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FLOW CHARACTERIZATION IN RESIN TRANSFER MOULDING 

by Jan Rixdiger Weitzenbock 

The aim of this thesis is to determine permeabiHty of fibre reinforcement materials more 

accurately m Resin Transfer Moulding (RTM). The work presented here focuses on the 

processing of data obtained from permeability experiments. 

A unified approach to permeability measurement is proposed. It unifies seven permeability 

measurement techniques for one, two and three-dimensional flow currently used in RTM. The 

unified approach offers significant advantages over current methods. Principal permeability 

and the orientation of the permeability tensor can be obtained from measurement of pressure 

or flow front position during experiments. It also offers much greater flexibility in the way 

data is acquired. Data do not need to be collected at the same instance in time for each 

measurement axis. The principal permeability and its orientation can be obtained regardless of 

the measurement direction. In addition it is possible to observe the transient behaviour of 

permeability in experiments with the help of a convergence graph. 

The unified approach for radial flow experiments with constant inlet pressure has been 

analysed extensively. In particular the effect of the inlet shape and the relative size of the inlet 

have been studied. Permeability experiments were conducted to verify the unified approach. 

For constant inlet pressure experiments the proposed new method worked well even for results 

from another laboratory. In the case of constant flow rate the number of results available was 

not sufficient to fully validate the unified approach. It was demonstrated that three-

dimensional permeability experiments suffer from capillary flow which renders any results 

meaningless. Finally it was shown that experimental design can help with the interpretation of 

the permeability results. 
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Nomenclature 

In this section the nomenclature which is used throughout this thesis is listed. Variables which 

are only of 'local' interest are explained in the relevant sections (e.g. integration constants). In 

sections 8.2 (The theoretical foundation of the unified approach) and 11.1.3 (Introduction to 

experimental design) the nomenclature from other sources was adopted. Again this will be 

explained in the relevant sections. The positive direction for angles is the anti-clockwise 

direction. 

Coordinate systems 

x,y,z- arbitrary coordinate system 

L 2, 3 = principal coordinate system 

L IL III = orientation in which experiments are carried out (/ = x,II= 45° between x.j. 111 = y) 

Letters 

a = major axis of the inlet ellipse [m] 

A = average of Fj and Fm 

A = rotation matrix 

^ = transpose of the rotation matrix 

A„ = area normal to the flow direction [m^] 

b = minor axis of the inlet ellipse [m] 

C = process term 

Ca = capillary number 

Câ oA = modified capillary number 

D = difference between Fj and Fm 

De = equivalent pore diameter [m] 

Df= pore or fibre diameter [m] 

e = error 

E = unit matrix 

F = form factor which depends on fibre alignment and the flow direction 

F, = material term containing flow front and time information (for i = 1,11, 111) 

h = height of the cavity [m] 

I] = first invariant (also called "trace") 

/: = second invariant 

= third invariant 
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k = a. scalar 

K = isotropic permeability [m^] 

K' - quasi-isotropic permeability [m^] 

K = permeability tensor [m^] 

K = rotated tensor [m^] 

K\, Ki, Ks = principal permeability 

Keffj , Keffji, Keffjn = mcasurcd effective permeability at 0°, 45° and 90° [m ]̂ 

K°, - effective permeability measured at 0°, 45°, 90° and 135°, (Pamas 

and Salem (1993) [m^] 

K„, Kxy, Kxz, Kyy , Ky,, = peHneabiUty tensor components [m^] 

^'xx' ^'xy,^'x2 >^'yy,^'yz' ^'22, ^'xy = componcnts of rotatcd permeability tensor [m^] 

K] = Keffj [m^] 

K-n^Keffji [m ]̂ 

K]u = Keffuj [nî ] 

lev = cross-over length [m] 

« = a vector 

Hi, U2, Hi = eigenvectors 

«iv: Ml: = components of first eigenvector («i) 

N = number of layers 

N, = nominator of Fj (/ = /, II, III) 

P = pressure [Pa] 

^i^\hannei ~ P^essure distribution for channel flow 

^^^\ad,ai ^ pressure distribution for radial flow 

spherwai ~ P^essure distribution for spherical flow 

Pc = capillary pressure [Pa] 

Pf= pressure at the flow front [Pa] 

Po = pressure at the inlet [Pa] 

P\ = pressure at radius 1 [Pa] 

P2 = pressure at radius 2 [Pa] 

P,, = pressure at position 1 in direction i (i = I, II, III) [Pa] 

Pj , = pressure at position 2 in direction / (/ = /, II, III) [Pa] 

O = volume flow rate [m7s] 

r = experimentally measured radius [ni] 
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r = radius of the quasi-isotropic system (scaled) [m] 

7' = radius in the quasi-isotropic system (rotated and scaled) [m] 

where r, r and r' can have the following subscripts (; = I, II, III) : 

f j = flow front radius in /-direction 

oj = inlet radius in /-direction 

1,/ = radius of position 1 in /-direction 

2,i = radius of position 2 in /-direction 

rf= radius of the flow front [m] 

ro = radius of the inlet [m] 

''o.rnod,, = modified inlet radius (/ = I, II, III) [m] 

T] = radius of position 1 [m] 

Kj = radius of position 2 [m] 

, ̂ 2' ̂ 3 ~ iiikt radii for test case [m] 

Re = Reynolds number 

t = time [s] 

= start time [s] 

tf= time to reach the current flow front position [s] 

/] = time to reach position 1 [s] 

to = time to reach position 2 [s] 

t, = time passed to reach current flow front position in direction / (/ = I, II, III) [s] 

, = time taken by flow front to reach position 1 in direction / (/ = I, II, III) [s] 

2̂,, = time taken by flow front to reach position 2 in direction / (/ = I, II, III) [s] 

T = temperature [C°] 

M = a vector 

V = fluid velocity [m/s] 

Vv = velocity in x-direction [m/s] 

Vy = velocity injp-direction [m/s] 

= velocity in z-direction [m/s] 

Vf= fibre volume fraction [%] 

fVf= weight per unit area [kg/m^] 

X, y, z = coordinates in the physical domain [m] 

x , } ' , ! = coordinates in the quasi-isotropic system (scaled) [m] 

x',}'',z' = coordinates in the quasi-isotropic system (rotated) [m] 

x ' , } " ' , ! ' = coordinates in the quasi-isotropic system (rotated and scaled) [m] 
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Xf, y j , Zf= flow front coordinates [m] 

yo, Zo = inlet coordinates [m] 

xi, z/ = coordinates of position 1 [m] 

yi, 22 = coordinates of position 2 [m] 

~ front coordinates measured in /-direction (/ = / , //, IIT) [m] 

= inlet coordinates measured in /-direction (/ = I, II, III) [m] 

ô,mod,i ^ yo,mod,i' ô,mod,i modified inlet Coordinates measured in /-direction (/ — I, II, III) [mj 

^1,, ~ coordinates of position 1 measured in /-direction [m] 

^2,/ '>'2,/ '-^2,; ~ coordinates of position 2 measured in /-direction [m] 

Greek symbols 

a = degree of anisotropy (= KjIK^) 

y = surface tension of fluid [N/m] 

%Lv = surface tension between wetting and nonwetting fluid [N/m] 

AZ, = distance between the inlet and vent [m] 

h P = pressure difference between inlet and flow front for constant inlet pressure [Pa] 

= pressure drop across a pore or fibre with diameter Df [Pa] 

£ = porosity 

C= angle of rotation [°] 

9 = contact angle between fluid and fibre [°] 

= direction cosine (cosine of the angle between the /' and 7-axis; i j = x,y,z) 

/u = dynamic viscosity [Pa s] 

V = kmematik viscosit}' [m^/s] 

p = density of the fluid [kg/m^] 

(f), = orientation of modified inlet radius (/ = I, II, III) [°] 

(p = orientation of principal axis (angle between x ' and x-axis) [°] 

(P2 = (p+nil (second possible solution) [°] 

# = p 

= p -45° 

^ - 90° 
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1. Introduction and objectives 

Fibre reinforced plastics (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 (Smith 1990). 

The main reasons for boat builders to use FRP is that the raw materials are easily obtainable 

at short notice with consistent material properties (no lengthy seasoning process is required). 

In addition only semiskilled labour is needed to process the materials and build the boats. For 

larger production runs this offers significant benefits over wood. FRP also allows the building 

of complex shapes which may by required for hydrodynamic, structural or aesthetic reasons 

(Sn^diI990y 

The tradition moulding techniques to produce these boats are hand lay-up and spray-up 

techniques. However economic pressure and increasingly stringent environmental requirements 

on styrene emission (GPRMC 1994) make these techniques less acceptable. At the same time 

high performance craft, such as racing yachts, are built using new techniques such as 

autoclave. Figure 1.1 shows processes which are available for the manufacture of large FRP 

structures. 

Autoclave 

Hand lay-up Pultrusion 

Mechanised 
lay-up 

Manufacturing 
processes for 

large FRP 
structures 

Filament 
winding 

Injection 
moulding Spray-up 

Figure 1.1 Manufacturing processes for large FRP structures 
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Injection moulding which includes Resin Transfer Moulding (RTM) and vacuum assisted 

RTM, is receiving increasing attention from manufacturers of large FRP structures 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 

pressures the tooling is quite cheap. It also has potential for a high degree of automation. 

Foley (1991) found a considerable cost advantage of RTM over conventional hand lay-up. 

RTM has become a standard process in the automobile industry for high quality low volume 

production of body panels for sports cars (Rao 1993) and utility vehicles (Harrison 1995). 

The boat and ship building industry is already taking on some of these new ideas. A ship yard 

for example is using vacuum assisted RTM to mould bulkheads for mine counter measure 

vessels and is considering using it to mould the entire hull (The Naval Architect 1995). 

Design and production of ships has undergone fundamental changes through the introduction 

of CAD/CAM in the early 1970's. This has greatly improved the information flow in the ship 

yard with gains in efficiency, reduced building time and increased competitiveness. The key 

element of these CAD/CAM systems is a product information model where all information is 

stored in the form of objects. Even though sophisticated design tools for the economical 

production of steel and aluminium structures exist, the production of FRP structures is still 

based on experience and trial and error. For FRP it is crucial that the production process is 

well understood and controlled since the final material properties depend on it. In fact the 

material selection and the geometry of a FRP component is inextricably linked with the 

manufacturing process (Gandhi 1990). Furthermore large structures make a trial and error 

approach too costly. CAD/CAM software seems to be the ideal tool for achieving design for 

production of FRP structures. However for a successful example one has to look elsewhere 

e.g. to the automobile industry (Harrison 1995). Here design optimisation was achieved using 

structural and flow simulation software only. 

To be able to apply simulation software to FRP boat and ship production a number of 

problems have to be overcome. The RTM process is usually treated as two separate problems: 

Mould filling which is then followed by the cure of the resin. Resin flow in RTM is described 

by Darcy's law where permeability characterizes the resistance of the fibres to the flow. As 

Advani, Bruscke and Pamas (1994) pointed out, the state of the art of flow simulation is far 

more advanced than the capability in measuring permeability. A number of different 

permeability measurement techniques exist. However permeability obtained by one method is 

in many cases different from permeability for the same material but measured using a different 
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method. Moreover most of the research has been focused on automobile type structures with 

thin wall thickness. Therefore the aim of this research is to improve current methods of 

characterizing the permeability of fibre reinforcement materials, not just for two-dimensional 

flow but also for three-dimensional flow. 
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2. Literature review 

The objectives and aims of the hterature review are twofold. Firstly to establish the fluid 

mechanical foundations of resin flow in RTM and secondly to review the capabilities and 

limits of current permeability measurement techniques. 

2.1 Injection moulding processes for continuous fibres 

To limit the scope of this section only injection moulding processes for continuous long fibres 

and thermosetting resins have been considered (Kotte 1991). In injection moulding the resin is 

injected into a closed mould in which dry reinforcement fibres or preforms have been placed 

before. Processes can be distinguished by the way the resin is injected. In Structural Reaction 

Injection Moulding (S-RIM) the resin is injected at very high pressures (more than 10 bar). 

Resin Transfer Moulding (RTM) is a very similar process, the main difference is the 

considerable smaller iqection pressure (typically 2 to 5 bar). As a consequence less rigid 

moulds are required and cheaper materials for building these moulds can be used (e.g. GRP). 

In the RTM process cycle considerable forces may be required to compress the preform to 

close the mould which may also cause the mould to deform. This can be overcome by applying 

a vacuum at the air vents thereby utilising atmospheric pressure to clamp the mould. This 

process is called Vacuum Assisted Resin Transfer Moulding (VA-RTM). Despite the applied 

vacuum the resin is still injected under pressure. Another process is vacuum injection 

moulding which relies entirely on vacuum (Bunney 1994). One of the advantages is that it 

requires only one rigid mould while the other half can be a plastic film. To wet out the fibres 

in the mould, resin is sucked into the cavity by the vacuum. 

1.) Preform preparation 3.) Injection of resin 

2.) Preform is placed in mould 4.) Cured component is removed 

Figure 2.1 Typical RTM process cycle 
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A typical RTM process cycle is shown in Figure 2.1. It comprises a preform preparation stage 

where the fibre mats are cut to size and if necessary deformed in a press. These preforms 

increase reproducibility and speed up the lay-up of the fibres. The preform is then placed in a 

mould which is subsequently closed. The resin is injected into the cavity is left to cure. 

Accurate metering of the resin components and thorough and complete mixing is a prerequisite 

for repeatable quality. On completion of the curing stage the component is ejected and 

deflashed. 

2.2 Fluid mechanics of flow in porous media 

2.2.1 Fluid and pore structure parameters 

In this section the factors and parameters which describe the porous medium and the fluid are 

being discussed. The section follows the book by Dullien (1979, 1992). 

Fluid parameters 

A fluid can be described for fluid mechanical purposes by density, viscosity and the surface 

tension. 

Definition of porous media 

Porous media can be defined according to Corey (1977), as matter where the non-solid space 

within the solid matrix is interconnected (not just isolated pockets). Furthermore the pore size 

has to be large enough to allow fluid flow to occur and at the same time the pore size has to be 

small enough so that when interfaces between two fluids occur the orientation of interfaces 

will be controlled by interfacial forces (eliminates a network of pipes). 

Pore structure parameters 

To characterise the porous material a number of macroscopic and microscopic parameters can 

be defined. Permeability is that property of a porous medium which characterises the ease 

with which a fluid may be made to flow through the material by an applied pressure gradient 

(units: Darcy [9.87*10 " m^], Gauvin (1986)). Porosity is the faction of the bulk volume of 

the porous sample that is occupied by pores or voids. There are two different types of pores. 

