elements
which were used, obtaining Figure 3.1b. The line in this fizure shows a slope of
1, which corresponds with the first order scheme used in the model.

As soon as preform compaction is taken into account and hence the permeability
changes during the mould filling, this closed form solution will not give accu-
rate results. Acheson et al. (2004) suggested that for this case an "effective”



Flow Front Propagation
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Figure 3.1: Simulated flow front propagation for different numbers of elements.

permeability could be used. This effective permeability will, however, be differ-
ent for the same material being injected under different pressures and may not
be accurate in filling complex geometric parts. In order to solve this problem,
Lopatnikov et al. (2004) presented "a closed form solution to describe infusion
of resin under vacuum in deformable fibrous porous media”. They modelled the
deformable preform as a linearly elastic medium with permeability depending
ol porosity according to the Kozeny-Carman equation where the preform corm-
paction flux term is neglected. However, the results of the compression test, as
presented in Appendix A, showed that the materials used here do not. show such
a linear elastic behaviour.

3.2 Flow Front Propagation

The easiest way to validate the model was to look at the predicted progression
of the flow front during the mould filling process and verify it with experiments.
Two types of preforms were used, both supplied by Texglass:

o 10 Layers of twill-weave: This preform consisted of 10 layers of 280 gram/m*
glass twill-weave, stacked at (0/90),5. The 280 gram/m? glass twill-weave
has a fabric construction of 0.6(£0.02) warp ends/mm and 0.78(£0.02)
weft. picks/mm.

e 2 Layers of CoreTEX: The CoreTEX fabric consisted of a 280 gram/m?
olass fibre twill-weave, a 180 gram/m* polypropvlene fibre core, which
functioned as a flow enhancement layer, and a 400 gram/m? glass fibre
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3. VALIDATION OF THE MODEL

randomly chopped strand mat layer (denoted as 280TW/ 180PP/ 400C).
This preform consisted of 2 symmetrically stacked plics of this fabric where
the 400C layers were in the middle, hence (280TW/ 180PP/ 400C),.

Different types of resin and vacuum pressures were used for the different types
of preform, as shown in Table 3.1. The viscosity of the resin was measured using
a Brookfield viscometer.

Table 3.1: The resin/preform systems used and the applied vacuum pressure

10 layers Twill 2 layers CoreTEX
Used Resin Araldite LY 1564 SP NCS 236
Viscosity of Resin p (Pa - s) 0.346 0.182
Used Vacuum Pressure P (Pa) 87000 57500

The progression of the flow front for these two preform types was measured on
a turnable glass plate. On one side of the glass plate the preform, vacuum bag,
pipe work and other required materials were mounted. The other side of the
glass plate was used for measurements of the flow front position. Figure 3.2
schematically displays this experimental set-up.

The flow front positions were recorded along the centreline of the preform, while
the resin was infused over its full width (line infusion). Figure 3.3 shows a
recording during one of the experiments and the position of the flow front.

Turnabte framed

Vacuum pump

glass plate \/Z\} D
M pipe
/
Cane for
' resin inlet
—
pipe\
/\ Pressure
inlet ;
sipe inlet fapric  vacuum bag outlet _ gauge
S I
framed glass 4} Resin Trap
plate Monitoring of the flow

front (camera or visual)

Figure 3.2: Sketch of the experimental set-up.
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Flow Front Propagation
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Figure 3.3: The position of the flow front during line infusion

3.2.1 10 Layers of Twill-Weave

Firstly, the flow front propagation for a 0.2 m x 0.2 m flat plate with 10 layers of
twill-weave was simulated. For the simulation, 100 CVs were used in the length
direction. With these 10° CVs in the length direction, the numerical error for the
RTM case without preform compaction, should be approximately 1% according
to Figure 3.1b.

For the simulations, an isotropic permeability was assumed. This is a valid
assumption, especially since the preforms, used to verify the model, were much
longer than wide and a line infusion was used. As Cai (1992) already indicated,
the flow in these cases is dominated by the flow in the length direction.

Using the experimental set-up depicted in Figure 3.2, the flow front propagation
was measured during mould filling of this preform. The simulation and exper-
imental results of the flow front propagation for this preform are presented in
Figure 3.4,

The lower line shows the results if only dry preform properties were taken into
account ("Dry preform properties”). The next line (" Without flux term") shows
the simulated results where the preform compaction flux term was not taken into
account. The line of stars (*) shows the results of experiment 1 (" Experiment. 17)
aud the line of diamonds (o) shows the results of experiment 2 (" Experiment 27).
Between those lines, the solid line shows the simulated resunlts where both dry
and wet preform properties and the preform flux term were taken into account
("With flux term”) and the dashed line {"Wet preform properties”) shows the
simulated results where only wet preformn properties were used.
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Figure 3.4: Flow front propagation for 10 layers of Twill-Weave

3.2.2 2 Layers of CoreTEX

The same experiment was carried out for a 0.45 m x 0.45 m flat plate with
2 symmetrically stacked layers of CoreTEX. The process parameters are listed
in Table 3.1. For the simulation also 100 CVs along the length direction were
used. The experimental and simulated results are presented in Figure 3.5. In
this figure, the same line styles as for the 10 plies of twill-weave (Figure 3.4) are

used.
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Figure 3.5: Flow front propagation for 2 layers of CoreTEX
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Preform Thickness during Mould Filling

3.3 Preform Thickness during Mould Filling

The model was based on the assumption that the different wet and dry preform
compressibility would cause a sudden change in preform thickness at the flow
front. Therefore the model took the preform compaction flux into account. In
order to validate this assumption, the preform thickness during mould filling was
measured.

Furthermore, the thickness of the preform was a more direct way to verifv the
model. The position of the flow front depended on many factors: the viscos-
ity of the resin, the permeability, the compressibility and the vacuum pressure
level. The thickness of the preform depended only on the compressibility and
the pressure profile'. Also. when the compaction behaviour is known, the pre-
form thickness can be used to measurc the pressure distribution in the preform
indirectly.

Figure 3.6: A sketch (top) and picture (bottom) of the experimental set-up nsed
to measure the thickness of the preform during the process

The height of the top surface of the 10 layers of twill-weave was measured during

!Although a gradient in permeability influences the pressure profile, the permeability itself
does not.
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3. VALIDATION OF THE MODEL

mould-filling. A laser, mounted on a sliding rail, was used for this height mea-
suring. Since the height of the bottom (mould) surface was known, the preform
thickness could be derived from this height measurement. The laser scanned the
surface of the product along a straight line. The scanning of 0.2 m took about
0.5 s which was considered negligable compared to the process times. A graphite
spray was sprayed on the vacuum sheet to provide a diffusive reflecting surface.
Still, this surface produced significant noise in the measured signal. The sam-
ple rate was 1000 Hz allowing an averaging filter to remove this noise without
loosing too much data. The experimental set-up is depicted in Figure 3.6.

The results of the thickness measurement at two different times are presented in
Figure 3.7.
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Figure 3.7: Measuring the preform thickness during the filling of 10 plies of
twill-weave. Top: The measured and calculated thickness at t=339 s. Bottonn:
The measured and calculated thickness at t=2171 s.

The first 5 mm of the experimental results are not shown, because in this area
a flow pipe, used to allow the line infusion, lifted up the vacuum bag and gave
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Infusion of a Wind Turhine Blade

incorrect thickness results. In Figure 3.7 also the calculated thicknesses of the
preform are presented. using the simulation of Section 3.2.1.

3.4 Infusion of a Wind Turbine Blade

Finally the infusion of one side of a 2.0 metre wind turbine blade was sinulated
and tested. The CoreTEX/NCS256 preform/resin system of Table 3.1 was used,
but the infusion pressure was 80 kPa. The resin inlet was at the root of the
blade and the vacuum outlet at the tip. The flow front position was taken as
the maximum distance between the inlet and the flow front along the x-axis (as
defined in Figure 3.3).

The infusion of this wind turbine blade was simulated using a mesh with 1043
triangular CVs., The mesh was generated by PATRAN and imported into the
flow model. The calculation time of the complete mould flling was 17 minutes
on a 2.01 GHz PC with 512 MB of RAM. The simulated and experimentally
measured flow front propagations are presented in Figure 3.8.
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Figure 3.8: Top: One side of 2 wind turbine blade after infusion and the final
product after it is bonded to the other side and finished. Bottom: Simulated
and experimental results of the flow front propagation for one half of a wind
turhine blade.



CHAPTER 4

Discussion of the Physical
Approach and its Results

4.1 Discussion

4.1.1 Flow Front Propagation

Figures 3.4 and 3.5 show that if the different wet and dry preform properties are
taken into account {"With flux term” ), the stmulation results agree well with the
experiments. If only the dry (for the CoreTEX) or wet (for the Twill-Weave)
preform compaction propertics are included, the simulation results also agree
well. However, because the wet propertics give good results for one material
and dry properties for another material, the model cannot be simnplified by using
ouly one compaction behaviour.

Figures 3.4 and 3.5 show the hmportance of the fully transient process model,
without ignoring the flux term. The thickness measurements of the preform in
Figure 3.7 illustrate the reason behind this. As Andersson et al. (2003) showed,
a thickness minimum was observed instantly behind the resin flow front. From
this minimum, the preforin thickness changed quite suddeuly to the larger dry
compacted thickness and the flux term, %ﬁi, is significant. This results in a
different pressure profile, as depicted in Figure 4.1. In this figure the calculated
normalised pressure fields from the resin inlet (0% on the x-axis) up to the
flow front (100% on the x-axis) for the two types of preform are presented.
The continuous line represents the pressure profile if the flux term is taken into
account, the dotted line represents the case where this term is ignored. Acheson
et al. (2004) and Correia ¢t el. (2004) presented similar figures. Looking at the
pressure field at the flow front {100% on the x-axis) and bearing Darcy’s Law
in mind, which states that the resin speed depends on VP at the flow front, it
is easily derived that the resin speed (and hence flow front propagation speed)

Qa2
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Figure 4.1: Normalised pressure fields for RIFT with the flux term % and with-
out the fux term.

will be different for both cases. A quasi-static process, as employed previously
(Gutowski et al.. 1987, Han et al., 2000; Hammami & Gebart, 2000: Andersson
et al., 2003; Acheson et al, 2004; Correta et al., 2004), is definitely not valid if
different dry and wet preform properties are taken into account.

If the fibre compaction rates and/or resin speeds are lower, the pressure profiles
will be closer together, resulting in similar flow front speeds. In these cases, it
is valid and even advisable to ignore the flux termi. It will give siinilar results,
existing RTM software with only minor alterations can be used (Lee et al., 1994:
Andersson et al., 2003; Correia ef al., 2004) and it saves significant calculation
time.

4.1.2 Preform Thickness during Mould Filling

The measured values for the thickness of the wet region in Figure 3.7 (the left
side from the flow front) are larger than the calculated ones. The thickness
minimum behind the resin flow front is therefore less pronounced than in the
sitnulation. Possible explanations can be found in the way the compaction tests
were carried out. The single plies of the preforni could not move as freely in the
process compared as they could in the compaction tests. In the tests the single
plies were wetted out, stacked and uniformly compressed. In the mould-filling
process, the fibres in the preform were still connected to the fibres in the dry
region and hence transverse shear accompanied the compaction. In addition,
rigid plates werc used in the compression tests whereas compaction during the
RIFT process was induced by the flexible bag. Looking at Figure 2.1, only a
small area of the fibres could actually touch these rigid plates. Therefore the
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local pressure on the fibres was much higher compared to the global pressure on
the preform. In the RIFT process, the flexible bag distributes the pressure more
uniformly over the fibres, These higher local pressures could lead to a higher
global preform compaction. This does not explain why there is only a difference
in tlie wetted region between the compaction tests and the experinients. It could
be that, due to a lubrication effect, wet fibres are more sensitive to local pressures
than in a dry state. However, further research should validate this assumption.

