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The aim of this thesis is to investigate permeability identification methods of
porous media in Resin Transfer Moulding (RTM)by means of experimental mea-
surements.

Fundamental research areas concerning Resin Transfer Moulding (RTM) are cat-
egorized in three main topics: Permeability identification, Flow analysis and In-
jection pressure predication. Some fundamental problems on permeability iden-
tification which is considered as a base of RTM researches are theoretically and
experimentally examined. Under generalised boundary conditions of injection
pressures or flow rates considered as time functions, several analytical solutions
for both channel flows and radial flows through isotropic or anisotropic fiber
preforms are developed. The gravitational effect is also considered, while these
solutions are derived. By using these solutions in permeability identification mea-
surements, it is no longer required that injection pressures or flow rates are to
be constants as reported in current references. It is demonstrated that the effect
of gravitation on two- or three-dimensional radial flows is to produce a transla-
tion of the wetted domain of medium. A moving coordinate system fixed at the
centre of wetted area is proposed to avoid the gravitational effect on experiment
measurements.

Eighty seven practical identification experiments are completed to validate these
fundamental results and the proposed experiment methods. Further research

problems into the theoretical results and experimental work are described.
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Nomenclature

Indices and coordinate systems

0,7k

O - T1T2Tg

[ AP A |
O - .’131332583

0 — X1 X, X5

O — y192y3
O — y1ys05
£L;
X;
Yi

/

Y;

small English letter subscripts (= 1, 2, 3),
obeying the summation convention

= 0()/0z; or = 0()/0X;, etc.

= 8()/0t

a quantity related to the principal direction Xj;,
no obeying the summation convention
transpose of a matrix or tensor ()

a quantity related to flow injection gate

a quantity related to flow front

a quantity related to two-dimensional or

three-dimensional quasi-isotropic radial flows

spatial Cartesian coordinate system

another spatial Cartesian coordinate system
principal coordinate system of a permeability tensor
a measurement coordinate system

another measurement coordinate system

spatial coordinates under the O — z;z225 system
spatial coordinates under the O — X;X,X3 system
spatial coordinates under the O — y;y2y3 system

spatial coordinates under the O — y{y4y; system

unit vector along the z; or y; direction
unit vector along the X; direction
unit vector along the X, direction

unit vector along the z} or y! direction
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Letters

a radius of an ellipse or ellipsoid

a
A horizontal section area of Darcy’s homogeneous filter bed
A, a cross-sectional area of the mould
b a radius of an ellipse or ellipsoid
c a radius of an ellipse or ellipsoid
€ijk permutation symbol
g gravity acceleration
height of Darcy’s homogeneous filter bed
hy liquid height in the manometer tube at outflow
end of Darcy’s filter bed
hs liquid height in the manometer tube at inflow
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Chapter 1

Introduction

1.1 Resin transfer moulding (RTM)

Composite materials have fully established themselves as workable engineering
materials and are now relatively commonplace around the world, particularly for
structural purposes (Cai 1987). In various coxﬁposite materials, fibre reinforced
plastics (FRP) with different polymer matrices have took a very important posi-
tion in engineering applications (Brittles 1994). Today, the aircraft, automobile,

electronic and medical industries are dependant upon FRP.

Early military applications of FRP were during World War II, especially in the
marine industry. As described (Smith 1990), FRP were first used by the US Navy
in the 1940’s to build boats. It soon became the most popular building material
for pleasure craft. In 1955 4% of all small boats where built from FRP compared
to more than 80% in 1972. It has remained at that level since. The main reason
to use FRP in boat building is that the raw materials are easily obtainable at
short notice with consistent material properties. Beside this, semi-skilled labour
is needed to process the materials and build the boats. For larger production
runs this offers significant benefits over other materials, such as wood and steel.
FRP also allows the building of complex shapes which may be required by hy-

drodynamic or structural reasons.



The traditional moulding techniques used to produce these boats are hand lay-
up and spray-up techniques. However, economic pressure and environmental re-
quirements on styrene emission (Williams et al 1996) make these techniques less
acceptable. Instead of these tradition moulding techniques, RTM has become in-
creasingly popular for the production of high quality FRP composites. Now it is a
widely used manufacturing method for making large FRP structures of all shapes,
sizes and degrees of complexity, in many fields. The main advantages of RTM
are that it is a closed moulding process and produces high quality components
with smooth surfaces on both sides. Because of the low injection pressure the
tooling is quite cheap. It also has potential for a high degree of automation and
a considerable cost advantage (Foley 1991). RTM has become a standard process
in the automobile industry to produce high quality body panels of sports cars
and utility vehicles (Rudd et al 1997.) RTM also offers advantages to aerospace
end users such as relatively low tooling costs and component integration with the
potential to mould complex structures in a single shot. In the new book, Liquid
moulding technologies, written by Rudd et al (Rudd et al 1997), more successful
application examples of RT'M technologies in various industry production pro-

cesses are presented.

RTM is also known as resin injection, which is that a positive/negative pres-
sure is used to drive/to attract a liquid resin into a mould cavity containing a
dry fibre preform (see, for example, Hayward et al 1989, 1990; Williams et al
1996; Rudd et al 1997). A typical RTM process cycle is shown in Figure 1.1
(Weitzenbock 1996). The first step is preform preparation where the fibre mats
are cut to size, then these preforms are placed in a mould and after this the resin
is injected into the cavity and then is left to cure, finally the cured component is

moved.



1) Prefrom preparation 2) Load preform

-1 =~

3) Inject resin 4) Eject component

Figure 1.1: A typical RTM process cycle.
1.2 The position of permeability measurement
in RTM

In the typical RTM process cycle shown in Figure 1.1, step 3, the resin injection,
is the most important thing of the total RTM process, which directly affects the
quality of RTM products. Therefore, to improve the quality of RTM products,
the key element is to control the process of resin injection flow. For this purpose,
it is necessary to built a mathematical model of resin injection flows, which can
be used to investigate the resin injection flow process by numerical methods and
computer simulation for its optimizing. Up to now, it has been widely accepted
that this process can be described by flow in porous media (Scheidegger 1960,
1963a and 1963b), in which fibre materials and liquid resins are treated as porous
media and viscous fluids, respectively. In principle, a flow in porous media can
be solved by using the fundamental laws of continuum mechanics, such as mo-
mentum balance and the law of mass conservation (Fung, 1977). However, since
a porous medium generally is an very complicated network of channels and ob-
structions, it is not possible directly to solve these fundamental equations defined
in a porous medium and it has to be described statistically and in some average
sense. To this end, Darcy’s law (Darcy 1856), describing flow rate as a function
of potential drop is used to calculate flow in porous media. Darcy’s law is an

experimental law and is mainly based on a very important parameter, perme-



ability k, which provides a statistical description of the characteristics of porous
media in RTM. The fundamentals of the resin injection process in RTM may be
represented in Figure 1.2. In this figure, the p, k and q represent the injection
pressure, the permeability of the porous media and the resin flow vector, respec-
tively. Investigation topics concerning the resin injection process in RTM may be

categorized in the following three kinds.

Permeability of
Porous Medium

Injection Flow
Pressure k Vector
—-——-—-—..».

Figure 1.2: A relative diagram of p, k and q.

Permeability identification: The purpose of this kind of investigations is to deter-
mine the permeability k& of a porous medium in resin injection process in RTM.
It has not found any reports to obtain the permeability of a porous medium or
a fibre material by using microscopic or macroscopic analytical methods. The
permeability of a fibre material treated as a porous medium has to be deter-
mined by experimental methods. In this problem, the resin injection pressure p
is prescribed and the resin flow q is measured, and then the characteristics of the
porous media, the permeability parameters k are to be determined. This kind of

problem will be designated as the permeability identification.

Flow analysis: In this kind of investigation problem, the injection pressure p

is prescribed and the porous media are given, which means that the permeabil-



ity parameters k of those media are known, the resin flow g is required to be
determined. This kind of problem can be solved by numerical methods or experi-

mental approaches. This will be designated as the Flow analysis in resin injection

processes.

Injection pressure prediction: This is a reverse of the problem of flow analysis. For
a given porous medium of which the permeability k is known, a pre-designed flow
g is given and the injection pressure p to produce this designed flow is required
to be determined. Obviously, this is a very useful topic to control resin injection

flows. This will be designated as the problem of Injection pressure prediction.

From the above discussion, it can be concluded that the permeability identifica-
tion is a key problem in RTM research and it is a base to study the flow analysis
and injection pressure prediction in RTM process (see, for example Rudd et al
1996a). This thesis intends to give a further theoretical and experimental inves-

tigation to this key problem.

These points are certainly a fundamental study of permeability identification
methods in RTM process. The present work attempts to address these problems

by using theoretical analysis and experimental demonstration.



Chapter 2

Literature review

2.1 Fluid flow in porous media

2.1.1 Definition of porous media

In order to study the resin flow through fibre materials, which are treated as
porous media, it is first of all necessary to clarify what is understood by the term
porous media. A porous medium is a solid containing holes or pores in it. Usually
the number of holes or pores is sufficiently large that a volume average is needed
to calculate pertinent properties. Pores which occupy some definite fraction of
the bulk volume form a complex network of voids. Furthermore, the pores must
be small compared with the external dimensions of the material. The pores may

be interconnected or non-interconnected.

In this research, a mould cavity containing a dry fibre preform in RTM pro-
cess is considered as a porous medium. Obviously, the fibre perform forms affect
the properties of this porous medium. When properties of porous media are con-

cerned, the following terms are needed to be distinguished.

(i) Homogeneity: Homogeneity is also called uniformity, which means that the

properties of the material at different points are same. In other words, the pa-



rameters describing the properties of the material are not dependent upon the
point within the material. Ideally, a mould cavity containing a dry fibre upon
the preform in RTM process or a composite should be homogeneous, or uniform,

but this is difficult to achieve.

(ii) Isotropy and anisotropy: At a point in the space occupied by a porous
medium, directions may affect the properties of the medium. If the properties
of the medium are independent of direction, this medium is said to be sotropic,
otherwise anisotropic. The orientation of the reinforcement within the matrix

affects the isotropy of the system.

Figure 2.1: A unidirectional medium.

(iii) Transversely isotropy: When calculating the properties of porous media it
is convenient to start by considering a porous medium in which all the fibres
aligned in one direction (i.e., a unidirectional medium), as shown in Figure 2.1.
In a unidirectional medium the fibre distribution implies that the behaviour is
essential isotropic in a cross-section perpendicular to the fibres. In other words,
if a test is conducted by applying a material strip in the direction zs or in the
direction z3 (both normal to the fibre axes), the same property constants would
be obtained from each test. The material is classified as transversely isotropic
(see, for example, Matthews and Rawlings, 1994). Clearly the properties in the

longitudinal direction z; are very different from those in the other two directions.



These materials are called orthotropic.

In describing flow phenomena in porous media interests focussed on intercon-
nected pores since these are the ones that affect flow. Unconnected pores do
not affect flow directly but may affect the compressibility of the matrix. If flow
within the porous medium is to be possible, at least part of the pore space must
be interconnected. The pore space which is interconnected is termed the effective
pore space of the porous medium. Porosity and permeability are the two main

properties in description of RTM flow process.

2.1.2 Porosity

The preform of a porous medium is the material in which the holes or pores are
embedded. The manner in which the holes are embedded, how they are inter-
connected, and the description of their location, size, shape, and interconnection
characterize the porous medium. The porosity is a quantitative property that
describes the fraction of the medium that is voids. When a flow is concerned,
the pores or fraction of the medium that contributes to flow constitutes the ef-
fective porosity. Recognizing that in defining porosity the complex network of
voids is replaced with a single number that represents an average property. A
porous medium of a given porosity can be extremely different from another porous

medium that has same porosity.

The porosity is defined as the ratio of void volume to bulk volume of the porous
media. The absolute porosity is the ratio of total void volume to bulk volume.
The effective porosity represented by ¢ is the ratio of effective pore space to bulk

volume, i.e.
_ Effective pore space (2.1)

Bulk volume

The most popular method of obtaining porosity is the gas expansion method (see,
for example, Scheidegger, 1960, 1963b). In this method, a medium of known bulk

volume and a given amount of air or gas are placed in a container of known volume
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under pressure. This container is then connected with an evacuated container of
known volume. The new pressure of the system is read, and this allows one to

calculate from the gas laws the volume of gas that was originally in the porous

medium.

If the density p; of the fibre materials making up the porous medium is known,

then the bulk density p, of the latter is related to the porosity ¢ as follows:

Py
e=1- ", (2.2)
Ps
or
e=1- Vs, (23)

where vy is Fibre Volume Fraction, it is calculated by using the following formula
_NW

vf = ?I;;’

where N, W, H, and p; represent the number of fibre layers, the mass per

(2.4)

square metre of fibre mat, the thickness of the cavity, and the density of the
fibre material, respectively. This method is used to obtain the porosity € in this

research.

2.2 Darcy’s law

The modern theory of flow through porous media finds its basis in a simple exper-
iment first performed by Darcy (Darcy, 1856) which is, in essence, a large-scale
filtration experiment. A homogeneous filter bed of height h = Z, — Z;, bounded
by horizontal plane areas of size A, is being percolate by an incompressible liquid
as shown in Figure 2.2. If open manometer tubes are attached at the upper (no.2)
and lower (no.1) boundaries of the filter bed, the liquid rises to the heights h, and
hi above a certain (arbitrary) datum level, respectively. By varying the various
parameters involved, Darcy deduced heuristically the following relation between

the variables and the total volume @ of fluid percolating in unit time,
Q = —KA(hy — h1)/h, (2.5)

9
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Figure 2.2: Schematic drawing of Darcy’s experiment.

where K is a constant depending on properties of both fluid and solid. This re-
lationship has subsequently been shown valid as a reasonable approximation for

a wide variety of cases (see, for example, Scheidegger, 1963b).

Darcy’s law can be restated in terms of the pressure p and the density p of

the liquid. By introducing of a new constant K, one then can write,

Q = —KA(p; — p1 + pgh) /A, (2.6)

which is equivalent to equation (2.5).

Darcy’s law as stated in equation (2.6) is rather restricted in its applicability.
As indicated above for K, the new constant K, too, must be expected to depend
on the properties of both the fluid and the porous medium. Nutting (Nutting,

1930) showed by experimentation that to a reasonable approximation,
K=Fk/pu, (2.7)
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where p is the viscosity of the liquid and k£ a constant depending only on the
properties of the porous medium. This constant is called the permeability of the

porous medium, which has its unit m?.

Darcy’s law, as developed so far, may now be written as follows:

q=Q/A=—(k/u)(p2 — 1 + pgh)/h, (2.8)

which further been expressed as a differential equation by letting & become in-
finitesimal, i.e.
9p
¢=Q/A=—(k/u)(5 ~+prg), (2.9)
L3
where z3 represents a coordinate pointing vertically upward, and q is called local

seepage velocity.

As indicated above, the permeability & of a porous medium depends only on
the properties of the porous medium. These include both of the geometrical
and physical properties, such as the size of the pores, tortuous paths, capillar-
ies, interfacial force due to constructions, fibre compressibility and etc. in the
medium. It is very difficult to determine the permeability of a porous medium
by an analytical method and this important parameter has to be obtained by the

experimental methods

2.2.1 Generalization of Darcy’s law

Darcy’s law is an empirically determined relation for a one-dimensional single-
fluid flow in a homogeneous medium. How should Darcy’s law be written if the
medium is complex? As it has known that the permeability used in Darcy’s law
is a property of porous media. Therefore, for a different porous medium, there is
a different permeability and the corresponding form of Darcy’s law.

Isotropic media

The first possible generalization of equation (2.9) obtained from one dimensional

11



flows is to extend it to flows in isotropic porous media in the three-dimensional

space. This can be done by representing equation (2.9) in a vector form

¢ = —(k/p)(p; + pgdis), (2.10)

where ¢; represents the velocity vector of the flow; p; is the pressure gradient
vector; k is the permeability constant; g is the magnitude of gravity acceleration
pointing vertically downward, i.e. along the negative direction of the coordinate

z3. If a generalized pressure gradient vector J; is defined as
Ji =pi + pgdis, (2.11)

it gives,
¢ =——J. (2.12)
M

Anisotropic media

A further generalization of Darcy’s law can be attempted in anisotropic porous
media are considered. The form in equations (2.10) and (2.12) immediately sug-
gests that in anisotropic media the permeability constant k£ should be replaced
by a symmetric tensor k;; (see, for example, Scheidegger, 1963b; Bear 1972) and

the corresponding Darcy’s law takes the form

G =—-27.. 2.13)
p? (

The permeability tensor k;; and Darcy’s law described in equation (2.13) can be

rewritten in the matrix form as follows:

ki k2 ks
k= ky ko ks | > (2-14)
ks1 ksa kss
a1 . ki k2 ks J1
Q@ | — “; ko1 koo Kos J2 (2.15)
s k31 ksa kss Js
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This generalization implies the following consequences:

(1) The scalar permeability constant k is extended to a permeability tensor k;;
which is a symmetric tensor and there are 6 constants in it. Physically, a coeffi-
cient in the permeability tensor k;;, such as kjo, represents the seepage velocity
component g; (multiplied by —u) produced by a unit generalized pressure gradi-

ent component J,.

(ii) In general, the generalized pressure gradient J; and the seepage velocity vec-
tor ¢; are not parallel. This represents that a generalized pressure gradient J; will

produces the flows in both the tangent and normal directions to its direction.

(i) For a permeability tensor k;;, there are three orthogonal axes (principal
axes, see Chapter 3) in space along which the generalized pressure gradient J;
and the seepage velocity vector ¢; do have an opposite direction.

Transversely -anisotropic media

For transversely isotropic media in which the longitudinal direction represents by
z1(see Figure 2.1), therefore, k15 = ki3, ko = kis3 and kes = 0 and then there
are only 3 constants in the permeability tensor k;;. The permeability tensor k;;

reduces to the following form

ki1 k2 ka2
k= ky ke 0 |. (2.16)
kai 0 ko

2.2.2 The statistical characteristics of Darcy’s law

As mentioned in the introduction, in principle, this same flow in porous media can
also be solved by using the fundamental laws in continuum mechanics, such as the
momentum balance and the law of mass conservation. Therefore, there definitely

exists a relation between Darcy’s law and the fundamental laws in continuum
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mechanics. To further understand the essential aspect of Darcy’s law and its
restrictions to applications, it is necessary to study this relation. DeWiest (1969)
showed that Darcy’s law is the empirical equivalent of the momentum balance
equation in continuum mechanics. He demonstrated that statistical averages of
the momentum equations and neglecting the inertial terms result in Darcy’s law.
Therefore, as same as the porosity, the permeability is also an average property
of porous media. When the medium is replaced with its average properties,
some information concerning the microscopic description are lost, but consider

its statistical bulk description.

2.3 Measurement of permeability

Following Darcy’s original experiment (Darcy 1856), there have been a lot of
references to discuss the methods to identify permeabilities of porous media by
experiment measurements. The earliest references on this topic are mainly in
connection with the exploitation of oil fields and the most important contribu-
tions are probably those of Miller, Dyes and Hutchinson (1950), Horner (1951),
and Hazebrook, Rainbow and Matthews (1958). The details of these earliest re-
searches can been found in Scheidegger’s famous books (Scheidegger 1960, 1963b).

As composite materials are widely used in various engineering areas, liquid mould-
ing technologies including RTM are more and more attractive. As result of this,
a great number of papers and reports appeared in which improvements and gen-
eralizations of the underlying theories were discussed. The most relevant of these
are those that follows. It seems that the fundamental theories and some special
flow solutions through porous media, which are used in permeability identifica-
tion references can be found in the historical books written by Scheidegger 1960,
1963b; Bear 1972; Greenkorn 1983. As far as RTM is concerned, a more ex-
cellent new book written by Rudd et al (1997) contributed more details on test

fluids, test techniques, test process, a comparison of test methods and the two
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flowcharts for calculation of principal permeabilities from radial flow tests with
constant pressure rate (Hirt et al 1987) and constant flow volume rate (Chick et
al 1996). A comprehensive review on the experimental approach for this topic in

RTM process is given in the Ph.D thesis (Weitzenbdck 1996).

In principle, all the methods used in permeability identification measurements
may be divided into two general categories: those employing rectilinear or chan-
nel flow, as described by Gauvin et al. (1986, 1990, 1994), Gebart et al. (1991,
1992, 1996), Parnas et al. (1993) and Ferland et al. (1996), and those using
radial flow as described in detail by Adams et al. (1986, 1987,1988, 1991a and
1991b), Chan et al. (1991, 1993) and Chick (1996). Either method may employ

constant injection pressure or constant injection flow rate or volume flow rate.

2.3.1 Channel flow

Rectilinear tests (channel flow tests) are made by introducing the fluid into the
reinforcement using an edge gate and constraining it to advance along a parallel
sided cavity towards an edge vent. The advantages of using rectilinear flow in-
clude simplicity of data analysis and when constant injection pressures are used,
there is a particular advantage in being able to take an averaged velocity of the
advancing flow front. The main disadvantages are that more than one test is re-
quired to characterize the permeability for anisotropic media. Table 2.1 list some
selected methods of permeability measurement by using channel flow. In this
table, the CFR and CIP are constant flow rate and constant injection pressure,

respectively, and UD is unidirectional fabric.

The channel flow tests was employed mainly to characterize isotropic preforms
by Gauvin et al 1986 and 1996, Fracchia et al 1989, Bruschke et al 1990, Kim et
al 1991, Gebart et al 1991, 1992 and 1996 and Perry et al 1992. In these cases,

only one measurement is needed.
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For constant injection pressure, the permeability of isotropic media is calculated

as follows (Gebart et al 1991, 1992 and 1996)

2
pez?

=2 2.17
2Apt ( )

where z7 is the position of the flow front, Ap is the pressure difference between

inlet (p°) and outlet (pf), that is Ap = p/ — p® and p° is a constant in this equa-

tion, u is the viscosity of liquid, ¢ is effective porosity and ¢ is time of flow process.

The permeability of isotropic media with constant flow rate can be obtained

as follows (Gauvin et al 1986 and 1996),

f
k= HAQ;_O, (2.18)

where () is the flow rate, it is constant, A, is the cross-sectional area of the mould

and p° is the pressure at inlet.

The equations (2.17) and (2.18) are basic formulae for measuring permeability
under constant injection pressure and constant flow rate condition, respectively.
Although there exists only a small difference in the equations to be used in cal-
culation of the permeabilities in most of references published, the fundamental

equation is same as these two equations.
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Table 2.1: Some selected methods of permeability measurement by using channel

flow
Author(s) | Method | Formulae Reinforcement | Comment

Gauvin k= a?;é Random A basic formula to
et al. CFR | or measure permeability
(1986) k= %Qg—f:—;;g fabric. under CFR.

Gauvin CFR Random This equation can be
et al. k= %% used to calculate
(1996) CIP fabric. the permeability of

both CFR and CIP
experiments.
2
Ferland, CFR = ‘“—mp%’—’ Random Both of these two
et al. and and equations can be
used in CIP and CFR.
2
(1996) CIP = m%m fabrics. The inlet pressure is
time-varying in CIP.
2
Gebart, CIP k= ﬁg—%%i A general case for
UD permeability
(1992) measurement.
Weitzenbock CIP 1) = kl(%ilil_?_)“ Anisotropic | The principal permea-
cos 28
et al. ko = krrr (A+D) bility and orientation
(A+ m)
(1996, 0=1tan"1C were calculated by
1999 ¢) C= % - ‘4:—1:1%-2 fabric . channel flow test in
A= hiziz_u these paper.
ki—k
D = bizpu
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These two equations also can be used in calculation of the permeabilities of
anisotropic media. In this case the above equations are the effective perme-
ability along the measurement direction. To calculate the principal permeability
and orientation, at least three times experiments should be done, in the other
word, three effective permeabilities along three different directions should be ob-
tained firstly. Several investigations, as reported by Ferland et al 1996, Martin
1986, Fracchia et al 1989, Fracchia 1990, Chibani 1990 and Weitzenbock 1996
and 1999, used this simple technique to measure successively the preform perme-
abilities along its two principal directions for a two-dimensional case by means of
a unidirectional flow inside a rectangular cavity. The principal permeability and

orientation can be calculated from (Weitzenbdck 1996 and 1999c¢):

A-D)
PO g

(A =D/ cos2¢p)’

A+ D)

LD _ g (

A+ D/ cos2¢p)’

1l [A_ Ao
¥ =3 D kyD [
A - k1+k1H,
2

D = 5’_2—2’“12 (2.19)

Where £ and k(®) are the principal permeabilities, k;, k;; and kj;; are the effec-
tive permeabilities measured in directions I, IT and III, which can be obtained

from equations (2.17) or (2.18) and ¢ is the orientation of principal.

A new method for measurement of the in-plane permeability tensor has been
proposed by Gebart et al in 1996, the new method combines the simplicity of the

radial low method with the small mould deflection of the channel flow method.

As shown in Figure 2.3 (Gebart, 1996), the new method is to connect four parallel
flow mould cavities to a common inlet. The mould cavities are loaded with the
test material oriented in the 0°, 45° and 90° directions. The fourth mould cavity

is loaded with a reference material with known permeability. This method has a
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Figure 2.3: Definition sketch for the multiparallel low method for permeability

measurement.

number of additional advantage in that the number of experimental parameters
that must be measured is reduced and in that the permeability of the test mate-
rial is related directly to a reference material. But it seems that this method did

not widely use in the permeability measurement.

2.3.2 Radial flow

Radial tests are performed using a centre gate to produce a diverging flow in a
mould cavity which is vented at the periphery. Tests rigs often consist of one
or both plates manufactured from Perspex or glass to allow visualisation of the
filling stage. The permeability for a two-dimensional case is usually defined by
two principal values measured in the plane of the reinforcement. Comparing with
the channel flow tests, it can be found that the radial flow methods require more
complex analysis of experimental data, but have the advantage that principal
permeability values can be determined in a single experiment. It is therefore
widely used by researchers ( Adams et al. 1986, 1987,1988, 1991a and 1991b,
Chan et al 1991, 1993, Chick 1996, Gauvin 1996, Gebart et al 1996, Rudd 1995,
Weitzenbock 1996, 1999a and 1999b). The glass or acrylic cover are often used

in this kind of experiment, this limits the fluid flow rate and pressure to at least
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an order of magnitude lower than those typically of industrial structural reaction
injection moulding (SRIM) (Adams, 1988). Table 2.2 list some selected methods

of permeability measurement by using radial flow.

The permeability measurement of isotropic media are very simple, in the constant
inlet pressure experiments, normally, for isotropic materials the permeability is

defined as,

- — f2 21 r_’_' 02 E/J/ 2
k [r7"(2]n D+r ]—~——-——4(pf‘p0)t. (2.20)

Where rf is the position of the flow front at time ¢, 70 is the radius of inlet, pf
is pressure at flow front and p is a constant injection pressure. This formulation
were used in great number of references (Adams et al. 1986, 1987,1988, 1991a
and 1991b, Weitzenbdck 1996, 1999a and 1999b). The paper published by Adams
et al in 1986 was the first to propose the radial flow technique for permeability

measurement in RTM.

For permeabilities of anisotropic materials, the analysis of the experimental data
are more complex. Both the principal permeability values and their orientation

of anisotropic media can be obtained by following equations (Weitzenbéck 1996):

A-D)
Y = F (
I(A—D/cosZgo)
A+ D)
£ = F (
"I TA+ D/ cos2p)
= ltan”1 A—AZ_DZ
¥ =3 D "F,D [’
£2 r! 21 1
EF = (r [21n(—20~) 1]-!—7*?}%-, (i=1,11,I11), (2.21)
7'1‘ P
A = Fr+ Frr
2 b
D - Fr—Fp
2 b
_ ke
¢ 4Ap
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Table 2.2: Some selected methods of permeability measurement by using radial flow

Author(s) | Method | Formulae Reinforcement | Comment
Adams et al. k= ’2—"5; Continuous This is the first paper to pro-
(1986, 1987, CIP strand mats, pose the radial flow technique
1991 a and b) = i(r—f—z(—z—;—)—f‘—‘]i random fabrics. | of permeability measurement.
Adams et al. Isotropic preform Isotropic media | This equation is a
CIP and fundamental equation for

(1988) k= —[rf 2(2 In f—é— —1)+ 7"02}?(‘,7%;)‘)'2' anisotropic media. | isotropic media.

Gauvin Isotropic preform

et al. k= 71%0%’ Isotropic media | k is the quasi-isotropic

(1996) CIP | F=r"{(%)’2In(Z) — 1] + 1} permeability.

Anisotropic preform

E __ Faep

T 4Apt?

F, =™ {(&)*2In(%) — 1] + 1},

and

anisotropic media.

The first step to calculate
the principal permeability

of anisotropic media.




(44

Weitzenbdck Isotropic preform The principal permeability

et al. CIP k= —[r*21n gﬁ— -1)+ TOZ]Z(—I)—,E‘E‘F);. Random fabric, | and orientation were calcul-
(1996, ated in these paper.
1999 a & b) Anisotropic preform These equations are unified,

kW = F Iﬁ%ﬁ;, Twill fabric, they can be used in
@ = F I”zﬁé%ﬁ , calculate both of isotropic
0 = % tan™! {—3 — A;,;gz} , and anisotropic preform
Fy=<r] 2[2 ln(g;) — 1]+ r?z} + Unidirectional | in constant inlet pressure
(¢ =1,11,1IT), material. experiments.

_ Fit+F
A= ffur

D= Iy —Frpp

2
Gauvin Isotropic preform
et al. k= —2;%—;5 In %, Isotropic media | k the quasi-isotropic
(1996) CFR permeability.
Anisotropic preform and

1. —_— — 0 » - .
k= ’Q‘E‘%hm, m = _Pm; ) Anisotropic media.




€¢

Chan
et al.