Effective (or interconnected) pores which form a continuous phase in the porous medium and 

isolated (or non-interconnected) pores which cannot contribute to the flow. The pore structure 

parameters discussed so far are macroscopic parameters. There are also a number of 

microscopic pore structure parameters such as pore size distribution, packing of particles and 

the topology of the pore structure. Little research has been carried out to study microscopic 

pore structure parameters. Summerscales (1993) showed the importance of the packing 

structure of (idealised) fibre clusters while Griffin et al. (1995) demonstrated the influence of 
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(bound) flow enhancing tows on permeability using quantitative microscopy. While these 

models and experiments help to explain the flow behaviour qualitatively they are not yet 

capable of explicitly linking the microstructure of the porous material with observed flow 

behaviour. 

2.2.2 Fluid flow in porous media 

Derivation of Darcy 's law 

The followmg discussion follows Tucker III and Dessenberger (1994). A volume averaged 

Navier Stokes equation was derived from a representative unit cell. As a next step 

simplifications and assumptions were introduced to describe fluid flow in RTM. Normally the 

solid phase is stationary. There is no exchange of mass between solid and fluid. The fluid is 

Newtonian with constant density. Furthermore the body forces are due solely to gravity. The 

drag force is assumed to be independent of the density of the fluid and linear in the velocity 

difference between solid and fluid. The porous medium is anisotropic. If finally the divergence 

of the TAduHK avengpd vucous stn%s c a n l ^ n e g k c K d t h m t h e Navw? eqwakm 

reduces to what is known as Darcy's law: 

{ v , ) = - ^ K V { p ^ ) ' ( 2 . 1 ) 

w h e r e a n d a r e the volume averaged velocity and pressure. It is common to assume 

that the permeability tensor K is symmetric and as a consequence it is also orthotropic, i.e. 

there is a set of three mutually orthogonal axis where all the off-diagonal tensor components 

become zero. Tucker III and Dessenberger quote experiments for general cylindrical channels 

and layered, randomly deposited particles where this assumption was found to be true. 

However this does not mean that permeability is symmetric for any porous medium. For 

example Zijl and Stam (1992) found that for an imperfectly layered porous medium the 

permeability tensor can become non-symmetric. In fact there is no experimental evidence that 

permeability for flow in fibres and fabric is a symmetric tensor. The only reference quoted by 

Tucker III and Dessenberger as evidence for the symmetry of the permeability tensor in RTM 

(Pamas and Salem 1993) fails to demonstrate these properties. This is because Pamas and 

Salem calculate principal permeability with degrees of anisotropy and orientation which were 

avB%y?ed for dbfRsnad iibre volume fractuons (see sectkwi 2.4.2). IHkaice the residts are not 

independent. 

Applicability of Darcy's law to RTM 

Up to now it was assumed without proof that resin flow in RTM can be modelled using 

Darc\ s law. Bear (1972) quoted a Reynolds number equal to one as the upper limit for the 
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validity of Darcy's law. Michaeli et al. (1989) estimated that typically the Reynolds number in 

RTM is of the order of 10'\ Another important requirement is that the fluid is Newtonian. It 

has been shown that polyester resin has constant viscosity over a wide range of shear rates and 

filler content (Lafontaine 1984). And finally fibre mats and fabrics are a porous medium since 

they contain pores which are permeable by a wide range of fluids. Darcy's law is therefore 

applicable to RTM. 

2.2.3 Immiscible displacement 

In RTM resin is injected into a dry preform. The resin displaces the air in the pores. This is 

known as immiscible displacement which is an unsteady flow process (Corey 1977). 

Unsteady flow 

Infiltration is a general term for immiscible displacement, regardless of the force which causes 

it and the type of fluid which is being displaced. During the displacement process there is no 

capillary equilibrium in the system, since there is a pressure difference between the two sides 

of the interface which separates the fluids. The difference is called capillary pressure (PJ: 

P = P - P 
c ^ non-wetting ^ wetting ( 2 2 ) 

Different t)^es of fluid can be distinguished by their wetting behaviour. A wetting fluid tends 

to spread over a surface (0° < ^ < 90°) while a non-wetdng fluid tends run off a sur6ce (90° 

d< 180°) where 0 is the contact angle between the fluid and the solid. 

Infiltration from a constant pressure head source 

Most of the theoretical work in the field of infiltration is applied to petroleum engineering 

where oil is displaced by water or gas. The pressures gradients of the wetting and non-wetting 

fluids are assumed to be very large so that capillary effects at the flow front can be neglected. 

This is not true however for injecting resin into a mould with uniform (atmospheric) pressure. 

Corey (1977) gives an example for vertical infiltration of water into dry soil. First an equation 

for the total flow rate of air and water was formulated. Then a number of assumptions and 

simplifications were introduced; The soil is non-deformable. There is a sharp flow front with 

the soil fully saturated behind the flow front and completely dry ahead of it. At a position 

behind the flow front the total flow rate (gj is equal to the flow rate of the water. The air 

pressure is atmospheric everywhere. Further it is assumed that the permeability in the 

saturated region is only dependent on the water. By rearranging the initial formulation the 

following expression is obtained (Corey): 

< 
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where z/is the distance to the flow front, H is the head of the externally applied pressure, hf is 

the value o i p j p ^ g and is the density of water. This equation is also known as the Green 

and Ampt equation (see Corey). Even though it is only valid for one-dimensional vertical flow 

it indicates that for RTM in addition to the injection pressure the capillary pressure and static 

pressure may become important. 

Displacement mechanisms 

There is a so called primary mechanism which involves flow of a continuous non-wetting 

phase and a secondary mechanism with a disconnected, so called "trapped" non wetting phase. 

In RTM the primary mechanism is desired. A dimensionless capillary number is introduced to 

characterise the displacement (Dave 1990). 

(Ta = (:L4 ) 

where v is the interstitial fluid velocity and Ylv is the surface tension between the wetting and 

non-wetting fluid. The capillary number is the ratio of viscous forces to capillary forces. The 

transition in macroscopic behaviour depends on the flow rate, configuration of fibres and 

geometry of pores. After primary displacement the non-wetting phase is discontinuous and 

secondary displacement will take place only if viscous forces are sufficiently large which 

means either one has to decrease surface tension (ylv) or increase viscosity and/ or velocity of 

resin ("wash out"). 

2.2,4 Other laminar flow models 

The following well known models have also been derived for laminar flow of a uniform 

incxarypresaible fluid (Batchelor 1973). Ttwsy v/Ul be eoamuiKxI for their suibibility for flow 

modelling in RTM. 

Paint brush model 

The paint brush model is based on steady unidirectional flow (Batchelor). Rigid, parallel 

plates slide in the x-direction over a plane. These plates extend over the x, z plane and are 

spaced evenly in the ^/-direction with distance b apart. The paint is pulled by the friction of the 

plane which creates a uniform flow between the plates. There is no external pressure gradient 

imposed. 

Lubrication theory 

Lubrication theorj' is applicable to a liquid film between two moving solid bodies (Batchelor). 

The inertia forces are assumed to be negligible. Because this film is thin the rate of shear and 

strain in the liquid is very high. The mathematical solution is based on two-dimensional flow 
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in a uniform channel. With a known shding velocity and angle of inclination it is then possible 

to determine the pressure distribution and volume flux in the fluid. 

Hele Shaw cell 

The Hele Shaw cell consists of two parallel plates which are spaced closely together 

(Batchelor). The space between the plates is occupied by fluid and cylindrical obstacles. Flow 

occurs when an external pressure is applied at the ends of the plates. The layer thickness is 

small compared with the length of the obstacles hence the flow is assumed to be everywhere 

approximately the same as if the local pressure gradient extended to mfinity. As in lubrication 

theory, the inertia forces are assumed to be negligible. This equation satisfies the condition of 

no-flow normal to the solid boundary although not the non-slip condition at the boundary. 

In the paint brush model and lubrication theory, flow is generated by the movement of one of 

the boundaries. This is certainly not a very realistic model for the RTM process. In the case of 

the Hele Shaw cell there are quite a few similarities. The main obstacle here is that the Hele 

Shaw cell was derived with the assumption that the gap height is very small which is not 

acceptable for flow modelling of thick composites. Therefore none of the above mentioned 

models seem to be a suitable alternative for Darcy's law for describing fluid flow in RTM. 

2.3 Modelling of permeability 

In the previous section it was established that Darcy's law is the most suitable modelling 

approach for flow in porous media. The permeability is usually determined as a single 

constant from experiments while more sophisticated models incorporate additional information 

about the pore structure. A thorough review of this topic can be found in Dullien (1979, 1992) 

and Bear (1972). 

2.3.1 Empirical permeability models 

This is Darcy s law in its simplest form with one parameter describing the flow properties of 

the porous material. This is the most common approach and requires a single permeability 

value to be determined experimentally. This characterisation experiment is done for different 

porosities and the permeability can then be plotted as a graph. These experiments have to be 

conducted for each type of material and fluid over the whole range of porosity values of 

interest (Adams 1987, Gauvin 1986). It is then possible to fit a polynomial to the measured 

permeability data (Gauvin 1994, Kim 1990, Trevino 1991). It was shown by Gauvin et al. 

(1994) that empirical models yield the most accurate representation of permeability compared 

with the other modelling approaches discussed in this section. They also found that a single 
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permeability model for all the different types of mats was not realistic and therefore proposed 

the following model: 

Ar = a + 6exp(c(^) ; 0.65 < ^ < 0 . 9 0 

where <j) is the porosity of the fabric. The coefficients a, b and c have to be determined 

experimentally for each reinforcement material of interest. 

2.3.2 Capillaric or geometric permeability models 

These permeability models are derived from flow inside capillary tubes or channels. The most 

widespread representative is the Kozeny-Carman model. It is based on the mean hydraulic 

radius concept and the Hagen-Poiseuille equation (laminar flow in a pipe). 

where Zy is the diameter of the glass Abres (25 pm for woven &bnc, 15 pm for chopped 

strand mat), Vf is the fibre volume fraction and K, is the Kozeny constant (Ahn 1995). The 

Kozeny-Carman equation shows that the permeability is dependent on fibre diameter, porosity 

and the Kozeny constant which needs to be determined experimentally (Ahn 1995). The 

Kozeny-Carman equation should only be applied where the mean hydraulic radius concept is 

applicable, i.e. for fibres which are packed uniformly or completely random (Griffin 1995). 

Gauvin et al. 1994 showed that the Kozeny-Carman equation correlates badly with 

permeability data for a random mat while Ahn et al. (1995) reported good agreement for 

woven and chopped strand mats. 

Another attempt to derive permeability from first principle is the model proposed by Gebart 

(1992). He derived permeability expressions for unidirectional reinforcements based on flow 

in slowly varying channels. The permeability for flow along the fibres is very similar to the 

Kozeny-Carman equation while the permeability for flow across the fibres takes account of 

the fact that there is a maximum fibre volume fraction beyond which no flow is possible. 

Gebart reported a good fit of the proposed models to experimental data. He also reported that 

the effective fibre diameter had to be adjusted to about four times the real physical diameter 

which was attributed to a deviation of the fibre samples from the (assumed) circular geometrv. 

2.3.3 Flow around solid object permeability model 

This model is based on the analysis of the drag and shear forces of flow around circular 

obstacles. It also takes into account friction forces on the cavity wall (Gauvin 1994). This 

quite complicated model requires the input of a number of parameters such as the overlaying 
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density (Chibam 1991). Despite these efforts, it was shown that in comparison with empirical 

and geometric models it is the least accurate model (Gauvin 1994). 

2.3.4 Average in-plane permeability 

For a variety of practical applications different types of reinforcement materials or fabrics 

with different orientations are used within a laminate. For thin lammates an average in-plane 

permeability is defined by a rule of mixture (Gebart 1991, Michaeli 1989, Rudd 1994, 

Verheus 1993). This assumes a plug-like flow and works well for different orientations of the 

same type of fabric (Verheus 1993) and quite well for a stack of mixed types of 

reinforcements (Gebart 1991). The thickness of each layer has to be calculated for the same 

compaction pressure which means that the porosity is different for the different reinforcement 

materials (Gauvin 1986). 

However it can be observed that the flow front is advancing at different rates in different 

layers of the fibre stack which leads to flow in the through-thickness direction. This transverse 

flow can lead to a decrease in in-plane permeability. This effect is mainly observed at the flow 

front. It is desirable to model these through-thickness effects without having to resort to full 

three-dimensional modelling. Bruschke (1992) developed an analytical expression for the 

effective in-plane permeability at the flow front. This formula is a function of both in-plane 

and through-thickness permeabilities. Further away from the flow front conventional two-

dimensional flow modelling can be used since there the pressure gradient has become constant 

in the through-thickness direction. Verheus and Peeters (1993) observed this effect for 

unbalanced twill fabric stacked with different angles of orientation. However they found that 

the rule of mixture still gave an accurate prediction of the effective in-plane permeability. 

2.3.5 Through-thickness effects 

The type of material and the stacking sequence also influence the through-thickness 

permeability while the compressibility appears not to be affected (Wu 1994). The change in 

permeability is therefore attributed to changes on the interface between layers of different 

types of materials. Wu et al. (1994) suggested a formula which considers the thickness and a 

interface permeability of the individual layers. For a mixed lay-up of random mats and bi-

directional fibre mats this interface effect was found to be negligible (about 2%). 

2.3.6 Deformation of preforms 

The permeability models mentioned so far are valid for flat, undeformed fabrics and mats. 

This IS usually not a very realistic condition since most FRP components are shaped with 
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curvature and comers. To model the mould filling of these components successfully one needs 

to modify permeability to take into account the changes of fibre architecture due to the 

preforming process. Two factors cause this change. The porosity changes due to the stretching 

of the fibres. This causes an increase of permeability in the stretch direction while 

perpendicular to this direction the permeability is reduced. Therefore orientation is also very 

important. 

Two approaches have been proposed. Fong and Lee (1994) modelled the deformation effects 

by modifying the Kozeny-Carman equation. They introduced a porosity factor and an 

orientation function. When fabrics are bent around comers the thickness of the fibre stack, 

changes which can cause a channel to form. Fong and Lee came up with a simple expression 

for flow in a channel to take account of this effect. The modified permeability and channel 

effects were incorporated into a flow modelling code. The flow front prediction were 

compared with two "short shot" parts. The shape of the flow front is quite well approximated 

by the simulation. However since no time for each of the flow front steps was reported no 

quantitative judgement on the accuracy of the model is possible. Rudd et al. (1994) and 

McGeehin et al. (1994) take a slightly different approach. They first model fibre rotation and 

shear as caused by the preform deformation. This information is then used as the input to the 

permeability model instead of the orientation function. The predicted permeabilities correlate 

reasonably well with experimental permeability data. 

2.4 Measurement of permeability 

2.4.1 Flow measurement in porous media 

There are two different ways to measure permeability. Firstly by measuring the pressure drop 

or the pressure history at a number of points. Alternatively the progression of the flow front is 

monitored. The latter requires a reliable technique to measure fluid flow in the mould. In this 

section the available methods to measure flow in porous media will be discussed. 

