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ABSTRACT

This thesis focuses on flow through compliant porous media with applications to
the manufacturing of composites by vacuum infusion (VI). The context of this
work 1s the need for reliability in environmentally friendly composite processing
methods for composite materials. Commercial reality and the prospective
application to low cost structures for the transportation industry dictate that
appropriate emphasis should be put on obtaining robust simulations, ensuring
reliability and progressing toward efficient means of process control. In this
context, the open mould manufacturing processes which have been used to
produce large composite structures, and are not conducive to quality nor
environmental responsibility, must be replaced. Hence, establishing composites as
a viable alternative requires closed moulding techniques, of which VI is the most

practical for large structures, but where reliability is required for economic

survival.

This work addresses many aspects of this problem, by making innovative use of
fluid mechanics and developing, implementing and proposing new analysis and
modelling tools for VI. Main results include a validated analytical model for flow
through compliant media, a study of the compliance of textile reinforcements, a
finite element model for VI and novel stochastic techniques for the analysis of

reliability 1in liquid composite moulding processes.

The work discussed herein stems from a thorough evaluation of published models
and leads to novel flow modelling tools for VI including a unique and general
formalism for textile compliance. Using these tools it was possible to study, for
the first time, the effect of different parameters on VI manufacturning. The
reliability issue was addressed by integrating stochastic models for compliance
and permeability, and the ability to model complex geometries was demonstrated

by adapting a commercial finite element flow code (LIMS).
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NOMENCLATURE

UPPER CASE SYMBOLS

A Finite difference coef. matrix

A Area

As Compaction spring constant

B Compaction stiffening index

Ca Flow front fluid pressure gradient ratio Py;,Prru
C Compaction fitting parameter (Wyk and Chen et a/)
C Master curve coefficients (Chapter 3)

E Young’s bulk modulus of reinforcement

H Total thickness

K Scalar permeability

K Permeability tensor

L Flow front position

P Pressure

0, Volume flow rate

R’ Correlation coefficient

S Surface

V Volume

LOWER CASE SYMBOLS

a Parameter used 1n fluid pressure field solution
a Dimension of RVE (Figure 2.3)

b Parameter used in fluid pressure field solution
C Parameter used 1n fluid pressure field solution
C Vector of constants in numerical solutions

Cy, Cr Gebart permeability constants

h Laminate thickness

k Kozeny constant

m Mass

n Number of nodes
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Vector normal to a surface (normalized)
Normal vector

Fluid pressure vector

Time

Superficial velocity
Superficial velocity vector
Filter velocity

Filter velocity vector

Fibre volume fraction

Fibre vt at zero compaction
Fibre vf at a Pcomp =1 Pa
Theoretical maximum fibre vf

Rectangular coordinates

SUBSCRIPTS AND SUPERSCRIPTS

1,2,3

atm

bulk

comp

¢q

RTM

sup

VI

[nitial

Principal directions

Atmospheric

Chen’s compaction coefficient index
Bulk value

Compaction

Equivalent

Relative to the reinforcement
Hydraulic

Iteration number / In
Node number

Out

Resin transfer moulding
Superficial [density]
Instant t

Transverse direction

Related to vacuum infusion

Pa

m/s
m/s
m/s

m/s

1V



w( At zero pressure 1In Wyk’s model

X,y In-plane directions

Z Transverse direction

¥ Normalized

GREEK SYMBOLS

a Dimensionless flow coordinate
¢ Porosity

K Bulk compressibility

7, Viscosity

u(X) Mean value of X (statistical)

o, Density
o Standard deviation
& Laminate thickness

Pa.s

kg/m’



1 INTRODUCTION

Open moulding processes potentially expose the composite
manufacturing workforce to unhealthy levels of styrene
emissions. Awareness of this fact is high throughout the
composite manufacturing industry, styrene producers and
legislators. Health and safety regulations, which would virtually
climinate all open moulding processes, are expected. A

processing replacement is therefore necessary.