(1993)

CFR

Isotropic preform

_ _Qu rf
k= 2mhp? In 70

Orthotropic preform

kzzi%#ln?ﬂ

k(l) == _n%—’ k(z) = E’I’I’Ll, my = Lid

r®’

Anisotropic preform

(1) 4 £(2) (1) _(2)
kn: k erk +k 2k cos 20

(1) (2 .
klg = k21 = L—-z'&—- sin 26

(1) 41 (1) @
koo = & erk . 2" cos 20

Isotropic media,

Orthotropic media

and

Anisotropic media.

These equations are often
used to calculate the
permeability of porous

media.




2.3.3 Measurement of three-dimensional permeability

The most common method to measure the through thickness permeability is to
use the one-dimensional channel flow test (Trevino et al 1991, Wu et al 1994).
Equation (2.18) is also be used to calculate the through thickness permeability.

The in-plane permeabilities are determined from a two-dimensional flow (radial

flow) experiments.

Ahn et al (1995) firstly presented an experimental technique to measure simul-
taneously the three principal permeabilities of fibre preforms . Two kinds of
transversely orthotropic preforms were examined, one was woven glass fabric and
the other was glass fibre chopped strand mat. The technique utilizes embedded
optical fibre sensors for detecting the position of the liquid front inside the pre-
form. The formulae used to calculate the three principal permeabilities are as

shown as follows:

0 = M E X g Xy
— 2 f f
v - ety g Xy
), X :
LE QE;O*;J?) {2(XC ) — 3(Xc )2+ 1]. (2.22)

where a = b = ¢ = r0.

Weitzenbdck et al in 1998 also reported their finding of a similar experiment
to measure a three-dimensional permeability by using radial flow test. In these
tests, the through thickness direction also is one principal direction, the heated

thermistor sensors were used to measure the flow front through this direction.

As described in above, in the three-dimensional permeability measurement, one
principal direction always has known before experiment. However when we do
not know any principal direction of three-dimensional permeability is, how can it

be measured?
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2.3.4 The measurement techniques in permeability iden-
tification

As far as measurement techniques are concerned, two main aspects should be
mentioned. The first one is the technique of measuring the pressure drop in the
flow process. The pressure transducer is the most important facility in this mea-
surement technique. Usually, at least there must be one pressure transducer to
be used to measure the inlet pressure. Several investigators have used two or
more pressure transducers. For example, Chick et al (1996) used at least four
pressure transducers to measure the pressure drop. The signal obtained from the

pressure transducer will be recorded by computer and then be used to calculate

permeability.

Another important technique is to measure flow front positions. Observation
of the resin flow front progression was considered first by Adams et al (1986). A
liquid of known viscosity is injected at the centre of the top plate and the inlet
pressure is kept constant. The position of the flow front is observed through the
transparent bottom plate. Usually, a transparent cover is used to permit obser-
vation of the progression of the flow front, this enables the recording of the flow
front progression with a video camera which can be connected to image process-
ing software to obtain the coordinates of the flow front at a given time step. A
important consideration is the cover which must be sufficiently stiff or properly
reinforced to avoid excessive defection, which could considerably perturbate the
measured values. For this reason glass is preferred to acrylic. Trevino et al.
(1991) proposed an edge flow mould to observe flow in the out of plane direction.
It consisted of a L-shaped acrylic base plate with inlet gate and outlet located
closed to the edge to make the flow as one dimensional as possible. In 1994,
Gauvin et al. used photodiodes to measure the flow front for channel flow. These
photodiodes were positioned underneath the rectangular transparent cavity mea-

sure the light intensity variation which occurs when the advancing flow front over
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the photodiods. This light intensity variation is translated into a voltage varia-

tion which can be recorded to obtain the flow front speed and position.

The flow visualisation technique is suitable for measuring the principal perme-
abilities of isotropic and transversely orthotropic preforms. However, they are
not applicable to more complex preforms. The magnitudes and directions of the
principal permeabilities of preforms with more complex fibre arrangement can be
measured by the use of intrusive sensors. Trochu et al. (1993) applied success-
fully heated thermistors to measure the flow front of resin through a multilayer
fibrous reinforcement. In order to detect the shape of the flow front, thermistors
had been inserted between the layers of preform in vertical positions of each ply.
The wires of the thermistors were laid so as to minimize perturbation of the flow.
The signal from the thermistors is transmitted to a computer. When the resin,
which has been heated just before experiment, comes in contact with the ther-
mistors, a rapid change in voltage occurs which permits to detect accurately the
progression of the resin flow. A similar approach was used by Diallo et al (1995)
where thin electrical wires (0.35mm diameter) were placed at various location
within the mould cavity of a channel flow mould. Optical fibre sensors are used
to monitor the flow of the resin through a preform by Ahn et al (1995). The op-
tical fibre containing several such ‘bare spots’ was embedded inside the preform.
Laser light is transmitted through the optical fibre, and the light intensity at the
end of the optical fibre was recorded. When the fluid reached these ‘bare spots’,
there was a significant and sudden drop in the transmitted light intensity. From

these observed changes, the rate of flow front can be deduced.

2.3.5 Discussion

Both of the channel flow measurement and the radial low measurement are based
on the corresponding analytical solutions for which the injection pressure or the
injection flow rate/volume rate required as a constant (see, Rudd et al 1997),

although Ferland (1996) presented a formulation with a variable pressure.

26



As can be seen from the references (Adams et al 1986, 1987, 1991, Gebart 1992,
Gebart et al 1996, Gauvin 1996, Weitzenbdck 1996, 1999a, 1999b, 1999c¢), these
formulae for computation of permeability are all under constant injection pres-
sure boundary conditions. In all these experiments, the value of these injection
pressure are at a lower level, such as, 0.067 - 0.67 bar used by Adams in 1986 and
0.5 - 0.7 bar by Gauvin in 1996. Although a little higher injection pressure (2 -
3 bar) was used by Gebart (1992, 1996) and Weitzenbéck (1996, 1999a, 1999b),
they are also more lower if it is compared with industrial liquid moulding. Under
this low pressure conditions, the injection pressure may possibly be kept as a
constant. But if a higher injection pressure is used, to keep it as constant is more
difficult. In this experiment when the pressure source is 1 bar, the inlet pressure
is approximately a constant, but when the pressure source is 3 bar, the pressure

measured at inlet is not a constant at all, it is variable.

Practically, in most experiment rig it is need to arrange a flow tube between
the pressure source and the injection gate to supply the fluid. In this tube, the
flow must be governed by Bernoulli’s equation (Douglas et al 1995) and therefore
the summation of the dynamic pressure and the static pressure at the injection
gate is equal to the static pressure at the pressure source. As the fluid in the tube
flows, the injection pressure at the injection gate will change with the variation
of the flow speed. Theoretically, RTM flow process is a flow with a moving flow
front boundary for which the position of the flow front is not prescribed and wet-
ted domain is increasing with time. It has been observed that the speed of the
flow front is slower and slower when the wetted domain increases in the experi-
ments. From the continuous condition of the flow, the inlet flow speed will also be
slower. As result of these, it is difficult to control a constant injection pressure or
a constant injection flow velocity at a higher inject pressure. Although as Darcy’s
original experiment, if injection flow process is required to be so slow that it can

be considered as a ‘statical’ process, the condition of the constant injection pres-
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sure or the constant injection velocity may be approximately satisfied, but it is
better to develop some solutions under a condition of variable injection pressure

or velocity to support practical permeability identification experiments.

There is another problem should be noted. For a two-dimensional flow exper-
iment, the test plane can always be chosen in the horizontal plane in which the
gravitational effect can be neglected. However, for a three-dimensional flow ex-
periment, the gravitational effect along the vertical direction has to be considered.
Although in Darcy’s original experiment, the gravitational effect was considered,
but this effect has been neglected in the references. From practical viewpoint dur-
ing the production process of a big composite structure, some parts of the total
structure have to be located in the vertical direction. Therefore, the gravitational
effect can not be avoided. For a more generalized purpose, the gravitational effect

should be considered as Darcy’s original experiment.

2.4 The present investigation

Having briefly examined and discussed the literature on permeability identifica-
tion methods of porous media, some comments could be made. Namely,

(1) Both of the channel flow measurement and the radial flow measurement are
based on the corresponding analytical solutions for which the injection pressure or
the injection flow rate/volume rate required as a constant (see, Rudd et al 1997).
But as described in above, it is difficult to control a constant injection pressure
or a constant injection flow velocity. Although in Darcy’s original experiment,
if injection flow process is required to be so slow that it can be considered as a
‘statical’ process, the condition of the constant injection pressure or the constant
injection velocity may be approximately satisfied, but it is better to develop some
solutions under a condition of variable injection pressure or velocity to support

practical permeability identification experiments.
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(2) For a two-dimensional flow experiment, the test plane can always be chosen
in a horizontal plane in which the gravitational effect can be avoided. However,
for a three-dimensional flow experiment, the gravitational effect along the vertical
direction has to be considered. Although in Darcy’s original experiment as shown
in Figure 2.2 and equation (2.5), the gravitational effect was considered, but this
effect is always neglected in reference reports. The reason may be because re-
searches for a three-dimensional cases are not common. For a more generalized

purpose, the gravitational effect should be considered as Darcy’s original experi-

ment.

(3) Since RTM molded parts are, most of the time, thin shells, the transverse
permeability along the direction normal to the shell surface is usually neglected
and only planar permeabilities need to be evaluated. Therefore, references on per-
meability measurement problems are mainly concentrated into a two-dimensional
cases. It has been accepted that for a two-dimensional anisotropic materials,
at least 3 channel flow measurements in-plane need to be done to determine
the two principal permeability and their directions. For the discussion on the
three-dimensional cases are relatively much less than the two-dimensional cases.
Woerdeman et al (1995) and Weitzenbock (1996 and 1998) discussed a three-
dimensional permeability measurements for RTM modeling and they concluded
that six experimental flow orientation measurements need to determine three
principal permeabilities and their directions. In order to do so the six measure-
ment directions have to be independent of each other, which needs to be checked

by a suitable method.
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Chapter 3

The permeability tensor k;;

A conclusion from the literature survey is drawn that the permeability for general
anisotropic media can be represented by a symmetrical tensor k;; of second-order.

The characteristics of this tensor are discussed as follows.

3.1 Coordinate transformation

If a Cartesian coordinate system O — ziz5z3 is fixed at a point O in a porous
medium consisting of the fibre material in RTM, as shown in Figure 3.1, the
corresponding base vectors of this reference system are represented by e;, e; and
es, respectively. Under this coordinate system, the permeability tensor k of this

porous medium can be represented as an entity in the form,
k= k,'je,-ej. (31)

Under another Cartesian coordinate system O — z}zhz5 fixed at the same origin
O, which has its corresponding base vectors e}, e, and e} shown in Figure 3.1,

this same permeability tensor k can also be represented as

E =k.eée (32)

LA At

Therefore, as an entity, the permeability tensor k is independent of the coordinate

system. However, the same permeability tensor k is characterized by the two
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Figure 3.1: Coordinate rotations.

different sets of components k;; and k;; in two different coordinate systems O —
z1z2z3 and O — zjzozy as shown in Figure 3.1. Assume that (;; denotes the
direction cosines of the base vectors e, under the coordinate system O — z1z223,
that is,

Bi; = cos(e}, e;) = e; - e;. (3.3)
Here, the first index 7 and the second index j of (3;; correspond to the primed
coordinate system O — zjz4zy and the un-primed coordinate system O — z;zo23,

respectively. Therefore, the §;; is not symmetric with respect to its two indices 1

and j, i.e.
Bij # Bjs- (34)
However, it is valid that,
ﬁirﬂis - 57‘57 (35)
ﬂrjﬁsj = 57‘3'
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There exists the following transformation relations between these two different

sets of components k;; and k;;,

kl/j = /Birﬁjskrs; (36)
kij - ﬁri/@sjki-s‘ (37)

These two transformation relations can be rewritten in the following matrix forms

K = B-k-87, (3.8)
k= BT'kI'/B7

respectively, where the superscript T represents a transpose of a matrix and

B P2 s
B=|Bn B2 Pos |- (3.9)
Bs1 Bsz [ss

3.2 Principal directions and permeabilities

Starting from Darcy’s law described in equation (2.10), it can be rewritten in the

form,

7

where the flow vector ¢ and the generalized pressure gradient vector J take the

following forms,

= qjej, (311)

q
J = Jjej. (312)

The Darcy’s law described in equation (3.10) represents the scalar product of
the permeability tensor k and a prescribed generalized pressure gradient vector
J gives a flow vector q in porous media. As mentioned in section 3.4, in the
general case, the flow vector q has a different direction relative to the generalized

pressure gradient vector J, at any point in a porous medium, the generalized
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pressure gradient J produces the flow in both directions tangential and normal
to the J direction. The following problem can now be posed: Does there exist an
orientation m for which the the pressure gradient J along the direction n does
not produce any flow normal to the direction of the the generalized pressure gra-
dient J? These orientations n(™), (r = 1,2, 3), satisfying the condition described
above are called the principal directions of the permeability tensor k and the
corresponding permeability coefficients k(") along the principal directions n") are

called the principal permeabilities of the permeability tensor k.

3.2.1 The eigenvalue problem

The problem posed above can be represented by the following equation of the

eigenvalue problem with the permeability tensor %;;, i.e.
(kij - k(Sz)nJ = O, (313)

where £ is a scalar principal permeability, a eigenvalue of the permeability tensor
ki; and the vector n; is a eigenvector corresponding to the eigenvalue k. In a

matrix form, equation (3.13) becomes,

kin—Fk kg k13 n 0
koy ka2 —k ko3 ng | =101 (3.14)
k3 kso  kss—k ns 0
Because [n| =1,
n-n=nn; =1 (3.15)

and it can be inferred that at least one of the components n; # 0. Consequently,

a solution of equation (3.14) requires that,

kin—k ki ks
k21 kzz -k k23 = 0. (316)
k31 kso k33— k

Upon expanding equation (3.16),
k' — Lk + Lk—1I3=0 (3.17)
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where I, I; and I3 are three scalar quantities which are said to be the invariants of
the permeability tensor k;;, that is, they will not change as a result of coordinate
rotations. The expressions of these three invariants can be derived as follows.
Assume that the determinant in equation (3.16) is represented by a(k) which can

be represented in the form described in equation (A.11), i.e.

alk) = —(k*— Lk*+ Lk - I)
= eijs(kﬂ — kéil)(kj'z — kdjg)(ksg — k533). (318)

From this equation, the derivative with respect to &k can be obtained,

Oa(k
‘(;(k ) (k- 2Lk+ 1)
= _elj3(k3'2 - k6j2)(k53 - k553) - ei2s(ki1 - ]f5i1)(k33 - kdsg)
—eijs(kin — kdir) (kj2 — kb)), (3.19)
d%a(k)

= 26123(’653 — k653) + ZeljS(ka - kéjg) -+ 261;23(]{?1'1 — k(gil). (320)

A substitution of £ = 0 into equations (3.18)-(3.20) gives the three invariants as

follows
I = eigkss + e1jskjz + eioskin
= kii:
Iy = eyjskjokss + einskirkss + eijskinkjo
kaa ko3 ki ks ki1 ki
= + + ,
k3o kss k3 kss ko1 koo
13 = a(O)
ki ki ks
= | ka1 koz Koz |- (3.21)
k31 ksy ka3

In general, equation (3.14) will have three distinct roots k(, r = 1,2, 3, and with

each root a unit vector can be associated with components ngr) , 2 =1,2,3. These
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unit vectors n("), r = 1,2, 3 specify the principal directions of the permeability
tensor k;;, and they form the orthonormal basis of the associated principal axis
system. Along the principal directions n{™), r = 1,2, 3, the principal permeability
components are k("), r = 1,2,3, respectively. These principal directions n("),

r = 1,2, 3 satisfy the following orthogonality relation.

3.2.2 The orthogonality of the principal directions n("

It can be demonstrated that any two principal directions (") and (), which have
their corresponding distinct principal permeabilities & and &), k(™) £ k() are
mutually orthogonal. Because the vector (™) and the real number k(") are as-
sumed to be the principal direction and its corresponding principal permeability,

they satisfy equation (3.13), that is,

n{ = k", (3.22)

1715

k

A scalar multiplication of this equation by the vector nz(s) gives,

1 ks = ROpPn{n, (3.23)

i

Similarly,
kil = EOpIn. (3.24)

Because of the symmetry of the tensor k;; and equation (A.6), if follows that,

m@ kijnf) = ”g‘r)kﬁngs) = ”gs)kz’jng‘r)' (3.25)
Therefore subtracting (3.23) from (3.24) gives
(k) — ENpnl = . (3.26)

Because k(" # k®)| it is obtained that

n{"nf) =0, (3.27)
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which proves that the two vectors nz(r) and ngs) are orthogonal. In combination

with equation (3.15) which represents the case of n{" = n{s), r = s, the or-
thogonality of the principal directions n(") of the permeability tensor ki; can be

rewritten as,
TL(T)ki]‘n(S) = k(r)drs. (328)

Now, a principal direction matrix IN and a principal permeability matrix A are
introduced as follows,

ngl) n(12) ngf&)

N:[n(l) n® n® | = | nd 2@ 5O |, (3.29)

ng ”1(32) ngs)

KD 0 0
A=| 0 k¥ o |, (3.30)
0 0 kO

where n("), r = 1,2, 3 represents the r-principal direction column vector, that is
)

nt = | | (3.31)

The equation (3.28) can be represented in the matrix form
NTEN = A. (3.32)

By use of the relation,
NT'N =NNT =1, (3.33)

where I is a unit matrix, from equation (3.32) it is obtained that,
k= NANT = nWpWp07 L n@p@n@7 L 605607 (3.34)
or its equivalent form,
k=kUnOnp® £ 120252 | £3)50),06) (3.35)

36



This equation gives an expression of the all permeability coefficients in the per-
meability tensor k by means of the principal directions (" and permeabilities

k(" r =1,2,3. This expression has its component form as follows,

kij = k(l)ngl)ngl) + k(2)n§2)n§2) + k(3)n§3)n§3). (3.36)

3.2.3 The principal directions and permeabilities for three
kinds of media

According to the number of distinct roots of equation (3.14), there are three cases

discussed as follow.

Anisotropic media

This is a general case of anisotropic media, for which there are three distinct
roots k™, (r = 1,2, 3) of equation (3.14). In association with these three distinct
roots, there are three corresponding principal directions n("), r = 1,2,3 which
are mutually perpendicular. Under this principal axis system, the permeability

tensor k takes the form,

D0 0
k=] 0o k¥ o |. (3.37)
0 0 k®

For this kind of general anisotropic media, to get full information of its permeabil-
ity, it is necessary to obtain its three principal directions and the corresponding

principal permeabilities.

Transversely anisotropic media

For this case of a double root of equation (3.14) can be found. Physically, the
longitudinal direction, denoted by z;(see Figure 2.1), of this kind of media, is
a principal direction determined uniquely. On any plane perpendicular to the

longitudinal direction, any two mutually perpendicular directions denoted by z
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and z3 are other two principal directions with a same principal permeability,
which represents that the media are isotropic in the plane O — zyx3. Therefore,
it is not needed to distinguish the directions z, and z3. If the permeability in
a plane through the longitudinal direction axis z; is obtained, we will have the
full permeability information of the media. Under the principal axis system, the

permeability tensor reduces to the form,

k= . (3.38)

For this kind of media, the two principal directions have been determined by
the structure of the media. If two principal permeabilities can be obtained, it
is possible to get full information about the permeability characteristics of the

media.

Isotropic media

For this case, a triple root of equation (3.14) can be found and the three or-

thogonal principal directions can be chosen arbitrarily. The permeability tensor
reduces to a three-dimensional isotropic tensor
E 0 O

k=10 k 0/, (3.39)
0 0 k

where £ is a real number. If this real number & is obtained, the permeability

characteristics of the isotropic media is fully known.

3.3 Effective permeability

The Darcy’s law described in equation (3.10) can be rewritten as the matrix form

as,
kin k12 kis J1 ¢
ko1 koo kas S| =] @ | (3.40)
k31 ksp kag Js g3



which is valid for any coordinate system. Now, assume that ¢, = 0 = g3, what is
the relation between the flow ¢; and the pressure gradient J,? In practice, this
flow represents a one-dimensional flow along a tube filled by a porous medium
strip which is cut out from a porous medium along its z; direction. This question

is discussed as follows.

3.3.1 One-dimensional effective permeability

For this case, equation (3.40) takes the form

ki k2 kis J1 d1
ka1 koo ko3 =101, (3.41)
k31 k3o kss J3 0

which represents that the flow ¢; in z; direction is dependent of the permeability

parameters on the O — z,z3 plane perpendicular to the z; direction, i.e.

1 J.
q1 = __(klljl + i: kia ks :} : )) (342)
p Js
1,] k kao k J 0
_L 21 T+ 22 Ko3 2 ) = _ (3.43)
Hol ka k32 k33 Js 0
From these two equations, it is obtained that,
1-
Q= —;kqu, (3.44)

where l-cll denotes the effective permeability along the z; direction,

-1

- k k k
oy = gy — [ . } 22 K23 21
kay ka3 ka1
I
- 3 , (3.45)
kao ko3
k3y k33

where I3 is the third invariant of the permeability tensor k;; as shown in equation

(3.21).
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Similarly, to obtain the effective permeabilities and the corresponding Darcy’s

law equations along z3 and x3 directions as follows,

- I 1.
ko = ‘“—i—“a Ga = ——koaJa, (3-46)
ki1 kg K
k31 k33
- I 1~
ks = —“—l-—", gs = ——kszJs, (3-47)
ki1 ko H
ko1 koo

Concluding these results given in equations (3.45)-(3.47),the following theorem

can be obtained.

THEOREM 1: One-dimensional effective permeability theorem. For an
arbitrary chosen Cartesian coordinate system O — x1x923 fized in an anisotropic
porous medium, the one-dimensional effective permeability ko along any coordi-
nate direction z,, (o = 1,2, 3), is equal to the third invariant I3 of the permeability
tensor ki; of this medium divided by the sub-determinant obtained by deleting the

row and column relating to the index o from the determinant I3.

From equations (3.21) and (3.45)-(3.47), it follows that,
1 1 1 I
ki ke ks I

Since I3 and I, are the invariants of the permeability tensor k;;, their values do

(3.48)

not change when the coordinate system changes. Under the principal coordinate
system O — X, X, X3, the permeability tensor ;; takes its simplest form described

by equation (3.30) and I3 and I; can be represented as
I, = kWp@§®) (3.49)
L = KWE® 4+ @6 4 ME®), (3.50)

From these two equations and equation (3.48), the following theorem it is con-

cluded.
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THEOREM 2: One-dimensional effective permeability invariance the-
orem. For an arbitrary anisotropic porous medium, the sum of the reciprocal
of their three one-dimensional effective permeabilities along any three Cartesian
coordinate directions is an invariant which equal to the sum of the reciprocal of

the three principal permeabilities of the medium, that is

1 n 1 L 1 B 1 N 1 N 1
7~€11 1522 12333 T EW O k@) k(3"

(3.51)
For a two-dimensional porous media, if a Cartesian coordinate O —z 25 is chosen,
equations (3.45)-(3.47) described by theorem 1 and equation (3.51) described by

theorem 2 are respectively reduced to the forms

A = = 3.52
kll ]{722 ) ( )
~ 1.
k22 = 2_2-7 (353)
11
1 1 1 1

For a very special case in which the coordinate system O — zjzsx3 chosen is
exactly the principal coordinate system O — X; X, X3, the three effective perme-
abilities koo along the principal directions e, (¢ =1,2,3), are the three principal
permeabilities k(*) because of the orthogonality of principal directions described
in section 3.2.2. The equations (3.45)-(3.47) and (3.51) correctly represent these

practical result, which further demonstrate the two theorems given above.

3.3.2 Two-dimensional effective permeability

If a two-dimensional coordinate system O — z,z5 is fixed on this plane, the flow
velocities g; and ¢» and the pressure p are functions of the coordinate z; and z,.
These variables are independent of the coordinate z3 which is perpendicular to

the O — z125 plane. The flows between two parallel plates is a typical example
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Figure 3.2: A two-dimensional flow between two parallel plates.

of two-dimensional flows, as shown in Figure 3.2. In this case, because the two
plates are assumed to be non-permeable, the flow velocity g3 on the two plate
surfaces vanishes. Furthermore, the distance between the two parallel plates is
assumed to be such small that the flow along the z3 direction can be neglected.

Substituting the condition g3 = 0 in to Darcy’s law in equation (2.13), to obtain,

41 1| ki ki Ji ki3

=——( + J3) (3.55)
g2 Bl ko koo Ja ks
and
1 Ji
0= ——([ ks Ka } + kgsJy). (3.56)
I Jo
From these two equations, it follows that,
kn K J
4 _ _l ~11 -12 1 7 (3.57)
g2 Kol kot koo Jo

where () represents the effective permeability coefficients,
ki ko kin kio ki3

1
e - |k k| (359)
ko1 koo ka1 koo kog | "33
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Equation (3.57) provides a generalized relationship between the flows (g1, ¢2) and
the pressure gradients (Ji, J;) for flows between two parallel plates. If the z;
direction is a principal direction of the medium, that is the O — z,z, plane is a
principal plane of the medium, then k3; = 0 = k3; and the effective permeability

coeflicients in equation (3.58) are equal to the real permeability coefficients of the

medium.

3.4 Directional permeability

As shown in Figure 3.3, a point A in the porous media is investigated (see, for
example, Bear 1972). The coordinate system O —X; X5 X3 represents the principal
axes of the permeability tensor k at the point A. The angle 6 represents the angle
between the flow velocity vector g and the pressure gradient vector J. In this
principal axes, the flow velocity vector g, the pressure gradient vector J and the

permeability tensor k can be represent as,

g = gn® +gn® +gnl, (3.59)
J = Jn® 4+ 5n® £ 5n®, (3.60)

where n{"), (r = 1,2, 3) denote the unit vectors along the principal axes z,.

By using the rules for vector operation, equations (3.59)-(3.61) and Darcy’s law

in equation (3.10), it is obtained that

q.J
b = —
COS qJ
_ _JkJ
paJ
(1) 72 4 2.(2) 72 1 1.(3) 72
pqJ
q = —kWJ/p=gcosey, (3.63)
9 = —k®J/p=gcosgs, (3.64)
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Figure 3.3: A representation of the velocity vector g and the pressure gradient

J.
g3 = —k(s)Js/M = ¢ Cos @3, (3.65)
J1 = Jcosay, (3.66)
J2 = Jcosay, (3.67)
J3 = Jcosas, (3.68)

where g and J represent the amplitudes of the vectors q and J, respectively. The
angles ¢; and «;, (j = 1,2,3) denote the directional angles of the vectors q and
J in the principal axes system, respectively. These two angles respectively satisfy

the relations,

cos® ¢y + cos® gy +cos’ s = 1, (3.69)

cos?a; + cos’ay +cosas = 1. (3.70)

3.4.1 Directional permeability k;

From Darcy’s law, the component ¢; of the flow vector g along the pressure

gradient vector J can be represented as,

g; = gqcost
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J.q
J
_ _JkJ (5.71)

Ju

If the pressure gradient vector J has the same direction as the first axis of a
coordinate system, the pressure gradient vector J and the permeability tensor k

can be represented as,

FJ

J =101, (3.72)
0
ki ki ki3

kE = kaor kap kos | - (3.73)
_k31 ksa  kss

Substituting equations (3.72) and (3.73) into equation (3.71), it gives,
1
g5 = ——kyJ, (3.74)
U

which gives the directional permeability k; along the direction of the pressure

gradient vector J as,
14 pg cosf
R (3.75)

A substitution of equation (3.62) into equation (3.75) give the directional perme-

ky=—

ability k; in the form,

kD2 4 k72 4 kG g2
ky = L B 2 s (3.76)

which from equations (3.66)-(3.68) can be further rewritten as,
k; = kW cos? aq + k@ cos? ay + k) cos? as, (3.77)

or
1 cos?a; cosloas  cos®ag
(3.78)

Uk, kD 1R 1R

In the principal axis system O — X;X3X3, a radius vector r, which is collinear

with J, has the components: X; = rcosay; Xo = rcos as; X3 = rcosas. Hence,
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equation (3.78) becomes

r? X2 X2
- + +
1/ky  1/EM - 1/k3)

X3

Vel (3.79)

By drawing a segment of length » = /1/k; in the direction of J, therefore

X X2 X3

E® T IRe T IRG T (3.80)

which is the canonical equation of an ellipsoid in the O — X;X;X;3 coordinate
systems shown in Figure 3.4. Its semiaxes are 1/vA(1, 1/vE® and 1/vVE® in
the X, X and X3 directions, respectively. The vector 7 in this ellipsoid gives
the directional permeability (k; = 1/r?) in the direction of the pressure gradient

J.