Visualisation 

Observation of the resin flow front progression was pioneered by Adams et al. (1986). The 

fluid was injected from the top and the flow front observed through a transparent bottom 

plate. More commonly the experimental apparatus consists of a solid (metal) base plate with a 

transparent top plate. This enables the recording of the flow front progression with a video 

camera or frame grabber which can be connected to image processing software to obtain the 

coordinates of the flow front at a given time step (Carter 1995, Pamas 1993). An important 

consideration is the stiffness of the transparent plate in order to avoid excessive deflection. For 
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this reason glass is preferred to acrylic. Another option to measure the flow front (for channel 

flow) is to use photo diodes (Gauvin 1994). These were positioned underneath a transparent 

cavhy. d%mgein 

voltage. 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 close 

to the edge to make the flow as one-dimensional as possible. 

Intrusive 

The non-intrusive flow measurement techmque discussed in the previous section are not 

suitable for obtaining detailed information on the spatial flow front position. Several intrusive 

methods have been proposed to achieve this. Trochu et al. (1993) applied successfully heated 

thermistors to flow front measurements. The wires of the thermistors were laid so as to 

minimise the flow disturbance. A similar approach was used by Diallo et al. (1995) where thin 

electrical wires (0.35mm diameter) were placed at various locations within the mould cavity of 

a channel flow mould. The wires were arranged in stacks with wires at various heights. Since 

the fluid was water based the wires would short circuit when the flow front reached the 

position of the wires. The fluid was injected at a constant flow rate. Hence a linear relation 

between flow front positions measured in different stacks of wires at the same height exists. 

This allowed the reconstruction of the shape of the flow front. 

Breard et al. (1995) investigated the use of x-ray radiography to measure the flow front shape. 

This is a non-intrusive method. However to correlate these two-dimensional images with the 

three-dimensional flow front shape the partially filled fibre stack was taken apart and 

photographs were made of the flow front position of each layer. This information could then 

be used to rebuild the three-dimensional flow front shape. This technique is still being 

developed. The main question is whether by taking the fibre stack apart accuracy is lost firstly 

by fluid dripping out of pores and secondly, since time passes between injection and 

measurement, by allowing the fluid to advance through capillary action. 

Ahn et al. (1995) used optical fibres to measure the flow front position. These fibres were 

placed between reinforcement layers. Short segments (<2mm) of the cladding of the optical 

fibres were removed. When the fluid reached these "bare spots" a distinct change in the 

photoelectric output of the sensor was observed. This arrangement worked very well in radial 

flow tests of thick laminates. The main limitation was the data analysis algorithm (see 2.4.3). 



34 

2.4.2 Measurement of in-plane permeability 

Channel flow 

For channel flow both flow with moving flow front (Gauvin 1990, 1994, Gebart 1991, 1992, 

Verheus 1993) and stationary flow front (Gauvin 1986, Kim 1990, Pamas 1993, Trevino 

1990, 1991) are used to measure permeability. Flow with moving flow front means that the 

fabric or mat is initially dry and is wetted by the progressing flow front. In the case of the 

stationary flow front the whole sample is already fully wetted at the start of the experiment. 

For flow with moving flow front constant inlet pressure results in unsteady flow. Unsteady 

flow implies that the fluid velocity and the velocity of the progressing flow front change with 

time. A constant flow rate inlet condition results in steady flow - the fluid velocity remains 

constant throughout the duration of the experiment. For flow with stationary flow front the 

two inlet conditions, constant inlet pressure and constant flow rate, both result in steady flow. 

In all cases is the wetted domain assumed to be fiilly saturated with test fluid (no air bubbles). 

For flow with moving flow front the permeability is calculated as follows: 

2 A P r 

where Xf is the distance to the flow front, t is the time, AP is the pressure difference between 

inlet and flow front, ju is the viscosity and s is the porosity. Gebart et al. (1991) and Gebart 

(1992) found that the above formula gives very reliable results. Plots of versus t show 

hardly any scatter which can be seen as a proof for the validity of Darcy's law. These tests 

where carried out on unidirectional reinforcements at various angles of orientation and on a 

twill fabric. The fluid was a polyester resin. Verheus and Peeters (1993) came to the same 

conclusion. 

To determine permeability from flow with stationary flow front simply Darcy's law is used 

= — ( 1 8 ) 
,4, AP/AI 

where O is the flow rate, A„ is the cross-sectional area of the mould, AP is the pressure 

difference between inlet and outlet and AZ, is the distance between the inlet and outlet. Kim et 

al. (1990) found that permeability is independent of superficial velocity (= QIA) while Trevino 

et al. (1991) found the opposite i.e. permeability is dependent on superficial velocity. It has to 

be mentioned that Kim et al. (1990) tested at considerably lower velocities than Trevino et al. 

(1991). Because of the curved shape of the plot of the pressure versus superficial velocity 

Trevino et al. (1991) took the gradient of the lower half to calculate permeability. No 
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justification was given. A possible explanation for this non-linear behaviour could be the 

forming of channels in the fabric due to the high inlet pressure. The thickness of the cavity has 

also a noticeable influence on the permeability of bi-directional cloth while for random mat no 

effect was observed (Kim 1990). The considerable increase of the permeability of bi-

directional cloth is probably due to the increase of the relative proportion of the large 

interlaminar pores with an increasing number of layers. After about 8 layers an equilibrium 

was reached (Kim 1990). 

Two methods have been suggested to obtain principal permeability and orientation from 

channel flow experiments. Gebart and Lidstrom (1996) use flow resistance (the inverse of the 

permeability) measured from 3 channel flow experiments to calculate principal permeability 

and its orientation. Gebart and Lidstrom reported good agreement with radial flow results if 

the deflection of the radial flow mould was controlled. Pamas and Salem (1993) also calculate 

principal permeability and orientation of the permeability tensor. By using an average degree 

of anisotropy and orientation Pamas and Salem reduce the number of experiments. To 

determine principal permeability for two fibre volume fi-actions 6 experiments are required to 

determine the 6 unknowns. With the average degree of anisotropy and orientation only 4 

experiments are needed to determine principal permeability and orientation. The calculated 

orientation compares quite well with the orientation of the flow fi-ont ellipse observed in radial 

flow experiments on the same materials. 

Gebart and Lidstrom (1996) performed channel flow tests for flow with stationary and moving 

flow front. Their results show that flow with stationary flow fi-ont yields lower permeabilities 

than flow with moving flow front (for a random mat). Kim et al. (1990) found that a sample 

which was wetted with oil prior to testing would yield a lower permeability than a dry fabric. 

The test fluid was com oil. Gauvin et al. (1994) found that the weight per unit area of 

continuous filament mats can vary quite considerably (up to 25%). It is therefore advisable to 

weigh the samples prior to testing. They also recommended to use a template for cutting the 

samples. This ensures an accurate fit into the mould cavity which thus minimises channelling. 

Radial flow 

The mam attraction of the radial flow test is that both the principal permeability values and 

their orientation can be determined in a single experiment. It is therefore widely used by 

researchers (Adams 1986, 1988, Carter 1995a, Chan 1991, 1993, Fong 1994, Hirt 1987, 

Pamas 1993, Rudd 1995, Wang 1994, Wu 1993, Young 1995). Two algorithms to calculate 

permeability data from flow front measurement have been developed (Adams 1988, Chan 

1991). Both have in common, that the orientation of the ellipse needs to be determined visual!} 
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since the algorithms apply only to flow front measurements along the principal axes. Radial 

flow experiments are always unsteady flow experiments with moving flow front (for both 

constant inlet pressure and constant flow rate). 

The method by Chan and Hwang (1991) to calculate the permeability for anisotropic flow will 

be outlined briefly. For isotropic materials the permeability is defined as: 

K -
4 f A f 

(19) 

where /y is the flow front radius, ro is the inlet radius and t is the time. To compute the 

anisotropic permeability the problem is transformed into a quasi-isotropic problem by scaling 

the X and ^^-coordinates according to the ratio of the principal permeabilities. An identical 

solution to ( 2.9 ) is obtained, the only difference being the dependence of the radius on 

permeability. Firstly the degree of anisotropy (a) is determined from the square of the ratio of 

the major and minor axis of the flow front ellipse while the actual permeability value (AT,) is 

obtained from a plot of the expression in square brackets in ( 2.9 ) versus time t. Multiplying 

Ki with a yields the second permeability value K2. The method by Carter et al. (1995b) is 

based on Chan and Hwang. However they do not scale the inlet diameter. This significantly 

improves the accuracy of the calculated permeability, Adams et al. (1988) presented a method 

to calculate principal permeability in elliptical coordinates. It is iterative in the degree of 

anisotropy. The main difference to Chan and Hwang is the treatment of the inlet which is 

replaced with an elliptical equivalent. The results obtained with Adams method are very 

accurate (see section 6.9). For Adams method flow front measurements can be made at 

different time steps along the two principal axes. In contrast Chan and Hwang and Carter et 

al. require that the flow front radius in the two directions is measured at the same instance in 

time. 

All the above theories of Adams et al. (1988) and Chan and Hwang (1991) and Carter et al. 

(1995b) are only applicable in the principal coordinate system. They assume permeability to 

be a symmetric second rank tensor. However some confusion about the properties of a tensors 

exist in the literature. Chan (1991, 1993) discuss orthotropic and anisotropic cases when in 

fact both are orthotropic while in the second case the reference coordinate system has been 

rotated and is not aligned with the principal axis any more. A lot of effort is spent on deriving 

the relationship between principal permeability and the general permeability tensor even 

though this is a general propert)' of a second order tensor (Chan 1991, Carter et al. 1995a). 
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An interesting comparison was made by Gebart et al. (1991) who compared measurements 

obtained from channel flow test and radial flow tests. They concluded that the results obtained 

with the radial flow mould indicated less anisotropy and lower permeability in the direction of 

the highest permeability (The radial flow test was evaluated according to Adams 1988). Also 

Pamas and Salem (199j) observed that the degree of amsotropy of the flow front ellipse is 

time dependent which could not be explained by the influence of the circular inlet hole. 

Rudd et al. (1995) discuss the use of the radial flow technique to determine permeability for S-

RIM. An algorithm is proposed to determine principal permeability from constant flow rate 

injection. Pressure is measured in the cavity at various points along two orthogonal axes. 

Rudd et al. investigated the effect of different inlet diameters on permeability. They found that 

increasing diameters lead to a decrease in permeability. At about 20mm permeability seem to 

become independent of the inlet diameter. Furthermore a dependence of permeability on flow 

rate was observed. For a quasi-unidirectional non-crimp fabric the permeability decreased 

with increasing flow rate. 

Carronnier et al. (1995) have tried to estimate the relative error introduced into the calculation 

of permeability. Very large values of relative error (up to 80%) were observed. This might be 

due to the way the relative error was calculated. It was simply the sum of the relative errors of 

each parameter of the Adams et al. (1988) algorithm. Viscosity and the degree of anisotropy 

were found to make the largest contribution to the relative error. However it was not possible 

to determine the source of these errors accurately, mainly because of the complexity of the 

Adams algorithm. Comparisons with numerical flow simulation confirmed that the algorithm 

gave accurate results hence the experimental measurements must have been subjected to 

errors. Carronnier et al. (1995) concluded that because of this it rmght be advantageous to use 

a one-dimensional flow measurement technique where errors are easier to analyse. 

2.4.3 Measurement of three-dimensional permeability 

The most common method to measure permeability in the out of plane direction is to use the 

one-dimensional channel flow apparatus (transplane measurement device) with constant flow 

rate (Trevino 1991, Wu 1993, 1994). To calculate the through-thickness permeability Darcy's 

law for one dimensional flow is used ( 2.8 ). The in-plane permeabilities are determined from 

two-dimensional flow experiments. Trevino et al. (1991) found that through-thickness 

permeability of most reinforcement materials showed a dependence on stack thickness. 

This is probably due to the fact that only a very small stack thickness was used (permeability 

values were given for a thickness of 3.2mm!). 
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In addition to the transplane permeability tests Wu (1993, 1994) performed a three-

dimensional radial flow experiment with circular preform (thickness 18mm). Since the in-

plane permeability of that particular material was known from two-dimensional tests, a flow 

simulation program was employed to match the inlet pressure by selecting an appropriate K ẑ 

value. It was found that the permeability values obtained from the transplane measurement 

device were about 10 to 15% larger than the simulated values. This was attributed to edge 

leaking effects in the transplane measurement device. In the same article the influence of 

clamping pressure on permeability was investigated. It was found that as soon as the inlet 

pressure exceeds the clanqiing pressure the relation between pressure and flow rate becomes 

non-linear (a violation of Darcy's law). This effect was explained by additional compaction 

caused by the high flow rates. As long as the injection pressure was less than the clamping 

pressure this effect was not observed. 

Woerdeman et al. (1995) have taken a different approach. Since it was thought that it is 

"virtually impossible to obtain through-thickness permeability with the radial flow technique" 

this method utilises the one-dimensional channel flow technique. The approach makes use of 

the assumption that permeability is a symmetric second order tensor. For six different 

directions the effective permeability was derived as a function of the rotation angles and the 

principal permeabilities. A root finder was then used to solve the six equations for the 

unknowns (three angles and three principal permeabilities). This approach is based on the 

studies of Pamas and Salem (1993). There are some questions about the formulation of 

effective permeability. The three-dimensional expression for effective permeabilit}' used here 

seems to be in contrast with the geometry of channel flow moulds which are very thin 

compared with the width and thickness of the moulds. 

The approach suggested by Ahn et al. (1995) is the first to use a single three-dimensional 

radial flow experiment to measure the three-dimensional permeability tensor. The fibre optics 

allow the measurement of the flow front within the cavity. This study attempts to compare 

different measurement approaches, namely the pressure drop (channel flow), flow 

visualisation (two-dimensional radial flow) and fibre optics (three-dimensional radial flow) 

techniques. However there are two problems which limit the value of this investigation. Firstly 

only thin moulds were used (6.4 to 9.5mm) and secondly because of the mould material used 

(Plexiglas) too much deflection was experienced at higher fibre volume fractions. As a result 

there is very little overlap between the permeability results from the different tests which 

makes a meaningful comparison difficult. The analytical formula to calculate permeabilitj' for 
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the three-dimensional radial flow experiment requires a hemispherical inlet. This boundary 

condition cannot be met in practical permeability experiments where the initial flow front is 

disk shaped. 