1.1  OPEN MOULDING PROCESSES AND THE ENVIRONMENT

In the UK alone, over 60 000 tonnes of polyester resin are processed annually in
the composite manufacturing industry, 60 % of which is used in open moulds
(Nixon, 2000). As a result, these industries release considerable amounts of
volatile organic compounds (VOC), primarily styrene into the work environment.
In fact, consuming only five percent of the overall production of styrene,
composite manufacturing is, according to Nixon (2000), the only industry that
exposes 1ts work force to appreciable levels of VOC emissions: more than one
hundred times the norm. Industrial awareness has led globally to self-imposed
rational styrene emission limits. In the UK, this self-control was recently
simplified through a self-assessment sheet prepared by the Health and Safety
Executive (HSE, 2003). The current maximum exposure limit (MEL) of 100 ppm
in force 1n the UK 1s already lower than the typical emissions in gel coating and

hand laminating (200 ppm). It is however at least twice as lenient as other

European countries or where the MEL is 50 ppm or lower.

Research results reviewed by Nixon (2000) show that below 50 ppm, there is no
evidence of long-term harm and, at less than 25 ppm, no carcinogenic risk exists:
seven European countries have already adopted MELs of 25 ppm or lower (Figure
1.1). Furthermore, it 1s foreseeable that an EU directive will unify emission limits

throughout Europe at 50 ppm or below. In this framework it is clear that the

composites industry in the UK should reassess its procedures.



This work focuses on one of the possible avenues which show promise of

attenuating the problem: liquid composite moulding (LCM) 1n closed moulds. It 1s

acknowledged that others exist, such as low styrene emission resins.
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Figure 1.1 — Division of maximum exposure limits to styrene in European and North American
countries (Nixon, 2000)

1.2  CLOSED MOULDING PROCESSES

Closed moulding does not suffer from the same emission problems as hand
laminating, because VOCs are encapsulated in the matrix during the curing
process. For this reason LCM processes are suitable replacements for open
moulding 1n any of their variants. The diverse nature of this family of processes
(LCM) 1s due to different requirements in terms of cost, mechanical properties
and finish. In making large parts, vacuum infusion stands out as one of the most
promising. Closed mould processing 1s not new but higher mould cost or
complexity has pushed it to high performance or mass production where
economies of scale or component cost can give good reason for the extra tooling

investment. Because of these environmental concerns however, even some non-

structural or one-off applications may soon need to carry the added costs of closed
mould techniques. Due to this added cost, one must address the issue of
understanding the physics of closed moulding processes better. This work
addresses some of the gaps in LCM knowledge, from the physics of flow 1n some
of these processes to reinforcement properties, flow modelling capabilities and
manufacturing reliability issues. It will show that development of closed moulding
alternatives, such as LCM, is vital if they are to be effective in mass production

scenarios. LCM can be broadly described as a process where a liquid



thermosetting resin is injected or drawn into an enclosed fibre preform, filling the
mould cavity, and curing once the flow process has completed. Due to the
compaction pressures acting on the reinforcement, the resulting LCM products
possess better tensile and flexural moduli and strength, when compared with those

obtained using open mould processes.

Within the LCM process family, variants are differentiated by mould construction
and injection concept. The well-known resin transfer moulding (RTM) process
uses two part rigid mould halves, which shape both sides of the laminate geometry
precisely. A variant of this process, vacuum assisted RTM (VARTM), uses the
same moulds but adds a vacuum, drawn at the outlet, to complement the positive
injection pressure at the inlet. This reduces fluid pressure on the mould walls and,

due to an increased pressure gradient, accelerates the flow. Both processes involve

the same closed mould infusion principle but RTM is shown in Figure 1.2.

Figure 1.2 — The typical LCM process. Left: Mould components: 1 — Female matched mould, 2 -
preform, 3 — male matched mould, 4 — injection gate and 5 — vent. Centre: Resin injection
(transfer). Right: Moulded component is removed (after curing)

Other LCM moulding techniques use a single rigid tool surface and a flexible
membrane (or shell), which is sealed onto the mould, closing the cavity. Air 1s
extracted from the cavity and the atmospheric pressure outside the bag
compresses the reinforcement onto the mould. When the inlet is opened, the
differential between atmospheric pressure outside and the vacuum inside forces
the thermosetting resin into the mould, filling the cavity. This process is

schematically shown in Figure 1.3 and illustrated for a real injection case In

Figure 1.4.
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Figure 1.3 — VI mould assembly: 1 - inlet, 2 — vacuum bag, 3 — distribution medium, 4 - peel ply,
5 - reinforcement, 6 — outlet, 7 — vacuum seal, 8 — mould die