Figure 3.4: The ellipsoid representing the directional permeability k; in the pres-

sure gradient J.
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3.4.2 Directional permeability k,

Similarly, from Darcy’s law, the component J, of the pressure gradient vector J

along the flow vector q can be represented as,
Jq = Jcost (3.81)

If the flow vector g has the same direction as the first axis of a coordinate system,

the flow vector q and pressure gradient vector J can be represented as,

q

g = 0], (3.82)
0
_Jq

7= |l (3.83)
Js

Therefore, Darcy’s law for this coordinate system can be written as
q ) ki kip ki Jq
O | == | Koy kb kg | | 5| (3.84)
0 kg1 Ky kag | | Jg
where ()’ represent these values for this special chosen coordinate system. In com-
parison of this equation with equation (3.41), the effective permeability equation

(3.44) along the flow vector g direction can be rewritten as,

1
q= _;quq, (385)

where k, is the effective permeability along the q direction. This special cho-
sen effective permeability k, is called the directional permeability along the flow

vector g direction and it is defined as,

Hq
[y (3.86)
q ']q

Substituting equations (3.81) and (3.62) into equation (3.86), to give,

2.2
— H4q
o= KO J2 + k@ J2 + kG g2 (3.87)
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From equations (3.63)-(3.65), it follows that,
1

:q 2 cos? 2 9 <3.88)
C(;:U;bl Ok(2§bz C(;:@;}S:a
WhiCh can be further rewritten as,
1 C052 (z) C082 ¢ COS2 1)
= ! + 2 + 3 . (389)

kg k) k(2) k(2)

In the principal axis system O — X;X5X3, a radius vector 7, which is collinear
with g, has the components: X; = rcos¢;; Xo = rcos ¢y; X3 = rcos ¢s. Hence,

equation (3.89) becomes,

r? X X2 X?Z

ke  EO k@) G (3.90)

By drawing a segment of length r = \/k—q in the direction of g, to obtain from
equation (3.90) that,
X? N X2
k1) k(@)
which is the canonical equation of an ellipsoid in the O — X; X3 X3 coordinate

systems shown in Figure 3.5. Its semiaxes are Vk(1), vk and vk® in the

X1, X» and X3 directions, respectively. The vector r in the ellipsoid thus gives

X3
k(3)

+ 25—, (3.91)

directional permeability k, = r? in the flow direction.
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Figure 3.5: The ellipsoid representing the directional permeability &, in the flow

vector q.
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Chapter 4

Mathematical Description of

Resin Injection Flows

As indicated in section 2.2, the generalized Darcy’s law described in equation
(2.10) only is the statistical average of the momentum balance equation and
the constitutive relation in continuum mechanics. Comparing with all governing
equations in continuum mechanics, it is necessary to define two further equations,
the continuity condition and the state equation, to obtain a complete system of
equations to describe resin injection flows in porous media consisting of various
fibre reinforcements. These three equations and suitable supplementary boundary
conditions provide a mathematical formulation of various resin flows in RTM. All

of these governing equations are listed as follows.

4.1 Governing equations

4.1.1 Generalized Darcy’s law

The generalized Darcy’s law for anisotropic media described in equation (2.10)

are repeated herein for a convenience in our discussion of this chapter.

g; = ——j(P,j + pgds;). (4.1)
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4.1.2 Continuity equation

In the continuity equation given herein, there exists a coefficient ¢ before the time
derivative p, of the mass density, which is different with the common continu-
ity equation in continuum mechanics. This coefficient ¢ represents the effective

porosity of the media.
—eps = (p45) 5 (4.2)

4.1.3 State equation

The state equation gives a relation between the resin density of mass p and the

flow pressure p, i.e.
p = p(p)- (4.3)

4.1.4 Boundary conditions

There are two kinds of boundary conditions suitable to equations above, one is
the pressure boundary condition and the other is the velocity boundary condition.
On each boundary only the pressure or the velocity is needed. For example, on

the fixed boundaries, the velocity of flow vanishes, the suitable condition is the

velocity condition,
g =0, (4.4)

and on the flow front boundary, the pressure p/ on the flow front can be assumed

to be the atmospheric pressure or a vacuum condition, i.e.

p’ = Atmosphericpressure Open flow frontboundary (4.5)

On the resin injection boundary, there are two conditions to be chosen. One is

the resin injection pressure p° and the other is the resin injection velocity qp.
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That is
p=p"(t) Injection pressure is defined (4.6)
¢ = ¢°(t) Injection velocity is defined ' .
For general cases, these injection pressure p? and velocity ¢ may not be constants

but time functions, which will be considered in this thesis.

In these equations, there are 5 unknown variables ¢;, p and p and 5 equations
expressed in equations (4.1)-(4.6). The solution of these equations with a suit-
able initial time condition provides a description of a flow in RTM process. The
main difficulty in solving these equations is that the boundary on the output
(vacuum) side is a movable boundary, on which the flow front moves as the time
goes during resin injection processes. However, for some special cases, analytical
solutions may be derived. To this end, it is assumed that the resin discussed is
incompressible, and therefore its density p is a constant, and p; = 0 = p;, which

means that equation (4.2) reduces to,
q]"j =0. (47)

These analytical solutions are described in the following section to provide a basis

of applications in related permeability measurements.

4.2 Injection pressure is given

Here some analytical solutions for the case in which the injection pressure p(t)

is given are developed.

4.2.1 One-dimensional channel flows in isotropic

and anisotropic media

As shown in Figure 4.1, a one-dimensional tube is filled by a porous medium strip
which is cut out from a porous medium along its z; direction, which is assumed

to be located in a horizontal plane. The section of the tube perpendicular to the
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z; direction is parallel to the O — z,z3 plane of the reference coordinate system
fixed in the porous medium to be studied herein. Because the tube section is
much smaller than its length, the flow on each section perpendicular to the z;
axis is neglected, which gives g» = g3 = 0. However, because of the viscosity
effect of the resin, the pressure on each section perpendicular the z; axis may not
be constant. As result of this, the pressure gradient components p, and p3 may

not be zero. The following two cases are discussed.

X o —— — ——— — - X

Figure 4.1: One-dimensional flow in a horizontal direction ;.
The flow along a horizontal direction z;
(i) z1 is a principal direction
In this case (see Figure 4.1), it is assumed that the z; direction is a principal

direction of the porous medium. The pressure gradient component p; will not

produce any flow in the section perpendicular to the z; axis. The equation (4.1)

53



takes the form

X ki 0 O D a1
- /‘; 0 k22 kgg D2 = 0 ) (48)
0 ks kss D3+ pg 0

which gives that the flow in x; direction is independent of the permeability pa-

rameters on the O — z523 plane perpendicular to the z; direction, i.e.
Q1= ——Dp1. (4.9)
U

Therefore, equation (4.7) reduces to p;; = 0 which combined with the corre-
sponding boundary conditions gives the following equations to describe this one-

dimensional resin flow along a principal direction z; of the porous medium, i.e.

d*p

— = 0 4.10
b = pO) Iy = $0, (411)
p = p, a=2, (4.12)

where p° and p’ represent the injection pressure at the resin injection end z; = 0
and the pressure on the flow front z; = z/. Both of these two pressures are

prescribed time functions. The solution of this problem is,

_ oot~ (w2

p ﬁCf _ :co b (4'13)
from which it follows that,
dp _p'—p°
= . 4.14
de, zf —z0 ( )
Substituting this equation into equation (4.9), therefore,
ki p? = p°
— . 4.15
q1 W ol — g0 (4.15)
Because of the flow velocity ¢;(z”) at the front of flow at z; = z7 is,
dz’
ai(z’) = S (4.16)
and therefore,
dxf ki1 pf — p°
dal _ kupl-p® (4.17)
dt p zf — 20



Integrating this equation, to obtain,

ez ‘550)2 k1 /t f 0
D e — dt 4.18
5 uo@ p’)dt, (4.18)
and,
f_ 0?2

ep(z! —
- %f 8. (4.19)

2 Jy(p! — p)dt
In this solution, the injection pressure p® is not required to be a constant as re-

kll =

quired by current references (for example, Rudd, Long, Kendall and Mangin 1997)
(ii) zy is an arbitrary direction

In this case, as the direction z; is an arbitrary direction, the pressure gradi-
ent component p; will produce flows on the section perpendicular to the z; axis
and the flow ¢; in z; direction is dependent of the permeability parameters on the
O — zgz3 plane perpendicular to the z; direction. The relationship between the
flow ¢; and the pressure gradient J; = p; takes the form described in equation

(3.44) by using the one-dimensional effective permeability, that is

1~
g1 = ‘“;kllp,l, (4-20)

where &1 denotes the effective permeability along the z; direction given in equa-

tion (3.45).

For this case, equations (4.10-14) and (4.16) remain valid. By using a similar
way as in the case of the flow along a principal direction z; to solve equations

(4.10-14), (4.16) and (4.20), to obtain,

ki pf —p°
%Z“fgf%’ (4.21)
da’ ki1 pf = p°
—_—— 4.22
it p zf —z% (4.22)
e(af — 2°)° kip gt
L B o (4.23)
and \
- f 0
ki = eule” — o) (4.24)

TR -t
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The flow along a vertical direction z;

As shown in Figure 4.2, for the flow along a vertical direction z3, the gravita-
tional effect have to be considered. By using the similar mathematical method

used in the study of the flow along a horizontal direction z; described above, the

following results are obtained.

Xs
s
| P
| I R A
g, |
1 | |
| P i
RE. |
| ] | |
X | . . T
| , ' X
X1 !
ﬁ
X2 . |
| .
O 0
I

P

Figure 4.2: One-dimensional flow in a vertical direction z3.

(i) z3 is a principal direction

In this case, it is assumed that the z3; direction is a principal direction of the
porous medium. The pressure gradient component p 3 + pg will not produce any

flow on the section perpendicular to the z3 axis. Then equation (4.1) takes the

form
ki ki O D1 0
ka1 koo O D2 =101, (4.25)
0 0 ka3 || pst+opg g3
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which gives that the flow in z3 direction independent of the permeability param-

eters on the O — z;z, plane perpendicular to the z3 direction, i.e.

k
g3 = “%(P,s + pg). (4.26)

Therefore, equation (4.7) reduces to ps3 = 0 which combined with the cor-
responding boundary conditions gives the following equations to describe this

one-dimensional resin flow along a vertical principal direction z3 of the porous

medium, i.e.

d*p

- =0 4.27
p =1 as=1°, (4.28)
p = pfa I3 = xf7 (429)

where p® and p/ represent the injection pressure at resin injection end z; = z°

and the pressure on the flow front 23 = zf. Both of these two pressures are

prescribed time functions. The solution of this problem is,

Flaa — 20 0(ge — of
p(zs—2’) —p(zs — =
= 3 —— & ), (4.30)
from which it follows that,
dp p—p°
p_P P (4.31)

dzs zf —z0

Substituting this equation into equation (4.26), it is obtained that,

ki opf —
1 <u + pg). (4.32)

g3 = — b \ef =

Because of the flow velocity ¢3(z) at the front of low at z3 = z7 is,

dzf
Q3($f) = 5?75—’ (4.33)
and therefore
dz’ ksz ,pf —p°
e~ = _%(wf —5 + 9)- (4.34)
Integrating this equation, it gives,
e(zf — 20 Kk
el —z) 5 = 33{/ » —p dt+/pg t) — z°ldt}, (4.35)
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and .
ep(z! — 2

2[5 (07 — p°)dt + fy pglef (¢) — 2%)dt]’
Here, the integral [ pg[zf(¢) — z%]dt in the above equations represents the grav-

(4.36)

k33 =

itational effect. Recording the time histories of the injection pressure p°(¢) and
the flow front x/(¢) from the ¢ = 0 to the final time ¢ of an experiment will give

us the permeability k33 by using equation (4.36).
(i) z3 is an arbitrary direction

As the direction z3 is an arbitrary direction, the pressure gradient component
p,s + pg will produce flows on the section perpendicular to the z3 axis and the
flow g3 in z3 direction is dependent of the permeability parameters on the O—z;z
plane perpendicular to the z3 direction. The Darcy’s law in equation (4.26) is
replaced by equation (3.47) in association with J; = p 3 + pg, i.e.
1-

g3 = “;k33 (p3 + p9), (4.37)

where k33 denotes the effective permeability along the z3 direction given in equa-

tion (3.47).

By using a similar way as in the case of the flow along an arbitrary direction

z1, to give, B
ks ,p’ — p°
= —— 4.38
g3 L ({L'f—wo +pg)7 ( )
da? 7;33 pl —p°
o= e 4.39
e M(zfﬂm0+pg), (4.39)
F o p0y? A ¢ ¢
) B et [Cpglal () - %), (440)
2 uoJo 0
and )
, f_ 0
kss = cule’ — o) (4.41)

2 fE(pf — pO)dt + [T pglat (t) — 20)dt}

58



4.2.2 Two-dimensional radial flows in isotropic
and anisotropic media

A two-dimensional flow is a plane flow as shown in Figure 3.2. In this case,
because the two plates are assumed to be non-permeable, the flow velocity g3
on the two plate surfaces vanishes. The two-dimensional effective permeability

and the corresponding Darcy’s law are represented by equations (3.57) and (3.58).

Here some analytical solutions of the radial flows in both isotropic and anisotropic

media are discussed as follows.

Radial flow of isotropic media in a horizontal plane

For an isotropic medium, any direction in it is its principal direction of the per-
meability tensor of the medium. As result of this, any plane across the medium
is a principal plane of the permeability tensor of the medium. Then Darcy’s law

now takes the form

- - )

g2 FLo k D2

which is substituted into equation (4.7) gives the two-dimensional Laplace equa-

1% o
n P (4.42)

tion,

P11 +Dp22 =0. (4.43)

As shown in Figure 4.3 (a), the two-dimensional radial flow in isotropic media
is an two-dimensional center-symmetrical flow, in which the pressure p and the
front of flow is a function of the polar coordinate r, and therefore the front of
flow is a circle as shown in Figure 4.3 (b). In this polar coordinate system, the
Laplace equation given in equation (4.43) and the Darcy’s law in equation (4.42)

take the form,

l1d, dp
I (r-£y = 4.44
rdr(rdr) 0, (4.44)
o = —*® (4.45)
wdr
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Figure 4.3: A two-dimensional radial flow in a horizontal plane O — X; X filled

with isotropic media.

The boundary conditions for this radial flow have the following forms,
p =9, r=r (4.46)
p = p’, r=rf, (4.47)

where p® and p’ represents the injection pressure and the flow front pressure,

respectively. These pressures may be prescribed functions of the time .

An integration of equation (4.44) and using the boundary conditions describing

in equations (4.46) and (4.47) give a solution of this radial flow,

f_ .0
pr) =2 "L m > 4 p0 (4.48)
In :—0 rY

and from this solution it follows that,

dp p=p"1

Ly = - 4.49
dT' (lr) In(:_é) 7“7 ( )
dp, 4 pl—p°1

= SR R 4.5
dr (r") ln(%f;) rf (4.50)

Substituting this result into equation (4.45), to give,

Epf —p 1
f
(Tl ) = 4.51



where k" = k is introduced for a notation convenience. Because the flow velocity
q-(r?) at the front of flow at r = 7/ is,
dr!
iy —
r\T = &, 452
() dt (4.52)

and therefore,
drf  kmpf —p° 1

i N 4.
& dt 1 ln% T‘f7 ( 53)
from which it follows that,
P " ! LA (4.54)
rln—dr’ = ——(p’ — :
- P Pt
Integrating this equation, to obtain,
” 1 de ! Ly 0 4
—dr! = —— — t .55
[, rimigdrt = —— [0 — ), (4.55)
which gives that
k= —[r*(2In o 1) + %% e . (4.56)
r0 4 f5(p" — p0)dt

This equation will be used to calculate the permeabilities in the experiment.

Radial flow of isotropic media in a vertical plane

For a general case considering the gravitational effect, the flow plane is assumed

in O — X; X, plane (see Figure 4.4). In this case, the Darcy’s law takes the form

11k 0
R i (4.57)

g2 F10 k|| p2atpg
which is substituted into equation (4.7) gives the two-dimensional Laplace equa-
tion

P11+ po2 = 0. (4.58)

Figure 4.4 shows the two-dimensional radial flow in a vertical plane of isotropic
media. From equation (4.57), it follows that the flow caused by the gravity is

a constant ¢ = —ﬁpg at every point in the media. The wet area of the media
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Figure 4.4: A two-dimensional radial flow in a vertical plane O — X; X filled with

isotropic media.

moves a distance dg = i pgt. Following the principle of superposition for linear
systems, the solution of the radial flow of the isotropic in a vertical plane can
be obtained by the summation of the radial flow solution in a horizontal plane
produced by the injection pressure p°® and the flow g caused by the gravity. The
pressure p and the front of flow is a function of the polar coordinate r, and the
front of flow is also a circle, but the center of this circle has a translation d,. If a
moving coordinate system O — X; X, with the constant velocity is used as shown

Figure 4.4, the flow rate at a point A on the flow front equals to,
qs=-———n"+q¢n®, (4.59)
r

where n(?) represents a unit vector along X, direction. Under this moving system,
the radial flow described by equations (4.44) - (4.56) is also valid. Therefore, the
gravitational effect on the permeability measurement can be eliminated by using

this moving system.
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the inlet flow
boundary

N
the flow front

Figure 4.5: The flow front of anisotropic media in horizontal plane O — X1 X5.

Radial flow of anisotropic media in a horizontal plane

As shown in Figure 4.5, it is assumed that the horizontal flow plane O — X7 X,
is a principal plane of an anisotropic medium and the axes X; and X, are its
two principal axes with their principal permeabilities k() and k(?), respectively.

According to this assumption, Darcy’s law takes the form,

D ap

S 4.60
q1 L 8331, ( )
L(2) Op
= - 4.61
q2 ,LL 8.’132 3 ( )
which is substituted into equation (4.7) gives the equation,

9%p ?%p
(1) ®9P _ 4.62
Oz? Oz’ (4.62)

In order to transform this equation into a standard Laplace’s equation, the fol-

lowing coordinate transformation,

_ I1

— 4.63
T =5 (4.63)
Ty = (4.64)

k(2)
is introduced. As it is indicated in section 2.2, the dimension of the permeabilities

kM) and k® is square meter. Therefore, this transformation represents that the
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two different ‘rulers’, k(*) and k¥, are used to measure the lengths along the z;
and x, direction, respectively. Obviously, both of the coordinates Z; and %, are

non-dimensional. From this transformation, it follows that,

op _ 1 9 Op _ 1 &% (4.65)
bz;  ViDom  0dd KoY |
op _ 1 o Op_ 1 & (4.66)
Oz VE® 0Ty’ oz% k(2 oz '

A substitution of these equations (4.65) and (4.66) into equations (4.60), (4.61)
associated with using the coordinate transformation rule for a vector ¢; given in

Chapter 3 and (4.62) gives,

g = _\/% — M%%, (4.67)
7, = \/‘_1];@ _ _%%’; (4.68)
& = Bl = —i"%_?a (4.69)
and ) \
%’i T g%fi 0 (470)

which describe a quasi-isotropic system. In this quasi-isotropic system, the flow
rate g has dimensions of s~! and the permeability k is non-dimensional with a
constant value 1 for all anisotropic medium. The pressure p has its normal di-

mension Nm 2.

Under a polar coordinate system, a quasi-isotropic radial flow in anisotropic me-

dia can be defined as follows,

1d, _dp

— (7Y = 4.71

Fd?“(rd?) 0, (4.71)
p =p, T=7, (4.72)
p = p, F=7, (4.73)

where



2 2
o= V2 +7l, (4.74)
™ = ¥ 7y

A comparison between equations (4.44), (4.46), (4.47) and (4.71-73) can give the

solution of equations (4.71-73) as,

F_0  F
— p—p r
p(r) = Y In +p°. (4.75)
70

Using same mathematical process as for equations (4.51) and (4.56), it gives,

_ Epf—p'1
7=(7) = -, (4.76)
,LL ln?j r
and
._f _
Fo=—feho - 1)+ 7 ——H =k=1, (4.77)

4 [3(p" — p)dt
in which k" = 1 is obtained from equation (4.69). From equation (4.74), it follows

7

that,

=z 7l (4.78)
and

7 = /70 + 77, (4.79)

which can further be rewritten as,

f2
L1 ) _
PO + YO 1 (4.80)

and , ,
0 0
L1 Ly
707 -+ @ = 1. (4.81)

Equation (4.80) represent that the flow front an ellipse with semiaxes v k(7/
and V(77 as shown in Figure 4.5. The inlet flow boundary is another ellipse
with the semiaxes VA7 and V@7 described by equation (4.81).
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Figure 4.6: The flow front of anisotropic media in vertical plane O — X;X5.

Radial flow of anisotropic media in a vertical plane

As shown in Figure 4.6, it is assumed that the vertical flow plane O — X; X
is a principal plane of an anisotropic medium and the axes X; and X, are its
two principal axes with their principal permeabilities k&) and k(®), respectively.

According to this assumption, Darcy’s law takes the form,

kL dp ’
A St il 4.82
a1 P (stl + pgBy), (4.82)
E(2) dp ’
_ , 4.83
g p ((%2 + pgf3) (4.83)

The flow rate caused by gravity can be represented as
¢’ = —&pgﬁfn”) - ﬂpgﬁgn(z), (4.84)
H H
which is a constant vector at every point in the media. Therefore, the wet area
in this radial flow of anisotropic media in a vertical plane moves a distance g%/e
along the g direction. For anisotropic cases, the g9 may not take the direction

of the gravitational acceleration.

In a similar way as in the isotropic case, an application of the moving coordi-
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nate system gives a convenience to measure the permeability but avoiding the

effect of the gravity.

4.2.3 Three-dimensional radial flows in isotropic

and anisotropic media

Substituting equation (4.1) into equation (4.7), the equation satisfied by the

pressure in a three-dimensional flow in RTM, is
k,-jp,ji = 0. (485)

For isotropic media, k;; = kd,;, this equation reduces to Laplace’s equation in

three-dimensional space,

For anisotropic media, if the principal axis reference system is used, the perme-
ability k;; takes its form as shown in equation (3.37) or (3.30). As result of this,

under the principal axis system, equation (4.85) takes the following simplest form

K1+ kPp s + k®p 33 = 0. (4.87)

Radial flows in isotropic media

As shown in Figure 4.7, Darcy’s law in equation (4.1) can be represented in the

form,
k", Op
;= —— i3), 4.88
q #(ami+p953) (4.88)
k" Op 9
= e 4.89
oz, T (4.89)
where ¢f = —ﬁ pgd;s, which represents the flow rates caused by gravity. The flow

takes the direction of gravity. The effect of the gravity can be eliminated by

considering the translation the wet volume along the gravitational direction,

k’l"
¢’ = ~—}ngn(3). (4.90)
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Figure 4.7: Three-dimensional radial flows in isotropic media.

A three-dimensional radial flow without effect of the gravity is a center symmetri-
cal flow in which the pressure p is a function of a spherical polar coordinate r and
the front of the flow is a sphere about the injection center. Under the spherical

polar coordinate system, equation (4.86) has the form

1d

dp
5. =0 (4.91)

The boundary conditions for this radial flow are represented by,

p =9 r=r (4.92)

p =p, r=rl (4.93)

Integrating equations (4.91-93), it gives,

rOrf(pf — p° fpf — pOp0
p(r) = — (f P),propr (4.94)
r(rf —r9) rf—r

which gives its derivative with respect to r as

op, .\ _ r°r’(p" - p%
—6’7(T) C (el —p0) (4.95)
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and
dp r’(p? - p°)
= (rf) = ————2L. 4.9
or (") rf(rf —r0) (4.96)
Substituting this result into Darcy’s law for isotropic media represented in equa-

tion (4.89) and using the coordinate transformation rule described in section 3.1,

to give,

a.(r’) = Bua

_ _kop

B u or
kmro(p” —p°)

e 4.97
,LLTf(Tf—-T‘O), ( 9)

where k" = k. For the same reason as in a two-dimensional radial flows, equation

(4.52) is valid for a three-dimensional radial flows, and therefore,

drf k()

— = T 4.98
Tat T p el — o) (4.98)
from which it follows that,
Fipf gt — _E 0t 0
r(r? —rP)dr’ = ——1r"(p! — p°)dt. (4.99)
LE
Integrating this equation, to obtain
rf k" t
/ rf(rf —rOdrf = —— | r°(pf — p%)dt, (4.100)
70 HE JO

which gives,
3 2 3
P it i - (4.101)
r0 [Y(pf — pO)dt ) '

Radial flows in anisotropic media

For this case, as shown in Figure 4.8, it is convenient to use the principal axis
system under which the permeability tensor takes a simpler form as described in
equation (3.37). The Darcy’s law can be represented as,

kD op

(G + o), (4.102)

q; = —
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Figure 4.8: Three-dimensional radial flows in anisotropic media.

where (37 represents the directional cosine of the negative gravity direction. The

flow rate caused by the gravity is a constant vector,
1
q® = ——(kWaInY + @ pIn) 4 E® I3, (4.103)
U

at every points in the media. This constant flow causes the wet volume of the

media to move a distance g%/e.

The equation satisfled by the radial flow pressure p takes the form,

O%p d*p d*p
k(l)Eg;_% + 13(2)_5‘_32jg + k(S)(_?_:_c—g =0 (4.104)

An application of the following coordinate transformation,
T = — (4.105)

transform equation (4.87) to a standard Laplace’s equation,

0%p 0% 0%
— 4.106
o2 Vo Tam Y (4.106)
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which describes a quasi-isotropic system. Under a spherical polar coordinate

system, a quasi-isotropic radial flow in anisotropic media can be defined as follows

1 d, ,dp
L2 @% g 4.107
deT(T d?) ( )
p=7" T=7,
p=7p’, T =7,
where
T o= T
o= \/zlzl, (4.108)
=0  __ =0
T = T?a:]

A comparison between equations (4.91-95) and (4.107) can give the solution of
equations (4.107) as,

7R (pf — 0 fmf

T (p p) p T p T i (4.109)

The flow rates ¢; under this principal axis system can be obtained by using equa-

tions (4.1) and (3.37) as well as the transformation rule for tensor described in

section 3.2, that is,

£ op

G = ——=

p OF 0z, Oz’

From equations (4.105) and (4.108), it follows that
or

goo_T_g 4111
0zT; =
= 61” k(z),
BCC‘L' J/
which are substituted into equation (4.110) to obtain,
— 4
: VE®
1
——8_2_) 71y (4112)
W OF



and,

G = ﬁquz
10p

= _ﬁ%ﬁﬂ'ﬁ?i
10p

_-F 4113
- (4.113)

where (50~ = 1 has been introduced. From equations (4.109) and (4.113),

E pf - p°)

— __f A M
QF(T ) - @ Ff("r?f _ FO), (4114)
R R Gl ) (4.115)
dt p (T — 70y’ '
13 1-0=f2 | 103
R et it R (4.116)

TR P
From equations (4.105) and (4.108), it is obtained the following two ellipsoid

equations,
f2 f2 f2
L1 ) €T3 N
LOF? + @ + YO 1, (4.117)
and,
02 02 02
Ty L9 L3
K02 T 5@ T et L (4.118)

which describe the flow front and the inlet flow boundary, respectively.

4.3 Injection velocity is given

In this section some analytical solutions for the case in which the injection velocity

g’ (t) is given are developed.

4.3.1 One-dimensional channel flows in isotropic

and anisotropic media

As shown in Figure 4.1, one-dimensional flow with the injection velocity ¢° at the
injection end is considered. If S denotes the section area of a flow channel, the

injection volume rate Q = ¢°S.
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The flow along a horizontal direction z;

(i) z1 is a principal direction

It is assumed that the z; direction is a principal direction of the porous medium.

The governing equations for this flow are as follows,

k
@ = ——py, (4.119)
7
d
& _ o, (4.120)
del
q1 = qO’ 331:3?0, (4121)
p = p, =z =2, (4.122)
0

where ¢° and p’ represent the injection velocity at resin injection end z; = z
and the resin injection pressure on the flow front z; = z¥. In general, ¢° and p”

are time functions. The solution of this problem is,

q1 = qO, (4123)
Y Y SN YOS 4.124
p=p o —¢ (@) (4.124)
11
From this solution it follows that,
20 =pf — 00— 27y, (4.125)
kll
and
07..f _ 5.0
kp = HQ_(GE__E_) (4.126)
p®—pf

(ii) z1 is an arbitrary direction

In this case, as the direction z; is an arbitrary direction, the pressure gradi-
ent component p; will produce flows on the section perpendicular to the z; axis.
The governing equations of this problem are equations (4.20) and (4.120)-(4.122).

The solutions of the problem are,

q =q°, (4.127)

Il
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p=p — e —af), (4.128)

k11
O(pnf . 20
. (el —2?)

The flow along a vertical direction z;

As shown in Figure 4.2, for the flow along a vertical direction z3, the gravitational
effect have to be considered. By using the similar mathematical method used in
the study of the flow along a horizontal direction z; described above, to obtain

the following results.

(i) z3 is a principal direction

In this case, the pressure gradient component p 3 + pg will not produce any flow
on the section perpendicular to the z3 axis, and hence the following governing

equations of the problem,

kss

g = “7(]?,3 +p9), (4.130)
dgs
=2 = 9 4.131
2 (4.131)
g = ¢, z3=2’, (4.132)
p = pf, zy=2xl. (4.133)
The solution of this problem is,
Q3 proet qO, (4134)
kg’
p = pf— (?—- + pg)(z3 — z7). (4.135)
33
From this solution it follows that,
0 pq°
P’ =p = (- +p9)(=" — /), (4.136)
33
which gives that,
0
Kq
k3g = —F——. (4.137)
=25 — pg
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(ii) x5 is an arbitrary direction

As the direction z3 is an arbitrary direction, the pressure gradient component
ps + pg will produce flows on the section perpendicular to the z3 axis. The

equation (4.130) is replaced by,
1-
g3 = —;ksz(P,s + pg), (4.138)

and the solution of the problem is given by equations (4.135) - (4.138) associated

with ks3 replacing ks3. Hence the effective permeability is,

Q

- Bq

ks = —s———. (4.139)
B — pg

4.3.2 Two-dimensional radial flows in isotropic

and anisotropic media
Radial flow of isotropic media in a horizontal plane

The governing equations for a radial flow in isotropic media are as follows,

k:’" dp

= 4.140

g L a (4.140)
1d, dp

=0 141

rdr( dr) ’ (4.141)

& = ¢, r=r° (4.142)

p =7, r=r, (4.143)

where the injection rate ¢° can be replaced by the volume injection rate Q by

using equation @ = 2mr%q°h, h is the thickness of a two-dimensional radial flow

layer.