2.5 Summary and problem formulation 

Darcy s law is used to model resin flow in RTM. The concept of principal permeabilities 

which is the basis of all the permeability tests and flow simulation programs requires the 

permeability tensor to be symmetric. This has not yet been demonstrated successfully for 

typical RTM reinforcements. It was found that a simple permeability model gave the best 

results. Gauvin's power law and the Kozeny equation were found to describe permeability 

well. Attempts to take into account detailed information about the pore structure have not been 

verj' successful. Analytical expression are only suitable for very simple reinforcement 

architectures like unidirectional fibres. In the case of permeability models for deformed fabrics 

more work is required even though promising attempts have been made. The measurement 

techniques for one and two-dimensional flow are well established and quite reliable. However 

the question of whether there is a difference between permeability obtained from experiments 

with stationary or moving flow front remains unanswered. In the literature there is evidence to 

support either view. Measurement techniques for three-dimensional flow are either 

cumbersome and difficult to perform or the permeability algorithm is insufficiently developed. 

It is surprising to note that for none of the measurement techniques their accuracy or 

reliability has been examined with the exception of one recent study which seems to suggest 

that the radial flow technique is not very reliable. 

A number of possible improvements of current two-dimensional radial flow permeability 

measurement techniques emerge from this review. Permeability measurement is restricted to 

measurement of pressure or flow front in the principal coordinates. This is can be difficult to 

achieve as the flow front shape is not always known prior to the experiment. Furthermore 

there are no possibilities currently to monitor the transient behaviour of permeability e.g. to 

obsertrecxipinaunyOow or the effect (aftluscaKxaiku-inlet. These issues vdll be ackiressed in the 

following chapters. In addition current flow front measurement techniques will be adapted to 

allow pointwise measurement of the spatial flow front position. This enables the use of the 

three-dimensional radial flow test to determine permeability in a single experiment. 
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3. Measurement of permeability 

This chapter will give a brief overview about the measurement of permeability. As discussed 

in the previous chapter flow in porous media can be described by Darcy's law: 

v = (21.1) 
ju dr 

The fluid velocity v is a function of the (isotropic) permeability K, the viscosity of the fluid jj. 

a d A e p n a m f e g m d a A . ( 3 1 ) A M l h e b m m d M y 

omaamK of d e s d up. The sdwdcm K a nmdd 

characterizes permeability in terms of flow front radius, time, flow rate and pressure. The 

fluid is assumed to be Newtonian. Furthermore the experiment is carried out under isothermal 

conditions. Therefore the viscosity of the test fluid remains constant throughout the 

experiment. 

During the experiment flow will occur not only in the pores between the fibre bundles but also 

inside the mchvidwU fibre twincUe. tlowever in paniKxibihty meaaunsment these inicrosc(%)ic 

flow effects in the fibre bundles are ignored. Darcy's law considers only the macroscopic flow 

in die ]]ores between ttie bundles. I^ardiemiore it is not ;yet ]possible to rneasim; the 

microscopic flow during a permeability experiment. 

l^ressure is meaauiixl using fmsssiire tninsdkioers. ]For the rneasurenient of the flow front a 

number of different techniques are available (see section 2.4.1). For the measurement of three-

dimensional flow no readily available technique exists. Non-intrusive techniques, like 

observing flow are not suitable because they fail to give out of plane resolution. An alternative 

IS to measure the flow front progression with an intrusive method. The measurement of 

pressure instead of flow front is not prornisnig. R was fbtuid from siniple caJculatnons that 

pressure variation in out-of-plane direction is very small. Due to the low fluid velocities found 

in ItTTVI, die dyrianuc pressure T/aries very Iktle in the cnit-cf-plane chrectKHi. Tlie other 

pressure component, the static pressure, is also very small because a thickness of 30mm or 

less is too little to generate a noticeable gravitational pressure component. 

TThere are twro basic permeability rneaaiireniaittecjiniques which cam Ibe disdryruished tryliie 

type of flow oqperinient used. The)/ are the (Hie-diniensiorui] charmel flow techruqiie arid the 

h\o (and three)-diniensional radiaj flow tecdmique. Tlie latter utilises flotv txzbwexai t̂ v 

parallel plates widi an injecdon port in die cende of die mould. Because of die difference i 

0 

in 
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mould geometry the pressure distribution is different for channel flow and two- and three-

dimensional radial flow. As a results the formulae to calculate the permeability from the 

experimental results are different. 

In the folkming diapter an intnxiuction to tensors aiKi]prbici]%U fiermeabiUty wUllbe given. 

Next permeability measurement with channel flow will be discussed and a new approach will 

be proposed (chapter 5). After that a new approach to radial flow permeability measurement 

vvill be derived. for oonstant kdet pressure in dhapter 6 andtluan for (Constant flovv rak 

acid A)riau-(%:.<kmensionaj radial flow (chapter 7). FinaUyliie (Afferent methodk to measure 

permeability for channel flow and radial flow will be brought together in chapter 8 in a unified 

techniques. 
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4. Symmetric tensors and principal permeability 

4.1 Tensor concept 

In RTM, permeability is assumed to be a symmetric second rank tensor. This forms the basis 

of all flow simulation programs and permeability measurement experiments. As pointed out in 

vvluch are typica] for ItTlVI. FiullKanmHore a vvaa aUx) foiuid ui the literature reinew that the 

tens()r corwcept was iwot alvwiys weU lanckardood. It seems theredtire adh/isable to cnrUine zmd 

define the tensor concept. 

Borg (196j) defines a tensor as "a quantity having physical significance which satisfies a 

certain transforrnation law". /Lnother ckdinitkm b)/ Sty;ant (1964) describes a tensor as "a 

quantit}' that remains mvanant under any admissible transformation of the reference frame. If 

a tensor equation holds in one reference frame it holds in all others." The transformation 

referred to in both definitions is the rotation-of-axis transformation. As Borg (1963) points out 

It is the transformation behaviour that has to be shown in order to prove that a quantity is a 

tensor: 

4̂ ( 4 . 1 ) 

where ATisliieiDenriaibihty taisor, / l i s the rotadoiiinatri^ ,4^15 the transpose of the rotation 

niatnx aruj is the tnmsfornied tsnsor. InqpcKtant propiaties ofikaisors are ckafpmalwauon 

and mvanance (Borg 1963). Diagonalisation of symmetric tensors means that there is an 

orthogonal set of axes (prmcipal axes) where all ofF-diagonal terms of the tensor become zero. 

Fc)r:my 3x3 teiisorthusnizu? three invariaiKs or scalars which are qiumthies vvhose iwdues cio 

not change when the axes are rotated (e.g. The first invariant: + Kyy + - K x ^ K2+ Ki 

)• 

Therefore in order to show that the permeability tensor for reinforcement fibres in RTM is a 

s)'mmetnc second order tensor one has to show that the principal permeability values are 

invariant. Measurements taken in different directions have to yield the same value for 

principal permeability and its orientation. 
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4.2.1 Principal permeability in three dimensions 

The relationship between the fluid velocity and the pressure can be written as 

(42) 

^ = -

V = -

/ / <?z 

where jT,,, (;J = z) are coinpioneias of the penruxibility tenscM-JST which is aasimied %) be a 

symmetric second order tensor. 

(4J) 

To determine principal permeability the diagonalisation property of the tensor will be utilised. 

Multiplying the permeability tensor with a vector n yields ano±er vector say w: 

K n = u 

If further, u is parallel to n 

where ^ is a scalar then 

u = k n 

K n-k n = Q 

or 

( 4 j ^ 

(4.5) 

(46) 

(4.7) 

+ 
+ 

(4.8) 

-jEjt)f7== 0 

where E is the unit matrix. And fully expanded: 

4- (AT,, - /r) 

TTiis is a hcmiogenoous systein oflbiear eqiiadoiis. IFbr a ncm-tnviaJ solulion thecietemUiiant 

of the coemcient matnx has to be zero which leads to the following characteristic equation. 

0 

0 

0 

' ^ + I j k — I^ = 0 
( 4 j ^ 

with the invariants 
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( 4 . . 0 ) 

4 - - ^ - f I 

7] == ATcArxy/r,, 2jK,yjK^jC„ -

TTie roots of the ctuwacterLstic eqixuioii (Ar = ,) are the eigemmlues ()fthis hcsmogemeous 

system cdFlmeaf expiatKins. In the (xise of symrnetric tenscwrs ;iH ()fF<ky,oruU terms tMaoome 

zero; hence the eigenvalues correspond to principal permeability (Duschek and Hochrainer 

1948). The eigenvectors (n,, ng) of this system determine the directions of the principal 

axes. The eigenvectors are obtamed by solving the following set of equations (e.g. for k = 

and n,^ = [n,x, niy , niz]): 

rt -i- V ^ ^ _ 
( 4 J ^ ) 

and 

0% =̂ - + + f = " l . = 0 

+ + = 0 

+ ^yz^ly + = 0 

(4UU) 

Tills (%m be solved fcir the three corrqaonaik cdFthe eigem/ector Qii). IFoiu-expiations are nexxied 

because n]x, njy, n^ are mutually dependent. Routines from software libraries (e.g. NAG) are 

available which determine the eigenvalues and eigenvectors efficiently and reliably. 

4.2.2 Principal permeability in two dimensions 

In two dimensions the homogeneous system of linear equations can be written as 

= 0 ( 4 ^ 3 ) 

with the characteristic equation: 

t ' - / . t + / , = 0 ( 4 J 4 , 

and the invariants 

^ (4.15 ) 

"ThLe eigem/ahies (zuid 11%; principal pemKxibikty, jr == jT, :) aw-e cdbt&uied by solving die 

characteristic equation ( 4.14 ). In two dimensions an explicit solution of the characteristic 

equation is possible. 
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The direction of the principal permeabilities is determined by the eigenvectors (as in ( 4.11 ) 

and ( 4.12 )). The angle which is enclosed by the first eigenvector and the x-axis is given by: 

2(p = tan -1 (4 .17 ) 

with Kxx ^yy- There is a second possible solution with cpi — (p + jtlT. because tan^ is only 

unique in an interval of ± 7d2. It can also be shown (e.g. Mohr's circle) that the principal 

values are the maximum and minimum permeabilities (see e.g. Gere and Timoshenko 1987). 

4.3 Tensor rotation 

As outlined in section 4.1 tensors can be rotated from one coordinate system to another. This 

is utilised to relate the experimental results obtained in different coordinate systems (e.g. 

channel flow experiments). The rotation matrix in equation (4 .1 ) is defined as follows: 

A a . ( 4 J ^ ) 

where are the direction cosines (see e.g. Borg 1963 or Zienkiewicz and Taylor 1991). For 

example means the cosine of the angle between the x ' - axis and the x-axis. Performing 

the multiplication in equation ( 4 . 1 ) results in the following K' matrix tensor components: 

^zz - ^xx'^z'x '^'^^xy^z'y^z'x + K+2K^„X^,X,, +K„?l. 

( 4 . 1 9 ) 

In the following three chapters the tensor rotation will be employed to determine the principal 

permeability and its orientation. 
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5. Channel flow permeability measurement 

5.1 Principal permeability for anisotropic materials in two 

dimensions 

5.1.1 Measurement of permeability 

In order to determine the full permeability tensor in two dimensions three experiments have to 

be caiTied out to measure die du-asimkiKmoKjC,, jC, aiul TTiere are a rKumLl)er()fi)ossi1)le 

experimental configurations. Figure 5.1 shows a schematic of the channel flow experiment and 

Its boundary conditions. 

P = 0 

X 

Figure 5.1 One dimensional permeability measurement 

The channel flow experiments can be divided into two broad categories: constant flow rate and 

constant inlet pressure channel flow experiments. For both categories a new experimental 

configuration is suggested (equations ( 5.5 ) and ( 5.8 )). 

Constant flow rate 

Details on how to calculate permeability from constant flow rate experiments can be found in 

e.g. Gauvm (1986); 

K. ( 5 1 ) 

I^orescpeTUTientSTvlKxcthe fk)w front w motiry;, ay in eqiudjoTi( 5 .1 ) iscdiaryprysTwith Ibme as 

well as jP,. In a rnore geneiid caae, permeabilky cawi be (ietermuied fhoni ]]ressure 

measurements at two points ;C] and as follows: 
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f . _ f O k ( 5 . 2 ) 
-4. ( f , - - P j 

If X2 is the flow front ay and Xi is set to zero (inlet) then equation ( 5 2 ) becomes equation (5.1 

) a g a r Cwhh a ? o pMswuc at the fknv AonO. vkxAher opdon vvmUd b e t a neasm? d e 

pressure at a point m the mould rather than the inlet as in equation ( 5.1 ). If ^2 is the position 

of the pressure transducer then the equation ( 5.2 ) can be written as: 

( 5 . 3 ) 

A 

The flow front position ay can be replaced by an equivalent expression from mass continuity: 

- 4 ) = (<L4 ) 

where A is the time to reach the position X2, e is the porosity while t denotes the time of the 

currerA flow froiA pcasdion. Soh/uig e(piatk)n ( 5.4 ) for i/zmd sidbstihrdiig a into ecruation ( 

5.3 ) yields after rearranging the final expression: 

&::= - '2) ( 5.5 ) 

Constant inlet pressure 

For constant inlet pressure experiments permeability can be calculated from (e.g. Gebart 

(1992)): 

= ( 5 . 6 ) 

2 A f / 

The pressure drop between inlet and flow front (AP) remains constant throughout the 

experiment. It is conceivable to measure the pressure drop instead between inlet and flow front 

between inlet arid aiiother fixed point the niould (saiy %,). TTie firessure disfribudori in a 

channel flow mould is given by: 

jP(jc)== ( 5 .7) 

Solving equation ( 5.7 ) for x/(with = P{xi) and x^ = 0) and substituting into ( 5.6 ) yields 

permeability in terms of the pressure measured at two points: 

K = JUS _ - jp, J 

2 A f t 

(&8) 
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5.1.2 Determining principal permeability 

To determine which permeability tensor component is measured with the channel flow test it is 

necessary to examine the equation for general flow in three dimensions (equation ( 4.2 )) 

which is repeated below: 

0 (solid wall) 

V. = V. = 

= -
Ky. 

= -
d z 

V. = -
^3 ; 

K.. 

d z 

( 5 9 ) 

' 0 (thin mould) 

In channel flow experiments the gap height is usually very small compared with the width and 

height of mould (see Table 5.8). It is therefore a reasonable assumption to ignore the flow and 

pressure gradient in the z-direction. Due to the solid side walls no flow is possible in the y-

direction hence Vy = 0. As proposed by Pamas and Salem (1993) equation ( 5.9 ) can be 

rearranged to yield the effective permeability, i.e. the permeability which is actually measured 

in the experiment. 

And from = 0 it follows 

(5 .10 ) 

( 5 J ^ ) 

and finally: 

A'.. 
K ( 5 J ^ ) 

Using the tensor rotation scheme it is possible to express the three tensor components in terms 

of the principal permeability: 

( 5 J ^ ) 
'' A7; sin^ 97 + ^ 2 cos^ ^ 

By using the relationship between the second invariant and the principal permeability 

(equation ( 4.15 )) fbr the numerator in equation ( 5 .12 ) it was possible to derive a much 

more compact expression fbr the effective permeability than Pamas and Salem. To measure 

the two principal permeabilities and its orientation three experiments are required which have 
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to be conducted at different orientations. This is shown schematically in Figure 5.2. These 

experiments yield and respectively. 