4.1.3 Infusion of a Wind Turbine Blade

Figure 3.8 shows the results of the simulation of a wind turbine blade. Although
only 1043 CVs were used, it took relatively long to simulate the infusion of such
a simple product, even if the flux term was ignored. Some adaptions were made
to speed up the process, for example a prediction of the length of the next time
step when an element is filled. Still. this implementation is not very suitable for
optimisation purposes, where many different concepts of in and outlet positions
have to be calculated. For such a case, it is questionable whether a high accuracy
is required. Standard RTM software, with altered values for the permeability
to compensate for the preform compaction. would probably be accurate enough
and in any case much faster.

Without ancillary goods, such as flow channels and the flow enhancement layers,
the RIFT process is quite a slow process. The experiments showed that with
those flow enhancement layers, such as the CoreTEX fabric, high flow front
speeds were obtained and, even without additional resin inlets, material infusion
lengths of over 2 metres were reached. In this case, the flow was dominated by
the layer with the highest permeability and the adjacent single plies of fabric
were wetted almost instantaneously as the resin reached the underlying core.

If thicker or more plies are used, 3D flow effects will occur. The computational
technique presented by Han et al. (2000} could work with this model. Han
et al. (2000) introduced a second fluid presence function for everyv CV which
represents the flow in the flow enhancement layer {or even flow channels as used
in SCRIMP). Using this extra function, the through-the-thickness flow at every
time step can also be calculated. In these cases there will be a flow front area
where the flow enhancement layer is completely filled while the underlying woven
fibres are only partially filled. This behaviour cannot be predicted with the
fill-one-CV-at-a~-time technique, presented here. Furthermore, the compaction
behaviour in this area will have to be determined as well.

Another shortcoming of the model is, as mentioned in Section 3.2, that the
permeability of both preforms is assumed isotropic. In cascs where the perme-
ability can no longer be assumed to be isotropic, the model can be modified
to accommodate a permeability tensor. This is relatively straightforward: The
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permeability at every cell face, K ,{_c, in equation 2.8, can be calculated based on
the orientation of the face out of the permeability tensor. This tensor should be
obtained from permeability tests, as done in Appendix B, for different stacking

angles,

4.2 Conclusion

The validation showed that the presented model is able to predict the flow front
propagation and the preform thickness very well during niould-filling. The ac-
curacy of the model depends largely on the material data vsed, which is quite
time consuming to acquire. The different predictions of the flow front propa-
gation and the preform height during infusion showed the importance of taking
the different wet and dry preform properties into account. By doing so, the
preform compaction flux term becomes significant, especially at the flow front,
and the process cannot be modelled as quasi-static, as is the case in all previous
modelling attempts.

The accuracy gained by taking wet and dry preform properties into account and
modelling the process transient comes with a significant time penalty. Therefore
this model is less suited for optimisation purposes.
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Genetic Approach
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CHAPTER D

Model for Optimising RIFT

The model presented in the previous chaptors is able to predict the RIFT pro-
cess with the process parameters, such as product shape, resin inlet and outlet,
preform permeability. preform compaction, vacuuin pressure and resin viscosity
known., However, in practical design cases, the requirements of the process are
known in advance rather thau these process parameters. These requirements are
norally quite simple: The process should produce the highest guality products
at minimunt costs.

A reduction of the production costs can mainly be achieved by minimising:

e Process time:

o Amount of consumables, e.g. flow enhancement pipes and infusion mesh.

Although the final product quality and properties depend on & number of factors
such as materials used (fibres, resin and gel-coat), curing time, temperature
and mould surface, the main factors which can be influenced by the process
parameters are.

o The fibre volume fraction;

e The number of voids due to air entrapments.

In this part, a genetically based tool will be presented to optimise the control-
lable production parameters for producing the highest quality products with
minimum costs, This part is introduced by a literature overview of previous
modelling efforts to optimise the RIFT process. Most researchers focused on
optimal positions for the inlet(s) and vent(s}. The reason can be found by look-
ing at the controllable process paramecters in more detatl, Hence an in-depth
overview of these parameters will firstly be given. The literature overview fis
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followed by a section where a mesh distance-based model is developed. This
model, although not physically based. is much faster and therefore much better
suited for optimisation purposes than the model presented in Part [. This model
is coupled with a genetic algorithm, which will be presented in the final section,
forming the genetically based optimisation tool.

5.1 Process Parameters
As presented in Chapter 1, Figure 1.8, the adjustable process parameters are:

Vacuum Pressure

Resin Viscosity

Preform Properties

Inlet(s) and Vent(s) positions

Flow Enhancement Structures!

For an ideal process, some of the product and production properties require
contradictory process parameters and an optimum is not always obvious. The
influence of the different process parameters on the product and process prop-
erties and how they can be optimised will be explained in more detail:

The Vacuum Pressure influences the process time and fibre voluine fraction
in quite a straightforward manner: The lower the pressure used (more vacuum).
the higher the fibre volume and faster the resin flow will be. Therefore in most
cases maximum vacuuin pressure is used. An exception is made where resins
are used with a volatile compound, as in most polyester resins. Here a higher
pressure (less vacuum) is used (normally a minimum of 0.4 bar absolute pressure)
to make sure this compound docs not out gas during the process, causing gas
bubbles in the final product.

The Resin Viscosity has a linear relationship with the mould-filling time. As
can be derived from Darcy’s Law (Eq. 2.1): the lower the viscosity the faster the
resin will flow. Low viscosity resins are therefore favoured for liquid composite
noulding processes, making the choice of the resin quite easy. The resin should
have an acceptable price and a viscosity as low as possible, while still having
acceptable chemical and mechanical properties when cured.

! Although the flow enhancement structures and the preform properties are directly related,
they will be discussed separately.



Process Parametors

The Preform Properties, influencing the RIFT process, are the preform per-
meability and compressibility. The preform permeability has a linear relation-
ship with the mould-filling time: The lower the permeability, the slower the
resin flows. The permeability of the preform depends on the types of fibres, the
weaving, stacking or stitching pattern, but also, as shown in Appendix B. on the
fibre volume fraction. In general, a maximum fibre volume fraction is desired
since this will give the best mechanical properties for the final product with
minimum weight. A high fibre volume fraction will reduce the permeability and
hence increase processing time and cost. In the RTM process, this problem can
be overcome. Only a slight pressure (enough to keep the preform in place) is ap-
plied to the preform during infusion and hence the fibre volume fraction will be
low and the permeability and resin speed will be high. After infusion, the mould
cavity is made smaller, which increases the pressure on the preform, resulting
in a higher fibre volume fraction without slowing down tle process. In RIFT,
the infusion pressure and pressure on the preform are coupled, as presented in
Scction 2.2, Equation 2.3. Therefore an optimuin has to be found between the
fibre volume fraction and the permeability of the preform, depending on the
desired process time, final product properties and costs,

A way to largely improve the permeability of the preform is by using flow en-
hancement layers. These flow enhancement layers can be integrated into the
preform. An example of such a preformn is the CoreTEX fabric used for this
research. This textile preform consists of a thick, open structured flow enhance-
ment core which is covered by a few single plics of woven fabric.  Although
relatively easy to use, the major drawback of these preforms is that an excess
amount of resin stays in the flow enhancement core after the process. Because
this core is integrated into the preform, it caniot be removed from the product,
causing an extra weight penalty to the final product.

Another possibility to improve the permeability is the SCRINMP method. In the
1980s this mnethod was patented by Seemann (1989). It uses a rubber bag as a
flexible tool which can have an integrated mesh to distribute resin within the
tool; climinating the need for an infusion mesh or a breather cloth and redneing
the amount of conswmnables. This rubber bag should be tailor-made for the
prodnct, making it unattractive for small production numbers.

The preform compressibility influences the final product thickness and fibre vol-
ume fraction. The more the preform compresses, the higher the fibre volume
fraction and the lower the product thickness will be. The choice of the preform
and hence its compressibility properties is mainly determined by the desired me-
chanical properties of the final product. Therefore the preform compressibility
is normally not used to optimise the process itself.

The Inlet(s) and Vent(s) positions are considered the most important vari-
ables in the process design. The inlet and vent arrangement must ensurc that
the resin fills the entire preform, preventing dry spots in the final product. In
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order to reduce filling-time, it is furthermore preferred that the distance from
inlet to vent be short, The optimal position of the inlet and vent was therefore
a subject of much research (Cai, 1992; Young, 1994; Boccard et al., 1995, Luo
et al., 2001; Jiang et al., 2002; Gokce & Advani, 2004). Whereas the position of
the inlet can almost be chosen freely, the position of the vents depends on the
position of the inlet and the seometry of the product. As Jiang et al. (2002)
stated in their article, vents should be positioned at every area which, during
some stage of the filling process, does not connect (without passing a saturated
area) to a vent. In these areas the vents should be located at the position which
is filled last. An example can be seen in Figure 5.1 and will be discussed in more
detail in Section 5.4.

vent location
P

- Area 2

vent location

Area 1

Resin inlet__ %

Figure 3.1: The flow front creating two non-communicating areas,

Flow Enhancement Structures can significantly improve the flow filling-
times. As already mentioned, they can be integrated in the preform. Another
solution is to put the flow enhancement structures on top of the preform with a
peel-ply in between. This peel-ply allows the flow enhancement structures to be
"peeled-off” after infusion, solving the problem of the extra weight penalty as-
sociated with integrated structures. Two types of flow enhancement structures
were already presented in Figure 1.6: the infusion mesh and the spiral bind.
Figure 5.2 shows the tip of a wind turbine blade, after production, using these
flow enhancement structures. A peel-ply was used as well, thus the spiral bind
(flow pipe) and the infusion mesh could be peeled-off the final product, leaving
a clean product surface.

The use of the infusion mesh is straightforward: nearly the eutire top surface
of the preform can be covered. Because the flow through the infusion mesh is
much faster than in the preforin, care has to be taken that the resin gets time to
flow through the thickness. If this is not the case. the resin in the infusion mesh
can arrive at the vent prematurely, causing a dry spot under the vent location,
as demonstrated by Hsiao el al. (2004).

The great effectiveness of the spiral bind can be demonstrated by comparing its
permeability with the permeability of a preform. The effective permeability of
a pipe can be found by using the Poiseuille’s law (or the Hagen-Poiseuille law,
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Infusion mesh

Final product

Figure 5.2: A tip of a wind turbine blade after production, using flow enhance-
ment structures and a peel ply.

also named after Gotthilf Heinrich Ludwig Hagen for his experinents in 1839).
This physical law describes the flow of an incompressible uniform viscous liquid
through a narrow cylindrical tube. According to this law, the voluininal laminar
stationary flow ) through a pipe with a constant circular cross-section radius r
and a length { can be written as (Sutera & Skalak. 1993):

2 art AP

Combining this equation with Darcy’s law (Eq.2.1) gives an effective permeabil-
ity for a pipe with radius 7:

T.'
K=— 5.2

[

Consider a pipe with r = 12x107* m. It has an effective permeability of /K =
1.8x107%n% As shown in Appendix B, even preforms with an optimal flow
behaviour, like CoreTEX, only have a permeability between 0.1x107%m? and
1x107%m?. If these permeability values are compared, it is clear why flow pipes
are such an effective way of reducing the infusion time.

Although the use of flow pipes reduces the process time and hence costs, it
increases the amount and costs of consumables. Another disadvantage of using
infusion pipes is that its use is not as straightforward as e.g. the infusion mesh.
There is a great risk of creating dry spots. Figure 5.3 shows a T-shaped flow
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Figure 5.3: Two pipes causing the flow front to disconnect 3 areas.

pipe on a rectangular plate.

Since the permeability of the flow pipes is much higher than the permeability of
the surrounding preform, the resin will first fill the spiral bind. As a result, the
three areas in the figure no longer connect and air can be entrapped in one of
these areas, causing dry spots. This can be prevented by adding more vents (as
shown in the figure) or changing the positioning of the pipes. In case of Figure
5.3, 5 vents would be required in order to prevent dry spots, whereas without
the pipe and a positioning of the resin inlet in one of the corners, only one vent
would be sufficient.

Looking at the adjustable process parameters, it can be concluded that, for an
optintal process, the vacuum pressure ts chosen maximally and resin viscosity
miuimally. The preform properties will mainly depend on the desired mechanical
properties of the final product, leaving only the inlet, vent and flow pipe position
as variables to optimise.