The solution of these governing equations are,

f
7 r
p=p’ + ]g g P o ¢ = q°r°/r, (4.144)
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from which it is obtained,

r0q0 rf
o0 —pf 0
f
_ Qu_ T (4.146)

2mh(p® — pf) Rk
where h and Q = 27r°hq® represent the thickness of the medium and the volume

flow rate, respectively. This equation is same as Chan’s equation (1993).

Radial flow of isotropic media in a vertical plane

The flow rate caused by gravity is,

k

@ =—=pyg (4.147)
7
which corresponds a volume flow rate through a closed curve,
k
Q= [ ~Zpguads =0, (4.148)
s

where v, represents the unit vector along the outer normal to the curve S.
From the equation (4.148), it follows that the volume injection rate @ for a
two-dimensional radial flow through isotropic media is independent of the grav-
itation effect. The gravitational effect for flows through isotropic media during
time period ¢ produce a translation distance d, of the wetted area along the grav-
ity direction, i.e d; = i—“—:;pgt. The equations of radial flows relate to the moving

system are same as equations (4.140) - (4.146).

Radial flow of anisotropic media in a horizontal plane

The governing equations of this problem are,

7 = —2 (4149)
W OT
1d, dp
2 FEEEy o 4.150
Fd?"'(rd? 0 ( )
g, =g, T1=7, (4.151)
p = o, T=7, (4.152)



where g, and 7 are defined by equations (4.69) and (4.74), respectively. A com-
parison between equations (4.140-4.143) and (4.149-4.152) can give the solution
of equations (4.149-4.152) as,

wf 70
p=p + Ll Z’T_ g, = -0% (4.153)

T,
S IZFM In 5, (4.154)
_ oPu 7
k" In— =1. 4.155
20— pl o) ( )

As it has known that equations (4.149-4.152) describe a quasi-isotropic radial
flow, the flow rate g° at every point on the injection boundary 7 = 7 has the

same value. For example, along the two principal directions,

0 0
A= (4.156)
P pe)

Therefore, if the injection rate at a point on the injection boundary, such as ¢¥
or g3, is a constant, the g° will be the same constant. This injection rate g° can

be replaced by the quasi-volume injection rate,

O O

A _ 5, =00 Tl 0y _ 0
Q=277 h = 27rk g h = 27rk(2) g h. (4.157)
The real volume flow rate @ is defined as (see, for example, Chick et al 1996),

X 4.158

which can further be rewritten as,
-Q = \/k(l)k(2)7ri(§{-x—g)
he dt
= \/k(l)k(2)%
= \/k(l)k(Q)-g«, (4.159)
£

(777"

which gives the relation,
EOE@Q. (4.160)
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Radial flow of anisotropic media in a vertical plane

The flow vector caused by the gravitational force is a constant vector,

ey k(2

q° = ——pgBin — —pgBIn®, (4.161)
H H
which corresponds to a volume flow rate,
Q9 = / ¢CvidS. (4.162)
5

The gravitation effect cause a translation displacement g9t/ of the wetted volume

in the porous media along the direction of .

4.3.3 Three-dimensional radial flows in isotropic

and anisotropic media
Radial flows in isotropic media

For a three-dimensional flow, the gravitational effect has to be considered. The
solution of this problem can be obtained by a flow caused by gravity and a radial
flow related to the moving system. The flow rate caused by gravity is

3)
g = - n® (4.163)
I

which corresponds to a volume flow rate,
kT
Q% = / ——pgvsdV. (4.164)
vVop

From this result it can be concluded that the volume injection rate @ for a three-
dimensional radial flow through isotropic media is independent of the gravitation
effect. The gravitational effect for flows through isotropic media during time
period ¢ produce a translation distance -i—% pgt of the wetted area along the gravi-
tation direction. The radial flow relative to the moving system is defined by the
following equations,

K Op

. = 2P 4.165
q o ( )
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(XY = 4.1

r2dr (r dr) 0 (4.166)
o = & r=r (4167)
p = p, g (4.168)

Integrating these governing equations, the follow are obtained,

T02
a(r) = ¢'—, (4.169)
0,,.02
I i s S S 4.170
0,,.02
g pur’ 1 1
P = p+ o (;5 - ;}), (4.171)
0,m0(mf _ 0
po= LAl o) (4.172)
rf(p® — pf)

The injection flow rate ¢° in these equations given above can be replaced by the

volume flow rate @,
Q= [S g-(r%)dS = /S °dS = 4nr¥g0, (4.173)

in which S denotes the surface of the injection boundary.

Radial flows in anisotropic media

Using the principal axis system and the coordinate transformation relationship
described in equations (4.105) - (4.107) and equation (4.113), to obtain the fol-
lowing governing equations describing a quasi-isotropic system,

1,0p

g, = M(a_ + pg cosy), (4.174)

izdi(#;l{’) _— (4.175)

7, = ¢+, 7 =7, (4.176)

p = pf, 7 =7, (4.177)

where §¢ = ~% pg= cos y represents the flow rate caused by the gravitational effect.
The solution of these equations are,

7,(r) = ﬁ”?—ﬂ ZC:L—rpg cos 7, (4.178)



=0, =02

M o= a1 4.179

p(F) = P+ =~ =), (4.179)
=0, =02

o _ g au 1 1 418

p Pt == — =), (4.180)
0, =0(=f _ =0

Foo o or) (4.181)
™ (p® — pf)

The volume injection rate produced by the gravitation effect vanishes which can
be demonstrated as follows. From equation (4.110), the flow rate caused by the

gravitation effect is,

g

&= P95, (4.182)

from which the volume rate through the close injection boundary S can be cal-

culated as,

Q7 = [ atwds,
S
vV

Based on this consideration, the quasi-volume injection rate is,

0 = 47
z%°
_ e SR (|
= 47r(k(1))3/2q1
02
_ Ly 0
= 47r(k(2))3/2 9
02
= dr—23 g0 (4.184)
= (k(3))3/2q’ .

The relation between this quasi-volume injection rate @ and the real volume

injection rate ) can be obtained as,

4 _
Q- -B-W%( falal) = gwkmk—(z)kw) Cjt (@zlz]) = VEORDROIG.  (4.185)

For the general cases of anisotropic media, the gravitation force produce the three
flow components along three principal directions. The flow vector caused by the

gravitation is, a constant vector

£ jAe) k(3)
q° = “7/395?”(1) - ——#—pgﬁgn@) - Tpgﬁgnm- (4.186)
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The gravitation effect causes a translation displacement d, of the wetted volume

in the medium along the direction of g9.
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Chapter 5

Identification methods of

permeability

The main purpose is to identify the permeability of a prescribed porous medium
which consists of fibre reinforcement materials in RTM. A prescribed porous
medium means that both the fibre reinforcement material and its preform have
been fixed and will not change during the process to identify its permeability by
experiment method. In order to describe identification methods of permeability

in RTM, as shown in Figure 5.1 three reference coordinate systems are defined

as follows:

Spatial reference coordinate system: This is a Cartesian coordinate system O —
z12223 fixed in the porous medium and it can be chosen in any convenience man-
ner. It is assumed that the coordinate axis z3 is upward. Therefore, the grav-
itation force takes the negative direction of the coordinate axis z3. Under this
reference system, the permeability tensor of a porous medium is represented by
ki;, which as an entity can be represented by equation (3.1), where e;, (i = 1,2, 3)
are the three base vectors of the coordinate system O — zj2z223. For a prescribed
porous medium, the entity permeability tensor k in equation (3.1) does not change
under different reference systems, although its components k;; for different sys-

tems change.
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Figure 5.1: Three coordinate systems.

Material coordinate system: It is a Cartesian coordinate system O — X1 X»X3
constructed by the three principal direction 7Y, n(?) and n(® described in sec-
tions 3.2. Under this coordinate system, the permeability tensor of a porous
medium takes its simplest form presented in equation (3.30). For a prescribed
porous medium, its principal directions (") and the corresponding principal per-
meability k"), » = 1,2, 3 are unchangeable. Therefore, the position of this ma-
terial coordinate system is not changeable relative to the material body. If the
principal directions n(") and the corresponding principal permeability k(") of the
porous medium are obtained, hence all the information of the permeability of the
porous medium is known. The main task of the permeability identification is to
determine the principal directions and corresponding principal permeabilities of

a porous medium.

Measurement coordinate system: This coordinate system is another Cartesian

system O — y1y2ys which is used to describe an measurement direction in per-
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meability experiments. For example, in a one-dimensional flow measurement,
the O — y; direction represents the flow measurement direction, which may or
not be one of the directions e;, (i = 1,2,3) of the spatial coordinate axes z;

and the principal directions n("), » = 1,2,3 of the material coordinate system

0 — X1 X X.

5.1 Omne-dimensional channel flow methods

The permeability identification methods by means of one-dimensional channel
flows are based on the analytical solutions described in section 4.2.1. The funda-
mental idea is to cut out a strip along a direction in the porous medium and fill
this strip into a tube to construct a one-dimensional flow channel flow as shown
in Figure 4.1 or 4.2. The permeability coeflicient in the flow tube direction can
be calculated by measuring the inlet flow pressure p°(¢), the flow front pressure

p’(t) and the position z7 of the flow front.

5.1.1 Isotropic media

For an isotropic medium, any direction in it is its principal direction to which
the corresponding permeability coefficient is a real number k. Therefore, a test
material strip can be cut out along any direction of this isotopic medium to
construct a one-dimensional flow channel for experiment. The permeability pa-
rameter k£ can be directly given by the coefficient k;; in equation (4.19). It is
convenience to choose the flow front pressure pf as the atmosphere pressure, that

is p/ = 1.013 x 10°Pa, and the permeability parameter k is given by,

epz’’
k= 5.1
e (5.1)
where,
i 0 & 0 4] tf —¢°
P = / pU(t)dt = (p(tf) +p(t1_1)> N (5.2)
0 I=1

which is called the injection pressure impulse. This injection pressure impulse P

can be obtained by the shaded area as shown in Figure 5.2.
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Figure 5.2: The resin injection pressure impulse P.

5.1.2 Anisotropic media
Case 1: Three principal directions prescribed

As demonstrated in section 3.2, a pressure gradient along a principal direction
does not cause any flows in the plane perpendicular to this principal direction.
Because of this, the one-dimensional flow in the channel along a principal direc-
tion of anisotropic media is same as the one-dimensional flow described in section
5.1.1 for isotropic media. The equation (5.1) can directly give the principal per-
meability in this principal direction. Therefore, if the three principal directions
are known, the three corresponding principal permeability coefficients can be ob-
tained by three separated one-dimensional flow measurements which are designed
along the three prescribed principal directions, respectively. In fact, because the
three principal directions are orthogonal each other as described in section 3.2.2,

if two of them are known, the third one can be determined by their orthogonality.

In engineering production, the three principal directions of some materials can be
determined according to the preform type of fibre reinforcement. For example, a
transversely anisotropic medium is a typical example, for which the longitudinal
direction of is a principal direction and the plane perpendicular to its longitudinal

direction is an isotropic plane in which any direction is its principal direction, see
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section 3.2.3. For these transversely anisotropic media, only two one-dimensional

flow experiments are needed to identify their permeabilities.

Case 2: One principal direction prescribed

For this known principal direction, a one-dimensional flow measurement along
this direction can be used to obtain its principal permeability. The plane perpen-
dicular to this principal direction is a principal plane which is shown in Figure
5.3. In this figure, O — X; X, represents the principal axes of this principal plane,
their directions and the corresponding permeabilities are unknown, which are de-
termined by experiments. The coordinate systems O — y;y, and O — yjy4 are two
measurement systems, where the angle 0 represents the angle between the axes
OX; and Oy; to be determined. Therefore, for a chosen measurement reference
system O — y1ys, if 8 can be determined, the principal axes O — X; X, can be
determined. Now to demonstrate that three effective permeabilities measured by
the three separated one-dimensional flow experiments along the directions yi, y2

and vy} can determine the principal permeabilities £(}), k(?) and the angle 6.

X2 !
y2 A yl
5 N
2 hY
n \ ’%
A
)
0 P ! B X

Figure 5.3: The reference coordinate systems for three one-dimensional flow mea-

surements in a principal plane of the permeability tensor.

Using the transformation relations given in equation (3.8), to obtain the two
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Using the transformation relations given in equation (3.8), to obtain the two

dimensional permeability tensor k;; under the system O — yy, as,

ki1 kio cos@ sinf KD 0 cosf —siné (5.3)
kot koo —sinf cosf 0 k® sinf cosf . .
This equation gives,

ED L k@ g1 _ (2)

kn = 5 + 5 cos 26, (5.4)
ED L@ 0 @
ko = ; - 5 cos 26. (5.5)

From equations (3.52) and (3.53), the effective permeabilities along y; and y»

directions are,

Iy

by = = 5.6
11 k22’ ( )
- I
koy = —= 5.7
where [, takes the form,
I, = kVEQ, (5.8)

Replacing 8 by 8 4 45° into equation (5.5), to obtain the permeability coefficient

ky, under the measurement system O — y,y, as,

ED L k@ ) _ @
ks = —; + 5 sin 26, (5.9)

which by using equation (5.6) gives the effective permeability along Oy} direction

as,
- I
k= 7:’2_ (5.10)
22
From equations (5.4) - (5.10),
2 _ 2
tan20 = _4 + -4.—_‘71, (5.11)
B kB
- A-B
D — 5.12
"A - B/cos26’ (5.12)
. A+ B
B2 = Tk _ 5.13
A+ B/cos26 (5.13)
Where 4 — F1 ;L B2 g p o o '2'];"22.



Case 3: No principal direction prescribed

This is a three-dimensional general case and the three principal directions and
the corresponding principal permeability coefficient need to be determined by
one-dimensional flow method. As shown in Figure 5.4, O — X; X, X5 and O —
y1Y2y3 are the principal coordinate system and a measurement coordinate system.
The relative position between these two systems can be determined by three
Euler angles 61, 65 and 3. A rotation angle ; of the coordinate system O —
X1 X5 X5 about the axis O — X3 produces the coordinate system O — 12X3 which
makes a rotation of angle 6, about its axis O — 1 gives a coordinate system
O — 12'y;. Furthermore, a rotation of angle #3 about the axis O — y3 produces the

measurement system O — y1y2y3. These three rotations give the following three

transformation matrices,

/ GZK\\
X1 Vol

Figure 5.4: Three Euler angles 6;, 62 and 0s.
cosf; siné; O

Rotation 6, : B, = —sin#, cosf; O |, (5.14)
0 0 1
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r -

1 0 0
Rotation 6, : By = 0 cosfy sinby |, (5.15)

0 —sind, cos@;;J

cosfs; sinf; 0
Rotation 63 : Bs = —sinfs cosf; 0 |- (5.16)
0 0 1

From these three transformation matrices, the transformation matrix can be ob-

tained B between the coordinate systems O — X7 X5 X3 and O — y192¥3

8= ,33,32:31, (5-17)

Therefore, the following transformation relationships between the permeability
tensor k under the measurement coordinate system O — y;ypys and the three
principal permeability coefficients (), k(?) and £(®) under the principal coordinate

system O — X1 X, X3, ie.
k=g £ 3T (5.18)
and
e = 07k3. (5.19)
According to the one-dimensional effective permeability theorem described in

equations (3.45-3.47), the effective permeability along the measurement coordi-

nate axes Oy, Oy, and Oys respectively take the forms

~ I
by = ——, (5.20)
| koo kos |
ksy  ksg
kyy = -—*—;73—*——, (5.21)
ki1 kg |
k31 ka3



k33 = e ——— (522)

| ki1 kio |
ka1 koo

To represent the six permeability coefficients k;; by the effective permeability

A

Figure 5.5: Three Euler angles 71, 72 and 7s.

measured, three equations (5.20-22) are not sufficient. Now other three mea-
surements are required. As shown in Figure 5.5, the other three measurement
directions Oy;, Oyj and Oyj are determined by choosing other three Euler’s an-
gles y; = 45°, 7, = 45° and 73 = 45° relative to the system O — y;y2y3. Obviously,
the transformation matrix between these two measurement systems O — y;y2y3

and O — yjysy5 can be obtained by equation (5.17) with 6; = 6, = 63 = 45°, i.e.

2-2 2-£4/2 1
2 2
1
B=c| =2 202 g | (5.23)

2
1 -1 2

Using this transformation matrix, to obtain the permeability tensor k&’ under the

system O — y;y5ys as follows,
K =pks"7. (5.24)
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similarly, according to the one-dimensional effective permeability invariant theo-
rem described in equations (3.45-3.47), the effective permeability along the mea-

surement coordinate axes Oy, Oy, and Oyj respectively take the form,

_ I
K, = __7_3_I_~... (5.25)
‘ k22 k23 1
ké2 ké3
_ i
- s (5.26)
| ki ks |
kgy K
Bo= — B (5.27)
| ki kg
ko1 koo

Now, there are six equations (5.20-22) and (5.25-27) to determine the permeability
tensor k with six components by the six known effective permeabilities measured.
Using the one-dimensional effective permeability invariant theorem described in
equation (3.51), to obtain that,

o .ttt (5.28)

kii ka2 ks ko kyp o R
From equation (5.28), it can be concluded that the six equations (5.20-22) and
(5.25-27) are not independent of each other. Therefore, the six measurement
directions chosen in an experiment should not form more than one three-axis-
orthogonal system to keep the independence of effective permeability measure-
ment. After the permeability tensor k is determined, the principal permeability
and its principal directions can be obtained by equation (5.19) or by solving the

related eigenvalue problem described in section 3.2.1.

5.2 Two-dimensional radial low methods

Applications of the solutions described in sections 4.2.2 provide a permeability

identification method by radial flow measurements. All of these solutions are

91



generalised solutions in which the injection pressure p® does not be required to

be controlled as a constant pressure which is difficult in practical experiments.

5.2.1 Isotropic media

In a horizontal plane

As shown in Figure 4.3, for a two-dimensional radial flow, the front of the flow
is a circle about the injection centre. The permeability coeflicient k" can be
determined by equation (4.56). During an experiment based on this solution, the
resin injection radius r° can be given and the pressure on the front of the flow pf
can be chosen as the atmosphere pressure. Recording the injection pressure time
history from the beginning time 0 to the final time ¢ and the radius 7/ of the

flow front at time ¢, the permeability coefficient &” can be calculated by equation

(4.56).

In a vertical plane

In this problem, the flow front is also a circle but the centre of this circle has
a translation (see in Figure 4.4). By using a moving coordinate system, the
permeability coefficient £” now can also be determined by equation (4.56). The
gravitational effect for flow through isotropic media during time period ¢ produces
a translation distance along the g-direction, which can be obtained as:

d, = = pgt. 5.29
0= P9 (5.29)

5.2.2 Anisotropic media

In a horizontal plane

For anisotropic media, through a coordinate transformation described in equa-
tions (4.63) and (4.64) or equation (4.105), a quasi-isotropic radial flow for a
two-dimensional case can be obtained. This quasi-isotropic radial flow provides

an approach to identify the permeability tensor in an anisotropic medium. As
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demonstrated in section 4.2.2 and shown in Figure 4.5, the flow front of a two-
dimensional radial flow in an anisotropic medium is an ellipse described by equa-
tion (4.80). The inlet boundary should be another ellipse described by equation
(4.81). Under the transformation described in equations (4.63) and (4.64), these
two ellipses are transformed to the two circles. The front flow circle and the inlet
flow circle have their radii 7/ and 7, respectively. For all points (z],z}) on the
flow front ellipse, there is the same radius 7. For all points (29, 29) on the inlet
flow ellipse, there is also a same radius 7°. By the experiment to obtain a figure as
shown in Figure 4.5, from which the directions of the two principal axes and their

semiaxes a and b can be determined. By using equations (4.80), the following

formula are derived
R = g2 (5.30)
KR = B2, (5.31)

From equations (4.63)-(4.64), for an arbitrary point (z?, z3) on the inlet boundary,
y 1: T2

equation (4.79) can be represented as

02 33(1)2 3782
T :W+W (5.32)

Substituting k! and £ obtained from equations (5.30) and (5.31) into equation
(5.32), to obtain that,

2 2,2 T
7 =7 (—a;_ + 72,) (5.33)
or,
7° = B7f’, (5.34)
where,
20 2
B = -5,—2_ -+ —b2— (5.35)

Substituting 7°? in equation (5.35) into equation (4.77), to obtain

#*(In B — Ll
7 (In B+1)4P 1, (5.36)
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where,
¢
P= [ -, (5.37)
0
therefore,
__f2 4P
= :
pe(ln B — B +1)
A substitution of this equation into equations (5.30) and (5.31) gives the two

(5.38)

principal permeability coeflicients as,

2 2
ay _ o _a pe(InB — B +1)
k ) 1P (5.39)
2 Yue(lnB - B +1)
(2) = e— == ,LLE( n
k e P . (5.40)

It is noted that the inlet boundary ellipse is not known before the experiment
is finished. Therefore the exact inlet boundary shape required by the solutions
given in section 5.2.2 can not been determined before experiments. In practical
measurements, a small circle with its radius r° is chosen as the real inlet boundary.
A point (2 = r°/1/2, 23 = 7°/+/2) on this circle is used to calculate the constant
B in equation (5.34), which represents that an ellipse passing through the point
(29 = r°/v/2, 23 = r°/+/2) and very near to the real inlet circle is imagined as an
idealised inlet ellipse boundary required by equation (4.81), as shown in Figure

5.6. Since the inlet circle area is very small compared with all experiment area,

this approximation can be accepted.

In a vertical plane

As same as in the isotropic case, an application of the moving coordinate system
gives a convenience to measure the permeability, so the equations described in
the above to determine the permeability of an anisotropic media in a horizontal
plane are also valid. The two principal permeability can be obtained by using

equations (5.39) and (5.40).
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/ N
an imagined inlet
ellipse boundary

the real inlet
circle boundary

Figure 5.6: An imagined inlet ellipse boundary.
The translation distance d, caused by the gravitational effect can be obtained as,

d, = L,
L) 1)

= ———pgtBint) — —pgtp§n®), (5.41)
UE UE

where @9 was given in equation (4.84).

For a special case in which the gravity direction has the same direction as one of
principal permeability direction. For example, as shown in Figure 5.7, assume the
direction of k(?) is the vertical direction, then 8¢ = cos Z=0and f§ = cos0°= 1.
Now the equation (4.84) can be reduced to,

k(2

@ = ——pg, (5.42)
2 7
and,
(2
d, = —pgt, (5.43)
ue

where d, is along the g-direction.
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the flow front

Figure 5.7: A radial flow in a vertical plane O — X; X5.

5.3 Three-dimensional radial flow methods

5.3.1 Isotropic media

For a three-dimensional radial flow as shown in Figure 4.7, the flow front, which if
the effect of the gravity is neglected, is a sphere about the centre of the injection
centre. The permeability coefficient k™ given by equation (4.101). Also, in this
case, the effect of the gravity will cause a translation of the wet volume along the

gravitational direction, which can be given by,

dy = —pgt. (5.44)
pe

5.3.2 Anisotropic media

The solutions of radial flows in a three-dimensional anisotropic media are de-
scribed in section 4.2.3. As shown in Figure 4.8, the flow front of a three-
dimensional radial flow in an anisotropic medium is an ellipsoid described by
equation (4.117). The inlet boundary should be another ellipsoid described by
equation (4.118). Under the transformation described in equation (4.105), these

two ellipsoids are transformed to two spheres. The front flow sphere and the inlet
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flow sphere have radii 7/ and 7, respectively. For all points (zf, ], z]) on the
flow front ellipsoid, there is the same radius 7/. For all points (z9,z9,z3) on the
inlet flow ellipsoid, there is also the same radius 7°. From the experiments it is
possible obtain a figure as shown in Figure 4.8, from which the directions of the
three principal axes and their semiaxes a, b and ¢ can be determined. By using

equation (4.117), it is obtained,

KOF? = a?, (5.45)
KR = 2 (5.46)
KOF? = 2, (5.47)

From equations (4.105)-(4.105), for an arbitrary point (z9,z3,z3) on the inlet
boundary, equation (4.108) can be represented as,

2 2 2
I W (5.48)

=0 T @ T e

Substituting k), k) and k() obtained from equations (5.45), (5.46) and (5.47)
into equation (5.48), to obtain,

02 02

02 _ 52,71 Zy Z3
T =7 (?12_+_I)2_+—c§-) (5.49)
or,
7 = Brf’, (5.50)
where,
02 02 02
o L2 L3
S ah T (5.51)
Substituting 7°° in equation (5.50) into equation (4.116), to obtain
1 +B B3? t
pe(3 = %-_ + = w2 \/'B'/ (p" — p%)dt = 0. (5.52)
0

From this equation, 7/ can be obtained and then the three principal permeabilities
can be obtained by using equations (5.45)-(5.47). Also, the gravitational effect

causes a translation displacement dy of the wetted volume in the medium along
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the direction of ¢ and it can be obtained as follows,

qt
(2
L(1) L(2) L)
= ———pgBinY — ——pgBIn® — 2553900, 5.53
e p90s e pg03 e pgBin (5.53)

d, =
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Chapter 6

Identification examples

6.1 Aim of experiments

The aim of the experiments is to demonstrate if the theory, developed in the
Chapters 5, for the variable injection pressure tests and the effect of gravity in
permeability measurement are valid and then to provide a generalized permeabil-
ity identification method. The permeability can be calculated from the flow front

positions and inlet pressures measured at various time steps of the experiment.

6.2 Experiment setup

6.2.1 Facility

The RTM Facility, the result of a Master Engineering group design project by
Boyde, Clothier and Inglis (1995), is used in the experiments in this thesis. This
Facility is suitable for both of radial and channel flow tests. The main test rig of
this facility, as shown in Figure 6.1 (Weitzenbock 1999a, 1999b), has an aluminum
work surface with a supporting steel structure and maximum working section of
1400 x 500 mm. The deformation of this tests rig can be neglected (see Appendix
F). This plate can be arranged on a horizontal or vertical plane. The constant

and variable inlet pressure experiments are all run on a horizontal plane and the
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Figure 6.1: The main test rig to be used in this thesis.