Figure 5.2 Permeability measurement for channel flow 

In the following discussion is referred to as A;, as A}; and as A};;. Ay; and Ayy; 

are measured at 45 and 90 to the first measurement direction. This yields three different 

equations to determine the principal permeability. 

K, ^ 1 ^ 2 

AT, sin + AT; cos^ 

with (pi = (p{(p is the orientation of the principal axis) 

(5J4) 

Kn = ^ 1 ^ 2 

with (pu = (p - 45" 

K 

ATj sin^ + AT; cos^ cp^ 

^ 1 ^ 2 

(5J5) 

in 
AT] sin (pjjj + cos^ cp 

( 5 J ^ ) 

HI 

where cpm 0 - 9 0 . Equations ( 5.14 ) and ( 5.16 ) are used to define principal permeability 

as a function of the angle of rotation. Rearranging ( 5 . 1 4 ) yields; 

and ( 5.16): 

K KjKjCos^cpi 

' K^-Kj sin^ (pj 

K = ^ I" 

- Kiij cos (p jjj 

( 5 J ^ ) 

( 5 J ^ ) 
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The next step is to substitute ( 5.17 ) for ATi in equation ( 5.18 ). Rearranging and using sin(g? 

-90°) = -cos(f,) and cos(^ -90°) = sin(^ ) as well as (cos'^f, -sin''(p ) = (cos^f, -sin"(o ) yields: 

^ _ ^1^111 (cos^ (p-sin^ (j^ ( 5 1 9 ^ 

' Kjjj cos^ (p - Kj sin^ (p 

Substituting ( 5 . 1 8 ) for K2 in equation ( 5 . 1 7 ) and rearranging yields: 

K = ^ - sin^ ( 5 . 2 0 ) 

KJ COŜ  (p - KJJJ Slll^ ^ 

To simplify the two equations for K\ and K2 the average A and difference D is introduced: 

^ = and = ( 5 . 2 1 ) 

Therefore Ki^A+D while Kni= A-D. Substituting for Kj and Km in equation ( 5 . 1 9 ) yields 

(with (cos^(? -sin^^) = cos2^ ): 

j f , ( & 2 2 ) 
- D / c o s 2 ^ ) 

and in equation ( 5 . 2 0 ) 

( 5 . 2 3 ) 
+ Z) /cos2^) 

From equation ( 5.15 ) the angle (p is computed. Using sin^(^ -45°) = (l-siii2(p )/2 and cos^((g -

45°) = ( l+sin2^ )/2 equation ( 5 . 1 5 ) can be written as: 

A . . W 
= 1 ( 5 . 2 4 ) 

(1 - sin 2 ^ ) (1 + sin 2(5) 
1_.. 

J 2 I ^ 2 

Substituting for K\ and Kj and rearranging yields: 

f A - Dxmlcp 

Equation ( 5.25 ) can be solved for (oto obtain an explicit expression for the orientation of the 

principal permeability. 

(P = 1 t an - ' ( - - ( 5 . 2 6 ) 
2 j 

The permeability in the x,y plane is now fully defined. First the angle of orientation is 

calculated using equation ( 5.26 ). Then the principal permeabilities are computed using 

equations ( 5.22 ) and ( 5.23 ). For (o equal to zero equations ( 5.22 ) and ( 5.23 ) greatly 

simplify because the effective permeabilities Kj and Km become the principal permeabilities. 
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5.2 Comparison with published data 

Published results for effective permeability for different angles of orientation are limited. 

Pamas and Salem (1993) published results measured at four different angles. Unfortunately 

only two experiments where conducted at the same fibre volume fraction. Therefore these 

results were not suitable for validating the formulae. Gebart and Lidstrom (1996) conducted 

suTular exi)eruiK%its at 0°, -45° arui 90°, all iittlx; same fHbre volimie fraction. Tlie materials 

used were Injectex 21091, a highly anisotropic fabric, and Unifilo 812, a continuous filament 

mat. The measured effective permeabilities are repeated in Table 5.1. 

U 812 (moving flow front) U 812 (stationary flow front) Injectex 21091 

Kj 3.81x10'" 3.67x10'" 8.54x10'" 

Kn 3.98x10'" 3.85x10'" 8.00x10" 

Km 5.12x10'" 4.72x10'" 3.70x10" 

Table 5.1 Experimental results (Gebart and Lidstrom (1996)) 

Table 5.2 lists the principal permeabilities and its orientation as calculated by equations ( 5.22 

), ( 5.2J ) and ( 5.26 ). Gebart and Lidstrom propose to use the flow resistance tensor (the 

inverse of the permeability tensor) to calculate the principal permeability values. This method 

is equivalent to the method outlined in the previous section and yields identical results. There 

is good agreement between the orientations of the principal permeability for the two sets of U 

812 resiUts \%ith zi difference of less tluin 2° (see TTatde 5.2). IJiLRmhinately Cfebart zuid 

Lidstrom did not report any visual observations fi'om radial flow tests to confirm this rotation 

of the principal axis. The angle of orientation for the Injectex 21091 fabric is also quite good 

considering the degree of anisotropy (expected value of ^ = 0°). Small variations in Km (the 

smallest of the effective permeabilities) cause a noticeable change in the results. For example 

by increasing A};; from 3.70x10 '' to 3 . 8 0 x 1 0 t h e angle of orientation becomes (p = 2.82° 

while K\ — 9.01x10 and K2 = 3.79x10 The difference in the permeability values for U 

812 was attributed by Gebart and Lidstrom to the different flow mechanism (stationary and 

moving flow front). For all three sets of results the principal permeabilities are maximum or 

minimum values with the measured effective permeability laying in between them. Tliis is 

another confirmation that equations ( 5.22 ), ( 5.23 ) and ( 5.26 ) work successfully. 
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U 812 (moving flow front) U 812 (stationary flow front) Injectex 21091 

9 16.83° 15.05° 3.53 

K\ 3.71x10'" 3.61x10'" 9.32x10'" 
K2 5.30x10'" 4.83x10'" 3.69x10" 

Table 5.2 Principal permeability and orientation (equations ( 5.22 ), (5.23 ), (5 .26) ) 

In Table 5.3 the degree of anisotropy for the effective and principal permeability are 

compared. As the principal permeability is an extreme value, the degree of anisotropy is 

slightly less than the degree of anisotropy for effective permeability. 

U 812 (moving flow front) U 812 (stationary flow front) Injectex 21091 

0.70 0.75 25.29 

K-i / Km 0.74 0.78 23.08 

Table 5.3 Degree of anisotropy for effective and principal permeability 

To test the method further the principal permeability values and its orientation were used to 

recalculate liie effective permeabilhies using equation ( 5.13 ). The results iwresiiowm k. Table 

5.4. TThe (xdcuLakxl effecth/e peimeatwldies ;ire identical to ttie eaqperbneidally iiKxisured 

values in Table 5.1. Hence the method is reversible. 

angle of rotation U 812 (moving flow fr.) U 812 (stationary flow fr.) Injectex 21091 

3.71x10'" 3.61x10'" 9.32x10'^" 
(= A!;) 3.81x10'" 3.67x10'" ' 8.54x10'° 

- ^ 4 5 ° ( = A , ; ) 3.98x10'" 3.85x10'" 8.00x10" 

-(p+9Q (= Kju) 5.12x10'" 4.72x10'" 3.70x10" 
90° (=^2) 5.30x10'" 4.83x10'" 3.69x10" 

Table 5.4 Effective permeability calculated from principal permeability 

rhis exercise also slKrws the of the calculated aiyrk: p zuid piincipal piameadbUity. 

Because (g is not umque there are two possible orientations: p and (g + 90°. Due to the choice 

of the reference coordinate system for the experiments of the U 812 continuous filament mat 

A} is smaller than This results in being also smaller than It is clear from Table 5.4 

that a rotation of the reference coordinate system by an angle p will align the x-axis with the 
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direction of the smaller value of the principal permeabilities. An additional rotation of + 90° 

will align the reference coordinate system with the larger permeability value. The usual 

convention is that K\ is larger than K2. To achieve this, the calculated principal values have to 

be swapped with each other and the reference coordinate system has to be rotated hy q}+ 90° 

(see also section 6.6.3). This is not necessary for the principal permeability for Injectex 

21091. 

As already mentioned the expermiental results obtained by Pamas and Salem (1993) were not 

suitable for the new formulae developed here. The approach by Pamas and Salem uses 4 

experimental results to calculate principal permeability and its orientation by using an average 

degrees of anisotropy and angle of orientation. The results are repeated in Table 5.5. 

Fabric type V Set A SetB 

K, K2 Kx K2 

JPS 8-harness satin 115 3 78x10^8 4.67x10°^ 2.00x10-°^ 2 47x10^* 

CNF 8-harness satin 75 6.11x10"°^ 8.37x10-07 3.84x10-07 5.26x10-07 

CNF 5-harness satin 121 8.27x10-°^ 9.73x10-07 1.34x10-0* 1.58x10-0^ 

CNF Crowfoot 94 4.58x10°" 751x10^7 7.99x10^7 1.31x10-0* 

Table 5.5 Principal permeability and its orientation (Parnas and Salem 1993) 

Smce Pamas and Salem and the new approach use the same formulation for effective 

pemieabilit}' it is a good test of their accuracy if the effective permeability of the experiments 

can be expressed by the principal permeabilities. This is demonstrated successfully for the 

new approach m Table 5 .4 where calculated effective penneabilities are shown to be identical 

to the measured effective permeabilities. Table 5,6 and Table 5.7 show the results for both 

sets of experiments conducted by Pamas and Salem. 

Fabric type experimental results calculated effective permeability 

K - p ( = f r ) - p + 9 0 ° ( = f ° ) 

JPS 8-hamess satin 3.91x10^* 4.49x10-0* 4 48x10*8 3.91xlO-o: 

CNF 8-hamess satin 4.65x10-07 6 13x10^" 8T6xl047 6.22x10^7 

CNF 5-harness satin 1.39x10-0* 1.50x10-0* 929x10^7 8.61x10-07 

CNF Crowfoot 4 57x10^7 7.50x10-07 7.49x10-07 4.59x10-07 

Table 5.6 Effective permeability calculated from principal permeability ,Set A 
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Fabric type experimental results calculated effective permeability 

^45 -9'(= -^+90°(=^;'^) 

JPS 8-harness satin 2.04x10"°^ 2.40x10"°^ 2.37x10-"= 2.07x10-"= 

CNF 8-hamess satin 5.53x10°^ 4.74x10'^ 5.13x10-°" 3.91x10-"" 

CNF 5-harness satin 8.31x10-°^ 9.63x10"°^ 1.50x10-^ 1.39x10""^ 

CNF Crowfoot 1.02x10°^ 9.52x10"°^ 1.31x10-°^ 8.01x10-"" 

Table 5.7 Effective permeability calculated from principal permeability ,Set B 

In all but one case the experimental results differ from the calculated effective permeabilities. 

This seems to indicate that the mathematical procedure to calculate principal permeability by 

Pamas and Salem is not very accurate. Using equation ( 5.13 ) to recalculate the effective 

permeability is merely an inversion of the process of finding principal permeability. Pamas 

and Salem claim that by using all four results of the channel flow tests the accuracy will be 

improved - the contrary appears to be the case. 

Comparing principal permeability (Table 5.5) with the experimentally measured effective 

permeability (Table 5.6 and Table 5,7) shows that for the CNF 8 and CNF 5-harness satin the 

principal permeability is not always the maximum or minimum value. This is a contradiction 

of pruicypa] pejineadbility (see sacdoii 4.2.2). /Lkio the relation (]f the cakyulated awigle of 

orientation and the principal permeabilit)' value was not discussed by Pamas and Salem. 

IFurther uTvesty?atk)n revealed that some of the results ]3resented in I»arnas auid SzUein (1()93) 

were actually wrong (Pamas 1996). Pamas and Salem use an average orientation and degree 

of amsotropy to determine permeability from the two sets of results. Therefore a small 

discrepawicy isoqpected v/hen the prcKxxwis reversed (vMkhe<piatk)n ( 5 .13 )), which isimot an 

error of the method itself but caused by the averaging process. This is not a problem with the 

new method outlined here as three results are used to determine the two principal permeability 

and its orientation. However to determine permeability at two fibre volume fraction six 

experiments are required while Pamas and Salem only need four experiments. This is a 

considerable saving for larger experimental programmes. Table 5.2 and Table 5.3 demonstrate 

(for U812) that the assumption of using a constant orientation and degree of anisotropy is 

quite reasonable. 
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ISome of the results 1)y Pamias and iSalem (TTable 5 .5, (ZffF Clrowfbot (Set /l)) were used try 

Woerdeman et al. (1995) to compare elective permeability calculated by equation ( 5 .13 ) and 

atwo-dimeiKKCHiainotv simulatkm. Iiit)oth cases the effectryeiperrneaibihty tvas apiaroximately 

1x10 °̂ . It is surprising that the elective permeabihty is larger than the principal permeability 

(7.3l:KlO°7). y\ckbtioruUly it is nc* piossible ik) reprodluce the value for effectiT/e]pernieatH&il)f. 

IJsmg (sqiuaion ( 5.13 ), TAdikdi is iderdicaJ to (squadiori 9a used b]/ \V()erdemaa et al , :in 

effective permeability of 5,69x10"°' was calculated (using Ki = 4.58x10"°' K j = 7.51x10"°' and 

f)=45' ') . 

5.3 Principal permeability for anisotropic materials in three 

dimensions 

In some cases dieliurd principal permeabilAy, AT,, isreqtiiured. Tlbisis usiiaUyrneaunired using 

the through-the-thickness permeability test. Woerdeman et al. (1995) proposed a scheme wi± 

which the principal permeability can be computed even if the principal coordinates are tilted 

out-of-plane. To do this Woerdeman et al. use a series of channel flow tests (four in-plane, one 

through the thickness and one out-of-plane). The proposed effective permeability includes, m 

contrast to equation (5 ,10) , also the term with the pressure gradient in z-direction: 

As a next step Woerdeman et al. express the effective permeability in terms of the principal 

permeabilit) which leads to six very complex equations. In the discussion here the problem 

will be broken down mto two steps. Firstly the six permeability tensor components need to be 

detennined experimentally which are then resolved for principal permeability and its 

orientation (using the eigenvalue theorem in section 4,2.1), This separation into two steps 

makes it easier to understand the proposed method as the mathematics are less complex while 

the underlying assumptions remain unchanged. Using the boundary conditions of Vy = =0 the 

ratios of the pressure gradients in equation ( 5,27 ) are replaced by tensor components as 

shown in section 5.1,2. 