Figure 1.4 — VI injection of a 9 m x 2.5 m GRP component

Depending on the nature of the membranes however, this family subdivides into
resin infusion under flexible tooling (or RIFT) when thin GRP shells are used and
VI with vacuum bags (polymeric membranes). Note that vacuum infusion, is also
known as SCRIMP™ (Seeman Composite Resin Infusion Manufacturing
Process), RI (resin infusion) or VARTM. Note that this last acronym conflicts

with the rigid mould RTM based process described above.

VI and its variants go back a little over half a century. Marco, Smith, Green,
Seemann have all patented processes similar to VI from the 1950’s through to the
90’s (Summerscales et al, 1996; Seemann, 1990). In fact, this LCM family has
never ceased to evolve and to generate new patents and ideas. Mathematical
modelling of VI has been slow when compared to processes such as RTM

(Summerscales, 1996). Recent patents in this process are principally concerned



with the issues of flow control (Walsh, 2003; Slaughter, 2003) and enhancement
(Seemann, 1990, 1991 and 1995).

The different LCM families are complementary in terms of component size,
number and cost. Due to mould stiffness and cost issues, RTM is generally used to
produce components of a limited size but, as a faster production technique using
robust moulds 1t 1s synonymous with higher production numbers. A major
development 1n VI was the recent introduction of distribution media (DM) layers

to promote faster flow. Typical DMs are disposable knitted thermoplastic textiles,

embossed membranes or channels, either in the mould or, in the case of sandwich

materials, the cores.

Parts obtained by RTM or VI based processes differ substantially. Due to its

matched mould, RTM components often have high surface quahity on all faces
and small design tolerances. On the other hand it will be shown in this work that
VI components present a more challenging set of characteristics such as variable
thickness, fibre volume fraction (and, consequently, mechanical properties) and
obviously a lower surface quality on the bag face. Furthermore, the material costs
assoclated with large structures, which often characterize VI, involve a high
financial nsk and rely significantly on the expertise of the workshop personnel.

This experience based approach is complemented with already established RTM

flow simulations which, while valuable, do not explore the aforementioned
parameters in VI and cannot predict final component weight, dimensions and
mechanical properties. Not only are the output properties of these processes
different, they are directly influenced by preform properties and mould and gate
design. Due to its flow dependent cavity thickness, VI experiences a higher degree

of vanability than that observed in RTM. Nevertheless, for large components

(typical of open moulds), VI is still the only realistic option and its characteristic

problems must therefore be addressed.



1.3 LOW INVESTMENT MANUFACTURING OF LARGE
TRANSPORTATION STRUCTURES

This work was conducted in the context of the RoadLite project, in which the
University of Nottingham participated. RoadLite is a LINK Foresight Vehicle
programme which aims to develop a lightweight composite semi-trailer (the

non-motorized load carrying structure in a lorry) for use in the United Kingdom.

According to the 2002 Key Note report UK government policy in the 1980°s and
1990’s enforced road as the dominant mode of freight transportation with a
present share of 61% of all goods moved (tonne km) and a 79% of goods hfted

(tonnes) as shown in Table 1.1 (KeyNote, 2002). Investment in rail transportation

has fallen: its outdated network does not service most industries/retail centres
located at the periphery of town. It is therefore not foreseeable, to have a reversal
of roles between the rail and road (KeyNote, 2002). There is therefore good cause
to design lighter and more fuel efficient trailers with larger payloads since that

would reduce traffic pressure and emissions of oxides of nitrogen (NOX),

particulate matter, carbon monoxide, and hydrocarbons.