experiments of gravitational effect are carried out on a vertical plane. There are
five possible injection ports in the plate. The radius of these five ports are all
5.25 mm. The test in this thesis are all radial flow. For radial flow experiments,
a glass top plate of 400 x 400 x 25 mm is used. A pressure transfer frame
made of steel box sections is used to compress the fibre stack by using four M16
bolts. The shims are used to measure the thickness of the mould cavity and the
thickness of each shim is 1.16mm. Figure 6.2 provides a schematic diagram of

the experimental setup. The compressed air used in this system comes from the

Video
camera
Glass plate
Pressure _
regulator
~~~~~ Preform
Compressed air g
Pressure .
manometer Base plate
Flow direction
- >/ Pressure
T piece transducer
Oil injection port signal /TN
feed Computer

vessel

Figure 6.2: Schematic diagram of equipment setup.
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air line in the lab, which can supply the compressed air of the pressure up to 10°
Pascal. When the compressed air enters into the oil feed vessels, the test fluid
is driven into the preform. A pressure transducer is mounted at the inlet port
which is located at the centre of the bottom plate. The signal from the pressure
transducer is recorded as a function of mould filling time in a computer. When the
fluid flows into the mould, the flow front shows as a circle for isotropic or a ellipse
for anisotropic preform. The images of the flow process is recorded by a video
recording system and stored initially on video cassette. After an experiment has
been finished, the images of the flow process are digitised and stored in a computer

for further analysis to calculate the permeabilities measured.

6.2.2 Materials used and lay-up procedures

Three groups of experiments have been performed. They are constant inlet pres-
sure experiments, variable inlet pressure experiments and experiments of gravita-
tional effect. Four kinds of glass fabrics are used in these experiments, these glass
fabrics are a continuous filament mat (U750-450) and the twill fabric RC 600
both from Vetrotex, the twill fabric WRE580T from SP Systems and a quasi-
unidirectional non crimp fabric E-LPb 567 from Tech Textiles. The details of
these glass fabrics have listed in Table 6.1, in which, IV, W, H, and p; represent
the number of fibre layers, the mass per square meter of fibre mat, the thickness
of the cavity and the density of the fibre material, respectively. The set up II
of U 750-450, in which v; = 45.5%, is only for comparison with Weitzenbdck’s
results (1996). By using the fabric reference coordinate system as shown in Fig-
ure 6.3, the orientation of the fibres in the fabric is distinguished in an attempt
to keep the lay-up procedure as uniform as possible. These fibre pieces have a
size of 350 x 350 (mm) which are cut out of a roll. For all experiments, the
lay-up form represents the fibre pieces are laid up in an arrangement keeping the
0° direction of each layer, as shown in Figure 6.3, along a same direction on the
experiment table. The flow front along these two direction, the axes X; and X,

is measured during the tests. The corresponding fibre volume fraction (vy) used
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Table 6.1: Experiment arrangements.

Set | Material Property N W H pf vf
up (g/m?) | (mm) | (x105g/m?) | (%)
I 3 2.32 22.7
II | U 750-450 Random 6 450 2.32 2.56 45.5
111 6 4.64 22.7
I RC 600 5 600 2.32 50.4
11 Twill Weave 6 2.32 2.56 60.6
ITT | WRES80T (2 x2) 6 580 2.32 58.6
1 4 2.32 44.5
II | E-LPb 567 | Quasi-unidirectional | 5 660 2.32 2.56 55.6
II1 8 4.64 44.5

in the experiments is calculated by using the following formula,

_ NW;

= . 6.1
v Hpy (61)

All the tests were radial flow tests. For all experiments, the Shell Vitrea M100
oil is used, the viscosity of this test fluid is 0.3515Pa * s at 15 — 18°C and the
density is 0.878 x 10%kg/m3.

6.3 Results

6.3.1 Introduction

In this section the results from constant inlet pressure experiments, variable inlet

pressure experiments and experiments of gravitational effect are reported.

6.3.2 Constant inlet pressure experiments

An as lower as possibly pressure is used in these part of experiments, as it is

easy to keep the pressure as constant at the inlet gate. Equations (2.20), (5.39),
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Figure 6.3: The fabric reference coordinate system.

(5.40) or (7.3) and (7.4) are used in these part of experiments. The main aim of

these experiments in the constant inlet pressure is to proffer some results for a

comparison.

A. Experiments on U750-450

U750-450 is a nominated isotropic material, the flow front should be a circle in
radial flow tests. Six times experiments are done to reduce the random error.
Equation (2.20) is used to calculate the permeabilities. Figures C.1 and C.2 show
the injection pressures measured at the injection gate of the six radial flow tests
on the continuous filament mat (U750-450) from Vetrotex. From this two figures,
it is seen that the injection pressures for each experiment can be considered as
constant. The permeability of this continuous filament mat with constant inlet
pressure are summarised in Table 6.2. In this table X; and X, are two diameters
of the flow front and ¢ is time of flow process. Figure D.1 gives the images of the
flow front during the experiment Cr5. A circle flow front is observed. As shown
in Table B.1, the ratio £ ~ 1.00 and k(") ~ k() which is independent on the

X2

time, but determined by the material characteristics.
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Table 6.2: Results of U750-450 in constant inlet pressure experiments with vy =

22.7%, N = 3 and H = 2.32mm.

Run Results of experiments Results of calculation
X, X, t 0 | W (x10712) | k(3 (x10712)

No. | (mm) | (mm) | (s) | (bar) (m?) (m?)

Crl | 245 244 | 62.28 | 1.596 1488.63 1474.23
Cr2 | 282 280 | 135.58 | 1.420 1367.50 1344.74
Cr3 | 290 288 | 127.63 | 1.477 1360.17 1338.18
Crd | 267 265 | 85.03 | 1.539 1481.30 1455.19
Crb | 254 247 | 85.52 | 1.471 1502.67 1406.24
Cr6 | 243.5 | 242 | 91.94 | 1.427 1399.29 1378.88

B. Experiments on RC 600

RC 600 is a twill woven fabric, and an ellipse flow front has be observed in ra-
dial flow experiments. It is easier to obtain the principal permeabilities as the
directions of warp and weft of RC 600 are two principal directions. Again, six
experiments and a lower inlet pressure used in these tests. Equations (5.39) and
(5.40), with the simplified P (equation 7.2), are used to calculate the permeabil-
ities. Figures C.3 and C.4 show the injection pressures measured at the injection
gate of the six radial flow tests on the twill fabric RC 600 from Vetrotex. Also a
constant injection pressure has been used for each experiment. The permeabili-
ties of the twill fabric RC 600 measured in the experiments with constant inlet
pressure are shown in Table 6.3. Figure D.2 shows the images of the advancing
flow front at the several time instants in the experiment Ct6. The flow fronts are
ellipses. As shown in Table B.9, the ratio % ~ 1.58 and Z_E% ~ 2.49, which is

also independent on the time, but determined by the material characteristics.
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Table 6.3: Results of RC 600 in constant inlet pressure experiments with vy =

50.4%, N =5 and H = 2.32mm.

Run Results of experiments Results of calculation
X, | X t | EW (x10712) | £®) (x10712)
No. | (mm) | (mm) | (s) | (bar) (m?) (m?)
Ctl | 122 76 | 156.08 | 1.653 54.18 21.02
Ct2 | 124.5 | 80.5 | 232.22 | 1.516 49.55 20.71
Ct3 | 137.5 | 88.5 | 2568.74 | 1.529 55.86 23.14
Ct4 | 1245 | 85 |267.36 | 1.510 44.53 20.76
Cth | 148 106 | 277.86 | 1.775 44.10 22.62
Ct6 | 134.5 | 90.5 | 260.51 | 1.586 48.03 21.75

C. Experiments on E-LPb 567

E-LPb 567 is a unidirectional fabric, where the majority of fibres run in one
direction only and this direction is one of the principal directions. The details
of the experiments are described above, with lower injection pressure, six tests
again used in this case and also equations (5.39) and (5.40) are used in these tests.
Figures C.5 and C.6 show the injection pressures measured at the injection gate
of the six radial flow tests on the quasi-unidirectional non-crimp fabric E-LPb
567. The injection pressures are constant in every experiment. The permeability
of the quasi-unidirectional non crimp fabric E-LPb 567 are given in Table 6.4.
The images of the flow front of experiment Cu2 are given in Figure D.3, again an

elliptical flow front is observed.
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Table 6.4: Results of E-LPb 567 in constant inlet pressure experiments with
vy =44.5%, N =4 and H = 2.32mm.

Run Results of experiments Results of calculation
X1 | X, t p° | E® (x1071%) | k3 (x10712%)

No. | (mm) | (mm) | (s) | (bar) (m?) (m?)

Cul | 86.5 | 192.5 | 97.22 | 1.544 66.20 327.86
Cu2 | 88 198 | 113.37 | 1.504 64.26 325.31
Cu3 | 83 184 | 69.86 | 1.692 64.95 319.18
Cud | 89 194 | 80.41 | 1.737 63.01 299.41
Cub | 83.5 | 183 | 63.60 | 1.793 62.98 302.50
Cu6 | 86 176.5 | 82.72 | 1.584 70.81 208.24
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6.3.3 Variable inlet pressure experiments

When a higher injection pressure is used in the experiments, it was found that
the recorded inlet pressure is not a constant, it is variable with respect to time.
In these tests, the compressed air with the nominal pressure of 2.5 — 3.5bar
is used, but as can be seen from these figures C.7-C.18, the maximum inlet
pressure are all lower than the nominated pressure. This is because: 1) there is
a loss of pressure between oil feed vessel and injection port (see in Figure 6.2);
2) the pressure at source is lower than nominal pressure which may be caused
by some unknown random factors; 3) the pressure manometer and the pressure
regulator are not precise enough to control the pressure which have been designed.
However, this nominated pressure value does not affect our experiment results,
since the pressure recorded by a pressure transducer at the injection port are
correct. The inlet pressure increases when the time goes, as shown in Figures C.7-
C.18. Therefore, to calculate the permeabilities under the variable inlet pressure
condition, equations (2.20), (7.3) and (7.4) are are not valid,, the new equations
(4.56), (5.39) and (5.40) which developed in Chapters 4 and 5 should be used.
An Example of calculate the permeabilities by using these equations is given in

Appendix E.

A. Experiments on U750-450

A higher injection pressure is used in these tests. Three kinds of set up are used.
As shown in Figures C.7, C.8, C.9 and C.10, variable inlet pressures are measured
at the injection gate of these radial flow tests on the random fabric U750-450.
Equation (4.56) is used to calculate the permeabilities. The permeabilities of the
U750-450 with different set up and variable inlet pressures are listed in Tables
6.5, 6.6 and 6.7. Figure D.4 gives the images of experiment Vrb.
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Table 6.5: Results of U750-450 in variable inlet pressure experiments with vy =

22.7%, N = 3 and H = 2.32mm.

Run Results of experiments Results of calculation
X | X, t P D (x10712) | @) (x107'2)

No. | (mm) | (mm) | (s) (bar) (m?) (m?)

Vrl | 265 258 | 36.94 | 2.026 — 2.318 1500.52 1408.36
Vr2 | 299 288 | 44.32 | 2.084 — 2.436 1434.09 1410.91
Vr3d | 282 280 | 51.60 | 1.909 — 2.143 1433.25 1409.39
Vrd | 293 291 | 53.72 | 1.909 - 2.143 1531.47 1506.98
Vr5 | 260 258 | 38.24 | 1.879 - 2.172 1574.03 1545.49
Vi6 | 255 250 | 36.28 | 1.996 — 2.172 1518.20 1448.53

Table 6.6: Results of U750-450 in variable inlet pressure experiments with vy =

45.5%, N = 6 and H = 2.32mm.

Run Results of experiments Results of calculation
X, X, t P° ED (x1072) | k@ (x10712)

No. | (mm) | (mm) | (s) (bar) (m?) (m?)

Vral | 110 | 108.5 | 62.96 | 1.205 — 1.322 349.33 337.38

Vra2 | 106 104 | 54.32 | 1.234 - 1.410 334.69 318.83

LVraS 114.5 | 112 | 53.28 | 1.293 - 1.410 | 340.96 322.47
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Table 6.7: Results of U750-450 in variable inlet pressure experiments with vy =
22.7%, N = 6 and H = 4.64dmm.

Run Results of experiments Results of calculation
X, X, t P° EM) (x10712) | k@) (x1071?)
No. | (mm) | (mm) | (s) (bar) (m?) (m?)
Vrbl | 117 | 115.5 | 21.84 | 1.234 - 1.293 1527.84 1478.96
Vrb2 | 137.5 | 135.5 | 30.88 | 1.264 — 1.351 1535.64 1480.82
Vrb3 | 107.5 | 106 | 27.84 | 1.146 — 1.264 1503.33 1450.56
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B. Experiments on twill weave fabric

A higher injection pressure is used in this section. Two kinds of twill weave fibre
were used in this part of experiments. Figures C.11, C.12, C.13 and C.14 show
the injection pressures measured at the injection gate of these experiments on the
twill fabric RC 600 and WRE580T. Equations (5.39) and (5.40) are used and the
permeabilities of these tests are shown in Tables 6.8, 6.9 and 6.10. Figure D.5
shows the images of test Vt1 and Figure D.6 shows the images of test Vtb3.

Table 6.8: Results of RC 600 in variable inlet pressure experiments with vy =

50.4%, N =5 and H = 2.32mm.

Run Results of experiments Results of calculation
X, X, t p° kD) (x10712) | k@) (x10712)
No. | (mm) | (mm) | (s) (bar) (m?) (m?)
Vil | 163.5 | 110 | 206.14 | 1.732 - 2.348 50.54 22.88
Vt2 | 155 103 | 178.45 | 1.762 - 2.290 51.86 22.90
Vt3 | 149.5 | 101 | 177.79 | 1.762 — 2.172 52.06 23.76
Vt4 | 163 | 113.5 | 174.33 | 1.967 — 2.641 49.65 24.07
Vitb | 194 132 | 247.33 | 1.937 - 2.495 52.62 26.55
Vt6 | 160.5 | 114 | 222.45 | 1.615 — 2.231 53.19 24.81
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Table 6.9: Results of RC 600 in variable inlet pressure experiments with v; =

60.6%, N = 6 and H = 2.32mm.

FRun Results of experiments Results of calculation
X, X t p° k) (x10712) | k@) (x10712)

No. | (mm) | (mm) | (s) (bar) (m?) (m?)

Vtal | 142 108 | 150.28 | 2.436 — 3.198 24.48 14.16

Vta2 | 152.5 | 115.5 | 174.66 | 2.377 — 3.374 24.33 13.95

Vtad | 160 | 123.5 | 164.61 | 3.100 — 3.550 23.58 14.05

Table 6.10: Results of WRESH80T in variable
vy = 58.6%, N = 6 and H = 2.32mm.

inlet pressure experiments with

Run Results of experiments Results of calculation
X, X, t p° ED (x10712) | k@) (x10712)
No. | (mm) | (mm) | (s) (bar) (m?) (m?)
Vtbl | 142 | 145.5 | 124.73 | 1.996 — 2.348 53.72 56.40
Vtb2 | 131 140 | 106.45 | 1.967 — 2.290 53.62 61.24
Vtb3 | 168 180 | 127.72 | 2.524 - 3.286 48.39 55.55

111




C. Experiments on E-LPb 567

As described in the above sections, a higher injection pressure is used in the exper-

iments. This time a unidirectional fabric is used during the tests. Figures C.15,

C.16, C.17 and C.18 show the variable injection pressures measured at the injec-

tion gate in the radial flow tests. The permeabilities of the quasi-unidirectional

non crimp fabric E-LPb 567 with different set up, which can be calculated by

equations (5.39) and (5.40), are given in Tables 6.11, 6.12 and 6.13. Figure D.7

gives the images of experiment Vub.

Table 6.11: Results of E-LPb 567 in variable inlet pressure experiments with

v; = 44.5%, N = 4 and H = 2.32mm.

Run Results of experiments Results of calculation
X1 | X t p° 1) (x10712) | k@) (x10712%)

No. | (mm) | (mm) | (s) (bar) (m?) (m?)

Vul | 76 154 | 60.48 | 1.381 —1.703 75.09 308.31
Vu2 | 98 217 | 86.67 | 1.469 — 2.231 64.32 315.36
Vu3 | 85 183.5 | 51.74 | 1.645 - 2.172 70.83 330.12
Vud | 100.5 | 227 | 61.30 | 1.967 — 2.377 67.90 346.37
Vub | 121 | 260.5 | 106.44 | 1.820 — 2.113 73.38 340.12
Vu6 | 120 252 | 93.75 | 1.820 - 2.318 72.38 319.22
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Table 6.12: Results of E-LPb 567 in variable inlet pressure experiments with
vy = 55.6%, N =5 and H = 2.32mm.

Run Results of experiments Results of calculation
X, X, t 2° ED (x1071%) | k3 (x10712)

No. | (mm) | (mm) | (s) (bar) (m?) (m?)

Vual | 65.5 | 145.5 | 119.46 | 1.205 — 1.703 24.47 120.75

Vua2 | 83 177 | 112.05 | 1.586 — 2.084 25.89 117.73

Vuad | 925 | 212 | 125.40 | 1.674 — 2.318 25.76 135.31

Table 6.13: Results of E-LPb 567 in variable inlet pressure experiments with
vy = 44.5%, N = 8 and H = 4.64mm.

Run Results of experiments Results of calculation
X, X, t ° ED (x10712) | k@) (x10712)

No. | (mm) | (mm)| (s) | (bar) (m?) (m?)

Vubl | 86.5 | 184.5 | 42.52 | 1.996 — 2.260 72.64 330.49

Vub2 | 108.5 | 230 | 48.19 | 2.641 — 2.905 69.91 314.16

Vub3 | 101 | 218.5 | 42.52 | 2.553 — 2.817 70.61 330.46
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6.3.4 Experiments on gravitational effects

As it is well know that for a two-dimensional flow experiment, the test plane can
always be chosen in a horizontal plane in which the gravitational effect can be
neglected. However, for a three-dimensional flow experiment, the gravitational
effect along the vertical direction has to be considered. Although in Darcy’s
original experiment, the gravitational effect was considered, but this effect is
nearly always neglected in modern references. From a practical viewpoint, during
the production process of a big composite structure, such as, build a ship hull,
some parts of the total structure have to be located in the vertical direction.
Therefore, the gravitational effect can not be avoided. In these experiments, the
radial flow happens on a vertical plane and the injection pressures are also as low
as possible to make the gravitational effect more obvious. It has been theoretically
derived that the effect of the gravitation on two- or three-dimensional radial flows
is to produce a translation of the wetted domain of the medium. This translation
is along the flow vector direction caused by the gravitation, which is not same as
the direction of the gravity for general anisotropic cases. To avoid the effect of the
gravity on permeability identification measurements, a moving coordinate system
fixed at the centre of the wetted area is presented, which provides a convenience
in experiments. Therefore, equations (4.56), (5.39) and (5.40) can also be used
to calculate the permeabilities of isotropic or anisotropic materials, respectively.
The translation distance caused by the gravitational effect on isotropic media can
be obtained by equation (5.29) and equation (5.41) is used for anisotropic media.
As one of principal direction of anisotropic materials is arranged along the gravity
direction in this part of experiments, the translation distance can be obtained by

using equation (5.43).

A. Experiments on U750-450

In these experiments, the radial flow is on a vertical plane and the injection
pressures are chosen as low as possible to want to make the gravitational effect

more obvious. Figures C.19, C.20, C.21 and C.22 give the inlet pressure measured

114



at the injection gate of these radial flow tests on the vertical plane for U750-
450. Equations (4.56) and (5.29) are used to calculated the permeabilities and
translation distances, respectively. The permeabilities of this continuous filament
mat and translation distance d, (measured and calculated) are summarised in

Tables 6.14, 6.15 and 6.16. Figure D.8 shows the images of the tests Gr3.

Table 6.14: Results of U750-450 in vertical plane with v; = 22.7%, N = 3 and

H = 2.32mm.
Run Results of experiments Results of calculation
X, | X, dg t p? | kW (x10712) | @ (x10712) | d

No. | (mm) | (mm) | (mm) | (s) | (bar) (m?) (m?) (mm)
Grl | 198.5 | 194 2.1 45.65 | 1.476 1544.13 1461.09 2.11
Gr2 | 140.5 | 136.5 | 3.7 85.13 | 1.124 1487.86 1385.11 3.74
Gr3 | 192.5 | 190 4.8 | 105.62 | 1.206 1491.64 1445.29 4.84
Grd | 160 155 2.3 54.22 | 1.256 1470.58 1360.50 2.34
Grb5 | 159 157 2.6 58.83 | 1.239 1430.72 1387.03 2.59
Gr6 | 160 159 2.5 59.15 | 1.251 1383.88 1352.44 2.54

Table 6.15: Results of U750-450 in vertical plane with v; = 45.5%, N = 6 and

H =2.32mm.
Run Results of experiments Results of calculation
X1 | X dg t 0 | B (x10712) | @) (x10712) | 4,
No. | (mm) | (mm) | (mm) | (s) | (bar) (m?) (m?) (mm)
Gral | 189.5 | 187 1.7 | 119.29 | 1.529 334.52 323.95 1.74
Gra2 | 214 | 211.5 | 2.0 | 139.86 | 1.605 333.21 323.96 2.04
Gra3 | 201 | 1995 | 2.6 | 174.65 | 1.413 339.74 333.67 2.62
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Table 6.16: Results of U750-450 in vertical plane with v; = 22.7%, N = 6 and
H = 4.64mm.

Run Results of experiments Results of calculation

X1 | X dg t p° | kD) (x10712) | k() (x1071%) | dy
No. | (mm) | (mm) | (mm) | (5) | (ar) |  (m?) (m®) | (mm)
Grbl | 250 | 2465 | 3.6 | 76.13 | 1.498 1535.56 1485.00 3.58
Grb2 | 206 | 2025 | 2.6 | 54.54 | 1.439 1537.06 1478.03 2.56
Grb3 | 251.5 | 249 3.0 |62.78 | 1.613 1526.71 1490.93 2.97
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B. Experiments on twill weave fabric

In this part of experiments, one of principal directions with a bigger permeability

value, is arranged in the vertical direction. Also a lower injection pressure is

used for each experiment.

Figures C.23 and C.24 show the inlet pressure of

the six radial flow tests on the twill fabric RC 600 and Figure C.25 shows the

inlet pressure of the tests on WRESH80T. The experimental results, which can be

calculated by equation (5.39), (5.40) and (5.41) or (5.43), are listed in Tables 6.17

and 6.18. Figure D.9 shows the images of the tests Gt2.

Table 6.17: Results of RC 600 in vertical plane with v; = 50.4%, N = 5 and

H = 2.32mm.
Run Results of experiments Results of calculation
X X, dg ¢ P | BN (x10712) | 5@ (x1071%) | 4,

No. | (mm) | (mm) | (mm) | (s) | (bar) (m?) (m?) (mm)
Gtl | 116 75 0.7 | 262.82 | 1.379 50.08 20.94 0.65
Gt2 | 120 76 0.7 | 260.02 | 1.412 50.34 20.19 0.65
Gt3 | 126 79.5 0.4 |167.41 | 1.716 50.28 20.02 0.42
Gt4 | 104 66.5 0.4 | 142.20 | 1.528 49.21 20.12 0.35
Gts | 130 82 0.8 | 302.86 | 1.437 49.89 19.85 0.75
Gt6 | 138 89 0.6 | 253.40 | 1.642 47.26 19.66 0.59
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Table 6.18: Results of WRES80T in vertical plane with vy = 58.6%, N = 6 and

H =2.32mm.
Run Results of experiments Results of calculation
X, | X2 | dy t p° | k) (x10712) | k) (x10712) | dy
No. | (mm) | (mm) | (mm) | (s) | (bar) (m?) (m?) (mm)
Gtbl | 189.5 | 190.5 | 0.7 | 259.09 | 2.282 47.63 48.13 0.74
Gtb2 | 184.5 | 187.5 | 1.2 | 316.54 | 1.750 63.06 65.13 1.22
Gtb3 | 199.5 | 200 1.6 | 516.06 | 1.671 52.17 52.43 1.60
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C. Experiments on E-LPb 567

The X, direction of this material (one of principal directions) is arranged in

the vertical direction and a lower injection pressure is used for each experiment.

Figures C.26, C.27, C.28 and C.29 show the inlet pressures measured at the

injection gate in the radial flow tests on the E-LPb 567. Equation (5.39), (5.40)

and (5.41) or (5.43) are used in these tests. The results are given in Tables 6.19,

6.20 and 6.21. Figure D.10 shows the images of the tests Gu3.

Table 6.19: Results of E-LPb 567 in vertical plane with v; = 44.5%, N = 4 and

H = 2.32mm.
Run Results of experiments Results of calculation
X1 | X2 | dy t p° | B (x10712) | k@) (x10712) | d,

No. | (mm) | (mm) | (mm) | (s) | (bar) (m?) (m?) (mm)
Gul 101 220 2.3 162.80 | 1.472 67.40 319.77 2.29
Gu2 | 99 217 3.3 ]249.80 | 1.324 61.71 296.48 3.26
Gu3d | 85 186 4.2 1300.22 | 1.178 66.07 316.38 4.18
Gud | 80 155 1.7 | 144.34 | 1.277 72.45 271.97 1.73
Gub | 100.5 | 223 2.6 | 193.28 | 1.422 63.01 310.27 2.64
Gu6 | 96 202 2.2 | 159.18 | 1.407 70.62 312.67 2.19
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Table 6.20: Results of E-LPb 567 in vertical plane with v; = 55.6%, N = 5 and
H = 2.32mm.

Run Results of experiments Results of calculation

X1 X, dg ¢ 0 | kW (x10712) | k) (x1071%) | d,
No. | (mm) | (mm) | (mm) | (s) |(bar)|  (m?) (m?) | (om)
Gual | 99 219.5 | 1.5 | 210.92 | 1.731 25.27 124.20 1.45
Gua2 | 119.5 | 260 2.2 | 315.71 | 1.737 26.63 126.07 2.20
Guad | 125.5 | 2785 | 2.8 | 417.38 | 1.681 24.65 121.41 2.80

Table 6.21: Results of E-LPb 567 in vertical plane with vy = 44.5%, N = 8 and

H = 4.64mm.
il Run Results of experiments Results of calculation
X1 | X2 | dg t p° | kD (x10712) | @) (x10712) | 4,
No. | (mm) | (mm) | (mm) (s) (bar) (m?) (m?) (mm)
Gubl | 132.5 281 2.9 207.78 | 1.683 70.22 315.81 2.90
Gub2 | 130 271.5 2.6 188.51 | 1.700 71.97 313.89 2.61
Gub3 | 94.5 201 1.8 126.05 | 1.483 71.59 323.90 1.80
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Chapter 7

Discussion of results

7.1 Introduction

The aim of this chapter is to discuss the significance of the results developed in

previous Chapters. This discussion will include the following aspects:
e The permeability identification with variable pressure.
e The gravitational effect on permeability identification.

e Suggest a guideline for practical implementation of the developed methods.

7.2 The permeability identification with vari-

able pressure

7.2.1 Genesis

In practical experiments or production processes, it is, sometimes, very difficult

to keep a constant inlet pressure.

Figure 7.1 represents a inlet pressure recorded during the constant pressure test
Cub5 and the variable pressure experiment Vual. The quasi-unidirectional non-

crimp fabric E-LPb 567 is used in both of tests. This figure demonstrates that it
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Figure 7.1: The inlet pressure recorded in experiments Cub and Vual.

is hard to keep a constant pressure at the injection port. Although a lower pres-
sure used in the experiments, two different pressure histories are recorded, one