( 5 . 2 8 ) 

The following discussion focuses on the orientation of the channel flow experiments and the 

formulation of effective permeability. 
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5.3.1 Orientation of channel flow experiments 

The first channel flow experiment is conducted in an arbitrary coordinate system. If another 

experiment is carried out in the chosen frame of reference but rotated about an axis (by an 

angle Q, say about the z-axis, then the components of the second effective permeability are 

related to the first permeability measurement as follows (using equations ( 4 . 1 9 ) on page 45): 

cos^ ^ + 2 ^ ^ sin ^ c o s ^ + sin^ ^ ^ g 2 9 ) 

+ ^ ) s i n ^ c o s , ^ + A : ^ ^ c o s ^ , ^ - s m ^ ^ ^ 

^'yy ~ ^xx ^-IK^ s i n ^ c o s ^ + AT^ cos^ ^ 

s i n ^ + ^ ^ c o s ^ 

Equations ( 5.28 ) and ( 5.29 ) demonstrate that all six tensor component are determined in the 

experiments. It also shows that the whole permeability tensor can be determined by six in-

pkuK meaaw?nKm%can^doutat(%gen%A of rotdkm about ome ads. Fkmceitis 

possible to simplify the experimental procedure suggested by Woerdeman et al.. The two out-

of-plane experiments can actually be replaced by two additional in-plane experiments which 

are much easier to perform than the two out-of-plane experiments. This is however only 

possible if the experimental coordinate system is not aligned with the principal axes. 

5.3.2 Effective permeability 

Another point worth discussing is the formulation of the effective permeability. Equation ( 

5.27 ) assumes three-dimensional flow in the channel flow mould which seems to be in 

contrast with the actual geometry of a channel flow mould. Table 5.8 shows t^^ical 

dimensions of channel flow moulds. In most cases the thickness is very small compared with 

the width and length of the mould. As a result the flow in the z-direction becomes negligible 

and the equation for effective permeability (( 5.27 )) reduces to the two-dimensional version of 

it, equation ( 5.10 ). 
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Dimensions of mould cavity [mm] Reference 

length width thickness 

930 130 12 Diallo et al. (1995) 

870 145 4.3 Gauvin et al. (1994) 

2000 200 3 Gebart (1992) 

800 200 3 Gebart and Lidstrom (1996) 

150 150 3-12 Pamas and Salem (1993) 

500 180 ~2 Trevino et al. (1991) 

Table 5.8 List of typical mould dimensions 

The porous media used for permeability measurement are made up of thin layers of fabrics or 

fibre mats. By stacking a number of layers of the same material, symmetry is introduced into 

the porous medium. As a consequence two principal axes are in-plane while the third is 

normal to the plane. The components of the effective in-plane permeability are related to the 

principal permeability as follows (again rotation about the z-axis, (p is the angle between the 

measurement direction and the principal direction): 

cos^ (p + K^ sin^ cp 

Kyy = ATj sin^ cp + K^ cos^ (p 

Equation ( 5.30 ) shows that the Kŷ  and Kxz terms are not determined by the experiment. 

Furthermore if this result is substituted back into equation ( 5 . 2 8 ) it reduces to equation ( 

5 1 2 ) o r ( 5 ] 3 y 

(5 .30 ) 

A third consideration is the magnitude of the permeability terms. The through-thickness 

permeability is usually considerably smaller than the in-plane permeabilities. As a 

consequence Kŷ  and Kxz are smaller than Kxy . A common method in engineering is to simplify 

problems by linearising them - higher order terms are neglected. Because Kyz and are 

smaller than it is conceivable to ignore quadratic terms of and in equation ( 5.28 ). 

This reduces equation ( 5.28 ) to the two-dimensional form of effective permeability (equation 

(5 .12)) . 
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Effective permeability for the above scenarios (thin mould, principal coordinates are in-plane 

and K^z is very small) depends only on K\, and (p. Conducting more than three in-plane 

experiments will not yield any further permeability information. Therefore in addition to three 

in-plane experiments three out-of-plane experiments are required to determine the full 

permeability tensor. This can be achieved by rotating the measurement direction about the x-

and j-axes. Of the three out-of plane experiments one is through the thickness. The remaining 

two out-of-plane experiments are impossible to perform as it requires stacking thin stripes of 

fabric or mat at an angle (preferably 45°) in the mould cavity. 

In this section a number of arguments have been presented that suggest that a two-dimensional 

formulation of effective permeability is the most appropriate approach for channel flow 

permeability measurement. Therefore if three-dimensional permeability is required the 

following procedure seems to be the only solution. The in-plane permeabilities AT, and A:? and 

the orientation (p are measured with channel flow experiments. K-^ is determined in a through-

thickness experiment. Hence a total of 4 experiments will be required to determine the 

permeability tensor. 
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6. Radial flow permeability measurement - constant inlet 

pressure 

6.1 Introduction 

(DrKxiKnaisionaJ clKmnel fk)wik%as ineausure effecth/e perrneailaiHties which a^e them resolved 

for the principal permeability and its orientation. In two- and three-dimensional radial flow 

tests the principal permeability is determined directly from experimental measurements. This 

is because the closed form solutions are only available for isotropic and quasi-isotropic 

problems. 

Radial flow tests are commonly distinguished by their inlet condition which can be either 

(xmstara fk)w rate ()r cxxistant ]]ressuje. Di t)oth (xises lite iiuidiernatica] flmrnikidcKi to 

describe the flow in the porous medium is Darcy'slaw (in polar coordinates): 

off 
V — ( 6 . 1 ) 

jj. dr 

where v is the flow velocity, A: is the isotropic pemieability, // is the viscosity and is the 

pressure gradient. The solution of equation ( 6.1 ) relates the flow front position, pressure, 

viscosity, flow rate and porositj' to permeability. The solution will vary according to the 

process conditions (constant flow rate or constant inlet pressure) and the variables which are 

recorded during the experiment (flow front or pressure). In this chapter constant inlet pressure 

experiments where the flow front is measured will be discussed. Other experimental 

configuration such as constant flow rate experiments will studied in chapter 7. 

For constant inlet pressure, the pressure distribution has to be determined which is the solution 

of the Laplace equation in polar coordinates. Upon substituting the new pressure distribution 

into equation ( 6.1 ) the equation is integrated subject to the boundary conditions s dr^ldt — v 

at the flow front and ? = 0 at / / = : 

^ = ( / - ; [ 2 1 n ( r , / r , ) - l ] + . „ ^ ) i ^ ( 6 . 2 ) 

where g is the porosity, / is the time from the start of the injection to when a specified point in 

the cavity is reached and /yand /-« are the radius of the flow front and inlet. Af is the difference 

betA\een the pressure at the flow front 7^ and the inlet pressure The pressure at the flow 
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front is usually set to zero hence AF is equal to the pressure applied at the inlet Po. The radius 

r IS related to the x, y coordinates as follows: 

7- = ^%^ ( 6 3 ) 

Equation ( 6.2 ) is the permeability model for radial flow tests for isotropic materials at 

constant inlet pressure (in two dimensions). The derivation of this equation has been published 

before, see for example Adams et al. (1988). The derivation for three-dimensional flow is 

explained in section 7.4. 

The aim of this chapter is to propose a new approach to permeability calculation for constant 

inlet pressure radial flow experiments. After briefly discussing isotropic permeability the new 

approach will be extended to anisotropic materials (section 6.3). First formulae will be 

developed to model permeability for flow front measurements taken along the principal axes 

(section 6 .4). In section 6 .5 this will be extended to measurements in an arbitrary' direction by 

introducing a third measurement axis. After that the uniqueness of the measured results will be 

discussed in section 6.6. Radial flow tests are commonly conducted with circular inlet. The 

effect of the circular inlet on the calculated permeability values will be explained in section 

6.7. In section 6.8 the effect of varying the process parameters and inlet diameter will be 

discussed. This is followed by a comparison of published results with results obtained by the 

new approach using the same experimental data (section 6.9). 

6,2 Isotropic permeability 

The equation to calculate permeability from a constant pressure experiment has been derived 

in the previous section (equation ( 6.2 )). The flow front radius /yis measured as a function of 

time during the experiment while the other parameters are kept constant. Having measured the 

flow front radius it is then possible to plot the term in the round brackets versus time t. The 

gradient of the straight line is F„o\ 

+ ( 6 . 4 ) 
F 

ISO ^ 

Permeability is obtained by multiplying Fî o with the viscosity, porosity and the pressure: 

The viscosity, porosity and inlet pressure are assumed to be constant throughout the 

experiment as well as the permeability. As a consequence the gradient Fiso is constant for all 

flow front positions. In other words a straight line fitted through the individual points will go 
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through the origin. This will become important when experimental results are analysed later in 

the thesis. 

6,3 Anisotropy 

So far only flow in isotropic porous materials has been considered. However for many fabrics 

commonly used in RTM an elliptical flow front is observed. As a consequence the second 

order partial differential equation of the pressure distribution is no longer Laplaces equation 

However it is still possible to obtain an approximate solution. This can be achieved by 

transforming the physical domain into a quasi-isotropic system by applying the following 

transformation (Adams et al. 1988, Chan and Hwang 1991): 

2̂ 

or 

X ~ X Xfa ; y = y J— with a - ^ ^ 
V a ATj 

The quasi-isotropic permeability is defined as 

= ( 6 . 9 ) 

and the radius in the quasi-isotropic system: 

r = -Jx^ +y^ ( 6 . 1 0 ) 

The governing equation for the quasi-isotropic system is: 

t 0 ( 6-11) 

It is important to point out that these transformations introduce errors into the solution the 

consequences of which will be discussed in section 6.7. 

6.4 Anisotropic permeability measurement in the principal direction 

6.4.1 Derivation of permeability model 

In the radial flow test with constant inlet pressure the radius of the advancing flow front is 

measured as function of time. A closed form solution for the isotropic permeability has been 

derived in section 6.1. The task of determining the permeabilit} becomes more difRcult when 
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the fabric or mat is not isotropic. In section 6.3 the system was transformed into a quasi-

isotropic system yielding an expression equivalent to equation ( 6.2 ): 

K' = fr/ 2\n{rf/ro^-\ 
f 4 AP 

( 6 J ^ ) 

where r is related to the x and y coordinates by 

KJ 

% 
+ 5 . 

( 6 J 3 ) 

The radius r has become a quite complex expression, depending on four variables {Ki, K2, x, 

y). There are however two preferred orientations where ( 6.13 ) simplifies significantly - for 

either x or y equal to zero. This is along one of the principal axes. Ki is obtained by evaluating 

equation ( 6.12 ) at j equal zero i.e. for flow front measurements taken along the 1-axis. 

1 /us 
( 6 J ^ ) 

r 4 A P 

where Xf is the flow front radius and Xg is the inlet radius. For convenience the following 

constants are introduced: 

N, 

and 

and finally 

c 
4 A f 

( 6 J ^ ) 

( 6 J ^ ) 

( & 1 7 ) 

The next step is to plot the flow front radii versus time t. A regression line is fitted through the 

data points to obtain the slope and Ki can then be determined. 

Ki IS obtained in the same way as Ki by setting % equal to zero. 

Again the following constants are introduced: 

^ , / / = [2 l n (y / 

and 

F, 
N III 

in 

( 6 J ^ ) 

( & 1 9 ) 

(6J0) 

( & 2 1 ) 



and finally K j is defined: 

- Fjjj C 
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( & 2 2 ) 

C is the same as before. In the next section the application of these equations is explains. Both 

equation ( 6.18 ) and equation ( 6.22 ) demonstrate again that the straight line fitted to Nj and 

Njjj versus time has a constant gradient. Furthermore both lines go through the origin - hence 

there is no intercept. 

6.4.2 Use of new f o r m u l a e - example 1 

Example 1 will be used to explain the use of equations ( 6.14 ) and ( 6.19 ). To be able to 

derive the flow front positions for this example analytically a simplified geometry was used. 

All flow front ellipses have the same aspect ratio (including the inlet): 

2 

flow front of test case 

quasi-isotropic system 

inlet port 

1 '' 
1 

Figure 6.1 Idealised case with elliptical inlet 

First the flow front position will be derived. The next step is to apply equations ( 6.14 ) and ( 

6.19 ) to the derived flow front data. 

Derivation offlow front position 

The quasi-isotropic system and the elliptical flow front are linked by equation ( 6.13 ). If this 

equation is evaluated aty or x equal to zero the following expression is obtained: 

r -a ( & 2 3 ) 
A; -

where a is the major axis of the flow front ellipse and b is the minor axis of the ellipse. 

Furthermore the fluid mass has to be conserved in the transformation: 



64 

r Tthp = obT&ip ( 6.24 ) 

where r is the radius of the quasi-isotropic system, h is the height of the cavity and p is the 

— 2 

densit}' of the fluid. If r in equation ( 6.24 ) is substituted for by one of the two expression 

to the right in equation ( 6.23 ), then after squaring both sides the following equation is 

obtained: 

a 
5 
K. 

a (6.25 ) 

where a was defined in equation ( 6.8 ). Equation ( 6.25 ) shows the relationship of 

permeability and elliptical flow front extent. It is possible to define the flow front ellipse in 

terms of the radius of the quasi-isotropic system. This is done by substituting equation ( 6.24 ) 

for b in equation ( 6.25 ): 

a ( & 2 6 ) 

and if equation ( 6.24 ) is substituted for a in equation ( 6.25 ): 

b = r X[a ( & 2 7 ) 

Alternative!)' b can be defined in terms of a given major axis of the ellipse by eliminating r in 

equations ( 6.26 ) and ( 6.27 ): 

b = a 'Ja (6JW) 

The following values were used to calculate the major and minor axis of the flow front for 

example 1. The pressure drop AP is VOkPa, the porosity sis 0.48, the viscosity // is 0.1 Pa s, 

and the principal permeabilities are = 1.0x10"® m' and K2 = 5.0x10"'° m \ Table 6.1 shows 

the flow front positions which were calculated using equation ( 6.28 ). The time was obtained 

by solving equations ( 6.14 ), or ( 6.19 ) for time. 

0.5 0.5 0.5 0.5 

a or Xf [m] 0.050 OTOO 0 1 5 0 0.200 

b ox Vf [m] 0.035 0.071 0 106 0 141 

time [s] 101 6 37 17.43 34.93 

Table 6.1 Details of example 1 

The inlet radii for example 1 are as follows: a = 0.0095 and from equation ( 6.28 ) b = 

0.0067. 
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Measuring permeability using the new approach 

Figure 6.2 shows the plot of Nj and Nm versus time. All the values fit perfectly on a straight 

line. The gradient of the two lines is Fj or Fm respectively. Multiplying Fj and Fju with C 

yields the two principal permeabilities = 1.0x10'® m^ and K2 = 5,0x10"'° m^ These are the 

same as the permeabilities used to derive the example. 