5.2 Previous Modelling Efforts

The number of optimising tools developed for the RIFT process is significantly
lower than those for the RTM process (Hsiao et al, 2004). A fast model is
preferred over high accuracy for optimising purposes. RTM models, with an
"effective” permeability, which accounts for the change in permeability due to
compression. can therefore also be useful (Andersson et al., 2003). For this
reason, some RTM optimisation models will also be discussed.

Cai (1992) was one of the first to look at the optimal location of the inlet and
vent. He came up with some useful closed-form solutions for the wet length,
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mould filling time and pressure distribution of rectangular, trapezoidal and cir-
cular sections. These closed-form solutions were used to calculate the mould-
filling time for different scenarios of the inlet/vent positions on 2 different 2D
shapes (rectangular and trapezoidal). It was concluded that for the shortest
infusion times, inlets and gates should be arranged in such a way that shortest
paths can be achieved. Furthermore the resin flow direction should be from the
larger sides to smaller sides (e.g. with a trapezoidal shape), or from the outside
mould perimeter to the inside,

Two years later, Young {1994) published one of the first algorithms to optimise
the inlet location on any ‘2%D geometry. A previously developed non-isothermal
flow simulation program was coupled with a genetic search algorithm. Genetic
algorithms belong to a category of stochastic search techniques, where only the
fittest (best objective function) will survive during the artificial evolution pro-
cess. A detailed description will be given in Section 5.5. The genetic algorithm
gives the flow simulation software inlet positions as input variables and, depend-
ing on the results of the simulation, the algorithm optimises the inlet positions.
These optimised positious arc again given to the simulation tool uutil a near
global optimum is found. Two applications were presented: a fiat rectangular
mould, with 98 nodes aud 156 elements and a more complex automotive part
with 264 nodes and 448 clements. In the latter case, the disadvantage of using a
physically based flow model was shown: the calculation of only 600 generations
with a population size of 30 was over 75 hours. Still, it was shown that a genetice
algorithi has a better chance to locate the near global optimuin than a gradient
based search method.

Boccard et al (1995) addressed the issuc of cxcessive calenlation times wlen
numerical simulations are used to optimise the RTM process. Therefore a fast
geometrically based model was presented to determine the vent Jocation of flat
(2D) RTM moulds which may contain impermeable inserts. An isotropic preform
permeability was assumied. The geometric model used the distance from the inlet
to the perimeter of the mould (or sub-domain in case of multiple inlets). A vent
should be positioned at the distance furthest from the inlet. By assuming a
partial chaunel/partial radial flow, the mould-filling time was calculated based
on the distance the resin has to travel from the inlet to the vent. The model was
verified with 6 different mould shapes and good agreement was found between
actual and calculated fill-times (generally within 10%) in a much faster way than
with a numerical simulation. However, the major drawback of the model is that
it is limited to 2D shapes and the calculation of the distance for complex parts
is very difficult (Jiang et al., 2002).

In their article, Lin et al. {2000) evaluated the strength and weakuesses of ge-
netically and gradient based algorithms for optimising the RTM process. It was
concluded that the strength of genetic algorithms is the handling of discrete vari-
ables and discontinuous functions and that it is a global search method which is
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less likely to be trapped in a local optimum. Since the object function used by
Lin et al. (2000) was smooth, they preferred a quasi-Newtonian method because
it converged faster and hence calculation times were shorter. Like Modi €t al.
(2003) also did later, the faulty finite element model used by Young (1994) was
addressed: the model used by Young (1994) had a non-uniform element size, and
because a single node was used to model the inlet, the equivalent inlet radius
was linearly proportional to the size of the adjacent elements. Consequently, the
fill-time differed significantly if the element size was varied near the inlet. Lin
et al. (2000) presented the example of inlets of 0.04 m and 0.05 m for a 1 m
radial mould. The difference in fill-time was larger than 10%. In the optimisa-
tion algorithm uniforinly meshed geometries were therefore used with constant
element size. A flat as well as an uneven plate were optimised with areas of
different permeability and the x and y coordinates of the resin inlet were taken
as optimising parameters to optimise the fill-time. A significant improvement in
fill-time was achieved, but neither the calculation times nor the position of the
vents were mentioned.

Luo et al. (2001) used a ncural network and genetic algorithms to optimise the
inlet and vent position for the RTM process. They defined a resin flow index
which characterized the resin Aow front shape. Their objective function was
a short filling-time and a desirable resin flow pattern (small distance standard
deviation). Although they showed that their neural network process model was
much faster than a genetic algorithm, the neural network reguired a training of
simulated experimments, reducing the time advantage significantly.

Jiang ¢t al. {(2002) also used a genetic algorithm to, agein, optimisc the inlet
and vent position for the RTM process. The novel aspect of their research was
that a genetic algorithm was coupled with a mesh distance-based model, which
is a geometrically based flow model. Such a model is fast and can accommodate
any type of wesh (e.g. the mesh of a structural analysis). It is based on the
assumption that the node closest to the inlet is filled first, then the 2nd closest,
etc. A more detailed description is given in Section 5.4. The model could only
optimise 2D geometries. An exteusion to the use of Q%D geometries will be
presented in the next section. Although not mentioned explicitly in the article,
it was shown how ineffective a genetic algorithm can be. In a case where one
inlet was allowed on a model with 930 nodes, it took the algorithm 1000 trials. It
would have been even faster to try all 930 nodes successively! Due to the mesh
distance-based model, optimising times in order of minutes instead of hours,
like Young (1994), were still achieved. Unfortunately, no reference was made to
the hardware used. A decade of computer hardware development alone could
already be the reason for this improvement.

Hsiao et al. (2004) were some of the few researchers who tried to optimise the
RIFT process. RTM software and a genetic algorithm were used to find the op-
timum for the diameter of the flow runner channels and the number of layers of a
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flow distribution medium. Because these values could be zero, solutions without
these flow enhancement structures could also be found. For the flow calculation
they used the same software as Correia et al. (2004) (LIMS). The flow distribu-
tion medium and flow channels were modelled with 2D elements, which only had
an in-plane permeability. but 3D elements were used to model the preform, which
also took the through-the-thickness permcability into account. Good agreement
between simulation and experiments was achieved and the void content was re-
duced by a smart choice of the flow enhancement structures, The arrangement
of the flow distribution medium corresponded with the obvious solution, as al-
ready presented in Section 5.1: the distribution medium had to cover the entire
top surface of the preform, except close to the vent. This allowed the resin to
flow through the thickness before reaching the vent and hence preventing a dry
spot under the vent, Unfortunately only one design case, where the position
of the flow channels/pipes and flow distribution medium were fixed and deter-
miuned by the user in advance, was presented. Especially with larger and more
complex structures, the optimal position of these flow enhancement structures is
not always straightforward and should be included in the adjustable production
parameters, which have to be optimised by the routine.

Gokee & Advani (2004) focused on the optimal gate and vent location for the
RTM process. Race-tracking along the mould perimeter was taken into account
as an extra factor. Race-tracking is the phenomenon in which resin flows faster
through undesirable flow channels than in the rest of the part. These flow
channels occur due to disturbances in the preform or (most commonly) because
the preform does not fit tightly into the mould, creating flow channels at the
perimeter of the product. Race-tracking can be an issue in the RIFT process, but
undesired open channels are more likely to be closed off by the flexible bag. The
cascades optimisation method was used to find the optimal inlet/vent configu-
ration and they verified their results in a Virtual Manufacturing Environment.

Summarizing all these modelling efforts, it is obvious that most authors focussed
on optimising the inlet/vent positious for the RTM process. These algorithms
can also be used for the RIFT process, in which an optimal inlet/vent position
has importance similar to RTM. The tools based on physically based flow models
were more time consuming than geometrically based ones. Some authors tried to
reduce calculation costs by rather using other optimising algorithins than genetic
algorithms, but were then limited to continuous objective functions (Lin et al.,
2000) or had to train a neural network (Luo ef al., 2001).

Hsiao et al. (2004) showed that significant iinprovements can be made to the
RIFT process by a "smart™ choice of the flow enhancement structures besides
choosing the position of the inlet/vent correctly. Better improvements should
be possible if also the positioning of the flow enhancement structures would be
included in the optimising parameters., As already presented, the positioning of
the distribution medium is quite straightforward and does not nced to he opti-
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mised. The model presented here will therefore optimise the inlet/vent position
as well as the positioning of flow pipes.

5.3 Method of Optimisation

Based on the desired process properties {as process costs and time) the inlet/vent
and flow pipe arrangement have to be optimised. As already presented in Section
1.3, the optimum process properties need to be determined by the user, e.g.
should the process be fast or have low-cost. etc.

A newly developed mesh distance-based model is used here to simulate the pro-
cess, based on a given inlet/vent and flow pipe arrangement. This mesh distance-
based model is much faster and hence better suited for optimising purposes, It
is similar to the model developed by Jiang ef al. (2002) and will be explained in
the next section (5.4). The output parameters of the mesh distance-based model
arc:

e r: The fill-distance;
® Nyonrs: The mimber of the vents;

® Nopes The length of the flow pipe, represented by the number of nodes
on the pipe {pipe nodes).

These output parameters are coupled to the process properties, such as process
costs and process time, using weighting functions. With the weighting factors,
the output parameters are fitted into an objective function. For the optimisation
of this objective function, a genetic algorithm (GA) will be used. since the design
space is nou-uniform and discrete. Young (1994) and Lin et al. (2000) showed
that although other algorithms can be faster, GAs are stable and able to find
the global optimum.

In genetics, the objective function is called the fitness function. Young {1994);
Jiang et al. (2002) and also Gokce & Advant (2004) came up with similar objec-
tive or fitness functions to fit the output parameters into a fitness value F.

Generally. the fitness function has the following structure:

a\f“ nts — 1 —'\'r HIH S
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where
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Y w=1 (5.4)

In Eq. 5.3, w represents the weight functions with w,, ., for the number of vents,
Wyistance fOr the fill-distance and wp;p.s for the number of pipe nodes respectively.
Npodes 18 the number of nodes in the model and hence the maximum number
of pipe nodes and vents. The last parameter, r,,.., is the maximum calculated
distance (by the mesh distance-based model) between any two nodes in the
model. The optimum of the fitness function is 1. This represents the case where
there is only one vent, no pipe is being used and the fill-distance is 0.

The values for the weight functions are chosen according to the objective of the
optimisation and the desired optimum process properties. If a short fill-time
and hence fill-distance is important, the weight function w\y; ane. Will be larger
than in the case where the number of vents have to be reduced or the costs of
consumables has to be reduced. In the next chapter, different fitness functions
will be used for the different design cases which have different objectives, but
firstly tlie developed mesh distance-based model and the genetic algorithm will
be presented.

5.4 Mesh Distance-Based Model

The mesh distance-based model is based on the assumption that the resin first
fills the nodes which are closest to the inlet(s), then the next closest, etc. Al-
though locally true, Cai (1992) already showed that this assumption is not glob-
ally true for the RIFT or RTM process. If different types of flow exist (radial
or linear/channel), it is possible that a node further away from the inlet is filled
earlier than a closer one. Still it is valid to make this assuinption when the
objective of the optimisation is only to minimise the distance between inlet and
vent with the minimum number of flow pipes (and an accurate estimation of the
fill-time is of second order importance) (Jiang et al., 2002).

The distance between the inlet and a certain vent is defined here as the fill-
distance for that vent and the minimum distance between the inlet and a certain
node is defined as the fill-distance for that node. The process of calculating the
fill-distances for all nodes is presented in Table 3.1 and depicted in Figure 5.4.
On 2D parts, the direct distance, as depicted in Figure 5.4, could be used, as
Jiang et al. (2002) did, but it will restrict the model to the use of geometrically
described surfaces. For parts where only a Q%D unstructured mesh is given, this
direct distance cannot be used.

Before the fill-distance for every node can be calculated, it should be known
which nodes are the flow pipe nodes. The definition of the flow pipe nodes will
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be discussed in the next paragraph.

Table 5.1: Method to calculate the fill-distances

Step | Procedure

Initiation

1 | The neighbour nodes of the inlet(s) are identified as flow front nodes
and the inlet nodes are defined as distance known nodes with distance
0.