Table 1.1 — Road transport statistical summary (Key Note, 2002)

Goods transported by road (EU) 75 %

Goods transported by road (UK) 79 %

HGYV share of road transportation 87 %o
~European energy consumption with transportation of goods 10 %

HGYV related CO; emissions (of total EU transport emissions) 30 %
HGYV related NOy emissions (EU) 47 %

Projected growth in haulage (next 15 years) 25 %

Even with its predominance over other types of transportation, road haulage
continues to be a fiercely competitive field that is now witnessing a “technology
race” between larger players. So far, this race has been focused on organizational
aspects, such as remote tracking of vehicles in transit but it has been suggested
that lighter materials and structures could have a significant role to play in the

near future. (KeyNote, 2002). The market is also moving away from smaller rngid



trucks in favour of large articulated trailers having gross vehicle weights (GVWs)
of up to 44 tonnes. The case for lightweight composite semi-trailers i1s therefore
strong 1in the UK, as 1s already the case worldwide. Similar attempts have been
researched and developed in Belgium, Holland, and Scandinavia. There are
already a number of demonstrators of the technology such as the Dutch TNO
“Coldfeather”. In the USA a combined effort of the US Departments of Energy,
Transportation, Defence, the US Environmental Protection Agency, and 16
industrial partners which should conclude in 2010 (US DOE, 2000) 1s also

working on this area within the 21st Century Truck Program. Current

demonstrators of this concept are shown in Figure 1.5.
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Figure 1.5 — Current demonstrators of the composite trailer concept. Top left: Cold Feather (The

Netherlands); Top right: Marietta composite trailer (developed in Belgium. Manufactured in the
USA); Bottom: First RoadLite flat bed trailer prototype (UK)

The RoadLite project consists of a number of UK companies specializing the
composites or road transport industries. They include composite structural design
(Europrojects, Ltd) and manufacturing (VT Group plc), trailer manufacturing
(Southfields Coachworks) and testing (LTC, Ltd) as well as the University of

Nottingham. The project was funded by the UK DfT (Department for Transport)
and the Engineering and Physical Sciences Research Council (EPSRC).



1.4 AIMS AND OBJECTIVES OF THIS WORK

Within the RoadLite programme, the University of Nottingham aims to extend the
understanding of vacuum infusion to improve the manufacturing of large

composite components. This is achieved through experiments model development
and validation. The work programme was divided between two researchers. The
present work pertains to the modelling and control aspects. Co-worker A.

Ragondet will present a parallel study related to the experimental work.

During the course of this work, practical guidelines and computational tools for
process prediction, monitoring and control of VI were developed. These new tools
and techniques were tested for flat plaques and in the prototype semitrailer. Due
to the increasing industrial use of vacuum infusion, the present research applies

also to other industries, such as the aerospace, marine, energy production and civil

SC€C1Ors.

This work presents both analytical and numerical developments in this field. The
first were used in parametric studies providing direct insight into the relative
importance of the different varitables at work such as pressure dependent fibre
volume fraction, thickness and permeability. This was studied initially as a one
dimensional flow problem. A numerical model was then developed based on the
finite element Darcy flow software LIMS (Liquid Injection Moulding Simulation,
U. of Delaware), introducing the possibility of modelling VI in commercial
software for the first time. This was done at the University of Delaware, over a
pertod of seven months, some of which involved preliminary experimental
validation work (Correia et al, 2004). In Nottingham, these models were used to
explore the effects of vanability of surface density, permeability and thickness on
flow. This work, applicable to RTM and VI alike, pioneered statistical modelling
in Darcy flow (Correia et al, 2003) and permitted simulated global strategies to be
examined. This work is believed to be novel at the time of writing. The modelling

strategies were supported by experimental validation and matenal

characterization.



1.5 FUNDAMENTALS: FLOW THROUGH POROUS MEDIA

The study of flow through porous media started with Darcy (1856) and, what
became known as Darcy’s law has since been used to model flow through a wide

variety of different media — particulate beds, porous solids, fibre beds, etc. Biot
(1941) pioneered the work on flow through compressible sediments but work on
flow (as in the present case) through compliant fibre beds (which are not linear

elastic) 1s recent (e.g. Hammami et al, 2000 and Gutowski et al, 1986).