N, 

0.3 

0 , 2 - -

0.2 

0 . 1 -

0 . 1 - -

0,0 

• *• - N J 

N ]jj 

4-

&0 ^3 100 15 0 2&0 

Time [s] 

25^ 300 354 

Figure 6.2 Plot of TV; and 7V/;y versus time to determine Fi and Fui (example 1) 

1 5 . 0 
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(2 

7.5 --
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2.5 --

a o 4 
0113 

+ + -f-
047 o i l a n 0 15 

Flow front radius [m] 

• • - K ] 

• • * 

0 17 019 021 

Figure 6.3 Permeability as a function of flow front position (example 1) 
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It is also possible to calculate Fj and Fm for each flow front step individually. By multiplying 

Fi and Fm with C, permeability is obtained for each flow front position as shown in Figure 

6.3. All the values are the same as the initial values {K̂  = 1,0x10"® and K2 = 5.0x10"'° m^). 

6.5 Anisotropic permeability measurement in an arbitrary direction 

6,5.1 Derivation of permeability model for arbitrary measurement direction 

The model for principal permeability derived in the previous section is only applicable if the 

flow front measurements are taken along the principal axis. This is not always possible to 

achieve in an experiment. It is therefore desirable to come up with a model which would 

enable the calculation of the principal permeability regardless of the direction in which the 

flow front was measured. This would allow the use of a permanent experimental reference 

coordinate system. The problem arises out of the fact that the principal axes do not align with 

the reference axes (i). It seems natural to attempt a solution by rotating the coordinate system 

by an angle cp prior to the transformation of the domain to align it with the principal axes (li). 

(I) (ii) 

Figure 6.4 Rotation of coordinate system 

( 6 2 9 ) 

The axis are rotated according to (e.g. Borg (1963)): 

x ' = x c o s ^ + ySAVKp 

y'= -xsin^ + ycos(p 

where x',y' are the rotated coordinates and x, y the reference axis for the experiments. If the 

radii (r) measured along the three measurement axes are considered the expression simplifies 

to 



X' 

where 

r c o s p 

-r sin g) 
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( & 3 0 ) 

( 6 J 1 ) 

After this rotation it is possible to transform the shape of the domain and to obtain a solution 

in the quasi-isotropic system as before. 

2 

Figure 6.5 Transformation to quasi-isotropic system 

For the anisotropic case the governing equation reads as follows; 

Because permeability is assumed to be a symmetric tensor there is an angle for which the 

mixed permeability term in the above equation becomes zero. Using the tensor rotation scheme 

the angle of rotation was defined in section 4.2.2 (for not equal A^): 

ZAL. 
tan 2 ^ 

n n 
7 r with - — < 0 < — ( 6 J 3 ) 

The angle (p has to be limited as tan2(pis defined uniquely only in an interval of ± 45°. I f j ^ is 

equal to Kyy then cp is defined as: 

° ( 6.34 ) 

There are now three unknowTis which need to be determined in the flow experiments 

and cp) hence flow front measurements need to be taken in three directions. Using the same 
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transfbnnation law as before (( 6.7 ) and ( 6.9 )) but with the additional rotation as defined in 

equation ( 6.29 ) the quasi-isotropic permeability can now be written as: 

K' 
/^_,2 

r f / / r o I - 1 
_/2^ 

H-/" o 2 ( 6 J 5 ) 

The radius r is related to the x and y coordinates by 

,2 _ , 2 

r = ' y x +y 

or 

El 
K j 

.y r 2 

( & 3 6 ) 

( & 3 7 ) 

and fully expanded 

r = r 
r IK 

cos (p + 
-^1 

( & 3 8 ) 
sm (p 

Equation ( 6.38 ) is evaluated for the three measurement directions. They are denoted I, II and 

III. I means that}- equals zero, f o r / / x equals _y and f o r / / / x equals zero. Thus for direction / : 

f j - - j cos ^ + sin^ (p 
( 6 J 9 ) 

and 

0,1 • 
5 COS (p + ' 5 ' sin^ (p 

i 6.40 ) 

For direction / / the angle of rotation is (p -45°. The term for sin^ and cos^ can be written as: 

cos(^ - 4 5 ° j = - = ( c o s ^ + s i n ^ ) ( 6 .41 ) 
v 2 

sin^^ - 45° j cos(p + sin 

This yields the following expression (using 2sin(ocos^ = sin2^) 

and 

r o.ii = 

V,;/ 

' o . / / 

^ (1 + sin 2 ^ ) 
yK. 

+ (1 - sin 2 ^ ) 
( 6 . 4 2 ) 

AT, 
^ ^ (1 + sin 2 ^ ) + (1 - sin 2 ^ ) 

( 6 . 4 3 ) 
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For direction / / / the angle of rotation is q> -90° which yields the following terms: 

^ 5 ' 
v ^ i y 

sin (p + r A ' 
{6.44 ) 

cos (p 

and 

5 sm (p + 
I f z j 

( 6 4 5 ) 
cos (p 

By evaluating ( 6.35 ) for orientations L II and III and extracting the constant terms the three 

basic equations to determine the permeability can be set up: 

KJ 
cos q) + 

K ^ 
sin^ (p C 

(6.46 ) 

f 
2 ^ ^ (l + sin 2(5) +1 I (l - sin 2 ^ ) C 

J 

( 6 4 7 ) 

in 

% 
sm^ (p +1 — I cos^ (p C 

where C is 

C : 
4 A f 

F, equals (for / = /, 11. Ill) 

F. = 
N. 

( 6 . 4 8 ) 

( & 4 9 ) 

( 6.50) 

with 

and 

and 

+ r ( 6 . 5 1 ) 

( & 5 2 ) 

( 6 . 5 3 ) 

where x,;, . v,., and 17, , and Vo., are the coordinates of the flow front (/) and inlet (o) in the 

phy sical SN Stem. 
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Equating equations ( 6.46 ) and ( 6.48 ) and rearranging yields 

f 7—' 2 7—' « 2 ^ 
^/// COS ^ ~ Sin ^ ^ 5 . ^ (^ '^4 ) 

, Fj cos^ (p - Fji, sin^ (p) 

By substituting for K\/K2 in ( 6.46 ) and K2IK1 in ( 6.48 ) the principal permeabilities K\ and 

K2 can be written as a function of the angle cp: 

(cos" ^ sin" ^ ) c ( 6 . 5 5 ) 

Kj - Fjjj (cos" (p + B sin^ ( 6.56 ) 

To make the resulting equations more compact the following terms are introduced. The 

average v4 

^ = ( 6 . 5 7 ) 

and the difference D 

D - ^ 
2 

£, = E l ( 6.58 ) 

Rearranging ( 6.57 ) and ( 6.58 ) yields F\- A + D and Fm- A - D. Substituting for Fi and 

Fm in equation ( 6.54 ) and introducing cos"^ - sin"^ = coslcp yields 

2 = / 4 c o s 2 ^ - D 

Acos2(p + D 

Substituting equation ( 6.59 ) for B in equation ( 6.55 ) and rearranging yields: 

j r = F r : (( i .60) 
' ' ( ^ - D / c o s 2 ^ ) 

while substituting equation ( 6.59 ) for 5 in equation ( 6.56 ) and rearranging yields 

" ' ' ' ( . 4 + D / c o s 2 ^ ) 

To find the angle of rotation equation ( 6.47 ) is divided by K ' 

^ [( l + sin2(p) ^ ( l - s i n 2 ^ ) l 

Substituting equations ( 6.60 ) and (6.61 ) for AT, and K2 in equation ( 6.62 ) and rearranging 

yields 

M - D t a n 2 ( g ] ( 6 3 3 ) 

' 4 J 

Solving equation ( 6.63 ) for ^ yields 



(p = —tan ' 
2 D 
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( 6 . 6 4 ) 

Equations (6 .60) , ( 6 . 6 1 ) and ( 6.64 ) define the permeability in two-dimensions. 

6.5.2 Use of new formulae - example 2 

The aim of this section is to demonstrate the use of equations ( 6.60 ), ( 6.61 ) and ( 6.64 ). 

Derivation of example 2 

For this example flow front measurements are made at an arbitrary angle. Therefore points on 

the circumference of the flow front ellipse need to be determined at an arbitrary angle. The 

equation of an ellipse is: 

For a point on the circumference of the ellipse the y coordinate can be expressed by 

>' = X tan ^ 

Substituting equation ( 6.66 ) for>' in equation ( 6.65 ) and rearranging yields 

X •= 
1 

i 
^ ^ I tan^ (f^ 

( 6 . 6 5 ) 

(6.66 ) 

( 6 .67 ) 

\a y 

Rearranging equation ( 6.65 ) yields 

= - x / ? T (6.68 ) 
a 

Equations ( 6.67 ) and ( 6.68 ) where used to calculate the coordinates of the flow front points 

for different angles of orientation. The same major and minor axes as used in example 1 

(Table 6.1) were used. For a rotation of ^=15° the following flow front radii were calculated: 

time [s] 1.01 6.37 17.43 34.93 

radius in /-direction 0.048 0.097 0,145 0,194 

radius in //-direction 0.038 0.076 0.113 0.151 

radius in ///-direction 0.036 0.072 0.108 0,144 

Table 6.2 Details of example 2 

The inlet radii are as follows: roj - 0.0092, r ĵi = 0.0072 and /"oj;; = 0.0068 



72 

Discussion 

The equations of permeability model (equations ( 6.60 ), ( 6.61 )and ( 6.64 )) were applied to 

the test case derived above. First the Fj, Fu and Fm are calculated as the gradient of Ni, Njj 

and Nju plotted versus time (Figure 6.6). Next 4̂ and Z) are determined using equations ( 6.57 

) and ( 6.58 ). Finally K] and K2 as well as cp are calculated from equations ( 6.60 ), ( 6.61 ) 

and ( 6.64 ). The following values were obtained: - 1.0x10 ® m^ Kj = 5.0x10"'° m^ and (p = 

-15°. These are the values for which the example was derived. Again permeability can be 

calculated for individual flow front positions. This time one point on each axis is required to 

calculate (the two) principal permeability values. Figure 6.7 shows a plot of AT, 2 versus time. 

For an arbitrary measurement direction it is more appropriate to plot the principal 

permeability as a function of time rather than flow front as the principal axes are not usually 

aligned with the measurement axes. In chapter 11 this method will be applied to experimental 

data where it is important to know how permeability changes with time (if at all). Therefore 

Figure 6.7 will also be called convergence graph (as suggested by Ferland et al. 1996). 

0.2 -r 

0 . 1 8 - -

0 . 1 6 - -

0.14 --

0 . 1 2 - -

i.n.m 

0 . 0 6 - -

0.04 --

0 . 0 2 - -

Tmie [s] 

Figure 6.6 Plot of Nu Nu and Nm versus time to determine Fj, Fjj and Fw 
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Figure 6.7 Principal permeability as function of time (convergence graph) 

6.6 Uniqueness of the solution 

In this section the interpretation of the calculated permeability will be discussed. A very 

important question is how the principal permeabilities are related to the calculated angle of 

orientation. For the purpose of this investigation the equation for the principal permeability (( 

6.60 )) was divided into three distinct terms: 

W - 4 ^ 

Permeability value 

F, 
(^A- D/cos2(p) 

( & 6 9 ) 

"Process term 

Material term' ^Rotation term 

The process term contains all the process parameters which can be set independently of the 

material tested (viscosity, porosity, pressure). The material term is specific for the mat or 

fabric used and its lay-up sequence as it contains the information about the flow front shape 

and Its time dependence. And finally the rotation term, which is non-dimensional and is equal 

to unity if the measurements are taken in the direction of the principal axis. The rotation term 

multiplied with the material term fiilly characterises the permeability of a reinforcement 

material. The equation for AT; (( 6.61 )) can be characterized in the same way. 

As mentioned in section 6.5.1 the results are only unique in an interval of ± 45° between the 

measurement direction and the principal axes. First the behaviour in the interval of ± 45° will 
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be investigated. The next step is to rotate the measurement direction beyond the ± 45° limit. 

The examples to illustrate the following discussion were all based on example 1. The 

measurement coordinate system {I.II,III) was rotated by an measurement angle {(j) = 0 

means that the coordinate system is aligned with the principal axes). The flow front positions 

were then determined as outlined in example 2 for (j),(f)^ 45° and (j) + 90° to obtain , r^n and 

rfjji. The inlet radii were obtained in the same way. 

6.6.1 Uniqueness of solution for angles of orientation of less than ± 45° 

Figure 6.8 shows the variation o f f } , Fu and Fju with the measurement angle. Figure 6.9 is a 

plot of the rotation terms for and Kj. Figure 6.10 shows the product of the rotation terms 

and Fj and Fm which is independent of the measurement angle. To obtain the principal 

permeabilities the results in Figure 6.10 need to be multiplied with the process term C which 

in this example is 1 714x10^ - 1.0x10"' m^, K2 = 5.0x10"'° m^). 

T 0.006 

0.005 

- + -

.1F.Q,0&3. 

- - 0 . 0 0 2 

0.00] 

e m o — I 1 1- H 
45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 

Measurement angle 

Figure 6.8 Variation o f f } , Fu and Fm for different measurement angles 
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Figure 6.9 Variation of rotation terms 
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Figure 6.10 Product of rotation terms and Fj and Fi HI 



76 

calculated angle 
of orientation 

Measurement angle 

-10 -15 -20 -25 -30 -35 -40 -45 

Figure 6.11 Calculated angle of orientation 

Figure 6.11 is a plot of the calculated angle of orientation (equation ( 6 . 6 4 ) ) as a function of 

the measurement angle. This calculated angle is the angle by which the measurement 

coordinate system has to be rotated to align it with the principal axes. The measurement angle 

was measured as a rotation away from the principal axes. As it can be seen from Figure 6.11 

the calculated angle of orientation reverses this rotation, hence the method predicts the 

orientation of the principal axes accurately. Furthermore there is a unique solution for each 

measurement direction. In section 6.6.2 it will be investigated what happens if the 

measurement coordinate system is rotated by more than ±45°. 

6.6.2 Uniqueness of solution for arbitrary measurement directions 

In this section the measurement coordinate system is rotated by ± 180°. Figure 6.12 shows a 

periodic variation of F;, Fu and Fm with the measurement angle. The graph shows that at ±90° 

takes on the same value as at 0° and becomes (at 0°). At ±180° and return 

to their original values (at 0°). 
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Figure 6.12 Variation of f} , Fn and Fm with measurement angle 

Figure 6.13 is a plot of the rotation term. It illustrates clearly why in the derivation of the 

rotation term (( 6.33 )) a limit of ±45° had been specified. At ±45° (and at ±135°) the value of 

the rotation term suddenly changes. This is reflected in the calculated angle of orientation in 

Figure 6.14. 