Calculation

2 The distance of the flow front nodes to the distance-known-nodes is
calculated. In case of a triangular mesh, as used in this research, the
distance between two neighbouring nodes equals the edge length of
the element they both belong to.

3 | The minimum of the calculated distances for every flow front node is
taken as the distance from this node to the inlet.

4 The distance of the flow front nodes is now known and therefore
these nodes are defined as distance known nodes. Their neighbours
are defined as flow front nodes.

Termination

5 With this new set of flow front nodes the calculation continues with
step 2 until the distances of all nodes in the model are known.
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Figure 5.4: Calculation of the distance from the start node.

5.4.1 Definition of the Flow Pipes

The flow pipes can be defined in various ways. As Lin e¢ al. (2000) indicated, for
an accurate flow simulation the pipe should be modelled using more than one
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node over its width. In most cases this would require a re-meshing of the product
if different scenarios of flow pipe positioning are simulated, causing a significant
time penalty. Because the mesh distance-based model is purely geometrically
based, a single node can be used to represent the width of the pipe, without
causing singularities.

The most straightforward way to define the pipe would be to define a chain of
connecting nodes, whicli represents the shape of the pipe most accurately. In the
case of Figure 5.5a, the definition would start with node 1, end with node 4 and
include all the marked nodes in between. The disadvantage of this definition is
that the number of possibilities is enormous should the optimal pipe position be
unknown. In a simple model with 100 nodes where all nodes can be part of the
pipe, there are 1.2E430 possibilities for the positioning of the pipe, making it
almost impossible to find an optimum.

Here another approach is used: the pipe is defined by its starting node and end
node. The pipe itself lies on a geodesic path between the starting and end nodes
along the element edges. This reduces the solution space significantly. For the
same 100 node model, where the optimum starting and end node of the pipe
have to be found, there will "only”™ be 10.000 possible solutions for such a pipe.
This approach reduces the flexibility of the flow pipe: the flow pipe follows a
geodesic path along the element edges, whereas with the other approach they
can follow any path. If, in practice, more flexible pipes are desired, one or more
extra points on the pipe can be defined, like in Figure 5.5b, giving this approach
much miore flexibility.
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(a) To node 4 (b) To node 4 via node 135

Figure 5.5: Geodesic paths along the element edges of a pipe starting in node 1.

The geodesic path between two points on a surface is defined as the shortest
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path on the surface between these points. Since the flow pipe has to follow
the element edges, the geodesic path of the flow pipe is defined as the shortest
path between its starting and end points along the element edges. An example
is depicted in Figure 5.5. The actual path of the flow pipe is longer than the
geodesic path between the starting and end point: Assume the width and length
of the square in Figure 5.5 are both one metre, then the geodesic path has a
length of 1.4142 m whereas the flow pipe along the element edges has a length
of 1.5026 m.

The path of the flow pipe is easily found with the routine described in Table
5.1. The starting node of the flow pipe is defined as the inlet. For every node
the shortest distance to the inlet 1s stored but also a ”"bread-crumb™ containing
the neighbouring node ID from where it gets its shortest distance. For example,
assuming that the starting node in Figure 5.4b is the beginning of a flow pipe,
then for Node 2, its shortest distance to the starting node is being stored, but
also the bread-crumb where it gets its distance from: in this case Node 1.

At the end of the calculation routine of Table 5.1, this trail of bread-crumbs is
traced back. starting at the end node and ending at the beginning of the pipe.
This gives the shortest distance from the end node to the starting node, but also
gives the inter-lying nodes on the pipe. These nodes, including the begin and
end nodes, are defined as pipe nodes and define the path of the pipe along the
clement edges, as shown in Figure 5.3. For example, assuming again, that the
starting node in Figure 5.4b is the beginning of a flow pipe and Node 2 is the
end node of the flow pipe, then the trail of bread-crumbs will go from Node 2 to
Node 1 and end at the starting node.

As already mentioned, extra flexibility is obtained by defining extra points /
nodes on the pipe. This Is especially necessary when modelling curved surfaces,
for example spheres. The geodesic path on a curved surface is not always obvious
or desired. An example is shown in Figure 5.6.

(a) To node 2 (b) To node 2 via node 3

Figure 5.6: Geodesic paths on a half sphere starting at node 1.

Assume that the pipe should go from node 1 to node 2 over the top of the sphere.

54



Mesh Distance-Based Model

This is a direct path, but not the geodesic path between nodes 1 and 2. If only
2 nodes are defined, the model takes one of the 2 geodesic paths, as can be seen
in Figure 5.6a. For this desired path a third point, on top of the sphere, has to
be defined, as shown in Figure 5.6b.

As soon as all the pipe nodes are known, the fll-distance for every node is
calculated, again by using the routine presented in Table 5.1. Because the per-
meability of a pipe is much higher than the permeability of a fibrous preform
(as shown in Section 5.1), it is assumed that as soon as the process starts, all
pipes are filled before any part of the preform wets out.

Figure 5.7 shows a practical example of the infusion of a 20 foot boat hull.
All the pipes are already filled and the amount of wet preform can be ignored.
Thercfore the distance between the pipe node is divided by a large number {(here
1000). making sure the pipe nodes are filled before any other node.

Figure 5.7: Infusion of a 20 foot boat hull.

5.4.2 Determination of the Vents

Based on the fill-distance of every node, the position of the vents is determined.
Vents should be placed in such a way that all the air can evacuate during the
process and 1o air gets trapped in a region. This is ensured when the vents are
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positioned at the points which are filled last, while all their neighbouring nodes
are already filled.

Boccard et al. (1995) as well as Jiang et al. {2002) used this definition for their
geometrical models and placed the vents at the maximum distance in a region
from the ilet. Jiang et aol. (2002) also searched for these regious by checking,
during the filling process, whether all areas were still connected. As soon as
certain unsaturated areas were disconnected by the resin (as depicted in Figure
5.1 and 3.3), these areas were defined as groups where a vent should be placed.
These groups are concatenated (all nodes in the group neighbour to one or more
other nodes in the group) but cannot be connected with the other groups without.
passing the resin. The area of the groups was also calculated. The node with
the maximum distance in every group was then defined as the vent position for
that group.

From the article of Jiang et al. {2002} the reason for defining these groups and
their areas remains unclear. A possible explanation is that it can function as
an extra parameter of the objective function for the optimising routine. Their
main objective was to reduce the number of vents. The area of the groups was
a more continuous function than the function of the number of vents, which was
discrete. Optimising continuous functions is much easier than optimising discrete
ones (Lin et al., 2000). Better convergence could be achieved if the area of one
group is minimised instead of merely looking at the number of vents. However,
the definition of the groups comes with a serious calculation time penalty because
an extra calculation loop is required. As will be indicated in the next chapter.
good convergence is also achieved without this extra calculation loop and time
penalty.

The method to determine the vent positions developed and used here is simple
and straightforward: the vents should be positioned at the nodes which have
a larger fill-distance than all their neighbouring nodes (local maxima). This
reduces the determination of the vent to a simple matrix operation, reducing
calculation costs significantly.

As soon as all pipe defining nodes and inlets are known, the maximum fill-
distance and the number of vents for the model is calculated, using the method
described in Table 5.1. With these parameters and the fitness function, the
fitness value for this pipe arrangement is calculated. As already explained in
Section 5.3 a genetic algorithm is used for the maximisation of the fitness func-
tion, which is explained in the next section.
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5.5 Genetic Algorithm

The mesh distance-based model calculates the infusion length (fill-distance) and
the positions and number of vents as a function of the inlet and pipe positions.
Using the weighting functions, these output parameters are fitted into an ob-
jective function. In this section, the optimisation of this objective function is
prescuted.

Generally, traditional algorithms for function optimisation are limited to convex
regular functions. They use characteristics, such as gradients, linearity and
continuity of the problem to determine the next sample point. However, many
functions are multi-modal, discontinuous and non-differentiable, like the one in
this study. For this kind of design space, stochastic sampling methods can be
used: the next sample point is determined, based on stochastic sampling/decision
rules rather than on a set of deterministic decision rules (Houck et al., 1993).
Genetic Algorithms (GAs) beloug to this group of stochastic methods.

The basic principles of GAs were proposed by Holland (1975). It ix based on
the mechanism of natural selection and natural genetics for which the English
philosopher, Herbert Spencer coined the phrase "Survival of the fittest” (Man
el al., 1999). The combination of design parameters is represented by a single
bit string analogue to the genes of a chromosome. Several of these bit strings,
generated by the different combinations of design parameters, forin a population.

The degree of *goodness”, or how well the chromosome fits into the environment,
is represented by a fitness value, which is calculated using a fitness function, as
already presented in Section 5.3. Throughout a genetic evolution, the fitter
chromosome has a tendency to yield better quality offspring, meaning a better
solution to the problem. Hence, through natural selection and reproduction, the
population improves and only those who fit in the environment best (highest
fitness value) will survive and represent the optimal solution (Young, 1994; Man
et al., 1999).

The main strength of GAs is that they arc robust, can dcal with a wide rauge of
problem types and generally produce global optimal solutions in a large search
space. As Goldberg (1939) stated: the reason GA's are still robust in a mnulti-
niodal, discontinuous and non-differentiable design space is that they differ in
four ways fromn normal optimisation:

1. GAs work with a coding of the parameter sct, not the parameters them-
selves,
2. GAs search from a population of points, not a single point.

3. GAs use objective function (fitness-function) information, not derivatives
or other auxiliary knowledge.
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4. GAs use probabilistic transition rules, not deterministic rules.

Therefore, as shown at the beginning of this chapter, most researchers used GAs
to optimise the mould-filling process (Young, 1994; Lin ef al., 2000; Luo ¢t al.,
2001; Jiang et al., 2002; Hsiao et al., 2004). Other methods, such as cascaded
optimisation (Gokce & Advani, 2004) or the quasi-Newtonian method presented
by Lin et al. (2000), can obtain faster results, but because of its stability and
other advantages, a GA is also used here. Furthermore, the proposed model is
much faster than conventional flow models, allowing large numbers of iterations
in a relatively short period of time.

The different steps Initiation, Selection, Reproduction and Termination
of the GA developed here will be discussed in more detail in the subsequent
sections.

5.5.1 Initiation

The algorithm starts with the initiation of a random population. Traditionally,
binary digits are being used to represent the design parameters, e.g. a pipe at
node position 10 could be represented with the binary digits 00001011. Real or
intcger values can also be used, allowing a wider range of operators. Goldberg
(1989) recommended “the principle of meaningful building blocks”. For this
optimisation problem, an integer representation of the pipe positions is more
meaningful and therefore used. The number of the node has no physical re-
lationship with its position: Similar numbers do not have to be close to one
another.

The definition of the individuals depends on the number of pipes to be allowed
in the process and how the pipes should be defined. If only one pipe is allowed,
its definition is straightforward and defined by its start and end points. For
example: if the pipe starts at the node with the node ID mumber 15 and ends
with node ID number 12, the individual representing this pipe will be defined
with the "chromosome™ [15 12].

In case more pipes are allowed, the individuals describing these pipes can be
defined in numerous ways. Table 5.2 shows a few examples in case two pipes are
present. In case the pipes do not have to connect, they both have to be defined
by their Beginning node ID (BID) and End node ID (EID). In case the pipes are
connected at their end points, only the beginning of the first pipe and the end
of the first and the second pipe have to be defined, because the end of the first
pipe is the same as the beginning of the second pipe. The last case of Table 5.2,
which will also be used here, is wlen the second pipe connects to any position
on the first pipe. The beginning of the second pipe is not defined by a node ID,
but by a length percentage of the first pipe (B%). The node on the first pipe,
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which is closest to this length percentage of the first pipe, is chosen as a begin
node of the second pipe.

Table 5.2: Three examples of the definition of the individuals for two pipes

No Connection Pipes connect by Ends | Second connects to First
BID EID BID EID |BID EID/BID EID | BID EID B% EID
5 12 24 14) | 15 12 4] | 15 12 90% 14)

5.5.2 Selection

Once the population has been defined, a selection is made of which individuals
will produce offspring. One of the most common proportionate selection tech-
niques, and also the technique used here, is the Roulette Wheel Selection scheme
(Man et al., 1999).