is constant pressure and another is variable pressure. As also shown in Figures
C.17,Cg8, CJ9, C.10, C.11, C12, C.13, C.14, C.15, C.16, C.17 and C.18, the inlet
pressure are often variable with respect to time ¢. It is noticeable from this that
where the injection pressure can not be controlled accurately there is a need to
allow for the pressure variations in estimation of permeabilities. In most practical
cases it is not known that if the inlet pressure can be kept as a constant, therefore
the variable inlet pressure formulations and the corresponding experiment meth-
ods are required. Even in the case of which the recorded time history of the inlet
pressure demonstrates that it is a constant, the variable pressure formulation can

still obtain the same results without adding more calculation task.

122



By using the variable pressure formulation, it is no longer necessary to adopt
or design a particular method to keep a constant inlet pressure but only to record
the real time history of the inlet pressure and to calculate the permeabilities.
This provides a convenience in practical applications. Therefore the variable

inlet pressure formulations are very useful for permeability identification.

7.2.2 Theoretical results

The variable pressure formulations for permeability identification developed in this

thesis are generalized formulations which include the traditional constant pressure

formulation as a special case.

This main point is valid for all of the formulations developed for two-dimensional
and three-dimensional cases described in Chapter 5. For example, for the two-
dimensional case, equation (4.56) is given in this thesis to calculate the perme-
ability of an isotropic fabric by using experiments with variable inlet pressure.
If the pressure is constant, this equation degenerates to equation (2.20) which is

the well known traditional formulation for constant inlet pressure tests and it is

k=2 m% —1) +T02}%%0—)}-. (7.1)
This equation is widely used in great number of references, for example, Adams
et al. 1986, 1987,1988, 1991a and 1991b, Weitzenbdck 1996, 1999a and 1999b.
For anisotropic materials, equations (5.39) and (5.40) are derived in this research
to calculate the permeabilities by using experiments with variable inlet pressures.

Again, if the pressure is constant, the integral P in these two equations, repre-

sented by equation (5.37), degenerates to
P = (pf - po)ta (72)

and therefore equations (5.39) and (5.40) degenerate to,
a®> d*ue(lnB— B + 1)

(1) — 3
* 7 4(p" —p°)t (73
72 4(pf —p%)t '
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which are the traditional formulations for constant inlet pressure tests, and used

in modern references, for example, Chan et al 1991 and 1993, Weitzenbock 1996.

7.2.3 Experimental method

A practical experiment method for two-dimensional case corresponding to the de-
veloped formulations for variable inlet pressure tests is well designed as described
in Chapter 6. This method has been conducted by using the RTM test facilities
in the Transport Systems Research Laboratory of the School of Engineering Sci-
ences, the University of Southampton. The results obtained by the generalized

new method has been validated and its implementation in practice is applicable.

For the proposed experiment process with variable inlet pressures, only two mea-
surements of the flow front along the two directions are needed. The flow fronts
along these two directions, two principal directions of the anisotropic fabric, cor-
respond to the maximum and the minimum diameters of the recorded flow figures,
respectively, which can be found by observing the recorded flow front figures as
listed in Figures D.1 - D.10. Hence it is not necessary to know the principal

directions of a material before the experiments.

7.2.4 Validation of the approach

To validate the new theory and the corresponding experimental approach, the

following two kinds of comparison experiments are designed and conducted.

Comparison between the results of variable pressure tests and constant

pressure tests

The experiments with constant inlet pressure and the corresponding comparative
experiments with variable inlet pressure are conducted in this research as shown
in Chapter 6. For these experiments with the constant inlet pressure, an as

lower as possible pressure is used to easily keep the pressure as an constant at
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the inlet gate. The equations (2.20), (7.3) and (7.4) for constant pressure cases
are used to calculate the permeabilities. The details of the recorded flow front
figures and the results are given by Figures D.1, D.2 D.3 and Tables 6.2, 6.3
and 6.4, respectively. For the comparative experiments of the same materials
as the corresponding constant pressure tests, when a higher injection pressure is
used, it was found that the recorded inlet pressure is not a constant, it is variable
with respect to time, as shown in Figures C.7 - C.18. Therefore, to calculate the
permeabilities under variable inlet pressure condition, equations (2.20), (7.3) and
(7.4) are are not valid, and the new equations (4.56), (5.39) and (5.40) which
developed in Chapters 4 and 5 should be used. The results are listed in the

section 6.4.3.

Table 7.1: The averaged permeability of each kind of experiment in set up I

(x10712 m?) and differences.

Set Constant Variable Difference
Fibre inlet pressure inlet pressure
up k(1) k(2) k(1) k() %
U750-450 I 1433.26 | 1399.58 | 1498.59 | 1454.94 | 4.56 | 3.96
RC 600 I 49.38 21.67 51.61 25.27 | 4.61 | 11.51
E-LPb 567 | I 65.37 312.08 70.65 326.58 | 8.08 | 4.65

The averaged results obtained in the experiments set up I are listed in Table
7.1. If it is assumed that the results obtained by the experiments with constant
inlet pressure are ‘idealized results’, the differences in results obtained in the

experiments with variable inlet pressure are also listed in Table 7.1.

Comparison with literature

As it is described in Chapter 3, the permeability is a constant of the material,

it does not depend on the methods to be used to measure it. Therefore, for a
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same fabric and same fibre volume fraction the measured permeabilities reported

in the literature are comparable.

Table 7.2: The results for random mat U750-450 reported in the references and

the results(*) obtained in this thesis (x1070m?).

Investigators Range of permeability | vy
k) k(2) (%)
Greve (1990) 9-14 20-25
Chick (1996) 6-20 5-21 20-25
Rudd (1996) 10-20 20-25
Weitzenbock (1996) 15.94 15.62 22.7
Rudd (1997) 5-30 20-25
Constant pressure* 14.33 14.00 22.7
Variable pressure* 14.99 14.55 22.7

Table 7.2 and Table 7.3 provides comparisons of the permeability obtained in this
thesis with some experiment results reported in the references. Table 7.4 is for
the continuous filament mat (U750-450) and Table 7.5 is for the twill fabric RC
600 and the quasi-unidirectional non crimp fabric E-LPb 567. A good agreement
is observed between our results and the one reported by Weitzenbock (1996).
Also, from these reported results, it can be found that there exists an obvious
difference between the permeability values for these fabric measured by different
authors. In Consideration of these practical cases in the field of permeability
identification, the 11.51% difference in Table 7.1 is acceptable from a point of
view of engineering applications. Therefore, it can be concluded form Table 7.1
that there is a good agreement in the results obtained by using the new methods
developed in this thesis compared with the results obtained by the traditional

method of constant inlet pressure. These experiments demonstrate that:
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Table 7.3: Published results for twill and quasi-unidirectional non-crimp fabric

the results(*) obtained in this thesis (x107'%m?).

Investigators RC 600 E-LPb 567

k) k(2 v (%) L) k(2 v (%)
Fell (1996) 61.9 15.2 50.5 / / /

Gebart (1996) / / / 39.2-80.6 | 222.7-590.9 | 40-50
Rudd (1997) / / / 30.1-85.3 | 200.4-550.5 | 40-50
Weitzenbock (1996) | 50.5 245 | 504 74.18 304.5 44.3
Constant pressure* | 49.38 | 21.67 | 504 65.37 312.08 44.3
Variable pressure* | 51.61 | 25.27 | 504 70.65 326.58 44.3

e The mathematical analysis and the new formulations developed in this the-
sis are correct. These formulations provide the theoretical basis of the new

generalized method to identify permeabilities by using variable inlet pres-

sure.

e The implementation of the new method with variable inlet pressure is ap-
plicable by using the RTM facilities of permeability identification in the
Transport Systems Research Laboratory of the School of Engineering Sci-

ences.

e The results obtained by the generalized new methods has been validated.

7.3 Gravitational effect on permeability identi-

fication

7.3.1 Genesis

As it is well known that for the permeability identification experiments in two-

dimensional case, it can always choose a horizontal plane as the experimental
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plane, then the gravitational effect does not need to be considered. However, for
a three-dimensional flow experiment or the production process of a big composite
structure, such as, build a ship hull, in which some parts of the total structure have
to be located in the vertical direction, there exists the gravitational effect in the
vertical direction. This effect has to be considered and need to be avoided during
permeability identification experiments. Although in Darcy’s original experiment,
the gravitational effect was considered, but this effect is nearly always neglected
in modern references, for example, Gauvin et al 1986 and 1996, Fracchia et al
1989, Bruschke et al 1990, Kim et al 1991, Gebart et al 1991, 1992 and 1996 and
Perry et al 1992 in channel flow tests and Adams et al. 1986, 1987,1988, 1991a
and 1991b, Chan et al 1991, 1993, Chick 1996, Gauvin 1996, Gebart et al 1996,
Rudd 1995, Weitzenbock 1996, 1999a and 1999b in radial flow tests.

Figure 7.2: The flow front recorded in the experiments Gr3 at 105.62 s.

Figure 7.2 shows the flow front recorded in the test Gr3 that is a radial flow
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happening on a vertical plane. In this figure, h; is the distance from the centre
of inlet to the top of flow front and hs is the distance from the centre of inlet to
the bottom of flow front. The d, is the translation distance, in the other words,
d, is distance from the centre of inlet to the centre of wetted domain of the fabric
and it can be obtained by the following equation

J :hz—hl

,= 25 (7.5)

in the experiment.

If the gravitational effect is not considered in the experiments, the permeabil-
ities measured for the three kind fabric along the vertical direction are list in
Tables 7.4, 7.5 and 7.6. In these tables h; and h, are two distances as shown
in Figure 7.2, k; and k, are two permeabilities calculated by using h; and hs,
respectively. As can be seen from these tables, the differences between the results
measured by using the developed method to avoid the gravitational effect and the
results affected by the gravitation can be upto —12.56% or 13.51%. Therefore,
the gravitational effect should be considered for a three-dimensional flow case or

a two-dimensional flow which happens on the vertical plane.

Table 7.4: Differences of U 750-450.

Set | hy ha k1 ka k" Difference

Up |mm| mm [1072m2 | 1002 m2 | 10072 m2 | hi% | ha %

TGrl 97.2 | 101.4 | 1466.55 1623.94 1544.13 | -5.02 | 5.17

Gr2 | 66.6 | 74.0 1301.00 1688.86 1487.86 | -12.56 | 13.51
Gr3 | 91.5 | 101.1 | 1318.08 1677.23 1491.64 | -11.64 | 12.44
Gr4 | 77.7 | 823 1369.13 1576.08 1470.58 | -6.90 | 7.17
Gr5 | 75.9 | 81.1 1276.97 1502.19 1430.72 | -10.75 | 5.00

Gr6 | 77.8 | 82.8 | 1280.64 1491.61 1383.88 | -7.46 | 7.78
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Table 7.5: Differences of RC 600.

Set | hp ha k1 ko S Difference
Up |mm |mm | 1072 m?2 | 1072 m? | 1072 m?2 | h1 % | ha %
Gtl | 57.3 | 58.7 48.88 51.30 50.08 -2.40 | 2.44
Gt2 | 59.3 | 60.7 49.17 51.52 50.34 -2.32 | 2.34
Gt3 | 62.6 | 634 49.65 50.92 50.28 -1.25 | 1.27
Gt4 | 51.6 | 52.4 48.46 49.97 49.21 -1.52 | 1.54
Gtb | 64.2 | 65.8 48.67 51.13 49.89 -2.45 | 2.49
Gt6 | 68.4 | 69.6 46.44 48.08 47.26 -1.74 | 1.74
Table 7.6: Differences of E-LPb 567.
Set hy ha k1 ko k() Difference
Up | mm | mm [1072m2 | 1072 m2 | 1072 m2 | i % | R %
Gul | 107.7 | 112.3 306.54 333.28 319.77 -4.14 | 4.22
Gu2 | 105.2 | 111.8 278.72 314.78 296.48 -5.99 | 6.17
Gu3 | 88.8 | 97.2 288.45 345.60 316.38 | -8.83 | 9.24
Gud | 75.8 | 79.2 260.17 284.03 271.97 -4.34 | 4.43
Gub | 108.9 | 114.1 295.97 324.91 310.27 -4.61 | 4.72
Gu6 | 98.8 | 103.2 299.20 326.44 312.67 -4.31 | 4.40

7.3.2 Theoretical results and experiment method to avoid

the gravitational effect

The effect of the gravitation on two- or three-dimensional radial flows is to pro-
duce a translation of the wetted domain of the medium. This translation is along
the flow vector direction caused by the gravitation, which is not same as the

direction of the gravity for general anisotropic cases as demonstrated in Section

4.2.2.
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The translation distance caused by the gravitational effect on isotropic media

satisfies equation (5.29), i.e.

d, = —pgt, 7.
0= P9 (7.6)

and equation (5.41) is used for anisotropic media. As one of principal directions of

anisotropic materials with bigger permeability value is arranged along the gravity

direction in the experiments, the translation distance satisfies equation (5.43), i.e.
(2

dy = Epgt. (7.7)

As can be seen from these two equations, the translation displacement of the cen-

tre of the wetted area is in proportion to permeability of fabric and the injection

time.

To avoid the effect of the gravity on permeability identification, a moving co-
ordinate system fixed at the centre of the wetted area is used to measure the
flow front, that is to measure the flow front relative to the centre of the wetted
domain. This method provides a convenience to avoid the gravitational effect
in experiments. Through this method, the equations obtained in the case with
no gravitational effect can still be used in the case considering the gravitational
effect. For example, equations (4.56), (5.39) and (5.40) can be used to calculate

the permeabilities of isotropic or anisotropic materials, respectively.

7.3.3 Experimental results

To demonstrate the theoretical results of the developed method to avoid the grav-
itational effect, a two-dimensional radial flow which happens on the vertical plane
is well designed as described in Chapter 6. This method has also been conducted
by using the RTM facilities. The results obtained by this new method has been

validated and its implementation in practice is applicable.

In these experiments, the aluminium base plate (see Figure 6.1) is arranged on the

vertical plane and the radial low happens on this plane. The injection pressures
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are chosen as low as possible to make the gravitational effect more obvious. By us-
ing the method to avoid the gravitational effect, the measurements are conducted
and equations (4.56), (5.39) and (5.40) are used to calculate the permeabilities.
The calculated results are listed in section 6.4.4. The main averaged permeabil-
ities of experiments set up I and the difference in results between the constant
inlet pressure experiments and the experiments of gravitational effect are listed
in Table 7.7. It is observed from this table that there is a good agreement in
the results, obtained by using the method developed in this thesis to avoid the
gravitational effect, compared with the results obtained by the experiments in
the horizontal plane using the traditional method of constant inlet pressure. It
is demonstrated that the mathematical analysis and the experiment method to

avoid the gravitational effects in permeability identification are valid.

Table 7.7: The averaged permeability of each kind of experiment in set up I

(x107'% m?) and differences.

Set Constant Gravitational Difference
Fibre inlet pressure effect
up ASS) E(2) 1) k(2) %

U750-450 I 1433.26 | 1399.58 | 1468.14 | 1398.58 | 2.43 | -0.07
RC 600 I 49.38 21.67 49.12 19.97 | -0.51 | -9.23

E-LPb 567 | I 65.37 312.08 66.88 304.59 | 2.31 | -2.41

The translation distances, measured and calculated by using equations (7.6) and
(7.7) of experiments set up I, are listed in Table 7.8. In this table, d; represents

the translation distance which measured during the experiments.

As can be seen in Table 7.8, there is a good agreement between the results of the

translation distance measured and calculated.
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Table 7.8: The translation distance of experiments set up I (mm).

Run U 750-450
No. | t(s) | k" (x1072m?) | d, | &

Grl | 45.65 1544.13 21121
Gr2 | 90.13 1487.86 3.74 | 3.7
Gr3 | 105.62 1491.64 4.84 1438
Grd | 54.22 1470.58 234123
Gr5 | 58.83 1430.72 2.59 | 2.6
Gr6 | 59.15 1383.88 2.54 | 2.5
Run RC 600

No. | t(s) |k® (x1072m?) | d, | &

Gtl | 262.82 50.08 0.65 | 0.7
Gt2 | 260.02 50.34 0.65 | 0.7
Gt3 | 167.41 50.28 0.42 |04
Gt4 | 142.20 49.21 0.35 | 0.4
Gt5 | 302.86 49.89 0.75 | 0.8
Gt6 | 253.40 47.26 0.59 | 0.6
Run E-LPb 567

No. | t(s) |k® (x1072m?) | d, | d

Gul | 162.80 319.77 2.29 | 2.3
Gu2 | 249.80 296.48 3.26 | 3.3
Gu3 | 300.22 316.38 4.18 | 4.2
Gud | 144.34 271.97 1.73 | 1.7
Gub | 193.28 310.27 2.64 | 2.6
Gu6 | 159.18 312.67 2.19 | 2.2
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Figure 7.3: The relation between the translation distance and time.

Figure 7.3 shows the relation between the translation distance and flow time for
three kinds of fabric in experiments set up I. As can be seen the translation
displacement of the centre of the wetted area is in proportion to the injection
time. These results demonstrate that the theoretical formulations (7.6) and (7.7)

are valid.

7.4 A suggestion guideline

In base of the discussions given above, the following guideline for practical im-

plementation of the scheme in an industrial context is suggested.

e Because in most practical cases it is not known that if the inlet pressure
can be kept as a constant, the variable inlet pressure formulations and the
corresponding experiment methods are recommended. Even in the case of

which the recorded time history of the inlet pressure demonstrates that the
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inlet pressure is a constant, the variable pressure formulation can provide

the same results without adding more calculation task.

If from the previous experience, the inlet pressure is definitely a constant,

the constant pressure formulation can be used.

For all experiments or practical production in two-dimensional cases, it
is suggested to choose the horizontal plane as the test plane . In this

experiment arrangement, the gravitational effect is automatically avoided.

For any experiment in three-dimensional cases or any production process
of a big composite structure in which some parts of the total structure
have to be located in the vertical direction, the gravitational effect needs
to be considered. The method developed in this thesis provides a very
simple way to avoid the gravitational effect. The only thing is to consider
the translation of the centre of the wetted fibre area and do all of same

calculations as in the case without the gravitational effect.

The translation distance of the centre of the wetted area is proportional to
the flow time. Therefore, for a long time flow process in experiments, it
is better to use the method given in the thesis to avoid the gravitational

effect. If the flow time is very short, the gravitational effect will not cause

significant error.
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Chapter 8

Conclusions and

Recommendations

8.1 Conclusions

The fundamental research areas concerning RTM are categorized into three main
topics: permeability identification, flow analysis and injection pressure predica-
tion. The permeability identification is a base of these three research topics and
is theoretically and experimentally investigated in this thesis. The main contri-

butions are summarised as follows:

1) Under the generalized boundary conditions in which the inlet pressures or the
inlet flow rates are considered as time functions, several analytical solutions for
both channel flows and radial flows in two- and three-dimensional cases through
isotropic or anisotropic fibre preform are developed. These analytical solutions
present a theoretical basis of permeability identification by using variable inlet
pressures or variable inlet flow rates. Based on these results, the inlet pressure
or inlet flow rate during a permeability identification experiment are no longer to
be controlled as a constant, which may be difficult in practical RTM production
processes. By measuring the real variable time histories of the inlet pressures

or inlet flow rates and the flow front positions in an experiment, the principal
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permeabilities can be calculated by means of the theoretical solutions presented

in this thesis.

2) Following the original contribution developed by Darcy (1856), the gravita-
tional effect on permeability identification experiments is investigated, which is
not considered in current references. This proposed research topic is based on the
fact that in practical RTM production processes some parts have to be located in
the vertical direction along which the gravitational effect acts. It has been the-
oretically derived that the effect of the gravitation on two- or three-dimensional
radial flows is to produce a translation of the wetted domain of the medium. This
translation is along the flow vector direction caused by the gravitation, which is

not same as the direction of the gravity for general anisotropic cases.

To avoid the effect of the gravity on permeability identification measurements,
a moving coordinate system fixed at the centre of the wetted area is presented,

which provides a convenience in experiments.

3) By using the facility of permeability measurement in the Transport Systems Re-
search Laboratory, the School of Engineering Sciences, University of Southamp-
ton, eighty seven practical identification experiments in two-dimensional radial
flows through isotropic and anisotropic materials have been done. The results
measured in the cases of variable inlet pressure and the gravitational effect are
compared with the results in the constant inlet pressure experiment obtained by
this research and the other published research papers. The errors are in the region
acceptable to the permeability measurement area. The experiments demonstrate
that the analytical solutions are valid and the corresponding permeability iden-

tification methods are applicable and attractive.
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8.2 Further research considerations

1) Although some theoretical solutions for three-dimensional cases are presented
in this thesis, practical permeability identification experiments have not been
done. The materials used in three-dimensional experiments should have a three-
dimensional fibre preform characteristics. The three kinds of fabric used in
the two-dimensional experiments given in this thesis are not suitable to three-
dimensional experiments. The reason is that the fabric sheets of all materials
are very thin and the direction normal to the fabric sheet plane is one principal
direction of the permeability tensor of a thick fabric preform constructed by a lot
of these thin fabric sheets. As a result of this, a generalized three-dimensional
material can not be obtained during this research period, and therefore the cor-

responding three-dimensional experiments can not be done.

2) Two characteristics of the generalized permeability tensor for anisotropic ma-
terials are obtained in the thesis. These results may be used to check the in-
dependence of the measurement directions in three-dimensional experiment. A

further research for this consideration needs to be done.

3) The techniques to measure the flow front in three-dimensional experiments
are needed. The method presented in this thesis is difficult to be used in three-
dimensional experiment, as the flow front in a three-dimensional body constructed
by fibre materials is not observed. If thermistor sensors are used to measure the
flow front, these thermistor sensors have to be arranged into the experiment pre-
form while to construct this preform before doing experiment. For a practical
three-dimensional material, it is very difficult to put the thermistor sensors into

it without cutting the material.

4) The date has potential to provide validation of the effect of gravity on com-

mercial flow simulation software.
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Appendix A

The summation convention, the
Kronecker delta and the

permutation symbol

A system of three linear equations in three unknowns can be written as

a11T1 + Q12T2 +a13T3 = by
21271 + A22T2 + G23T3 = by (A1)
a31T1 + Q322 + a33T3 = bs

or its matrix form
aj; Q2 Q12 1 by
Q1 Q22 423 Ty | = | by | (A.2)
a31 Qs2 0as3 T3 b3

where z;(j = 1,2,3) are the unknowns, a;; and b; (i = 1,2,3) are known con-