Darcy (1856) established the proportionality between flow rate Q, cross-section A4

and pressure gradient AP: the proportionality term K, representing the ease of

flow through the medium, 1s known as hydraulic conductivity:

Q=—K,,-A--Ei—f—) (1.1)
dx

However, hydraulic conductivity 1s not very useful because 1t combines properties
of the fluid with those of the porous medium. According to Scheidegger (1974) it
was only after Wyckoff et al reported a series of successful experiments in 1933
that these factors became separated (Scheidegger, 1974). Permeability K was then

defined from hydraulic conductivity K, and flmid viscosity u as:

K=K, u (1.2)

The vahdity and limits of Darcy’s law have been tested, and theoretically

confirmed (Scheiddeger, 1974). It has been shown that for liquids at very high

velocities and gases at very low and very high velocities it is invalid (de Boer,
2000; Scheidegger, 1974). Hence, for liquids at a low Reynolds number it is
possible to obtain the fluid velocity from the Equation (1.1). One must however
recognize that, as long as the container cross-section remains constant, the
velocity measured experimentally by Darcy in pipes (superficial velocity u) 1s
smaller than the average fluid velocity in the porous medium (or filter velocity v).

The ratio between them 1s termed porosity. This concept is illustrated 1n Figure

1.6.



Figure 1.6 — Superficial u vs. filter v velocities. 1) Fluid, 2) porous medium

Accordingly, filter velocity v 1s given by:

B i
dt ¢ u dx

where ¢ represents porosity. The well-known 1D integral form of Darcy’s Law

then becomes:

xXX=-=""AP-¢ (1.4)

Another aspect of flow modelling is continuity. The continuity Equation, outlined

for fluids by Euler in the early 1770’s (de Boer, 2000), states the mass balance

principles that govern flow. Namely that, in the simplified case shown in Figure

1.7, velocities through the porous medium are related as described in Equation
(1.5).
u-A=v-9p-A=u-A=v,-¢ - A (1.3
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Figure 1.7 — Mass balance in flow through porous media. (1) indicates the porous medium. Ai and

A, and ¢ and ¢, represent the cross-section and porosity in the top and bottom surfaces

respectively

It was not until 1948, with the works by Farrandon and, in 1950 with Litwiniszyn,

that a full tensorial form of Darcy’s law for anisotropic media was available. It

takes the form:

u=—-Vp (1.6)
7

Where K 1s the second order symmetric permeability tensor.

1.6 FRAMEWORK

This work i1s structured so that each chapter stands on its own, containing an
introduction and review, the work done in that discrete section and the main

conclusions. There is also an overall conclusions chapter which synthesises the

information of all chapters in a broader context.

Chapter 2 discusses the mathematical development of a model of the VI process,
from analysis and correlation of available models to further analytical
developments and numerical solutions to the differential Equations. The

implications of compressible media for flow, pressure field and component

11



thickness are discussed at length. This chapter was accepted for publication, in

part, in Correia et al (2004 a) and as a whole in Correia et al (2004 b) both of

which are referenced in Appendix 1.A.

Chapter 3 discusses compaction charactenization and modelling for textile and
random reinforcements, and proposes and validates a one-parameter empirical
compaction model based on the conventional two-parameter power law. The

experimental work introduces a novel statistical approach to quantify the

variability of the results and an analysis of the effects of load cycling 1s proposed.

Chapter 4 seeks to vahidate the analytical based model for, firstly, pressure
distribution, secondly, by confirming thickness distribution predictions and,

thirdly, impregnation times. This last component was accepted for publication as a

part of Correia et al (2004 a).

Chapter 5 describes the finite element control volume numerical model. It
discusses development and validation with experimental and analytical based

predictions. It was also submitted for publication as a part of Correia et al/ (2004

a).

Chapter 6 discusses the issues of variability and control. It explains the statistical
flow modelling work and both applications and implications of this type of
analysis. Typical codes are discussed and variability studies are shown for flat
plates and complex geometries (such as the RoadLite project demonstrator) for

both RTM and VI. The chapter also introduces the topic of virtual control for real-

life materials, discussing the possibilities of real-time application to flow

monitoring and control.

Chapter 7 contains the overall discussion, further work, and conclusion sections.