In this scheme, the fitness of all the individuals in the population is added up.
giving the total fitness. A random number is generated between 0 and the
total fitness. The individual whose fitness, added to the fitness of the preceding
individuals, is equal or larger than the random number, is selected as a parent.
In Figure 5.8 the circumference of the circle is the total fitness of the population
with 5 mdividuals.

Figure 5.8: Roulette wheel selection.

The size of the interval of each individual 7 in the pie chart represents its fitness
F. In this figure, individual 1 is the fittest and occupies the largest interval and
therefore has the highest probability to be chosen. More general: the probability,
P, that individual 4, with fitness F; is chosen out of a population with PopSize
individuals is:

F;
ZPOI’SIA.’L }?_;

je=l

P = (5.5)
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This shows that the use of roulette wheel selection limits the GA to maximisation
since the evaluation function must map the solutions to a fully ordered set of
real positive values (R1). Other methods, such as ranking methods, allow min-
imisation and negativity (Houck ef al., 1998). In this case the fitness-evaluation
function can be declared in such a way that the GA only has to maximise the
fitness function, overcoming this limitation of the roulette wheel selection.

5.5.3 Reproduction

The generation of offspring is controlled by two fundamental operators: Cross-
over and Mutation. One-point cross-over (also called simple cross-over) is de-
picted in Figure 5.9, With a probability P, ._over, an arbitrary cross-over point
is chosen and the portions of the two individuals behind that point are cut off
and exchanged to form the new offspring.

Parents Offspring
[15 12 24 1] [15 12 79 1]
. e
L 6 | 79 1 24 a 24 1]

crossover point

Figure 5.9: Example of one-point cross-over.

Multi-point cross-over can be introduced to allow more sections of the parents
to exchange. Here the length of the chromosome for each individual is limited
(the maximum is the number of pipes times two), making multi-point cross-over
less useful (Man ef al., 1999).

The use of real values, to represent the design parameters, allows more operators,
such as (Beasley et al., 1993):
o Average: take the arithmetic average of the two parent genes.
o Geometric mean: take the square-root of the product of the two parents
e Extension: take the difference between the two values, and add it to the

higher, or subtract it from the lower.

As already mentioned, the node IDs in the model only depend on the way the
mesh was generated and do not have a physical meaning or relationship with its
position. An example are the meshes generated hy the PDE-Toolbox of NMatlab:
The first node [Ds are positioned at the corners of the meshed geometry. Any
kind of averaging or extending makes no physical sense and is similar to a random
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mutation or creation of the offspring. These types of operators were therefore
not used.

After cross-over the offspring is exposed to mutation. A similarity can be found
in natural genetics: a spontancous change in the DNA scquence can be cansed
by deamination of certain bases, hydrolysis of base-sugar, radiation damage and
oxidative damage (Man et al., 1999, 6). In a GA, mutation is applied to each
offspring individually and randomly with a small probability P,..igion. This
principle of mutation is depicted in Figure 5.10.

Old individuai New individual
[15 12 24 o > s 23 24 1]

mutation point

Figure 5.10: Example of one-bit random mutation.

Beasley et al. (1993) also present two extra mutation operators for real value
representation:

¢ Creep: add or subtract a small, randomly generated amount.

e Geometric creep: multiply by a random amount close to one.

For the samc reason the extra cross-over operators were not uscd, these extra
mutation operators were also not used.

The probability of cross-over (Pr e over) anid mutation { Py, urarion) are normally
fixed values. The problem with fixed values is that after the population evolves,
it becomes quite homogeneous and offspring produced by cross-over become
clones instead of new samples. Booker {1987) presented a vartable cross-over
rate, depending on the spread of fitness. When the population converges, the
cross-over rate is reduced to give more opportunity for mutation to find new
variations. De Jong & Spears (1990) showed that having such an “adaptive”
cross-over operator enhances long-term performance significantly. In our case,
the mutation rate was set to 0.2 and the cross-over rate varied linearly from 1
to 0.3, depending on the spread of the population.

Due to cross-over and mutation, it is possible that the best individual is not
conserved. Many researchers reinscrt the best parent(s) after mutation to ensure
that the best solution is conserved. An example is given by Man ef al. (1999, 19)
where the best half of the parent population and the best half of the offspring
population are combined to form the new population. The disadvantage of
this method is that it gives less possibilities for the algorithm to find better
solutions different from the known solutions, since they have a higher probability
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of selection. Another solution, the method used here, is to reinsert the best
individual after n-steps. If after n-steps no individual had a better fitness than
the best individual, this best individual is inserted in the algorithm again.

5.5.4 Termination

The termination of the GA is controlled by the convergence and a maximum
number of iteration steps. The solution is considered to be converged, if the
fitness of the best individual in the population did not improve during the last
m itceration steps, where m has to be determined for every case. To prevent
excessive calculation times when the solution does not converge, a maximuni
nuniber of iteration steps is set as a safety limit. If this maximum number of
steps is reached, the iteration cycle is ended, but it is less likely that the optimum
solution is found.

5.5.5 Implementation

The combination of the mesh distance-based model and the Genetic Algorithm
forms the model for optimising the RIFT process. The mesh distance-based
model and the GA were implemented in the MATLAB programming environ-
ment. The structure of the model for optimising RIFT is schematically repre-
sented in Figure 5.11.

| Initiate Population |

Run mesh distance-base
model for every individual

Establish fitness-factor for
every individual

no
Select individuals to form
offspring

Plot best
individual(s)

[ Crossover |

v
| Mutation —

Figure 5.11: Diagram of the Model for Optimising RIFT.




CHAPTER 6

Simulations and Results

The mesh distance-based model together with the genetic algorithm were, like
the physically based flow model of Part I, also implemented in the MATLAB
programming environment, forming a genetically based optimisation tool for the
RIFT process. The two components of this tool, namely the mesh distance-based
imode] and the genetic algorithun, were validated successively. The results of the
verification will therefore also be presented successively.

The mesh distance-based model is solely geometrically based and the following
aspects were therefore compared with known geometric formulas:
e Calculated Distance: The distances calculated by the model were com-
pared with known geometric distances.

e Position of the Vents: The predicted positions of the vents were vali-
dated with cases known from literature.

Having verified the mesh distance-based model, the effectiveness of the genetic
algorithm and the influence of different fitness functions were analysed with
a number of design cases. Finally the results of one of the design cases was
compared with the results of the physically based model of Part 1.

The results of all the verifications, presented in this chapter, will be discussed
in Chapter 7.

6.1 Calculated Distance

The model uses the method depicted in Figure 5.4 to calculate the distances
between the nodes. Significant errors can occur between this calculated distance
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Figure 6.1: Distances from the top to any node on a sphere and the distances

from the bottom left corner to any node on a U-shaped plate and the error
between the two approaches.
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and the geometrical, direct distance. The direct distance from the starting node
to node 2 in Figure 5.4 differs quite considerably fromn the calculated distance via
the interlying node 1. As already presented in Section 5.4, the divect distance
could be used in case the surfaces of the product are geometrically described.
The model, developed here, has to handle any Z%D unstructured mesh and hence
the direct distance cannot be used.

The exror between the geometrical, direct distance and the mesh-based distance
for respectively a sphere and an U-shaped plate is presented in Figure 6.1. The
intensity of the grey scale represents the fill-distance in metres or the error in
percentage. The figure shows that especially close to the inlet, the relative error
is quite large (up to 25%) and that the relative error between the geometrical
distance and the mesh-based distance for a certain node decreases if the munber
of nodes between the inlet and that node increases. The relative error near the
inlet on the U-shaped plate is approximately 10%, whereas the relative error on
the point furthest away from the inlet is more or less 3%.

6.2 Position of the Vents

The method to determine the location of the vents, presented in Scction 5.4.2,
was verified using the results of Boccard et al. (1995) and Jiang et al. (2002).
They extensively verified their method to determine vent locations with a number
of design cases. In these design cases, the user determined the shape of the (2D)
products and the position of the inlet(s). The models of Boccard ef al. (1995)
and Jiang et al. (2002) had to find the desired location of the vents for these
design cases in order to prevent dry spots. The forccasted vent locations were
validated with the practical experiments of Boccard el al. (1995) and showed
good agreemcnt.

The same design cases of Boccard et al. (1995) and Jiang et al. (2002) were used
lere to verify the method to deterinine the vent locations of Section 5.4.2. The
most critical cases, where multiple flow fronts and inserts in the product exist,
are depicted in Figure 6.2.

The fringes in the figure represent the fill-distances from the inlet(s). The loca-
tion of the vents were determined by the mesh distance-based model of Section
5.4. The positions and the number of vents all agree very well {100%) with the
results from Boccard ef al. (1995) and Jiang et al. (2002).
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Figure 6.2: Vent {®) and inlet () positions for different shapes.

6.3 Design Cases and Model Settings

The effectiveness of the genetic algorithm was validated with a number of design
cases. The optimisation tool had to find the optimal pipe and vent location in
order to minimise the maximum fill-distance. The model was allowed to locate
the pipe{s) and vent(s) anywhere on the product. The begin node of the first
flow pipe was considered to be the resin inlet. The pipe and vent arrangement
was optimised for the following products:

o A flat rectangular plate;
e A flat T-shaped plate;
o A glider seat,
The flat plates were used to examine the influence of different fitness-functions.

Furthermore, the optimal solutions for these plates were easier to recognize, since
they are 2D products.

The glider seat is a 3D complex part and was used to validate how the opti-
misation tool handles these kinds of shapes, Different numbers of flow pipes
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were allowed on the product to show the influence on the optimal solution. The
final solution of the genetically based optimisation tool was verified with the
physically based model of Part 1.

For all design casecs, the following model settings. as described in Section 5.5,
were chosen:

¢ Population size: was set at 20. This number was based on the rec-
ommendations of De Jong & Spears (1990) as well as Man et al. (1999,
10).

e Probability of Mutation: was set at 0.2, as also reccommended by De
Jong & Spears {1990).

e Probability of Cross-over: was varied linearly between 1 and 0.3, de-
pending on the spread of the population.

* Reinsertion rate: the best individual was reinserted after every 20 gen-
erations, unless a better individual had been found in the meantime.

e Convergence: if the fitness did not improve during the last 200 steps, the
solution was considered to be couverged. This was based on experience:
The solution of the cases used here did not improve further if more than
170 generations were calculated since the last best solution.

e Maximum number of iteration steps: was set at 1000. This number
was never reached for the results presented in the following sections.

Finally the fitness function was defined. The function used here gives the fitness,
I, as a function of the fill-distance, r, and the maximum distance in the model,

Trmar.
T

F=(1-

)/P!fcrzts (bl)

"LI'TIQI
The variable P,,. works as a penalty in case an individual has more vents,
Nicntsy than the maximum allowable number of vents, N,, and was defined as:

N — Ny + 1 ‘
Px'e,n.ta' — max{ renls 11 a t } (()2)

6.4 Rectangular Plate

The first design case was a rectangular, flat plate with dimensions 0.6 x 1.0 m,
meshed with 1581 nodes and 3000 first-order triangular elements.
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Four scenarios were simulated. For the first three scenarios, the objective of the
optimisation was to minimise the maximum fill-distance. For the last scenario,
the number of consumables had to be minimised as well.

6.4.1 Scenario 1

For the first scenario, the optimisation tool had to find the minimum fill-distance
(thus maximising the fitness function F of Eq.6.1) using one pipe only. The pipe
was defined by only its Begin- and End node ID-number, or as defined in Table
5.2: [BID EIDj. One vent was allowed and hence in Eq. 6.1, N,=1.

Convergence was reached after 17 minutes on a 2.01 GHz PC with 512 MDB of
RAM. The best solution, after convergence was reached, is presented in Figure
6.3. In this figure, and also in the following figures, oo are pipe nodes, ® marks
the position of a vent and & is the beginning of the flow pipe and also the inlet.
The intensity of the grey scale represents the fill-distance in metres.