stants. This equation can also be written as
3
Z QL5 = bi, (A3)
j=1

where the symbol ng:l denotes summation over the repeated subscript j. The

final notational simplification consists of omitting the summation symbol in equa-
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tion (A.3), which is now written in the form

(A.4)

a,'j.'l',‘j == bi.
It is noted that the index ¢ appears only once in each term of equation (A.4).
It is called the free index. The index j is repeated, and this repetition implies
summation with respect to j in equation (A.4). The index j in equation (A.4) is

called the summation index.

General rules of the summation convention can be stated as follows. When an
index (subscript) is repeated in an expression of the form A;B;, Cj; or gﬂ% = frk,
it is called a summation index and the expression is a sum of three terms that

can be obtained by summing over the range (1,2, 3). Consequently,

AiBi = AlBl + A2.B2 -+ Ang,
Cj; = Cu+ O+l (A.5)
0
fi _ O 0f Ofs
6:13k 8:1:1 (9113‘2 8333

= fex = fi1+ fo2 + fa3-

It is also noted that in the case of a repeated subscript, the actual symbol used

is immaterial. For example,

AiB,; = Aij = AkBk,
Cjj = C = Ci, (A.6)
fii = e = iy

and so on. In this thesis, only small english letters in subscripts are considered

as tensor indices which obey this summation convention.

The Kronecker delta ¢;; and the permutation symbol e;;, are the two notational
devices that enhance the convenience of the repeated subscript summation con-
vention described above. They are defined by
1 ifi=jy
0 ifig

bij = (A.7)
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and
1 for ijk = 123,231, 312

ejr =1 —1 for ijk = 132,321,213 , (A.8)

0  for ijk = others
respectively. From these definitions, we can say that §;; is symmetric with respect
to its indices ¢ and j, and e;;; is skew-symmetric with respect to an interchange

of any two of its subscripts. It can be checked that the following formulations are

valid, i.e.
0;A; = Aj,
0ij0jr = Oa,
di1 O O;
ek = | 61 b3 iz |, (A.9)
0k Orz2  Oks
Oip Oig  Oir
€ijk€pgr = | Gjp Ojq Ojr |>
Okp Okg Okr
€ijkCirs = 5jr5ks —5js5kr-

Consider the determinant

a11 Q12 Qi3
a=lag| =| ay ax axs |- (A.10)

a3y Q32 433

The notations developed here enables us to write equation (A.10) in the forms

G = €4rU1:02503k = €451 A520L3,
1
a = geijkepqraipajqakr. (All)
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Appendix B

The results of permeability

experiments

The results of all the permeability experiments carried out in the Transport Sys-
tems Research Laboratory of the University of Southampton are listed in the
following. The flow front is measured along the the X; and X, axis (denoted 90°
and 0° respectively, see Figure 6.3). For all experiments, the Shell Vitrea M100
oil is used, the viscosity of this test fluid is 3.515 poise at 15 — 18°C and the
density is 0.878 x 103kg/m?>. The inlet radius is 5.25mm.

B.1 Results of constant inlet pressure tests

The following tables show the flow front position at a given time step.

B.1.1 Experiments of U750-450

Set up I

In these experiments, the fibre volume fraction vy = 22.7%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 3.
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Table B.1: Experiment Crl [mm)]

Time [s] | X, Xy | Xu/Xo | kW (x10712) | k@) (x1071%)
5.00 | 88.50 | 93.93 | 0.94 1495.39 1683.70
10.00 | 117.64 | 122.57 | 0.96 1548.14 1680.35
15.00 | 140.31 | 144.34 | 0.97 1602.04 1695.27
20.00 | 154.34 | 161.52 | 0.96 1519.63 1664.15
25.00 | 171.61 | 175.27 | 0.98 1575.47 1643.33
30.00 | 184.56 | 187.87 | 0.98 1566.47 1623.12
35.00 | 196.43 | 201.62 | 0.97 1560.86 1644.38
40.00 | 209.38 | 210.78 | 0.99 1592.42 1613.78
45.00 | 219.10 | 221.09 | 0.99 1578.09 1606.88
50.00 | 229.89 | 231.40 | 0.99 1593.15 1614.14
55.00 | 238.52 | 238.27 | 1.00 1581.27 1577.95
62.28 | 245.00 | 244.00 | 1.00 1488.63 1474.23
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Table B.2: Experiment Cr2 [mm]

Time [S] X 1 X 2

5.00 71.53 | 70.69
10.00 94.92 | 94.26
15.00 | 111.42 | 109.50
20.00 | 123.80 | 124.75
25.00 | 137.56 | 137.23
30.00 | 148.57 | 146.93
35.00 | 158.20 | 156.63
40.00 | 169.20 | 167.72
45.00 | 177.45 | 176.04
50.00 | 184.33 | 184.36
55.00 | 192.59 | 191.29
60.00 | 200.84 | 198.22
65.00 | 206.34 | 205.15
70.00 | 214.60 | 212.08
75.00 | 220.10 | 219.01
80.00 | 225.60 | 224.55
85.00 | 233.85 | 230.10
90.00 | 239.36 | 237.03
95.00 | 244.86 | 241.19
100.00 | 247.61 | 246.73
105.00 | 254.49 | 253.66
110.00 | 258.61 | 259.21
115.00 | 262.74 | 261.98
120.00 | 268.24 | 267.52
125.00 | 273.75 | 273.07
130.00 | 277.87 | 277.23
135.58 | 282.00 | 280.00
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Table B.3: Experiment Cr3 [mm]

Time [s] | X1 Xs

5.00 75.40 | 73.81
10.00 | 100.05 | 98.41
15.00 | 117.45 | 114.33
20.00 | 130.50 | 130.25
25.00 | 145.00 | 143.28
30.00 | 156.60 | 153.41
35.00 | 166.75 | 163.54
40.00 | 178.35 | 175.12
45.00 | 187.05 | 183.80
50.00 | 194.30 | 192.48
55.00 | 203.00 | 199.72
60.00 | 211.70 | 206.95
65.00 | 217.50 | 214.19
70.00 | 226.20 | 221.43
75.00 | 232.00 | 228.66
80.00 | 237.80 | 234.45
85.00 | 246.50 | 240.24
90.00 | 252.30 | 247.48
95.00 | 258.10 | 251.82
100.00 | 261.00 | 257.61
105.00 | 268.25 | 264.34
110.00 | 272.60 | 270.63
115.00 | 276.95 | 273.53
120.00 | 282.75 | 279.32
125.00 | 288.55 | 285.11
127.63 | 290.00 | 288.00
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Table B.4: Experiment Cr4 [mm)]

Time [S] X1 X2

5.00 79.48 | 79.50
10.00 | 105.56 | 106.00
15.00 | 126.67 | 124.93
20.00 | 144.06 | 142.60
25.00 | 160.20 | 156.48
30.00 | 172.62 | 169.10
35.00 | 185.04 | 181.71
40.00 | 196.21 | 190.55
45.00 | 207.39 | 201.90
50.00 | 214.84 | 212.00
95.00 | 224.78 | 219.57
60.00 | 232.23 | 227.14
65.00 | 238.44 | 237.24
70.00 | 245.89 | 242.29
75.00 | 252.10 | 252.38
80.00 | 260.79 | 258.69
85.03 | 267.00 | 265.00
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Table B.5: Experiment Cr5 [mm]

Time [s] | X3 X,

5.00 75.16 | 74.49
10.00 | 101.08 | 100.63
15.00 | 117.93 | 117.62
20.00 | 134.78 | 133.30
25.00 | 146.44 | 147.68

30.00 | 158.10 | 158.13
35.00 | 171.06 | 171.20
40.00 | 181.43 | 179.04
45.00 | 191.80 | 188.19
50.00 | 199.57 | 196.03
55.00 | 208.64 | 203.87
60.00 | 217.71 | 211.71
65.00 | 225.49 | 218.25
70.00 | 231.97 | 227.40
75.00 | 241.04 | 233.93
80.00 | 247.52 | 239.16
85.52 | 254.00 | 247.00
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Table B.6: Experiment Cr6 [mm]

Time [s] | X X

5.00 71.91 | 70.42

10.00 97.15 | 97.31

15.00 | 113.55 | 113.96
20.00 | 127.43 | 128.04
25.00 | 141.31 | 139.57
30.00 | 152.66 | 152.37
35.00 | 162.75 | 161.33
40.00 | 172.85 | 170.30
45.00 | 181.68 | 180.54
50.00 | 189.25 | 188.22
55.00 ] 198.08 | 195.90
60.00 | 204.39 | 203.59
65.00 | 211.96 | 209.99
70.00 | 219.53 | 217.67
75.00 | 224.58 | 222.79
80.00 | 232.15 | 227.92
85.00 | 238.45 | 235.60
91.94 | 243.50 | 242.00
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B.1.2 Experiments of RC 600

Set up I

In these experiments, the fibre volume fraction vy = 50.4%, the thickness of the

cavity H = 2.32mm and the number of fibre layers N = 5.

Table B.7: Experiment Ctl [mm]

Time [s] | X3 X

10.00 39.84 | 20.82
20.00 57.27 | 29.15
30.00 63.49 | 33.32
40.00 68.47 | 38.52
50.00 74.69 | 42.68
60.00 82.16 | 45.81
70.00 87.14 | 48.93
30.00 92.12 | 54.14
90.00 95.86 | 56.22
100.00 | 99.59 | 60.38
110.00 | 104.57 | 66.63
120.00 | 107.06 | 68.71
130.00 | 114.53 | 70.79
140.00 | 117.02 | 74.96
150.00 | 120.76 | 74.96
156.08 | 122.00 | 76.00
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Table B.8: Experiment Ct2 [mm)]

Time [s] | X X

10.00 41.23 | 24.83

20.00 52.77 | 32.35
30.00 58.54 | 36.86
40.00 65.96 | 39.87
50.00 73.38 | 45.14
60.00 79.15 | 47.40
70.00 84.10 | 50.41
80.00 86.57 | 52.66
90.00 89.87 | 54.92
100.00 | 92.34 | 57.18
110.00 | 94.82 | 59.43
120.00 | 98.94 | 60.94
130.00 | 101.41 | 62.44
140.00 | 104.71 | 64.70
150.00 | 108.01 | 66.21
160.00 | 109.66 | 67.71
170.00 | 111.31 | 70.72
180.00 | 112.96 | 72.22
190.00 | 116.25 | 73.73
200.00 | 117.90 | 74.48
210.00 | 119.55 | 76.74
220.00 | 121.20 | 78.24
232.20 | 124.50 | 80.50
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Table B.9: Experiment Ct3 [mm)]

Time [s] | Xi Xy | X1/Xo | KM (x10712) | k@) (x1072)
10.00 | 45.23 | 26.64 | 1.70 58.84 20.41
20.00 | 59.70 | 32.65 | 1.83 66.52 19.90
30.00 | 65.13 | 39.52 | 1.65 62.07 22.85
40.00 | 69.65 | 44.68 | 1.56 58.49 24.07
50.00 | 74.18 | 47.26 | 1.57 55.68 22.60
60.00 | 81.41 | 53.27| 1.53 60.94 26.09
70.00 | 91.37 | 54.99 | 1.66 68.51 24.82
80.00 | 93.17 | 56.71 | 1.64 63.58 23.55
90.00 | 94.98 | 59.29 | 1.60 60.28 23.49
100.00 | 97.70 | 61.00 | 1.60 58.53 22.82
110.00 | 100.41 | 64.44 | 1.56 57.98 23.88
120.00 | 104.93 | 66.16 | 1.59 59.24 23.55
130.00 | 107.65 | 67.02 | 1.61 58.16 22.54
140.00 | 108.55 | 68.74 | 1.58 55.63 22.31
150.00 | 109.46 | 71.32 | 1.53 53.75 22.82
160.00 | 112.12 | 73.03 | 1.54 53.64 22.76
170.00 | 116.69 | 73.89 | 1.58 55.35 22.19
180.00 | 122.12 | 75.61 | 1.62 58.27 22.34
190.00 | 123.93 | 78.19 | 1.58 57.80 23.01
200.00 | 124.84 | 80.77 | 1.55 56.54 23.67
210.00 | 126.64 | 82.49 | 1.54 56.02 23.77
220.00 | 128.45 | 84.20 | 1.53 55.60 23.89
230.00 | 130.26 | 95.92 | 1.36 57.54 31.20
240.00 | 133.88 | 86.78 | 1.54 56.41 23.70
250.00 | 136.60 | 87.64 | 1.56 56.78 23.37
258.74 | 137.50 | 88.50 | 1.55 55.86 23.14
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Table B.10: Experiment Ct4 [mm)]

Time [s] | X3 X5

10.00 39.40 | 27.26
20.00 36.25 | 32.08
30.00 55.95 | 37.69
40.00 63.04 | 42.50
50.00 66.98 | 44.91
60.00 72.49 | 48.11
70.00 78.01 | 52.12
80.00 80.37 | 53.73
90.00 85.10 | 56.13
100.00 | 89.04 | 58.54
110.00 | 89.83 | 61.75
120.00 | 91.41 | 62.55
130.00 | 92.98 | 64.15
140.00 | 96.92 | 65.75
150.00 | 99.28 | 67.36
160.00 | 102.44 | 68.96
170.00 | 104.01 | 70.57
180.00 | 107.16 | 72.17
190.00 | 109.53 | 73.77
200.00 | 111.89 | 75.38
210.00 | 113.47 | 76.18
220.00 | 115.04 | 76.98
230.00 | 116.62 | 77.78
240.00 | 118.20 | 79.39
250.00 | 120.56 | 82.59
260.00 | 121.35 | 83.40
267.36 | 124.50 | 85.00
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Table B.11: Experiment Ct5 [mm]

Time [s] | X3 X,

10.00 37.60 | 26.13
20.00 45.60 | 32.85
30.00 58.40 | 39.56
40.00 64.00 | 44.04
50.00 69.60 | 49.27
60.00 74.40 | 55.24
70.00 80.80 | 59.72
80.00 86.40 | 65.69
90.00 88.00 | 68.68
100.00 | 91.20 | 71.66
110.00 | 94.40 | 74.65
120.00 | 96.80 | 76.89
130.00 | 102.40 | 78.38
140.00 | 105.60 | 80.62
150.00 | 109.60 | 82.11
160.00 | 113.60 | 85.85
170.00 | 116.00 | 88.08
180.00 | 119.20 | 89.58
190.00 | 122.40 | 91.07
200.00 | 126.40 | 93.31
210.00 | 129.60 | 94.06
220.00 | 131.20 | 95.55
230.00 | 136.00 | 97.04
240.00 | 139.20 | 99.28
250.00 | 142.40 | 101.52
260.00 | 144.80 | 103.01
277.86 | 148.00 | 106.00
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Table B.12: Experiment Ct6 [mm)]

Time [s] | X, X,

10.00 29.21 | 24.61
20.00 47.65 | 32.55
30.00 53.80 | 38.90
40.00 59.95 | 40.49
50.00 67.63 | 46.04
60.00 72.25 | 48.43
70.00 77.63 | 51.60
80.00 83.77 | 53.19
90.00 87.62 | 58.75
100.00 | 90.69 | 61.92
110.00 | 92.23 | 63.51
120.00 | 95.30 | 64.30
130.00 | 99.15 | 65.89
140.00 | 103.76 | 68.27
150.00 | 105.29 | 69.86
160.00 | 109.91 | 70.65
170.00 | 111.44 | 72.24
180.00 | 115.29 | 74.62
190.00 | 117.59 | 78.59
200.00 | 119.90 | 79.39
210.00 | 122.20 | 80.97
220.00 | 124.51 | 82.56
230.00 | 126.81 | 83.36
240.00 | 130.66 | 85.74
250.00 | 132.96 | 88.91
260.51 | 134.50 | 90.50
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B.1.3 Experiments of E-LPb 567

Set up 1

In these experiments, the fibre volume fraction vy = 44.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers N = 4.

Table B.13: Experiment Cul [mm]

Time [s] | Xy X

5.00 30.89 | 62.21
10.00 | 40.60 | 84.06
15.00 | 46.78 | 97.51
20.00 | 52.08 | 105.08
25.00 | 53.84 | 112.64
30.00 | 55.61 | 118.53
35.00 | 61.79 | 131.14
40.00 | 63.55 | 137.86
45.00 | 66.20 | 145.43
50.00 | 69.73 | 150.47
55.00 | 71.49 | 152.99
60.00 | 72.38 | 157.19
65.00 | 75.03 | 163.08
70.00 | 76.79 | 165.60
75.00 | 78.56 | 169.80
80.00 | 80.32 | 174.85

85.00 | 82.97 | 178.21
90.00 | 84.73 | 182.41
97.22 | 86.50 | 192.50
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Table B.14: Experiment Cu2 [mm]

Time {S} X1 X2

5.00 29.33 | 65.38
10.00 | 36.67 | 82.19
15.00 | 44.00 | 107.41
20.00 | 48.89 | 112.08
25.00 | 52.96 | 116.75
30.00 | 54.59 | 122.35
35.00 | 57.85 | 128.89
40.00 | 60.30 | 133.56
45.00 | 62.74 | 141.96
50.00 | 64.37 | 145.70
55.00 | 66.81 | 149.43
60.00 | 70.07 | 155.04
65.00 | 71.70 | 163.44
70.00 | 73.33 | 166.25
75.00 | 75.78 | 169.98
80.00 | 77.41 ) 174.65
85.00 | 78.22 | 179.32
90.00 | 81.48 | 183.06
95.00 | 83.11 | 187.73
100.00 | 83.93 | 190.53
105.00 | 85.56 | 193.33
110.00 | 87.19 | 196.13
113.37 | 88.00 | 198.00
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Table B.15: Experiment Cu3 [mm]

Time [s] | X3 X,

5.00 30.11 | 58.85
10.00 | 40.69 | 84.54
15.00 | 47.20 | 99.46
20.00 | 52.89 | 111.89
25.00 | 55.33 | 118.52
30.00 | 59.40 | 130.13
35.00 | 62.66 | 138.41
40.00 | 65.10 | 146.70
45.00 | 70.79 | 153.33
50.00 | 72.42 | 159.96
55.00 | 74.86 | 164.94
60.00 | 78.93 | 171.57
65.00 | 80.56 | 179.86
69.86 | 83.00 | 1834.00
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Table B.16: Experiment Cu4 [mm]

Time [s] | Xi Xo

5.00 34.71 | 67.72
10.00 | 44.50 | 87.85
15.00 | 49.84 | 100.66
20.00 | 56.07 | 112.56
25.00 | 58.74 | 124.45
30.00 | 63.19 | 132.69
35.00 | 65.86 | 140.92
40.00 | 69.42 | 147.33
45.00 | 72.98 | 154.65

50.00 | 75.65 | 161.06
55.00 | 79.21 | 169.29
60.00 | 80.99 | 172.95
65.00 | 83.66 | 181.19
70.00 | 85.44 | 183.93
75.00 | 88.11 | 189.42
80.41 | 89.00 | 194.00
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Table B.17: Experiment Cub [mm)]

Time {S} X 1 X )

P

5 35.59 | 64.81
10 43.12 | 83.88
15 48.59 | 99.89
20 56.12 | 114.33
25 58.86 | 123.53
30 63.65 | 132.68
35 67.07 | 144.88
40 70.5 | 154.02
45 71.86 | 160.12
50 75.97 | 168.51
55 77.34 | 175.38
60 82.82 | 179.95

63.6 83.5 183
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Table B.18: Experiment Cu6 [mm]

Time [S] Xl X2

5 33.81 | 63.76
10 42.63 | 78.53
15 48.51 | 96.41
20 52.92 | 104.97
25 56.6 | 115.07
30 61.01 | 118.96
35 64.68 | 128.29
40 66.15 | 132.96
45 70.56 | 138.4
50 72.77 | 142.29
55 74.97 | 149.29

60 77.18 | 152.4
65 79.38 | 158.62
70 82.32 | 163.28
75 84.53 | 167.17
80 85.26 | 174.94
82.72 86 176.5
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B.2 Results of variable inlet pressure tests

The following tables show the flow front position and inlet pressure at a given
time step.

B.2.1 Experiments of U750-450

Set up 1

In these experiments, the fibre volume fraction vy = 22.7%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 3.

Table B.19: Experiment Vrl [mm)]

Time [s] | X; X, | p°(Bar)
5.00 113.57 | 109.71 2.084
10.00 153.87 | 148.29 | 2.113
15.00 181.96 | 174.81 2.113
20.00 205.16 | 200.13 2.231
25.00 | 228.36 | 220.63 | 2.260
30.00 | 246.68 | 239.92 | 2.290
36.94 | 265.00 | 258.00 | 2.318
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Table B.20: Experiment Vr2 [mm)]

Time [s] | X, X, | p%(Bar)
5.00 115.60 | 109.66 | 2.143
10.00 155.61 | 149.54 | 2.172
15.00 183.40 | 177.23 | 2.231
20.00 | 210.08 | 201.60 | 2.260
25.00 | 230.09 | 220.43 | 2.290
30.00 | 252.32 | 239.26 | 2.348
35.00 | 267.88 | 256.98 | 2.377
40.00 | 284.55 | 271.38 | 2.407
44.32 | 299.00 | 288.00 | 2.436

Table B.21: Experiment Vr3 [mm]

Time [s] | X; X, | p°(Bar)
5.00 105.49 | 101.72 | 1.937
10.00 | 137.87 | 136.33 | 1.967
15.00 | 169.20 | 167.79 | 1.996
20.00 | 188.00 | 187.72 | 2.026
25.00 | 209.93 | 207.64 | 2.026
30.00 | 227.69 | 225.47 | 2.055
35.00 | 243.36 | 239.10 | 2.084
40.00 | 256.93 | 254.83 | 2.084
45.00 | 268.42 | 264.27 | 2.113
51.60 | 282.00 | 280.00 | 2.143
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Table B.22: Experiment Vr4 [mm]

Time [s] | X X, | p°(Bar)
5.00 109.29 | 107.39 1.909
10.00 145.34 | 144.35 1.937
15.00 | 172.08 | 170.90 | 1.967
20.00 196.50 | 194.00 | 1.996
25.00 | 216.26 | 213.63 | 2.026
30.00 | 236.03 | 233.26 | 2.055
35.00 | 251.14 | 248.27 | 2.084
40.00 | 265.10 | 262.13 | 2.113
45.00 | 281.37 | 279.45 | 2.143
50.00 | 291.84 | 288.69 | 2.143
53.72 293.00 | 291.00 | 2.143

Table B.23: Experiment Vr5 [mm]

Time [s] | X, X, | p°(Bar)
5.00 107.32 | 108.63 | 1.937
10.00 | 147.15 | 149.37 | 1.967
15.00 | 177.02 | 178.79 | 1.996
20.00 | 200.26 | 202.55 | 2.055
25.00 | 222.38 | 224.05 | 2.113
30.00 | 242.30 | 242.16 | 2.143
35.00 | 257.79 | 258.00 | 2.172
38.24 | 260.00 | 258.00 | 2.172
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Table B.24: Experiment Vr6 [mm]

Time [s] | X3 X, | p°(Bar)
5.00 110.00 | 105.91 1.996
10.00 147.50 | 145.32 2.026
15.00 177.50 | 173.65 2.055
20.00 200.00 | 195.81 2.084
25.00 220.00 | 215.52 2.113
30.00 | 238.75 | 233.99 2.143
36.28 | 255.00 | 250.00 2.172

Set up II

In these experiments, the fibre volume fraction v; = 45.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 6.
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Table B.25: Experiment Vral [mm]

Time [s] | Xi X, | p°(Bar)
10.00 50.13 | 48.22 1.205
15.00 60.35 | 57.87 1.234
20.00 67.65 | 65.58 1.234
25.00 73.98 | 71.85 1.234
30.00 80.31 | 78.12 1.264
35.00 85.66 | 83.91 1.264
40.00 90.04 | 88.25 1.293
45.00 95.40 | 93.07 1.293
50.00 99.29 | 9741 1.293
62.96 | 110.00 | 108.50 1.322

Table B.26: Experiment Vra2 [mm)|

Time [s] | X3 X, | p°(Bar)
5.00 37.99 | 37.69 1.234
10.00 51.12 | 50.09 1.234
15.00 60.50 | 60.11 1.264
20.00 67.54 | 66.79 1.264
25.00 75.51 | 74.42 1.264
30.00 81.14 | 81.10 1.293
35.00 86.77 | 86.83 1.293
40.00 92.40 | 92.07 1.322
45.00 97.56 | 97.32 1.322
50.00 |102.25 | 101.14 | 1.410
54.32 | 106.00 | 104.00 | 1.410
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Table B.27: Experiment Vra3 [mm]

Time [s] | X3 X, | p°(Bar)

5.00 41.26 | 40.54 1.293

10.00 55.70 | 53.72 1.293

15.00 66.02 | 63.86 1.322

20.00 T4.79 | 72.47 1.322

25.00 81.49 | 80.07 1.351

30.00 88.71 | 86.66 1.351

35.00 9542 | 93.25 1.351

40.00 | 101.61 | 99.33 1.381

45.00 | 106.76 | 104.40 | 1.381

50.00 | 111.41 | 108.96 | 1.410

53.28 | 114.50 | 112.00 | 1.410
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Set up II1

In these experiments, the fibre volume fraction vy = 22.7%, the thickness of the

cavity H = 4.64mm and the number of fibre layers N = 6.

Table B.28: Experiment Vrbl [mm]

Time [s] | X X5 | p°(Bar)

2.50 63.33 | 61.24 1.234
5.00 75.14 | 73.06 1.264
7.50 84.80 | 83.80 1.264
10.00 92.85 | 91.33 1.264
12.50 99.83 | 99.38 1.293
15.00 | 107.34 | 106.37 | 1.293
17.50 | 113.24 | 111.74 | 1.293
21.84 | 117.00 | 11550 | 1.293
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Table B.29: Experiment Vrb2 [mm)]

Time [s] | X Xy | p°(Bar)
5.00 62.77 | 61.21 1.264
10.00 85.49 | 83.80 1.293
15.00 | 102.23 | 100.44 | 1.293
20.00 | 114.78 | 113.51 | 1.293
25.00 | 126.74 | 125.40 | 1.322
30.00 | 136.30 | 134.91 | 1.322
30.88 | 137.50 | 135.50 | 1.351

Table B.30: Experiment Vrb3 [mm]

Time [s] | Xi X, | p°(Bar)
5.00 51.99 | 51.25 1.175
10.00 69.61 | 69.21 1.175
15.00 82.83 | 81.91 1.175
20.00 94.28 | 92.86 1.205
25.00 |103.09 | 101.62 | 1.205
27.84 1 107.50 | 106.00 | 1.264
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B.2.2 Experiments of twill weave fabrics

Set up I

RC 600 was used in these experiments, the fibre volume fraction vy = 50.4%, the

thickness of the cavity H = 2.32mm and the number of fibre layers N = 5.

Table B.31: Experiment Vt1 [mm)]

Time [s] | Xi X, | p°(Bar)
20.00 68.47 | 45.56 1.850
30.00 77.66 | 52.22 1.879
40.00 85.84 | 60.00 1.937
50.00 94.01 | 64.44 1.967
60.00 101.17 | 68.89 2.026
70.00 107.30 | 74.44 2.055
80.00 112.41 | 77.78 2.084
90.00 118.54 | 81.11 2.143
100.00 | 124.67 | 84.44 2.172

110.00 | 127.73 | 88.89 2.201
120.00 | 132.84 | 91.11 2.231
130.00 | 136.93 | 93.33 2.260
140.00 | 141.02 | 95.56 2.290
150.00 | 144.08 | 100.00 | 2.318
160.00 | 148.17 | 102.22 | 2.318
170.00 | 154.30 | 104.44 | 2.3483
180.00 | 157.37 | 106.67 | 2.3438
190.00 | 160.43 | 107.78 2.34&
206.14 | 163.50 | 110.00 | 2.3438
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Table B.32: Experiment Vt2 [mm]

Time [s] | X; Xy | p*(Bar)

10.00 52.34 | 40.63 1.791

20.00 65.42 | 49.14 1.879

30.00 76.49 | 54.81 1.937

40.00 85.56 | 60.48 1.996

50.00 95.62 | 66.15 2.055

60.00 | 100.65 | 69.93 2.084

70.00 | 105.68 | 72.76 2.113

80.00 | 112.73 | 76.54 2.143

90.00 | 119.77 | 80.32 2.172

100.00 | 122.79 | 83.16 2.201

110.00 | 127.82 | 85.05 2.201

120.00 | 132.86 | 87.88 2.231

130.00 | 135.88 | 91.66 2.231

140.00 | 141.92 | 94.50 2.260

150.00 | 144.94 | 98.28 2.260

160.00 | 149.97 | 100.17 | 2.290

170.00 | 152.99 | 101.11 | 2.290

178.45 | 155.00 | 103.00 | 2.290
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Table B.33: Experiment Vt3 [mm]

Time [s] | X X, | p°(Bar)
10.00 48.30 | 34.79 1.791
20.00 64.40 | 42.64 1.850
30.00 71.30 | 48.26 1.879
40.00 80.50 | 53.87 1.909
50.00 89.70 | 58.36 1.937
60.00 95.45 | 61.72 1.967
70.00 | 103.50 | 67.33 1.996
80.00 112.70 | 72.94 2.026
90.00 118.45 | 75.19 2.055
100.00 | 121.90 | 77.43 2.084
110.00 | 125.35 | 80.80 2.113
120.00 | 132.25 | 85.29 2.113
130.00 | 135.70 | 87.53 2.143
140.00 | 132.25 | 85.29 2.143
150.00 | 141.45 | 92.02 2.172
160.00 | 143.75 | 93.14 2.172
170.00 | 147.20 | 109.98 | 2.172
177.79 | 149.50 | 101.00 | 2.172
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Table B.34: Experiment Vt4 [mm)

Time [s] | X3 X, | p°(Bar)
10.00 58.65 | 40.93 2.055
20.00 73.31 | 52.10 2.113
30.00 87.11 | 58.61 2.172
40.00 95.73 | 63.26 2.231
50.00 105.22 | 71.64 2.260
60.00 | 108.67 | 75.36 2.318
70.00 | 115.57 | 79.08 2.348
80.00 | 121.60 | 84.66 2.377
90.00 | 126.78 | 90.24 2.407
100.00 | 132.81 | 91.17 2.436
110.00 | 136.26 | 95.82 2.465
120.00 | 139.71 | 97.68 2.495
130.00 | 145.75 | 93.03 2.524
140.00 | 150.06 | 105.13 | 2.524
150.00 | 154.38 | 106.99 | 2.553
160.00 | 158.69 | 110.71 | 2.582
170.00 | 162.14 | 112.57 | 2.641
174.33 | 163.00 | 113.50 | 2.641
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Table B.35: Experiment Vt5 [mm]

Time [s] | X1 X, | p°(Bar)
10.00 69.84 | 49.87 1.996
20.00 89.24 | 60.62 2.084
30.00 100.88 | 67.47 2.172
40.00 109.61 | 73.33 2.231
50.00 117.37 | 77.24 2.290
60.00 127.07 | 82.13 2.318
70.00 131.92 | 86.04 2.348
80.00 | 134.83 | 89.96 2.407
90.00 | 141.62 | 92.89 2.407
100.00 | 146.47 | 96.80 2.436
110.00 | 151.32 | 99.73 2.436
120.00 | 156.17 | 103.64 2.436
130.00 | 161.02 | 106.58 | 2.436
140.00 | 163.93 | 108.53 | 2.465
150.00 | 166.84 | 111.47 2.465
160.00 | 170.72 | 113.42 2.465
170.00 | 172.66 | 116.36 2.465
180.00 | 177.51 | 118.31 2.465
190.00 | 180.42 | 121.24 | 2.465
200.00 | 182.36 | 123.20 2.465
210.00 | 185.27 | 125.16 2.495
220.00 | 188.18 | 126.13 2.495
230.00 | 190.12 | 128.09 2.495
240.00 | 193.03 | 131.02 2.495
247.33 | 194.00 | 132.00 2.495
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Table B.36: Experiment Vt6 [mm]

Time [s] | Xi X, | p°(Bar)
10.00 56.86 | 44.53 1.645
20.00 68.79 | 51.66 1.703
30.00 81.63 | 57.89 1.732
40.00 88.05 | 63.23 1.791
50.00 98.13 | 68.58 1.820
60.00 | 106.39 | 72.14 1.879
70.00 | 109.14 | 75.70 1.909
80.00 | 114.64 | 79.27 1.937
90.00 | 118.31 | 81.94 1.967
100.00 | 124.73 | 86.39 1.996
110.00 | 127.48 | 88.17 2.026
120.00 | 129.32 | 90.84 2.055
130.00 | 133.90 | 93.52 2.055
140.00 | 138.49 { 97.97 2.084
150.00 | 142.16 | 99.75 2.113
160.00 | 143.99 | 101.53 | 2.113
170.00 | 146.74 | 104.20 | 2.143
180.00 | 147.66 | 106.88 | 2.172
190.00 | 149.49 | 108.66 | 2.172
200.00 | 152.25 | 110.44 | 2.201
210.00 | 157.75 | 112.22 | 2.201
220.00 | 159.58 | 113.11 | 2.231
222.45 | 160.50 | 114.00 | 2.231
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Set up II

Also RC 600 was used in this part of experiments, the fibre volume fraction

vy = 60.6%, the thickness of the cavity H = 2.32mm and the number of fibre

layers N = 6.

Table B.37: Experiment Vtal [mm)]

Time [s] | X3 X, | p°(Bar)

10.00 45.02 | 33.88 2.465
20.00 60.03 | 49.76 2.524
30.00 73.89 | 56.12 2.612
40.00 79.66 | 64.59 2.671
50.00 87.74 | 70.94 2.723
60.00 95.82 | 76.24 2.788
70.00 98.13 | 82.59 2.846
80.00 | 103.90 | 85.76 2.905
90.00 | 110.83 | 90.00 2.963
100.00 | 116.60 | 95.29 2.993
110.00 | 123.53 | 98.47 3.052
120.00 | 130.46 | 101.65 | 3.110
130.00 | 135.07 | 103.76 | 3.139
140.00 | 138.54 | 105.88 | 3.198
150.28 | 142.00 | 108.00 | 3.198
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Table B.38: Experiment Vta2 [mm]

Time [s] | X, X, | p®(Bar)
10.00 47.29 | 38.15 2.436
20.00 60.81 | 50.86 2.495
30.00 74.32 | 59.34 2.553
40.00 83.97 | 65.70 2.641
50.00 94.59 | 72.06 2.700
60.00 102.31 | 78.41 2.758
70.00 | 109.07 | 81.59 2.846
80.00 115.82 | 84.77 2.905
90;00 119.68 | 91.13 2.963
100.00 | 124.51 | 93.25 3.022
110.00 | 129.34 | 96.43 3.081
120.00 | 136.09 | 100.67 | 3.139
130.00 | 138.02 | 104.90 | 3.198
140.00 | 143.81 | 109.14 } 3.257
150.00 | 145.74 | 110.20 | 3.286
160.00 | 148.64 | 112.32 3.315
174.66 | 152.50 | 115.50 | 3.374
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Table B.39: Experiment Vta3 [mm]

Time 5] | X X, | p°(Bar)
10.00 49.16 | 41.17 3.169
20.00 72.29 | 52.21 3.198
30.00 83.86 | 64.26 3.227
40.00 92.53 | 72.29 3.286
50.00 | 102.17 | 79.32 3.315
60.00 109.88 | 86.35 3.344
70.00 | 115.66 | 89.36 3.374
80.00 | 122.41 | 94.38 3.403
90.00 | 129.16 | 97.39 3.433
100.00 | 133.01 | 101.41 3.462
110.00 | 135.90 | 105.43 | 3.491
120.00 | 139.76 | 109.44 | 3.491
130.00 | 145.54 | 113.46 | 3.520