12



2 AN ANALYTICAL STUDY INTO THE VACUUM INFUSION
PROCESS

This chapter is primarily concerned with the analytical formulation
of governing Equations for flow of incompressible fluids through
compacting porous media and their application to VI. The hiterature
on VI modelling, incorporating the effects of compliant media on
permeability and flow, 1s reviewed. A complete development of the
proposed goverming Equation 1s shown along with a suggested
numerical solution. The proposed model is subsequently used to
quantify the effect of process parameters such as inlet and outlet

pressures, fibre architecture and lay-up on flow. Implications for

industnal production are discussed.

2.1 OVERVIEW

As established in Chapter 1, the replacement of open mould techniques by LCM

moulding is advantageous both environmentally and in terms of mechanical
properties, especially for large components. Unfortunately, while there are many
industrial patents for this process, a dedicated flow-modelling tool, which can

account for the compliant medium, does not yet exist. The research presented here

addresses the issue of the development of analytical fluid dynamics models for
such cases and provides a background for future finite element models. It 1s hoped
that such models will benefit the composites industry by helping design and
producing manufacturing guidelines (such as the ones presented in chapter 3 and
summarized in Appendix 3.D). This chapter also addresses the relevance of such
models by discussing the relative importance of reinforcement compliance and
flow parameters in pressure field and fill time solutions. Conversely, it also
highlights the need for development of presently available models, for example in

situations where the medium is highly compliant and merits specialised modelling

capabilities.

This chapter builds on current knowledge of VI ( through a comparative study of
the mathematical models in the literature) and adds to it in the development of a

more complete model of flow through compliant media. The developments shown

13



here do not however lead to a fully analytical solution for the problem. Hence
Section 2.7 discusses a possible numerical solution (through a finite difference
approach) of this problem. Nevertheless, while a fully analytical solution is not
achieved, 1t 1s believed that this work is relevant since the issue of compliance-
dependent fluid pressure field and fill time had not, at the time of writing, been

clearly addressed in flow through porous media. The pressure-compliance

dependence 1s 1llustrated in Figure 2.1.
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Figure 2.1 — Schematic of effect of fluid pressure on compaction in VI

The objectives of the present chapter are therefore to:

1. Develop fill time and pressure solutions to the problem of flow through

compliant media.

2. Establish the relevance of this model and study the impact of different

parameters on the solutions.

3. Lay the ground work for further developments in modelling VI for

complex geometries.

Since the practicalities of modelling complex geometries require flexible FE
models this chapter will not look into the 3D nature of the problem (which is
addressed 1n chapters 5 and 6) but will focus on in depth developments for a 1D
flow case. It 1s acknowledged that distribution media (Figure 1.3) are regularly

used 1n an industrial context, inducing through-thickness flow in the
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reinforcement and forming a three dimensional flow front which advances first
through the distribution medium and lags in the reinforcement. This lead-lag
effect 1s not studied here. Nevertheless, this flow enhancement medium also acts
as a compacting reinforcement and, therefore, falls within the scope of this work.

The association between highly dissimilar materials is part of the work by A.

Ragondet (2004) and 1s integrated in the same project.

2.2 MODELLING TERMINOLOGY

RTM can be described as a special case of VI where the general problem of flow
through a compliant medium is reduced by reducing the compliance to zero
(Figure 2.2). Therefore, the processes differ in terms of boundary conditions:
thickness in VI is not pre-determined by the mould geometry but is a function of
fluid pressure and therefore changes with time. In VI, as in RTM, resin is driven
by a driving fluid pressure, which is the difference between fluid pressure levels at
the inlet and outlet. The driving fluid pressure produces a transient pressure
distribution (fluid pressure field) and a transient distribution of fluid pressure

gradients (fluid pressure gradient field).

Mould
Gate

Vent
Fluid

Front

'\..\,\‘\

'-\‘\. ‘h._.h.\hl s o -

i .

T -
" .
e, 0., ¢ ‘\4\\1 .

‘1.