The solution presented in Figure 6.3a confirins the obvious result and corre-
sponds with the design rules of Cai (1992). Figure 6.3b shows the maximum,
minimum and average fitness of the population during the optimisation cyvcles.
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{a) Best solution {b) Development of the population

Figure 6.3: Optimising the fill-distance if 1 vent and 1 pipe are allowed.

After approximately 120 generations (117 to be exact), the optimal solution
was found. Every generation cousisted of 20 individuals, thus 2340 individuals
(or iteration steps) were calculated to obtain the optimal solution. With 1581
nodes in the model, there were 1249780 possibilities to position this pipe. This
shows that the genetic algorithm is over 500 times more effective than tryving all
possibilities successively. However, as shown in Figure 6.3b, after the optimal
solution was found, the algorithm calculated another 200 generations to ensure
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convergence, and the solution obtained was the optimal solution. This resulted
in a total of 318 generations (6360 individuals), which is still almost 200 times
less than the total number of possibilities.

6.4.2 Scenario 2

The objective of the second scenario was the same as the first, and again only
one pipe and vent were allowed. However, the pipe was defined using an extra
central point, making the definition of this pipe according to Table 5.2: [BID
FID/BID EID]. In this case, there were approximately 4x10” possibilitics for the
positioning this pipe.

The best solution after convergence is depicted in Figure 6.4.
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{a) Best solution {b) Development of the population

Figure 6.4: Optimising the fill-distance if 1 vent and 1 pipe with a central point
are allowed.

The solution shown in Figure 6.4 has the same fitness as the solution of scenario
2. One would probably expect that the pipe would go all the way up to the
upper right corner. However, this would not reduce the maximum fill-distance,
since 0.6 m will still be the maximum distance {rom any pipe. More interesting is
the development of the population: the algorithm needed more or less the same
number of individuals to come to convergence conipared to the first scenario, al-
though the number of possible solutions was much larger. The genetic algorithm
became more effective as the number of design parameters increased. Of course
the figure only shows one case. Therefore the first scenario was simulated 30
times, as well as the second scenario. On average, the first scenario converged
after 326 generations and the second after 353 generations.
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6.4.3 Scenario 3

The objective of the third scenario was, like the other scenarios, to minimise the
maximum fill-distance. However, a total of 3 pipes and 2 vents were allowed
on the product. The first pipe was defined by an extra central point and two
other pipes had to connect to this main pipe. The definition, according to Table
5.2, for these pipes is: [BID EID/BID EID B% EID B% EID]. The same fitness
function was used, but in order to allow 2 vents on the product N, = 2.

The results alter convergence are presented in Figure 6.5. Also here the algorithm
did not need significantly more calculation time than with the first scenario.

o
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Figure 6.5: Optimising the fill-distance if 2 vents and 3 pipes are allowed.

The result of this scenario also confirmed the obvious solution, but also gave rise
to the question: Is this the optimal solution with the minimum number of pipe
nodes required? It can be expected that, for example, the middle pipe could
be shorter without reducing the maximum fill-distance of 0.14 m. Therefore the
amount of consumables was minimised as well as in the fourth and final scenario.

6.4.4 Scenario 4

The objective of the fourth scenario was to minimise both the fill-distance and
the flow pipe length. The same boundary conditions (number of pipes and vents)
applied as for scenario 3. By reducing the pipe length, the amount and cost of
consumables as well as the amount of resin needed to fill the product will be
reduced. If, for exaniple, a spiral bind with a diameter of 12 nmn is used, every
meter of this flow pipe will consume an extra 112 m/ of resin.
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In case a reduction of consumables and costs is desired, the genetic algorithm
can easily be adjusted to minimise the flow pipe length, simply by modifying
the fitness function. The total length of the flow pipes could be calculated by
adding up the lengths of the edges of the elements between the pipe nodes. It is
much faster to look at the number of pipe nodes, Nyp.s, which also gives a fair
indication of the total pipe length, provided the lengths of the element edges are
more or less uniform. The following fitness function was therefore used to also
minimise the pipe length:

Nylad Vo
o Wtistance - (1~ 25) + Wpipes - (1 — FE0)' (6.3)

Pl!t.'nts A Pdiei!unr:c
In this fitness function, N, .q4.s is the total number of nodes in the model. Because
the total number of nodes in the model is usually much larger than the number
of pipe nodes, Npipes, the term Nppes/ Nnodes 18 10t vory sensitive to a change
in thie number of pipe nodes. A 4th power was therefore applied to the pipe
evaluation. Hsiao et al. (2004) also used this 4th power to distinguish the good
results from a batch of results more clearly.

The factors Wyistene. and wpips are the weighting factors for the evaluation of
the fill-distance and the number of pipe nodes respectively. These weighting
factors have a huge influence on the final solution: If wWgistance=1 and wpipes=0,
the solution will be as depicted in Figure 6.5a. If wdisancee=0 and wpips=1,
the optimal solution will be that no pipes are placed on the product. Here,
Wyistance 80d Wy, Were set at 0.1 and 0.9 respectively in order to emphasise the
optimisation of the flow pipe length. Still, it had to be ensured that the total
fill-distance is not larger than the allowable fill-distance, which was arbitrarily
set at 0.2 m. For this reason, an extra penalty function, Pgiane., Was introduced,
which reduced the fitness if the fill-distance is larger than 0.2 m:

10,z > 0.2 .
Pdisfam:(‘ - { 11 S 0.2 (b"l)

The result with the highest fitness factor after convergence is depicted in Figure
6.6. All three horizontal pipes were shorter and the length of the flow pipes was
reduced by 0.34 m compared to the previous case. The maximum fill-distance
was 0.2 m, as could be expected due to the penalty function.
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Figure 6.6: Optimising the fill-distance and the amount of consumables if 2 vents
and 3 pipes are allowed,

6.5 T-Shaped Plate

The optimal positioning of the flow pipes on the rectangular plate was quite
straightforward. Therefore the pipe positioning on a 1 x 1 m T-shaped plate
was also optimised. The objective was the same as for the rectangular plate:
minimising the maximum fill-distance. One main pipe and onc pipe attached
to this main pipe were allowed on the plate, so the definition of the pipes was:
[BID EID B% EID]. The amount of consumables was kept free, so Eq. 6.1 was
used to calculate the fitness for every individual.

6.5.1 Scenario 1

In the first scenario, the number of vents was kept free as well, so N, = oc. For
this case, the best and second best solution after convergence are presented in
Figure 6.7

The number of vents in Figure 6.7, especially for the best solution, was quite
large. In a production enviroument this is undesirable, especially if the vents
are located on the product and on the perimeter. Thercfore a second scenario
was simulated.

72



T-Shaped Plate

At 2 Finesy O 7!?_:1!
v ¥ 5

E 04|
-

L]
L]
L]
L]
L]
-
L]
L]
-
L]
L
L]
L]

T EE TR 0.3
TEREEEE L L

(a) best solution (b) second best solution

Figure 6.7: Fill-distance of the two best solutions for a T-shaped plate if the
number of vents may be infinite.

6.5.2 Scenario 2

In this scenario, the allowable number of vents was set at 1 (N, = 1) and the
objective was still to minimise the maximum fill-distance. The best and second
best solution after convergence for this scenario are presented in Figure 6.8. No
optimal solution was found with only one vent. Interestingly, the second best
solution even had 3 vents, but because the fill-distance was significantly smaller
than that of the best solution, it still had a comparable value for the fitness.
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{a) best solution (b} second best sclution

Figure 6.8: Fill-distance of the two best solutions for a T-shaped plate if the
number of vents should be one.
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6.6 Glider Seat

The following design case was a pilot seat for a glider. Where the previous design
cases were only 2D, this product was 3D and had a more complex shape. The
seat is basically a bath-tub shape with a back rest and armrests on either side.
On the other side of the back rest there are two leg rests with a gap in between
for the control stick. The arm rests are on different levels, thus the product is
not symmetrical. The CAD model is depicted in Figure 6.9a. This CAD model
was meshed with MSC-Patran using 1463 first-order triangular elements and 807
nodes. The meshed FEM model is presented in Figure 6.9h.

(a) CAD (b) FEM

Figure 6.9: The CAD and FEM model of the glider seat

The seat consists of a combination of carbon-and-Kevlar fibre and production
numbers are ouly a few per year. Since the permeability of this carbon/Kevlar
combination is quite low, infusion times and thus the maximum fill-distance had
to be as short as possible. The number of vents was kept free (N, = oc) and the
fitness function of Eq.6.1 was used. Due to the two leg rests, it was clear that
at least two pipes should be used, otherwise one of the two leg rests would not
contain a pipe which will increase the fill-distance by at least the full length of
the leg rest (approx. 0.5 m)

6.6.1 Scenario 1

For the first optimisation scenario, 2 pipes were allowed, where the second pipe
had to connect to the first pipe. Both pipes were defined using three points, as
described in Section 5.4.1, to allow the pipes to be more flexible on the curved
surfaces.
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The result with the best fitness factor, after the optimisation routine converged,
is presented in Figure 6.10. Convergence was reached after 382 generations and
10 minutes of calculation time. The solution with the best fitness factor had
both pipes leading to the end of each leg rest, where the second pipe connected
right at the beginning of the first pipe. The maximum fill-distance was 0.26 1n
and the number of vents was 8.

s | Finwra 084285 0

yEm

(a) Top View (L) 3D view

Figure 6.10: Optimal pipe position on a glider seat if 2 pipes are allowed. (o is
a pipe, ® is a vent and © is the inlet)

6.6.2 Scenario 2

In order to reduce the fill-distance even further, a second scenario was simulated
where a third pipe was allowed. Convergence was reached after 551 generations
and 14 minutes of calculation time. The solutions with the best and second best
fitness after convergence are depicted in Figure 6.11.

The fill-distance was further reduced to 0.21 metre. The solution with the highest
fitness required a total of 9 vents, whereas with the solution with the second
best fitness only 8 vents were necessary. Therefore, the second best solution was
preferred to the best solution.
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Figure 6.11: Optimal pipe position on a glider seat if 3 pipes are allowed.

6.6.3 Verification with the Physically Based Flow Model

Figure 6.11b shows the required position of the vents for this flow-pipe set-up.
Since the mesh distance-based model is only geometrically based, the position
of the vents should be verified with a simulation, using a physically based flow
model. Here the flow model presented in Part I was used, without the preform
compaction. The preform perineability and resin viscosity were both normalised
to unity. The genetically based optimisation tool defines the flow pipes by nodes,
whereas the physically based niodel uses the centroids of the control volumes.
Therefore the physically based flow model was extended to accommodate the 2D
flow pipes. A detailed description of this extension can be found in Appendix
C. Figure 6.12 shows a 3D view of the seat with the 2D flow pipes and Figure
6.13 shows the meshed model.
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Figure 6.12: 3D view of the used model for the flow simulation.

The flow pipe had a permeability which was a factor 1000 higher than the rest of
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Figure 6.13: Flow pipe and inlet position used by the flow model and predicted
vent position calculated by the flow model of Part I

the preform. This is the same factor as used by the genetically based optimisation
tool. The simulation of the mould filling with the physically based flow model
took 32 minutes. The stmulated propagation of the flow front is depicted in
Figure 6.14, where t,, is the normalised time, which is defined by the time at
that moment, ¢, divided by the total filling time. #,,.,.

The prediction of the position of the vents by the physically based flow model can
be derived from this flow-front propagation, but is also presented in Figure 6.13.
The number of vents and the area where these vents had to be positioned agreed
quite well with the results of the mesh distance-based model. Only the exact
positions differed slightly compared to the predicted positions by the genetically
based optimisation model.

77



G. SIMULATIONS AND RESULTS

Figure 6.14: Simulated mould filling of a glider seat at different times, where
t‘n = t/ttotul-

78



CHAPTER (

Discussion of the Genetic
Approach and its Results

7.1 Discussion

7.1.1 Calculated Distance

The distances calculated by the model, as presented in Section 6.1, differed up
to 25% from the geometrical, direct distance in some areas. This error depends
largely on the structure of the mesh. One extreme, where the relative error is
zero, is the left side of the U-shaped plate of Figure 6.1 and at 0, 90, 180 and
270 degrees on the sphere. The nodes along these lines are on a straight line
and thereforc the error is, obviously, zero. Another extreme, where a maxinum
error occurs, is depicted in Figure 7.1,

/i\

Figure 7.1: A structured mesh in which the nodes do not connect in every
quadrant.