140.00 | 151.33 | 116.47 | 3.520
150.00 | 156.14 | 118.48 | 3.550
160.00 | 159.04 | 121.49 | 3.550
164.61 | 160.00 | 123.50 | 3.550
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Set up III

In these experiments,the twill weave fabrics WRES80T was used. The fibre vol-
ume fraction vy = 58.6%, the thickness of the cavity H = 2.32mm and the

number of fibre layers N = 6.

Table B.40: Experiment Vtbl [mm]

Time [s] | X Xy | p°(Bar)

10.00 62.87 | 63.53 1.996
20.00 74.79 | 76.85 2.026
30.00 87.80 | 88.12 2.084
40.00 97.56 | 98.37 2.113
50.00 | 107.31 | 107.59 | 2.143
60.00 | 113.82 | 114.76 | 2.172
70.00 | 118.15120.91 | 2.201
80.00 | 124.66 | 125.01 | 2.231
90.00 | 128.99 | 130.13 | 2.260
100.00 | 132.24 | 134.23 | 2.290
110.00 | 136.58 | 139.35 | 2.318
120.00 | 139.83 | 143.45 | 2.348
124.73 | 142.00 | 145.50 | 2.348
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Table B.41: Experiment Vtb2 [mm)]

Time [s] | X; X, | p%Bar)
10.00 55.99 | 59.86 1.996
20.00 73.95 | 79.17 2.055
30.00 82.40 | 94.62 2.084
40.00 90.85 | 100.41 | 2.113
50.00 100.36 | 111.03 | 2.143
60.00 105.65 | 118.76 | 2.172
70.00 114.10 | 123.59 | 2.201
80.00 118.32 | 12841 | 2.231
90.00 124.66 | 132.28 | 2.260
100.00 | 128.89 | 137.10 | 2.290
106.45 | 131.00 | 140.00 | 2.290
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Table B.42: Experiment Vtb3 [mm)]

Time [s] | X; X, | p°(Bar)
10.00 81.14 | 81.22 2.582
20.00 99.43 | 99.88 2.641
30.00 {110.86 | 113.05 | 2.729
40.00 | 117.71 | 122.93 | 2.788
50.00 | 129.14 | 132.80 | 2.846
60.00 | 137.14 | 14049 | 2.934
70.00 | 140.57 | 149.27 | 2.993
80.00 | 144.00 | 154.76 | 3.052
90.00 | 148.57 | 160.24 | 3.081
100.00 | 154.29 | 164.63 | 3.169
110.00 | 160.00 | 170.12 | 3.198
120.00 | 164.57 | 175.61 | 3.257
127.72 | 168.00 | 180.00 | 3.286
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B.2.3 Experiments of E-LPb 567

Set up I

In these experiments, the fibre volume fraction vy = 44.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 4.

Table B.43: Experiment Vul [mm)]

Time [s] | X X, | p°(Bar)

5.00 33.63 | 63.34 1.410
10.00 | 41.03 | 80.10 1.439
15.00 | 47.08 | 92.52 1.467
20.00 | 52.46 | 103.70 | 1.498
25.00 | 55.82 | 111.15 | 1.527
30.00 | 959.86 | 121.71 | 1.556
35.00 |62.55|127.92 | 1.586
40.00 | 66.58 | 133.51 | 1.615
45.00 | 67.93 | 139.72 | 1.644
50.00 | 71.29 | 145.93 | 1.674
55.00 | 73.98 | 150.27 | 1.703
60.48 | 76.00 | 154.00 | 1.703
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Table B.44: Experiment Vu2 [mm]

Time [s] | X X, | p°(Bar)
5.00 33.30 | 77.24 1.527
10.00 | 40.91 | 9747 1.557
15.00 | 46.62 | 113.10 | 1.586
20.00 | 53.28 | 125.05 | 1.645
25.00 |58.99  135.17 | 1.703
30.00 |63.75|147.12 | 1.732
35.00 | 66.60 | 156.31 | 1.791
40.00 | 71.36 | 163.67 | 1.850
45.00 | 74.21|171.03 | 1.909
50.00 | 77.07 | 178.38 | 1.937
55.00 | 79.92 | 184.82 | 1.996
60.00 | 82.78 | 193.09 | 2.026
65.00 | 86.58 | 197.69 | 2.084
70.00 | 88.49 | 201.37 | 2.143
75.00 |90.39 | 207.81 | 2.172
80.00 |95.15|214.24 | 2.201
86.67 | 98.00 | 217.00 | 2.231
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Table B.45: Experiment Vu3 [mm]

Time [s] | X X, | p°(Bar)

5.00 39.17 | 79.46 1.674

10.00 | 48.33 | 99.94 1.762

15.00 | 55.00 | 113.87 | 1.791

20.00 | 60.00 | 126.16 | 1.850

25.00 |64.17)136.81 | 1.879

30.00 | 70.00 | 147.46 | 1.937

35.00 | 72.50 | 158.92 | 1.996

40.00 | 76.67 | 167.12 | 2.055

45.00 | 80.00 | 173.67 | 2.143

51.74 | 85.00 | 183.50 | 2.172

Table B.46: Experiment Vu4 [mm]

Time [s] | X3 X, | p°(Bar)

5.00 39.03 | 94.49 2.026

10.00 50.74 | 116.22 | 2.055

15.00 58.54 | 132.51 | 2.113

20.00 65.37 | 147.71 | 2.143

25.00 72.20 | 158.57 | 2.172

30.00 74.16 | 169.44 | 2.231

35.00 80.99 | 179.21 | 2.260

40.00 84.89 | 190.07 | 2.290

45.00 88.79 | 196.59 | 2.318

50.00 92.69 | 204.19 | 2.348

55.00 95.62 | 213.97 | 2.377

61.30 | 100.50 | 227.00 | 2.377
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Table B.47: Experiment Vu5 [mm)]

Time [s] | Xi X, | p°(Bar)
5.00 41.14 | 74.96 1.850
10.00 50.82 | 98.30 1.879
15.00 59.29 | 115.50 | 1.909
20.00 60.50 | 130.25 1.937
25.00 70.18 | 146.22 1.967
30.00 73.81 | 153.60 1.967
35.00 78.65 | 164.66 1.996
40.00 82.28 | 175.71 1.996
45.00 87.12 | 183.09 | 2.026
50.00 89.54 | 189.23 | 2.055
55.00 91.96 | 196.60 | 2.055
60.00 96.80 | 203.98 | 2.084
65.00 99.22 | 212.58 | 2.084
70.00 | 101.64 | 219.95 | 2.084
75.00 | 104.06 | 224.87 | 2.084
80.00 | 107.69 | 232.24 | 2.084
85.00 | 108.90 | 237.15 | 2.113
90.00 | 112.53 | 244.53 | 2.113
95.00 117.37 | 248.21 | 2.113

100.00 | 118.58 | 254.36 | 2.113
106.44 | 121.00 | 260.50 | 2.113
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Table B.48: Experiment Vu6 [mm]

Time [s] | Xi X, | p°(Bar)
5.00 43.02 | 82.05 1.967
10.00 53.21 | 107.83 1.996
15.00 61.13 | 123.07 2.026
20.00 67.92 | 139.48 2.055
25.00 72.45 | 1564.72 | 2.084
30.00 76.98 | 161.75 2.113
35.00 81.51 | 169.95 | 2.113
40.00 86.04 | 184.02 2.143
45.00 89.43 | 193.40 | 2.172
50.00 92.83 | 200.43 2.172
55.00 97.36 | 205.12 2.201
60.00 101.89 | 210.98 2.231
65.00 104.15 | 219.18 2.260
70.00 106.42 | 228.56 2.260
75.00 108.68 | 234.42 2.290
80.00 | 112.08 | 240.28 | 2.290
85.00 116.60 | 243.80 2.318
90.00 117.74 | 248.48 2.318
93.75 | 120.00 | 252.00 | 2.318
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Set up II

In this part of experiments, the fibre volume fraction v; = 55.6%, the thickness

of the cavity H = 2.32mm and the number of fibre layers N = 5.

Table B.49: Experiment Vual [mm]

Time [s] | X, X, | p°(Bar)

10.00 | 25.28 | 55.09 1.234
20.00 | 32.18 | 71.85 1.293
30.00 | 36.77 | 83.23 1.322
40.00 | 41.37 | 92.81 1.381
50.00 | 44.82 | 103.59 | 1.410
60.00 | 48.26 | 110.77 | 1.469
70.00 | 51.71 | 117.96 | 1.498
80.00 | 54.58 | 124.54 | 1.556
90.00 | 56.31 | 131.73 | 1.615
100.00 | 58.61 | 135.92 | 1.645
110.00 |61.48 | 141.31 | 1.703
119.46 | 65.50 | 145.50 | 1.703
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Table B.50: Experiment Vua2 [mm]

Time [s] | Xi X, | p°(Bar)

10.00 | 33.67 | 68.14 1.615

20.00 | 45.42 | 87.72 1.674

30.00 | 51.68 | 103.38 | 1.703

40.00 | 55.59 | 117.48 | 1.762

50.00 | 61.08 | 128.44 | 1.820

60.00 | 64.21 | 135.49 | 1.879

70.00 | 68.12 | 147.24 | 1.937

80.00 | 71.25 | 154.29 | 1.967

90.00 | 75.95 | 161.34 | 2.026

100.00 | 79.08 | 167.60 | 2.084

112.05 | 83.00 | 177.00 | 2.084
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Table B.51: Experiment Vua3 [mm]

Time [s] | X X, | p°(Bar)

10.00 | 34.29 | 78.45 1.703

20.00 | 45.45 | 104.60 | 1.762

30.00 | 53.43 |120.48 | 1.820

40.00 | 58.21 | 137.29 | 1.879

50.00 | 63.79 | 149.43 | 1.937

60.00 | 70.17 | 157.83 | 1.996

70.00 | 73.36 | 170.91 } 2.055

80.00 | 76.55 | 180.25 | 2.113

90.00 | 80.54 | 189.59 | 2.172

100.00 | 84.53 | 197.06 | 2.231

110.00 | 87.72 | 203.59 | 2.290

120.00 | 90.91 | 209.20 | 2.318

125.40 | 92.50 | 212.00 | 2.318
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Set up 111

In these experiments,the twill weave fabrics WRES80T was used. The fibre vol-
ume fraction v; = 44.5%, the thickness of the cavity H = 4.64mm and the

number of fibre layers N = 8.

Table B.52: Experiment Vubl [mm)]

Time [s] | X, X, | p°(Bar)

5.00 42.45 | 87.15 1.996
10.00 | 52.86 | 107.56 | 2.026
15.00 | 60.07 | 125.62 | 2.055
20.00 | 67.28 |137.39 | 2.084
25.00 | 72.08 |150.74 | 2.113
30.00 | 75.29 | 160.16 | 2.172
35.00 | 80.89 | 173.51 | 2.201
40.00 | 84.90 | 182.14 | 2.231
42.52 | 86.50 | 184.50 | 2.260
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Table B.53: Experiment Vub2 [mm)]

Time [s] | X, X, | p°(Bar)

5.00 48.44 1 101.20 | 2.671

10.00 61.03 | 126.96 | 2.700

15.00 70.72 | 150.88 | 2.729

20.00 77.50 | 165.60 | 2.758

25.00 83.31 | 179.40 | 2.788

30.00 90.09 | 194.12 | 2.817

35.00 95.91 | 202.40 | 2.846

40.00 98.81 | 210.68 | 2.876

45.00 | 105.59 | 223.56 | 2.905

48.19 | 108.50 | 230.00 2'905J

Table B.54: Experiment Vub3 [mm)]

Time [s] | X3 X, | p°(Bar)

5.00 45.69 | 104.21 | 2.582

10.00 58.52 | 131.10 | 2.612

15.00 66.53 | 149.59 | 2.641

20.00 76.15 | 166.40 | 2.671

25.00 80.16 | 179.84 | 2.700

30.00 88.17 | 189.93 | 2.729

35.00 92.98 | 199.17 | 2.788

40.00 96.19 | 215.14 | 2.817

42.52 | 101.00 | 218.50 | 2.817
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B.3 Results of tests of gravitational effect

The tables below show the flow front and displacement position at a given time
step. The displacement d, is measured along the vertical direction. All experi-

ments in this section are carried out in the vertical plane.

B.3.1 Experiments of U750-450

Set up I

In these experiments, the fibre volume fraction vy = 22.7%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 3.

Table B.55: Experiment Grl [mm]|

Time [s] | X; Xo dg

5.00 76.93 | 76.08 | 0.20
10.00 | 104.47 | 103.66 | 0.45
15.00 | 125.37 | 124.58 | 0.71
20.00 | 142.46 | 141.70 | 0.98

25.00 | 158.61 | 155.96 | 1.24
30.00 | 172.86 | 169.27 | 1.52
35.00 | 185.20 | 181.64 | 1.80
40.00 | 194.70 | 190.20 | 2.02

45.65 | 198.50 | 194.00 2.11J
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Table B.56: Experiment Gr2 [mm]

Time [s] | X, X dy

5.00 44.56 | 44.44 | 0.19
10.00 57.56 | 57.77 | 0.40
15.00 68.70 | 67.30 | 0.60
20.00 77.99 | 76.82 | 0.86
25.00 86.03 | 84.44 | 1.10
30.00 93.46 | 90.79 | 1.33
35.00 99.65 | 97.77 | 1.61
40.00 | 103.98 | 102.85 | 1.83
45.00 | 108.93 | 106.66 | 2.01
50.00 | 113.89 | 110.47 | 2.20
55.00 | 118.84 | 115.55 | 2.46
60.00 | 122.55 | 119.99 | 2.71
65.00 | 126.26 | 123.80 | 2.93
70.00 | 130.60 | 126.98 | 3.12
75.00 | 134.31 | 130.79 | 3.36
80.00 | 137.40 | 133.96 | 3.57
85.13 | 140.50 | 136.50 | 3.74
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Table B.57: Experiment Gr3 [mm]

Time [s] | X3 Xa d,
5.00 52.50 | 49.95 | 0.15
10.00 72.92 | 70.52 | 0.39
15.00 87.50 | 83.25 | 0.61
20.00 94.31 | 93.04 | 0.82
25.00 | 105.00 | 102.83 | 1.06
30.00 | 113.75| 112.63 | 1.33
35.00 | 124.44 | 122.42 | 1.64

40.00 | 129.31 | 127.32 | 1.81
45.00 | 135.14 | 133.20 | 2.03
50.00 | 141.94 | 139.07 | 2.26
55.00 | 148.75 | 146.91 | 2.58
60.00 | 153.61 | 152.78 | 2.85
65.00 | 159.44 | 158.66 | 3.12
70.00 | 164.31 | 162.58 | 3.31
75.00 | 169.17 | 167.47 | 3.56
80.00 | 173.06 | 171.39 | 3.77
85.00 | 177.92 | 176.29 | 4.04
90.00 | 182.78 | 180.21 | 4.26
95.00 | 186.67 | 184.12 | 4.49
100.00 | 190.56 | 187.06 | 4.66
105.62 | 192.50 | 190.00 | 4.84

193




Table B.58: Experiment Gr4 [mm]|

Time [s] | X3 Xs dy,
5.00 60.95 | 57.44 | 0.18
10.00 82.12 | 77.11 | 0.40
15.00 97.35 | 92.06 | 0.63
20.00 | 108.36 | 103.86 | 0.86
25.00 119.36 | 113.30 | 1.07
30.00 | 128.68 | 123.53 | 1.33
35.00 | 136.30 | 130.61 | 1.53
40.00 | 144.76 | 138.48 | 1.77
45.00 | 150.69 | 144.77 | 1.98
50.00 | 157.46 | 151.07 | 2.20
54.22 | 160.00 | 155.00 | 2.34
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Table B.59: Experiment Gr5 [mm)

(Time s] | Xi X, dg

5.00 49.88 | 50.30 | 0.13
10.00 67.03 | 67.07 | 0.29
15.00 81.84 | 81.55 | 0.49
20.00 93.53 | 92.98 | 0.69
25.00 | 103.66 | 102.89 | 0.90
30.00 | 113.01 | 112.03 | 1.12
35.00 | 122.37 | 120.42 | 1.34
40.00 | 130.16 | 128.04 | 1.56
45.00 | 137.18 | 134.90 | 1.78
50.00 | 144.97 | 142.52 | 2.04
55.00 | 151.21 | 149.38 | 2.29
58.83 | 159.00 | 157.00 | 2.59
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Table B.60: Experiment Gr6 [mm]

Time [s] | Xi X d,
5.00 56.65 | 57.18 | 0.18
10.00 77.32 | 77.54 | 0.41
15.00 91.87 | 92.42 | 0.65
20.00 | 103.35 | 104.17 | 0.88
25.00 114.07 | 113.57 | 1.10
30.00 123.25 | 122.97 | 1.34
35.00 130.14 | 130.02 | 1.54
40.00 | 138.57 | 138.63 | 1.81
45.00 | 145.46 | 144.12 | 1.99
50.00 | 150.81 | 151.17 | 2.24
55.00 | 156.94 | 156.65 | 2.45
59.15 | 160.00 | 159.00 | 2.54
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Set up II

In these experiments, the fibre volume fraction vy = 45.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers N = 6.

Table B.61: Experiment Gral [mm)]

Time [s] | Xi X dg

10.00 69.03 | 67.83 | 0.15
20.00 89.59 | 87.13 | 0.29
30.00 | 105.44 | 104.86 | 0.44
40.00 | 118.23 | 117.97 | 0.58
50.00 | 130.86 | 129.33 | 0.73
60.00 | 138.12 | 138.07 | 0.87
70.00 | 149.92 | 147.68 | 1.02

80.00 | 158.34 | 157.29 | 1.17
90.00 | 166.76 | 163.41 | 1.31
100.00 | 175.18 | 172.14 | 1.46
110.00 | 181.92 | 178.26 | 1.60
119.29 | 189.50 | 187.00 | 1.74
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Table B.62: Experiment Gra2 [mm)]

Time [s] | Xi X, dg,

th.OO 70.62 | 70.15 | 0.15
20.00 94.16 | 92.46 | 0.29
30.00 | 111.28 | 109.47 | 0.44
40.00 | 125.19 | 121.16 | 0.58
50.00 | 138.03 | 134.98 | 0.73
60.00 | 148.73 | 145.61 | 0.87
70.00 | 158.36 | 156.23 | 1.02
80.00 | 169.06 | 165.80 | 1.17
90.00 | 177.62 | 174.30 | 1.31
100.00 | 186.18 | 181.74 | 1.46
110.00 | 192.60 | 189.18 | 1.60
120.00 | 200.09 | 196.62 | 1.75
130.00 | 206.51 | 204.06 | 1.89
139.86 | 214.00 | 211.50 | 2.04
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Table B.63: Experiment Gra3 [mm]

Time [s] | X; Xo dg
10.00 62.14 | 61.23 | 0.15
20.00 81.97 | 81.57 | 0.30
30.00 96.13 | 94.81 | 0.45
40.00 | 108.75 | 108.64 | 0.60
50.00 | 118.46 | 117.53 | 0.75
60.00 | 130.12 | 128.39 | 0.90
70.00 | 137.88 | 137.28 | 1.05
80.00 | 144.68 | 144.19 | 1.20
90.00 | 153.42 | 151.11 | 1.35
100.00 | 159.25 | 157.03 | 1.50
110.00 | 166.04 | 164.93 | 1.65
120.00 | 171.87 | 170.86 | 1.80
130.00 | 177.70 | 174.81 | 1.95
140.00 | 182.55 | 179.75 | 2.10
150.00 | 187.41 | 185.67 | 2.25
160.00 | 192.26 | 190.61 | 2.40
170.00 | 198.09 | 195.55 | 2.55
174.65 | 201.00 | 199.50 | 2.62
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Set up III

In these experiments, the fibre volume fraction vy = 22.7%, the thickness of the

cavity H = 4.64mm and the number of fibre layers N = 6.

Table B.64: Experiment Grbl [mm]

Time [s] | X3 X dg

10.00 | 103.38 | 102.98 | 0.47
20.00 | 140.24 | 139.23 | 0.94
30.00 | 165.61 | 164.33 | 1.41
40.00 | 188.82 | 186.24 | 1.88
50.00 | 205.70 | 204.87 | 2.35
60.00 | 224.68 | 223.49 | 2.82
70.00 | 241.56 | 238.83 | 3.30
76.13 | 250.00 | 246.50 | 3.58

Table B.65: Experiment Grb2 [mm]

rTime [s] | X X dg

10.00 | 101.13 | 100.29 | 0.47
20.00 | 133.90 | 133.73 | 0.94
30.00 | 160.12 | 159.52 | 1.41
40.00 | 179.78 | 179.58 | 1.87
50.00 | 196.64 | 194.86 | 2.34
54.54 | 206.00 | 202.50 | 2.56
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Table B.66: Experiment Grb3 [mm)]

Time [s] | Xi X, ng
10.00 | 114.42 | 113.39 | 0.47
20.00 | 155.20 | 154.31 | 0.95
30.00 | 183.53 | 180.03 | 1.42
40.00 | 207.32 | 204.58 | 1.89
50.00 | 226.58 | 225.62 | 2.36
60.00 | 245.84 | 244.32 | 2.84
62.78 | 251.50 | 249.00 | 2.97

B.3.2 Experiments of twill weave

Set up I

In these experiments, The RC 600 was used and the fibre volume fraction vy =

50.4%, the thickness of the cavity H = 2.32mm and the number of fibre layers
N =5.
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Table B.67: Experiment Gt1 [mm]

Time[s] | X, | X, | d,

10 18.81 {11.93 | 0.00
30 47.03 | 25.57 | 0.04
50 59.57 | 32.39 | 0.09
70 68.97 | 39.20 | 0.15
90 76.81 | 40.91 | 0.19
110 81.51 | 47.73 | 0.24
130 86.22 | 52.84 | 0.29
150 94.05 | 54.55 | 0.35
170 98.76 | 57.95 | 0.41
190 101.89 | 61.36 | 0.45
210 111.30 | 64.77 | 0.56
230 112.86 | 68.18 | 0.59
262.82 | 116.00 | 75.00 | 0.65
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Table B.68: Experiment Gt2 [mm)]

Time [s] | Xh Xo dy
20 33.19 | 27.64 | 0.02
40 53.62 | 37.31 | 0.07
60 62.55 | 41.45 | 0.11
80 68.94 | 45.60 | 0.15
100 75.32 | 51.13 | 0.19
120 84.26 | 53.89 | 0.25
140 88.09 | 60.80 | 0.30
160 95.74 | 64.95 | 0.37
180 103.40 | 67.71 | 0.44
200 108.51 | 69.09 | 0.50
220 113.62 | 71.85 | 0.56
240 116.17 | 74.62 | 0.60

260.02 | 120.00 | 76.00 | 0.65
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Table B.69: Experiment Gt3 [mm)]

Time [s] | X3 Xy d, J
10 42.00 | 24.63 | 0.02
20 59.29 | 32.47 | 0.05
30 66.71 | 43.67 | 0.08
40 71.65 | 49.27 | 0.10
a0 79.06 | 51.51 | 0.12
60 86.47 | 52.63 | 0.15
70 88.94 | 57.11 | 0.17
80 95.12 | 61.58 | 0.20
90 101.29 | 63.82 | 0.23
100 107.47 | 64.94 | 0.27
110 113.65 | 67.18 | 0.31
120 116.12 | 71.66 | 0.33
130 121.06 | 72.78 | 0.37
140 123.53 | 76.14 | 0.39
150 124.76 | 78.38 | 0.40

167.41 | 126.00 | 79.50 | 0.42
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Table B.70: Experiment Gt4 [mm)

Time [s] X, X, dg
20 43.09 | 29.71 | 0.03
30 52.00 | 32.54 | 0.05
40 65.37 | 39.62 | 0.09
50 69.83 | 43.86 | 0.12
60 77.26 | 49.52 | 0.15
70 80.23 | 50.94 | 0.17
80 86.17 | 53.77 | 0.21
90 89.14 | 56.60 | 0.23
100 92.11 | 58.01 | 0.25
110 98.06 | 62.26 | 0.29
120 101.03 | 65.09 | 0.32

142.2 104.00 | 66.50 | 0.35
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Table B.71: Experiment Gt5 [mm]

Time [s] | X3 X dg
20 42.87 | 25.81 | 0.03
40 59.47 1 37.96 | 0.09
60 67.77 | 45.56 | 0.13
80 71.91 | 48.59 | 0.16
100 81.60 | 51.63 | 0.22
120 89.89 | 57.70 | 0.29
140 96.81 | 60.74 | 0.34
160 103.72 | 65.30 | 0.41
180 106.49 | 66.81 | 0.44
200 110.64 | 69.85 | 0.49
220 116.17 | 72.89 | 0.56
240 117.55 | 74.41 | 0.58
260 124.47 | 77.44 | 0.66
280 128.62 | 78.96 | 0.72

302.86 | 130.00 | 82.00 | 0.75

206



Table B.72: Experiment Gt6 [mm]

Time [s] | X; X d,

20 60.62 | 31.79 | 0.05
40 69.64 | 41.96 | 0.09
60 83.83 | 47.04 | 0.15
80 90.28 | 55.94 | 0.19
100 96.73 | 62.30 | 0.23
120 105.76 | 67.39 | 0.30
140 112.21 | 71.20 | 0.34
160 116.07 | 73.74 | 0.38
180 123.81 | 76.29 | 0.44
200 127.68 | 78.83 | 0.48
220 130.26 | 83.91 | 0.51
240 135.42 | 87.73 | 0.56
253.4 | 138.00 | 89.00 | 0.59
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Set up III

The twill weave fabric WRES80T was used in these experiments. The fibre volume
fraction vy = 58.6%, the thickness of the cavity H = 2.32mm and the number of

fibre layers N = 6.

Table B.73: Experiment Gtb1l [mm)]

Time [s] X, X d,
20.00 61.18 | 61.55 | 0.06
40.00 82.07 | 83.53 | 0.11
60.00 92.51 | 95.25 | 0.17
80.00 110.42 | 112.83 | 0.23

100.00 | 122.35 | 124.56 | 0.28
120.00 | 134.29 | 136.28 | 0.34
140.00 | 146.23 | 146.54 | 0.40
160.00 | 149.21 | 152.40 | 0.46
180.00 | 156.67 | 158.26 | 0.51
200.00 | 164.13 | 167.05 | 0.57
220.00 | 170.10 | 172.92 | 0.63
240.00 | 182.04 | 183.17 | 0.68
259.09 | 189.50 | 190.50 | 0.74
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Table B.74: Experiment Gtb2 [mm]

Time [s] | X; Xo dg

30.00 65.12 | 66.81 | 0.12
60.00 88.99 | 92.67 | 0.23
90.00 | 108.53 | 112.07 | 0.35
120.00 | 119.38 | 122.84 | 0.46
150.00 | 132.41 | 135.78 | 0.58
180.00 | 138.92 | 144.40 | 0.69
210.00 | 149.77 | 155.17 | 0.81
240.00 | 156.28 | 161.64 | 0.93
270.00 | 164.96 | 172.41 | 1.04
300.00 | 173.65 | 181.03 | 1.16
316.54 | 184.50 | 187.50 | 1.22

Table B.75: Experiment Gtb3 [mm)]

Time [s] | X; X, dg

50.00 64.04 | 64.20 | 0.16
100.00 | 98.52 | 101.23 | 0.31
150.00 | 105.91 | 108.64 | 0.47
200.00 | 135.46 | 135.80 | 0.62
250.00 | 147.78 | 150.62 | 0.78
300.00 | 162.56 | 165.43 | 0.93
350.00 | 172.41 | 175.31 | 1.09
400.00 | 179.80 | 182.72 | 1.24
450.00 | 192.11 | 195.06 | 1.40
500.00 | 197.04 | 197.53 | 1.55
516.06 | 199.50 | 200.00 | 1.60
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B.3.3 Experiments of E-LPb 567

Set up 1

In these experiments, the fibre volume fraction vy = 44.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers N = 4.

Table B.76: Experiment Gul [mm]

Time [s] | X3 Xo dy,
5.00 23.76 | 59.23 | 0.05
15.00 39.61 | 88.85 | 0.20
25.00 47.53 | 101.54 | 0.31
35.00 53.47 | 118.46 | 0.46
45.00 59.41 | 129.04 | 0.58
55.00 65.35 | 139.62 | 0.72
65.00 69.31 | 145.96 | 0.82
75.00 75.25 | 1568.65 | 1.02
85.00 79.22 | 167.12 | 1.16
95.00 81.20 | 173.46 | 1.27

105.00 | 83.18 | 181.92 | 1.42
115.00 | 87.14 | 188.27 | 1.55
125.00 | 91.10 | 194.62 | 1.70
135.00 | 93.08 | 200.96 | 1.83
145.00 | 95.06 | 207.31 | 1.97
155.00 | 99.02 | 213.65 | 2.14
162.80 | 101.00 | 220.00 | 2.29
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Table B.77: Experiment Gu2 [mm]

Time [s] | X X d,
10.00 | 33.70 | 63.82 | 0.13
30.00 | 48.45 | 97.86 | 0.42
50.00 | 56.87 | 117.01 | 0.68
70.00 | 63.19 | 131.90 | 0.93
90.00 | 69.51 | 148.92 | 1.26
110.00 | 73.72 | 159.56 | 1.50
130.00 | 77.94 | 170.20 | 1.77
150.00 | 82.15 | 178.71 | 2.00
170.00 | 86.36 | 187.22 | 2.26
190.00 | 90.57 | 197.85 | 2.59
210.00 | 92.68 | 206.36 | 2.85
230.00 | 96.89 | 214.87 | 3.16
249.80 | 99.00 | 217.00 | 3.26
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Table B.78: Experiment Gu3 [mm)]

(Time[s]| X, | Xo | d, |
20.00 | 30.22 | 63.94 | 0.22
4000 | 37.78 | 83.31 | 0.48
60.00 |43.44 | 96.88 | 0.73
80.00 | 49.11 | 106.56 | 0.97
100.00 | 54.78 | 122.06 | 1.38
120.00 | 58.56 | 120.81 | 1.63
140.00 | 60.44 | 135.62 | 1.82
160.00 | 64.22 | 145.31 | 2.18
180.00 | 68.00 | 149.19 | 2.37
200.00 | 71.78 | 158.88 | 2.78
220.00 | 73.67 | 164.69 | 3.03
240.00 | 75.56 | 170.50 | 3.30
260.00 | 79.33 | 178.25 | 3.70
280.00 | 83.11 | 184.06 | 4.05
300.22 | 85.00 | 186.00 | 4.18
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Table B.79: Experiment Gu4 [mm]

Time [s] | Xi X, dg
10.00 | 30.94| 57.55 | 0.11
20.00 | 38.49 ) 72.13 | 0.22
30.00 | 43.77 7r.50 | 0.28
40.00 |49.06 | 92.08 | 0.44
50.00 | 52.83 | 103.59 | 0.59
60.00 | 56.60 | 112.03 | 0.73
70.00 | 61.13 | 118.17 | 0.85
80.00 | 64.15 | 124.31 | 0.97

90.00 |67.17 | 128.91 | 1.08
100.00 | 69.43 | 137.35 | 1.25
110.00 | 72.45 | 141.96 | 1.37
120.00 | 73.96 | 148.09 | 1.51
130.00 | 77.74 | 152.70 | 1.65
144.34 | 80.00 | 155.00 | 1.73
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Table B.80: Experiment Gu5 [mm]

Time [s] X; X, dg
5.00 25.58 | 61.82 | 0.07
15.00 43.85 | 92.73 | 0.27
30.00 52.99 | 117.02 | 0.50
45.00 60.30 | 132.48 | 0.70
60.00 67.61 | 143.51 | 0.88

75.00 71.26 | 156.76 | 1.08
90.00 74.92 | 167.80 | 1.28
105.00 | 78.57 | 174.43 | 1.42
120.00 | 84.05 | 187.67 | 1.71
135.00 | 87.71 | 196.51 | 1.91
150.00 | 91.36 | 205.34 | 2.13
165.00 | 95.02 | 209.75 | 2.27
180.00 | 98.67 | 216.38 | 2.46
193.28 | 100.50 | 223.00 | 2.64
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Table B.81: Experiment Gu6 [mm)]

Time [s] | X X5 dg

10.00 | 38.81 | 68.02 | 0.13
20.00 |44.94 | 88.63 | 0.26
30.00 | 51.06 | 103.06 | 0.39
40.00 | 57.19 | 117.49 | 0.55
50.00 | 63.32 | 123.67 | 0.64
60.00 | 67.40 | 133.98 | 0.79
70.00 | 71.49 | 144.29 | 0.95

80.00 | 75.57 | 152.53 | 1.09
90.00 | 77.62 | 158.71 | 1.20
100.00 | 81.70 | 164.90 | 1.33
110.00 | 83.74 | 171.08 | 1.46
120.00 | 87.83 | 177.26 | 1.60
130.00 | 89.87 | 183.45 | 1.74
140.00 | 91.91 | 191.69 | 1.93
150.00 | 93.96 | 197.88 | 2.08
159.18 | 96.00 | 202.00 | 2.19
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Set up 11

In these experiments, the fibre volume fraction vy = 44.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 4.

Table B.82: Experiment Gual [mm)]

Time [s] | X X, dy,

20.00 |44.79 | 91.57 | 0.14
40.00 | 55.39 | 114.46 | 0.27
60.00 | 62.46 | 134.66 | 0.41
80.00 | 69.54 | 152.17 | 0.55
100.00 | 76.61 | 165.63 | 0.69
120.00 | 81.32 | 175.06 | 0.82
140.00 | 84.86 | 187.18 | 0.96
160.00 | 88.39 | 196.61 | 1.10
180.00 | 94.29 | 208.73 | 1.23
200.00 | 96.64 | 21546 | 1.37
210.92 | 99.00 | 219.50 | 1.45
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Table B.83: Experiment Gua2 [mm]

{ Time [s] | X) Xo dg

30.00 50.46 | 109.94 | 0.21
60.00 65.06 | 142.63 | 0.42
90.00 75.68 | 163.43 | 0.63
120.00 | 82.32 | 182.74 | 0.83
150.00 | 90.29 | 202.06 | 1.04
180.00 | 96.93 | 209.49 | 1.25
210.00 | 102.24 | 221.37 | 1.46
240.00 | 107.55 | 233.26 | 1.67
270.00 | 112.86 | 243.66 | 1.88
300.00 | 116.84 | 257.03 | 2.09
315.71 | 119.50 | 260.00 | 2.20

Table B.84: Experiment Gua3 [mm]

Time {S} X 1 X 9 dg

40.00 51.61 | 175.67 ().27j
80.00 65.68 | 224.94 | 0.54
120.00 | 78.58 | 276.36 | 0.80
160.00 | 85.62 | 306.35 | 1.07
200.00 | 93.83 | 334.20 | 1.34
240.00 | 100.87 | 351.34 | 1.61
280.00 | 106.73 | 379.19 | 1.88
320.00 | 112.60 | 402.75 | 2.14
360.00 | 117.29 | 419.89 | 2.41
400.00 | 121.98 | 265.65 | 2.68
417.38 | 125.50 | 278.50 | 2.80
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Set up III

In these experiments, the fibre volume fraction vy = 44.5%, the thickness of the

cavity H = 2.32mm and the number of fibre layers NV = 4.

Table B.85: Experiment Gubl mm]

Time [s] | X3 Xo d,

20.00 56.59 | 107.76 | 0.28
40.00 73.15 | 141.86 | 0.56
60.00 84.19 | 171.87 | 0.84
80.00 93.85 | 190.97 | 1.12
100.00 | 100.76 | 210.07 | 1.39
120.00 | 109.04 | 229.17 | 1.67
140.00 | 114.56 | 244.17 | 1.95
160.00 | 122.84 | 253.72 | 2.23
180.00 | 125.60 | 266.00 | 2.51
200.00 | 131.12 | 278.27 | 2.79
207.78 | 132.50 | 281.00 | 2.90
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Table B.86: Experiment Gub2 [mm)]

(Time [s] | X1 X dg
20.00 54.52 | 112.20 | 0.28
40.00 69.89 | 148.22 | 0.55
60.00 81.08 | 167.61 | 0.83
80.00 90.86 | 191.16 | 1.11
100.00 | 97.85 | 210.55 | 1.39
120.00 | 107.63 | 223.02 | 1.66
140.00 | 114.62 | 23548 | 1.94
160.00 | 121.61 | 250.72 | 2.22
180.00 | 127.20 | 267.34 | 2.49
188.51 | 130.00 | 271.50 | 2.61

Table B.87: Experiment Gub3 [mm]

Time [S} X 1 X 2 dg

20.00 | 48.81 | 97.84 | 0.29
40.00 | 61.27 | 131.87 | 0.57
60.00 | 69.58 | 158.46 | 0.86
80.00 | 81.00 | 171.22 | 1.14
100.00 | 87.23 | 183.98 | 1.43
120.00 | 92.42 | 196.75 | 1.72
126.05 | 94.50 | 201.00 1.8(L
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Appendix C

The inlet pressure in the

experiments

The following figures show the inlet pressure of time history during the experi-

ments of permeability identification.
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Figure C.17: Inlet pressures in variable pressure experiments of E-LPb 567 in set

up II.
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