Figure 2.2 —~Thickness distributions in VI (top) and RTM (bottom)

The nfusion of two identical preforms by RTM and VI, using the same driving
fluid pressure, typically involves different fluid pressure fields. Whereas in RTM
compaction 1s often constant throughout the preform, in VI it varies locally. VI
preforms are compacted by a compaction pressure field, which is equal to the

atmospheric pressure minus the local fluid pressure field, and varies with location

and time.
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2.3 BACKGROUND

2.3.1 Models of the VI process

Hydrological flow in consolidating soil was initially discussed by Biot (1941).
Hydrology 1s primarily concemned with saturated diffusivity studies, 1.e. pore
water movement in consolidating saturated soil and deformation of a saturated
porous mass. Major hydrological theories on flow through compacting media
assume non-coupled permeability and fluid pressure (Scheidegger, 1974). More
recent consolidation research (de Boer, 2000) still makes assumptions such as
uniform compaction pressure. Hydrological theories have been adapted to
composites manufacturing by Gutowski, Cai, Kingery and Wineman (1986),

Gutowski, Morigaki and Cai (1987), Gebart (1992), and Gutowsk: and Dillon
(1997). The basis of all models 1s the continuity equation (Equation (2.1)).

5 ot (2.1)

which relates flow rates through the boundaries of a control volume to its rates of
expansion or contraction and to the fluid density or media porosity inside.
Gutowski et al. were among the first authors to look at consolidation of
composites but their studies (Gutowski et al, 1986, 1987, 1997) focused on
manufacturing techniques such as compression moulding in a two-part ngid
mould. Thickness, although time-dependent, is independently controlled (by the
compression moulding machine parameters) and there 1s no fluid injection. In the

one dimensional flow case they show that the pressure field can be described by:
dv
P(x)=——-—-—-——-—ﬂ -*—f-(az —xz) (2.2)

This 1s 1llustrated in Figure 2.3.
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Figure 2.3 — Compression moulding of a representative volume element described by Equation
(2.2) (Gutowski et al, 1997)

Note that while compression moulding is similar to VI, in that permeability
changes throughout the process, compression moulding imposes a constant
permeability in x at any moment. Nevertheless, it is interesting to note that a fully
parabolic pressure field distribution is obtained by Gutowski et al (1997) for this
case since, as will be shown in chapter 3, that can be a good approximation for the

VI case. Figure 2.4 illustrates the variables on a VI control volume.

T S—
T—- S
h+—@--dt j
dt
|
> | ax —_I
u(x) \ h(x+dx)
1 F L u(x+dx)
I~ dx -

Figure 2.4 — Representative volume element for the vacuum infusion process. Expansion rate:

dh/dt. Velocity of flow through the boundaries of the element: u. Thickness: h

Hammami and Gebart (1998, 2000) modelled the vacuum infusion process
focussing on 1D flow. As Appendix 2.A shows, applying Equation (2.1) to a 1D

flow case along x where the control volume is defined over the whole thickness /

of the laminate results 1n:
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oh  O(u.h)
or  ox (2.3)

Despite the fact that different algebraic forms of the same governing Equation
(2.3) are suggested by Gutowski ef al. in 1987 and Hammami et al. in 2000, both

are 1dentical and represent the same approach. Their equivalence 1s presented in
Appendix 2.B.1.

Han, Jiang, Zhang and Wang (2000) used a different approach based on earlier
work by Scheidegger (1974) for soil compaction. This model can be re-written 1n

a form comparable to the above Equations, as shown in Appendix 2.B.2:

oh_,

ot ox (2.4)

Kang, Lee and Hahn (2001) offer another model of the vacuum infusion process.

Based on the original work by Davé (1990) they propose:

| &, _2(K P’

v, Ot Ox\ g Ox, (2.5)

Appendix 2.B.3 shows that, once more, an apparently dissimilar model can be

converted to a format comparable to Scheidegger-Han (2.4) and Gutowski-

Hammami (2.3), specifically:

Ot Ox (2.6)

2.3.2 Unification of published models of vacuum infusion

As shown 1n Appendix 2, an exact correspondence between the models proposed

by Gutowskl et al and Hammami et al can be established. Nevertheless, these
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models do not agree with those of Han ef al and Kang et al. The dissimilarities 1n
Equations (2.3), (2.4) and (2.6) can be grouped into two types (I and II) by

algebraic form of their velocity differential terms:

3 (uh
1) rype i 52
ox ox (2.7)

Type I:

Clearly, Type Il 1s a subset of Type I, 1f one assumes:

oh
Ox (2.8)

and does:

OX ox  Ox (2.9)

The above establishes the similarity between the model by Kang et al and the one

developed by Gutowski-Hammami. Scheidegger and Han et al/ assume a further

simplification on type Il by stating that

U

h~h,

(2.10)

where 4y 1s the initial thickness of the porous medium. The authors are therefore
neglecting variations in thickness in the RHS of Equation (2.6) but not in the
LHS. Furthermore, this analysis highlights the difference in sign in the RHS of
Scheidegger and Han, when compared with all other authors, which 1s not
compatible with the physical mechanisms of VI, namely that, due to continuity

(Equation (2.1)), the velocity gradient in VI is positive and therefore requires the

minus sign in Equation (2.4).
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The four apparently dissimilar models offered in the literature by six different
authors can therefore be unified into a single model given in Equation (2.3) and

described in detail in Appendix 2.A, with variations due to different assumptions.

In line with the above discussion, the present work implements the Gutowski-
Hammami governing Equation (2.3) as the foundation for further analytical
developments. Through these developments, it explores the fundamental
differences and highlights the similarities between VI and RTM i1n terms of flmd
pressure field and flow front position, and provides a background for the

development of functional 2D/3D FE models of this process. In parallel with the

results for this model, the Han-Scheidegger Equation is also solved for

comparison, as it 1s the least similar to the unified model.

24 COMPACTION MODELLING

Variable thickness in VI has quantifiable implications for permeability, porosity
and flow. For illustration purposes, a typical thickness distribution for a vacuum-

infused, chopped strand mat panel 1s shown 1n Figure 2.5.

Thickness mm

Figure 2.5 — Cured thickness of a vacuum infused CSM panel

This flat panel, consisting of 12 layers of CSM reinforcement was infused with

polyester resin using a line injection scheme. Once cured, the panel was cut and
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its thickness measured by dial gauge at 104 locations (details on thickness
measurement can be found in Section 4.5, and shown in Figure 4.15 on page 91).
The thickness is clearly dependent on position, 1n this case distance from inlet,
showing the effect of local fluid pressure and preform compressibility: the higher
local fluid pressure at the inlet reduces compaction pressure on the reinforcement
and increases thickness. In this example, the total difference in thickness 1s 2.2

mm, which corresponds to 22% of the average thickness of the panel.

2.4.1 Compaction models

This section aims to introduce the compaction model used in the present analysis
while a detailed discussion on compaction modelling 1s left for chapter 3.
Compaction of fibre preforms was studied experimentally and analytically by
several research groups resulting in more or less complex empirical or analytical
based models. Nevertheless, for the purpose of this study, an empirical power law

model of compaction was used:

L comp 2.11)

where the compaction pressure P, 1s defined from the atmospheric pressure

P.m and the fluid pressure P by:

comp atm (2 1 2)

and the coefficients vp and B are experimental fitting parameters representing the
fibre volume fraction at one umt of pressure and the stiffening index. These

parameters and other compaction models are discussed extensively in Robitaille ef

al (1999 a, b, c).

2.4.2 On compaction hysteresis and dry vs. saturated compaction

The compaction behaviour of fibre reinforcement is different from its expansion
behaviour. Reinforcement compaction hysteresis is illustrated in Figure 2.6 where

the two first compaction cycles of a saturated Formax™ FGE 117 stitched tnaxial
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textile are shown. Dry compaction properties differ from those found in saturated
conditions (Figure 2.7). The mechanism that drives this change is a reduction 1n
fibre friction coefficient due to lubrication. This has important implications for VI
given that the reinforcement 1s compacted in a dry state and, as fluid pressure
increases, expands in saturated conditions. Representative data should therefore
be obtained in saturated compaction experiments whenever possible. This chapter

will use dry compaction data for illustration purposes.
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Figure 2.6 — Compaction - expansion cycle for saturated Formax™ FGE117 stitched triaxial

reinforcement (3 layers)

Note that at the end of all compaction cycles the