Assume the distances from node 1 to node 4, 2 to 4 and 3 to 4 are all 1. In that
case, the gecometric and mesh-based distance from node 1 to node 2 are both
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v'2. However, the mesh-based distance from node 1 to node 3 is 2 (via node 4),
although this distance should also be V2. Au error of 41% occurs, which is also
the maximum error of the model.

This mesh-structure dependent crror should be borne in mind when creating the
mesh for a model. The nodes in the mesh should have one or more connections
to other nodes in every quadrant and not be as node 4, for example. This node
has only connections in the quadrants 3 and 4. Modern preprocessors, such as
MSC-PATRAN as used here, have the possibility to generate such meshes, which
reduces this error significantly.

As also shown, the error of the distance between two points reduced if the num-
ber of nodes between these points increased. Only the distance to the vents
(maximum fill-distance) and the position and number of vents is of importance
for the optimisation. Since the vents are positioned at the points furthest away
from the inlet, the distance at the vents is relatively accurate (with the presented
cases within 3%). The mesh distance-based model is therefore very well suited
for minimizing the maximum fill-distance.

7.1.2 Position of the Vents

The position and the number of vents were also predicted well by the mesh
distance-based model. For the scenarios presented in Section 6.2, the number of
vents and their positions agreed 100% with the results known from the literature.
In all these cases, the resin was injected from one or more points causing ouly
a radial flow in the product. If the resin is injected using a flow pipe, the flow
will be partially radial and partially linear. If these two different types of flow
exist, the assumption that the point furthest away from the inlet or flow pipe
is filled last may not be true. The mould filling of the glider seat, simulated
by both the physically based model and the genetically based optiniisation tool,
showed that the position of the vents can be different. Although the number
of vents and the region, where these vents should be placed, was predicted well
by the mesh distance-based model, the exact position differed from that of the
physically based model. Once an optimal solution is found and a more accurate
location of the vents is desired, an extra simulation with a physically based flow
model should therefore be performed.

7.1.3 Rectangular Plate

In the first design case, the flow pipe position on a rectangular plate was op-
timised. A total of 2340 individuals were calculated to come to convergence.
The best solution after convergence agreed very well with the obvious optimal
solution. It also showed that the genetic algorithm, used here, had a higher ef-
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fectiveness than the one used by Jiang et ol (2002). They needed 3071 trials to
optimise the position of 2 inlets (which is similar to a pipe defined by its begin
and end point} for a 1036 node model. This is mainly due to the vartable cross-
over rate which allowed the solution to converge faster to the optimal solution
(De Jong & Spears, 1990).

This design case also showed that the genetic algorithm became more effective
if the number of design parameters, i.c. number of pipes, increased. The reason
lies in the nature of the genctic algorithm and the problem itself: the begin and
end positions of the pipes can be optimised independently from one another and,
due to cross-over, the solutions found for the different pipes can be interchanged
as well.

[n the last optimisation scenario of the rectangular plate, the length of the flow
pipes was also optimised. The calculation of the total pipe length was simplified
by taking the number of flow pipe nodes as an indication for the total flow pipe
length. Although this assumption saves significant calculation time, it requires
a constant element edge length in the model. In the case of the rectangular
plate, the diagonal element edges were a factor v/2 longer than the horizontal
and vertical ones. Therefore it can be expected that the model will favour flow
pipes along the diagonal edges since more distance is covered with less flow pipe
nodes. In the presented case, this phenomenon did not occur, which justified
the simplification.

7.1.4 T-Shaped Plate

The optimisation of the T-shaped plate showed the influence of the fitness func-
tion. The number of vents could drastically be reduced (from 7 to 3) with the
the fill-distance only increasing by 0.1 m. Although, in the second scenario, the
objective was to find a solution with only 1 vent, the optimisation tool only
found solutions with two and more vents. This correlates with the results of
Boccard et al. (1995). They showed, for a similar shape, that at least 2 vents
were necessary, since, if the inlet can be on any of the nodes in the model. there
will be at least 2 local maximums,

The minimum number of vents can also be useful information for the mould
design. The mesh distance-based model can provide this information by calcu-
lating the distance from every node to all other nodes. The minimum number
of local maximuins equals the minimuin number of vents. Although this may
sound elaborate and time consuming, it took the mesh distance-based model
approximately 2 minutes for the 1581 node model to calculate the distance from
every node to all other nodes,
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7.1.5 Glider Seat

On a more complex shape, like the glider seat, the optimal pipe position is not
always obvious and this is where the developed optimisation tool becomes very
useful. Especially the second scenario showed that solutions with a fitness close
to the optimal solution can be different but still of interest. After an optimisation
cycle it is therefore recommended to look at all individuals of the last population,
since one of these individuals (like the second best solution in this case) can be
better suited for a reason, which cannot be or is not included in the fitness
function.

The best solution for the 3-pipe-scenario was basically an extension of the best
solution for the 2-pipe-scenario. If the best solution for the 2-pipe-scenario would
have been used in the initial population for the 3-pipe-scenario, the optimal solu-
tion, as depicted in Figure 6.11a. would have been found within 30 generations.
Although this reduces the calculation time significantly (from 351 to 30 genera-
tions) it has the disadvantage that the second best solution, as shown in Figure
6.11b, would not have been found. The best solution of the previous optimi-
sation has a fitness which is much better than the other random individuals in
the initial population. Due to the roulette wheel selection, the population will
converge prematurely and other, sub-optimal solutions will not be found. A solu-
tion could be to nse more populations simultaneously, as proposed by Pohlheim
(1995). One population could start with the best solution of a previous optimi-
sation cycle and the other population(s) with a random population, This would
allow the algorithm to evolve different (sub-) optimal design solutions simulta-
neously. It is, however, questionable, with such a multi-population approach,
whether the calculation time advantage still exists,

7.2 Conclusion

The genetically based optimisation tool developed in this part provided a fast
method for optimising the different process parameters of the RIFT process.
The optimisation tool was based on a mesh distance-based model and a genetic
optimisation algorithm.

The genetic algorithm provided a stable and effective optimisation method. A
variable cross-over rate increased the effectiveness. Depending on the choice
of the fitness function, the algorithm was capable of optimising the different
production parameters such as flow pipe position and length, fill-distance and
number of vents, where previous models only focused on an optimal inlet/vent
arrangement. The genetic algorithm did not only provide the optimal solution,
but also the sub-optimal solutions, which were also of interest.
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Conclusion

The mesh distance-based model gave a fast prediction of the fill-distance and
position and number of the vents and was therefore very well suited for opti-
misation purposes. Although differences between the geometric distance and
the calculated distances occur close to the inlet, the maximum fill-distances at
the vents were within an acceptable range. The position and number of vents,
predicted by the model, agreed 100% with the test cases known from literature.

As soon as different types of flow exist, as with the glider seat, the predicted
positions of the vents differed from the actual ones. This did not influence the
optimisation process, since the number and region were still correct. but required
a final calculation with a physically based flow model to give a more exact vent
position,
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CHAPTER &

General Conclusion and
Recommendations

The main objectives of this researcli, as presented in Chapter 1, were to be able to
simulate and to optimise the RIFT process in advance. Therefore 2 models were
developed: a physically based flow model and a genetically based optimisation
model,

The physically based flow model took all the process parameters such as the wet
and dry compressibility and permeability of the preform, vacuum pressure and
the resin inlet position and viscosity into account. The relation between these
parametels was determined experimentally using compression, viscosity and per-
meability tests. New material models were developed to model the different wet
and dry preform compressibility and permeability. A significant difference in
wet and dry preforui commpaction was found. Therefore the preform compaction
flux was taken into account as well. Finally the model was incorporated into a
computer simulation tool which handles any Q%D geometry.

The model was verified with known analytical solutions and experiments where
the measured flow front propagation and preform thickness during mould-filling
were compared with the simulated results. This verification showed that the
model was able to predict the process properties such as fill-time, flow front
propagation and preform thickness very well.

The preforms used for this research demonstrated different wet and dry preform
compaction behaviour. The accuracy of the predicted flow front propagation
and fill-times was significantly increased by taking these different wet and dry
preform properties into account. The gained accuracy comes with a significant
time penalty, since the process has to be modelled as transient and the fibre
compaction flux has to be taken into account. For preforins with very similar
wet and dry compaction behaviour, it could be possible that the results witl and
without the fibre compaction flux term are very similar. It would be advisable, in
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these cases. to ignore the fibre compaction flux term and model the process quasi-
static., as done in all previous models, since it will save significant calculation
time. Further research should reveal whether it is possible to decide, in advance,
whether or not the process should be modelled as transient, depending on the
type of preform, compaction behaviour, resin speed and desired accuracy.

Determining the process parameters, especially the experimental determination
of the preform permeability under different pressures, was quite time consum-
ing. In the cases presented here, an isotropic permeability was assumed. In case
anisotropic behaviour needs to be taken into account as well, the experimental
effort will be even more intense. There are two ways to solve this problem. The
method used in practice is to infuse a test plate of the used preform under a
flexible bag. By monitoring the flow-front progression an ”effective” permeabil-
ity for the different directions can be found, as already mentioned in Section
2.1. This effective permeability can then be used to simulate the flow in a com-
plex part. This method is much faster but also less accurate than the method
described in Appendix B. Furthermore, the same vacuum pressure should be
used for testing and final production. A more fundamental approach is to try
to model the permeability and its vartance, based on the preform properties
such as varn thickness, bundle size, weave type, stacking pattern, fibre type and
stitch characteristics. As discussed in Appendix B, much research has already
been done on this subject, but a major problem remains the large variations in
measured and predicted permeabilities.

One objective was to be able to predict the final product properties such as
product thickness and void content. One reason for voids in the final product
is that, during the process, certain areas are closed off by the flow front and no
longer connect with a vent. This can be predicted by the model, as shown in
Section 6.6. The final product thickness, however, will depend on the pressure
profile on the preform during curing. The developed model can be used for this
purpose, siniply by changing the boundary condition at the inlet as soon as the
inlet is closed off. The pressure profile will gradually go from the profile depicted
in Figure 4.1 to a flat profile where the pressure on the whole preform equals
the applied vacuum pressure. How fast the pressure changes in the product will
depend on the viscosity of the resin. The viscosity of the resin will change due
to curing; hence the tinie-dependency of the resin viscosity should be modelled.

The developed genetically based optimisation tool allows for the optimisation of
the process for the lowest costs and the highest quality products. The costs were
minimised by minimising the amount of consumables and the mould-filling time.
The product quality was maximised by placing vents in the required positions;
hence reducing the chances of void formation.

The tool was based on a mesh distance-based flow model, which resulted in a
fast computer simulation tool, handling any Q%D geometry. The verification of
the tool with cases known from literature and practical design cases showed that
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the tool provided a stable and effective way to optimise the process in advance.

The choice of fitness function strongly influences the outcome of the optimisation.
The weighting factors waistanee and Wpip., and the penalty functions Py, and
Pyistance were chosen, based on the desired outcome. In practice, these values
and functions will have to be coupled to production costs. For example it can
be cheaper to use more vents and flow pipe length in order to reduce the fill-
distance. Such a direct connection between the process costs and the amount
of consumables, number of vents and the mould-filling time should also be the
subject of further research.
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APPENDIX A

Compressibility of the used
Preforms

Van Wijk (1946) was one of the first researchers who studied the elastic defor-
mation behaviour of fibrous materials for the textile industry. Nowadays much
of this work is also used in the research of advanced composite materials. The
only major differences between textile bundles and advanced composite bundles
are the degree of waviness (textile fibres can be very wavy), twist (composite
fibres have typically no twist) and lubrication (Gutowski, 1997).

For the out-of-plain compression behaviour (compression in z direction) of fi-
brous preforms. Gutowski et al. (1987) developed a physically based model. This
model is widely used and often referred to as the " Gutowski”™ model. This model
is based on the assumption that the preforms consist of a lubricated fibre beam
network. The fibres have a slight waviness sinusoidal character with a typical
spau length /height, denoted as 8. The wavy fibres have a bending stiffness of
E and a maximum possible fibre volume fraction of V,,,,. WWith these param-
eters, the Gutowski model describes the compression pressurc as a function of
the volume fraction with the following equation (Gutowski et al., 1987):

(Vit—1)
P;:}wg v" (A.1)
(/= - 1)1

The Gutowski model was developed for lubricated (saturated) preforms. al-
though it could be fitted to dry preform compaction. Williams et al. (1998);
Andersson et al. (2003); Kelly et al. (2004) showed that there is a significant dif-
ference between the preform compaction in a wet and dry state. Also Hammami
(2001) was aware of this behaviour but did not use it in his model. Williams
et al. (1998) measured a significant difference between wet and dry compaction
while measuring the height during the RIFT process using a LVDT at a fixed
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point. They recorded an almost constant compression in the unsaturated area.
As soon as the flow front reached the LVDT, a rapid decrease in preform thick-
ness at the resin front was observed, followed by a steadv increase after the
front had passed. Andersson et al. (2003) used different wet and dry preform
compaction behaviour in their model account and were able to simulate this
behaviour., Williams et al. (1998) explained this behaviour by the initial lubri-
cating effect of the fluid, followed by a steady increase in pressure under the bag
as the front moves further away from the LVDT.

Another geometrically based model was presented by Lomov & Verpoest (2000).
They came up with a full mathematical description using the warp and weft yarn
properties and weave structure. With their model, they were able to ohtain a
good correlation of experimental and computed results. Because their model
is geometrically based, it also predicts the internal structure of the fabric in a
compressed state, which can, for example, be used for flow calculations. The
main drawback of the model is that it necds excessive input data such as yarn
cross-section, linear density of warp and weft yarns, diagrams for yarn compres-
ston and flattening. Instead of measuring this data, it is often much easier to
measure the global compressibility of the used fabrics and try to fit it in some
sort of function or model, as in the case of the Gutowski model.

Many authors encountered problems fitting their experimental data into a phys-
ically based model, such as the Gutowski model, and found that the compaction
behaviour of their materials was best described using empirical expressions. Most
commonly, a non-linear elastic power law expression is used in the form:

Py = AR" (A.2)

In this equation, h is the preforin height, P; is the pressure applicd on the
preforin, and A and n are material parameters to be determined through ex-
periments (Hammami & Gebart, 2000; Andersson et al., 2003; Kim ¢t al., 1991,
Song et al., 2004; Kelly et al., 2004). Other authors, such as Robitaille & Gauvin
(1999), used a logarithmn expression in the form of:

Pr=A -ln{P)+ B (A.3)

Where A and B had to be deterined experiimentally.

Other formulas were also used if the relaxation of the preform under a constant
deformation had to be modelled. Relaxation can be significant. In RIFT, re-
laxation should not be an issue, since the deforination is not kept coustant due
to the flexible bag. However, if the material shows relaxation under constant
pressure it is most likely to also show creep under constant pressure. Still, nei-
ther are taken into account for the materials used here. Robitaille & Gauvin
(1998) showed that this relaxation can be significant if deformation speeds and
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pressures are high (for example with RTM). However, Craen et af. (1998) showed
that for the speeds and pressures used by RIFT, relaxation and creep do not
play an important role.

A.1 Experiments

For the materials used in this research, there was no data available on either wet
or dry preform compaction. Wet and dry compaction tests were performed, sim-
ilar to the ones of Hammami (2001) and Kelly et el. (2004). The preforms were
put between two solid plates with known area and then compressed while the
used force and height change were measured. The compression speed was man-
ually controlled but in all experiments lower than 5 mm/min. The experimental
set-up is presented in Figure A.1L.

Figure A.1: The experimental set-up for measuring the compression behaviour
of the different preforms.

For the measurement of the wet preform compaction, the preform was wetted
out with polyol before the compression experiment. Polyol was chosen because
it had a consistency and viscosity (0.3 Pe - s) similar to most common resins
without having the problem of curing during the experiments.
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A.2 Results

The results of the compression test for 2 layers of CoreTEX and 10 layers of 280
gram glass twill weave are presented in Figures A.2 and A.3 respectively.

Height {m)
0.008
0.0075
0.007 —— 151 Dry
0.0065 |——2nd Dry
| —+—3rd Dry
008
5 (=== 4th Dry
0.0065 |—e— tst Wet
0.005 - |—a—2nd VWet
| —— rd Wet
0.0045 b s e
0.004 - — Trendline Wel
0.0035 J . Trendiine Ory

0.003 | T

0 20000 40000 80000 80000 100000
Pressure (Pa)

Figure A.2: The compression behaviour of 2 layers of CoreTEX.
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Figure A.3: The compression behaviour of 10 layers of 280gr. Glass Twill.

During the experiments, it was observed that repeating the compression test on
the same sample led to a slightly higher compression compared to the first test at
equal pressure. This is best demonstrated by Figure A.2. Williams et al. (1998)
aud Craen et al. (1998) explained this from a nesting effect of the material. Here,
the results of the first tests of every sample were used, because it was assumed
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that the preforms were not exposed to any pressure before the beginning of the

process.

The results of the first test for the 10 layers of glass were fitted into a power law
function and for the 2 layers of CoreTEX into a logarithm function for both wet
and dry compaction. For the model presented here, it was desired to have the
preform height as a function of the applied pressure instead of the inverse as in
equation A.2. These functions are presented in Table A.1.

Table A.1: Functions to model the compression behaviour in a dry and wet state
and the limit for the uncompressed thickness.

10 Tayers Twill 2 layers CoreTEX
Wet h (m) h =0.002018P~95% T h = —5.22. 10" In(P) + 0.009098
Dry h (m) h = 0.0058786 P~ 01013 | h — —523.10"Yn(P) + 001023
Uncompr. b (m) h = 0.00287 h = 0.00691

These functions approach infinity if the pressure goes to zero. This was solved
by taking into account the maximum uncompressed preform height (" Uncompr.
h™ in Table A.1). This height was taken as an upper limit for the preform height.
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APPENDIX B

Permeability of the used Preforms

The permeability as a function of the preform height (and hence fibre volume,
see Eq. 2.4) is an area of much research, The most commonly used model is
the Kozeny-Carman Theory, developed by Kozeny and Carman (Kozeny, 1927:
Carman, 1937; Scheidegger, 1974). It describes the permeability as a function
of the fibre volume, V}, fibre radius r; and the Kozeny constant, s, which has to
he determined experimentally (Gutowski et al., 1987):

2 3
K = Lfﬂ_ﬁl/_f)* (B.1)
s V]

This equation was originally developed for granular beds consisting of ellipsoids
and it has been assumed that it is also valid for fibrous porous media (Gebart,
1992). The drawback of this theory is that the predicted permeability is isotropic,
which is obviously false for a unidirectional reinforcement. Gutowski et al. (1987)
tried to overcome this problem by introducing different values for r; for different
directions. Another problemn with Equation B.1 is that the permeability is still
larger than zero for fibre volume fraction larger than the theoretical maximum
Vr. Gutowski {1997) solved this problem by proposing the following heuristic
model:

(/& - 1)’

N'AY

4s (:_f.; +1) (B2)
where V, also is an empirical parameter. Still, many researchers encountered
problems fitting their results to these models and even suggested that the Kozeny
constant, s, may vary with fibre volume fraction for a given preform. Therefore
much research has been done to model the perineability (Gebart, 1992; Robitaille
et al., 2002) and its variance (Lawrence et al., 2004; Loendersloot, 2006) on a
macro and micro scale using channel-flowlike models to model the flow between
the individual fibre tows.
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B.1 Experiments

Here a global permeability for different preform thicknesses was established ex-
perimentally. A double-sided solid (RTM) mould with adjustable cavity height
was usced. The bottom mould is depicted in Figure B.1.

Figure B.1: The bottom mould with flow front and pressure sensors to measure
the permeability for different preform thicknesses.

Using flow-front sensors (which basically consist of 2 copper wires which make
electric contact when the resin passes}, and a weight scale, the unsaturated and
saturated flow rates at different cavity heights were measured. The permeability
was calculated from the observed flow rates using Darcy’s law. Curve fitting
subsequently led to an empirical relation between the permeability and the fibre
content. A power law was used to fit the experimental results for the materials
used here.

B.2 Results

The results are presented in Figures B.2 and B.3 for the 2 layers of CoreTEX
and the 10 layers of twill-weave respectively. Table B.1 also shows the power
law functions which were fitted to the data in order to model the permeability.
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Table B.1: Functions to model the permeability, K.
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Figure 3.2: Permeability as a function of preform height for 2 layers of CoreTEX.
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Figure B.3: Permeability as a function of preform height for 10 layers of 280 gr.
Glass Twill.
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AppENDIX C

Modelling the Flow Pipes

The physically based flow model of Part I used the centroids of the control
volumes to calculate the flow in the preform. The genetically based optimisation
tool calculated the optimal flow pipe arrangement along the nodes and edges of
the control volumes. In order to use the results of the optimisation routine
directly with the physical flow model, the flow model had to be extended to
accommodate the 1D flow pipes.

A meshed model of the prefornmi, with on top the flow pipes, is schematically
represented in Figure C.1. In this figure, N1 ... N3 are nodes, P1 and P2 are
the pipes and E1 and E2 are triangular CVs. Pipe P1 is located on the common
edge of E1 and E2.

Figure C.1: A model of the preform, meshed with control volumes, with on top
the flow pipes.

Figure C.2 shows a more simplified 2D sketch of the flow pipes P1 and P2 and
an extra pipe P3.

The flow in the pipe was modelled using Poiseuille’s law, as already presented
in Chapter 5, Equation 5.1. The application of the finite volume method to
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Figure C.2: Top view of the flow pipe P1 with its neighbouring CVs E1 and E2.

the solution of this equation for 1D pipe elements was extensively described by
Versteeg & Malalasekera (1995). The discretised equation for the flow in the
pipes is very similar to Equation 2.7 of Section 2.3, but instead of a net flow
over 3 faces, there is only a flow over 2 faces (hence n = 1..2). However, the
flow pipes also communicate with the preform. In Figure C.1, this is depicted
with an additional resin flux ¢ from pipe P1 to the underlying CVs E1 and E2.
Hence the discretised continuity equation for the pressure, Pf, in pipe P1 can
be written as:

Cro (PY =Py + CT4(P) — Pl)—¢q=0 (C.1)
where
cr o~ (C.2)
P 8ull ’

In this equation, L7 , is the distance between the centroids of the flow pipes P1
and Pn. The flux, ¢, from the pipe into the control volumes has to comply with
Darcy’s Law (Eq.2.1). A part, gy, of the flux goes from the pipe P1 into the
CV El and another part, q 5, goes from the pipe P1 into CV E2. The flux ¢
can hence be written as:

q = Q'l.l + X Ql,2 (C.B)
g= CUT\(F —PF) + CT(P—F))

In this equation the superscripts p and e refer to the values in the pipe and the
CV respectively. The superscript pe refers to the interaction term hetween the
pipe and the CVs. For example:
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Ty= ol (C4)
M [ ¥
H Uf.z
This term is similar to the term presented in Equation 2.8. Here, A4 is the
cross-section of the face between El and E2, where pipe P1 is located. LT, is

the distance between the centroids of pipe Pl and the CV E2, as depicted in
Figure C.2.

The discretised continuity equation for the control volumes was already presented
in Section 2.3, Equation 2.7. For reasons of simplicity, the preform compaction
flux term is omitted. For every control volume which borders to a flow pipe, an

extra flux term from the flow pipe has to be added. For example, equation 2.7
for CV El becomes:

T |
Q1.1 +ZC:;‘C(P:1_P¢) =0 (C.5)

The assembly of the continuity equations for all the ¢ CVs and all the j flow
pipes leads to the following linearised system:

c* Cre
il =0 (C.6)
cre CP

This system is solved in the same way as the system of Equation 2.11, knowing
that the pressure at the inlet pipe element is equal to the atmospheric pressure
and at the flow front equal to the vacuum pressure. The position of the flow
front is tracked in the same way as presented in Section 2.4, with an extra fluid
presence function for the flow in the pipes.
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