- 0.6 

Rotation term {K,) 

••£>•• Rotati on term {K 2) 

45 0 

Measurement angle 

Figure 6.13 Variation of rotation term with measurement angle 
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calculated angle of 
orientation 

5 /90 -1*5 yl80 

Measurement angle 

Figure 6.14 Calculated angle of orientation of principal axes 

Figure 6.15 is a plot of the product of the rotation terms and Fj and Fm (which if multiplied 

with C IS equal to the principal permeability) versus the measurement angle. It shows that 

where the step changes of the angle of orientation occurred (Figure 6.14) the principal 

permeability values change as well. There are four intervals (-135° to -45°, ±45°, +45° to 

+ 135°, 135° to -135°) where the permeability values are constant. In addition in each of those 

four intervals the calculated orientation of the principal axes is unique (see Figure 6.14). 
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Figure 6.15 Product of rotation term and Fj and Fm for different measurement angles 
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6.6.3 Interpretation of results - example 3 

To illustrate the periodic changes of permeability, principal permeability is calculated for two 

measurement angles: = 15° and 75°. The Grst case is the same as example 2 in section 6.5.2 

{K] = 1.0x10 ® m^, Ki = 5.0x10 m^ and cp = -15°). For a rotation by 75° the following values 

were obtained (in the same way as example 2): A'l = 5.0x10"'° m^, K j = 1.0x10"' m ' and ^ = 

15 . As expected the two different measurement orientations yield different values for K\ and 

Kj and (p. 

To determine how the permeability values are related to the angle of orientation a further step 

is required. It will be shown in section 8.2 that the effective permeability which is measured 

along each axis in the radial flow test can be expressed in terms of the principal permeability: 

K ( 6.70) 
AT; c o s ^ ^ 

The effective permeability measured along an axis in radial flow is * C with z = 

1.11. III. Using the calculated principal permeability values effective permeabilities can be 

calculated for five different angles of ^ along the principal axes (0° and 90°) and along the 

experimental axes (-% - ^ 4 5 ° and -(ZH-90°). Table 6.3 and Table 6.4 list the effective 

permeabilities for examples 2 and 3. 

angle of rotation 0° (^,) 15° (^:) 60° (Ay;) 90° (ATz) 105° (A;;;) 

A7«̂  1.0x10"^ 9.37x10"'° 5.71x10'° 5.0x10"'° 5.17x10'° 

Table 6.3 Effective permeabilities for example 2 

angle of rotation -15° ( ^ ) 0° (7 ,̂) 30° (A;;) 75°(;^;;;) 90° (^2) 

5.17x10"'° 5.0x10'° 5.71x10"'° 9.37x10"'° 1.0x10"^ 

Table 6.4 Effective permeabilities for example 3 

The results m Table 6.3 are visualised m Figure 6.16. Kj is larger than K,u. Furthermore is 

larger than Ki. Hence a rotation by 15° will the align the x-axis with the (principal) 1-axis. In 

example 3 (Table 6.4) Km is larger than Kj and Ki is larger than K\. As shown in Figure 6.17 

the calculated angle of rotation is also measured between the x-axis and the 1-axis. The usual 

convention is that is larger than ATo. To achieve this the A:, has to be renamed AT? and AT? 

becomes K] . With this new orientation the angle of rotation is now measured between the 2-

axis and the x-axis (see Figure 6.18). 
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Figure 6.16 Example 2 Figure 6.17 Example 3 

Figure 6.18 Example 3 - modified coordinate system 

In summary' it can be said that if the principal permeability K\ is larger than Kj then (p is 

measured between the 1-axis and the r-axis. If on the other hand K\ is smaller than Kj then K\ 

needs to be renamed K2, while K2 becomes K\. The angle (p is measured between the x-axis 

and the (new) 2-axis. 

6.7 Circular inlet 

The scaling process to obtain a solution for anisotropic materials required an elliptical inlet in 

the physical domain (section 6.3). This boundary condition is violated in practical experiments 

where circular inlets are commonly used. The first step is to see whether variations or errors in 

the inlet diameter are important. Then a modification of the inlet shape is suggested for flow 

front measurements taken in the principal direction. This is followed by a discussion of effects 
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of the inlet modification and finally the concept is extended to arbitrary measurement 

directions. 

6.7.1 Influence of inlet diameter 

To investigate the influence of the inlet diameter, the nominator N of the material term Fi was 

more closely inspected as it is the only term of the permeability equation which contains the 

inlet diameter: 

The following inlet radii were used in this investigation: 

3̂ & 
K, 

( & 7 1 ) 

( & 7 2 ) 

To demonstrate the influence of anisotropy N was plotted for three degrees of anisotropy 

{KolK] — a — 3/4, 1/2, 1/10) and Vo — 8mm, The results are shown in Figure 6.19. A 

significant variation of N for the different inlet radii can be observed. 

N 

r-i , a = 1/2 

• • 1 , a = 3/4 

0 . 8 - -

, « = 1/2 
0 , 6 - -

0,4 --

005 015 0? CU5 

Flow front length [m] 
0.35 

Figure 6.19 Nominator N versus flow front length 
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0 3 5 0.4 

For Figure 6.20 the same results as in Figure 6.19 were used (but only the lower half because 

of the symmetry of Figure 6.19). This time the relative differences between the original radius 

I'o and the scaled radius are shown. Figure 6.20 clearly shows that the largest differences in 

the results of equation (6.71 ) are found close to the inlet. Further away these differences are 

less significant. 

6.7.2 Mod i f i ca t ion of inlet shape 

The investigation in the previous section demonstrated the significance of the inlet radius. In 

scaling operation to convert the flow front to the quasi-isotropic system the circular inlet is 

shortened in the x-direction while in the j^-direction it is stretched (Figure 6.21). This produces 

an elliptical inlet in the quasi-isotropic system rather then the required circular inlet. As a 

result the inlet is too short in the x-direction resulting in higher permeability values while in 

the y-direction the inlet is too long resulting in an underestimation of permeability. 
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Circular inlet port: Elliptical inlet port; 

shape of inlet — j 

quasi-isotropic system 

Figure 6.21 Transformation of inlet port shape 

osnodj 

o,v[iodjn 

T\);ichieve a cinailarirdetinthe qwis^jsotropic systenilieidiysicai inlacUarneter has to be 

stretched m the %-direction prior to the scaling operation by the inverse of the scaling factor. 

'o,mod;/ 0̂ 1/ 
V a 

The diameter in the_)/-direction is shortened by the inverse of the scaling factor: 

(&,73) 

o,mod;/// ' q "S! iX ( 6 . 7 4 ) 

As showTi in Figure 6.21 this produces the desired elliptical inlet in the quasi-isotropic system. 

To calculate permeabilit)' it is now necessary to measure a independently to be able to 

calculate permeability. This is usually done by plotting flow &ont measured in j^-direction 

versus flow front measured m ;c-direction. The square of the gradient of the best fit hne is <%. It 

IS not always possible however to measure the flow front in and ;,-direction at the same 

instance in time, which is necessary to plot the flow front measurements. Therefore an 

alternative approach is to use equation ( 6.8 ) which defined (z as the ratio of the two principal 

permeabilities. From equations ( 6.60 ) and ( 6.61 ) c, can be written as a function of the 

measured flow front: 

a 
F, III 
F, 

( 6 . 7 5 ) 

The correct value for or is found by an iterative approach. Firstly ^ and 7 ;̂; are calculated 

usmg the modified mlet radii (( 6.73 ), ( 6.74 )) with a set to 1. The guessed value for a is 

then reduced until it matches the value for a as calculated by ( 6.75 ). 
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6.7.3 Flow front measurements along the principal axes - example 4 

For the case when the inlet is circular it is not possible to derive the progression of the flow 

front analytically. Therefore a flow simulation program was written to determine the flow 

front position as a function of time. It is a two-dimensional flow finite difference program 

which uses the flow analysis network and fill factors to trace the position of the flow front 

(Tadmor, Broyer and Gutfinger 1974 and Young et al. 1991). The resulting system of linear 

ecpiatkans was solvexliisuig lOie S()R niediod (ICiacaid et al. 19132). It mms uutialkfiiAeiided to 

be a general purpose flow program hence the square mesh used is not ideally suited for 

modelling the flow in a radial flow mould. In particular the inlet presented problems. 

Furthermore some of the boundary conditions used in the program were only first order 

accurate. Figure 6.22 compares the numerical solution with the analytical solution for 

isotropic flow. 
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Figure 6.22 Comparison of analytical and numerical solution (r^ = 28mm) 

In Figure 6.22 the initial radius is 28mm. Close to the inlet the agreement is not very good. It 

soon however becomes quite close and towards the end the time predicted by the flow 

simulation is slightly too short in comparison with the analytical solution. For the large inlet 

radius in Figure 6.22 the flow front prediction was considered to be acceptable after about one 

inlet radius away fi-om the inlet (difference is less than 5%). For smaller inlet radii this 

distance was slightly larger. For example for = 8mm the predictions were acceptable for 

flow front positions larger than 40mm. Generally speaking the program is not very accurate. 
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However as the results are used to compare different options this is acceptable since only 

relative differences are of interest. 

The results of the various runs are listed in Appendix B. The results from the flow simulation 

are used to investigate the effect of the circular inlet on the calculated permeability . For the 

following example run 2 was used (With the following details: Ki = 4,0x10"® m \ K j = 2.0x10 ® 

Vo = 8mm, = 70 kPa, s = 0.48, // = 0.1 Pa s). 

Figure 6 .23 shows the plot ofjy/a^as a function of the flow front position. It can be seen that 

the flow front ratio very quickly approaches the square root of the degree of anisotropy (here 

= 0.707) and remains constant at this value. This means the flow front has become 

independent of the inlet shape. It behaves like the idealised problem with elliptical inlet. It is 

therefore permissible to modify the shape of the inlet as suggested in the previous section. 

0008 0.058 0.108 0.]58 0.208 0.258 

Flow front length [m] 

0J08 0 358 (1408 

Figure 6.23 Ratio of v/versus Xf 
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Figui e 6.24 Permeability calculated with circular and elliptical inlet (run 2) 

Figure 6.24 shows permeability calculated with the circular inlet and the modified elliptical 

mlet. Both were calculated in the same way as outlined in section 6.4.2. For the elliptical inlet, 

equation ( 6.73 ) was used instead of to determine and equation ( 6.74 ) to find 

Initiall}' « is set to 1 for equations ( 6.73 ) and ( 6.74 ). Next the ratio of Fm and F, is 

calculated using ( 6.75 ). For a circular inlet ( a = 1) the value for /iT] is larger than the real 

value and is smaller than the real value (see Figure 6.24) hence « is underestimated. Usmg 

an Iterative procedure (e.g. the j-o/vg,- in Microsoft Excel) the guessed value for « is reduced 

until It matches the value for a as calculated by ( 6.75 ). 

The permeability values are different for the two inlet conditions. The results with circular 

mlet bracket' the elliptical results. AT] is larger for the circular inlet while with the circular 

inlet is too small. The results with the elliptical inlet agree very well with the permeability 

values for which the flow front positions were computed. These results confirm the 

observation that the correct choice of inlet diameter is crucial. They also show that in order to 

obtain a mathematically correct solution the physical inlet boundary needs to be modified. 

This IS, as Figure 6.23 has shown, acceptable since the flow front becomes independent of 

inlet shape. 
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6.7.4 W h a t are the effects of scaling the inlet? 

In the previous section it was confirmed that the inlet needs to be modified to calculate 

permeability accurately. This assures that for flow front measurements further away from the 

irdet the residts bexxxme niore acxairate. Bid wfuitliapixais close totlx: iadet? lugpire 6.25 is a 

schematic diagram to illustrate the transient behaviour of the flow front due to the circular 

iidet slK)vmiji]7yyure 6.23 the inidaily circular fknv froid: veary quicldh/lxscoines elliptical 

The aspect ratio of this flow front is determined by the degree of anisotropy of the material. 

Figure 6.25 compares the real mould geometry (circular inlet) with the idealised case which is 

used to calculate permeability for fully developed flow. 

Ideal case with elliptical inlet port 

I,,,,',,,") Inlet port 

Real mould geometry with circular inlet 

Figure 6.25 Influence of circular inlet port on flow front shape 

Initially the flow front in the x-direction is too short in comparison with the ideal flow case 

tvlule in tlie j^direction A is tow long (see Î igrure 6.25). TThis czm 1,6 illiistrated with am 

example. Using the same input data as for run 2 of the computer simulation (see Appendix B) 

the equivalent idealised problem (with elliptical inlet port) can be calculated in the same way 

as for example 1 (see section 6.4.2). The circular inlet of run 2 is converted to the elliptical 

port using equations ( 6.73 ) and ( 6.74 ) (o = 0.0095 m, 6 = 0.0067 m). The results are listed 

in Table 6.5. 



ay [m] 0.050 0 100 0 150 &200 

yf [m] 0CG5 0 071 0 106 0.141 

time [s] 0 25 159 4 36 8 73 

Table 6.5 Flow front for anisotropic flow (elliptical inlet) 

To estimate the initial flow front it was assumed that initially the flow behaves like flow in an 

isotropic material which quickly develops into fully anisotropic flow with an elliptical flow 

front shape (see Figure 6.25). The isotropic permeabilities were taken to be the principal 

permeabilities K\ and K2 of the anisotropic material. Table 6.6 lists the flow front steps of the 

two isotropic systems (in x and j-direction) using the same time steps as in Table 6.5. 

îsotropic [m] &048 0.097 0 145 0 195 

.̂ isotropic [iri] 0CK7 0.073 0.110 0146 

time [s] &25 1.59 4 36 8 73 

Table 6.6 Flow front for isotropic flow in x and v-direction (using same the time steps as 

in Table 6.5) 

Table 6 .7 shows the results for the flow time of the two isotropic systems using the same flow 

front steps as in Table 6.5. 

[m] 0.050 0.100 0 150 0 200 

.̂v.isotropic [s] 0 2 9 174 4 69 9 32 

.Xr [m] 0.035 0.071 0 106 0 141 

(v,isotropic [s] 0 22 144 4 03 8 14 

Table 6.7 Flow time for isotropic flow in x and ^-direction (using the same flow front 

steps as in Table 6.5) 

Firstly it is interesting to note the way anisotropy changes the flow behaviour. Comparing 

Table 6.5 with Table 6.6 reveals that for the same time steps the flow front in x-direction of 

the isotropic system is lagging behind the anisotropic flow front even though both 

permeabilities are the same. The opposite is observed for flow in the ^/-direction where the 

isotropic flow front is leading the anisotropic flow front (again both having identical 

permeability values). This can be explained as follows. In the anisotropic case is smaller 
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than K]. Therefore the preferred flow direction is the x-direction which explains the lead over 

the isotropic flow front in the x-direction. Because most of the fluid is flowing into the x-

direction the flow front is slowed down in the ^/-direction - for this reason is the isotropic flow 

front leading the anisotropic flow front in the 3^-direction. 

In Figure 6.26 Nj and Nm are plotted versus time. It shows that despite the different flow front 

lengths , the isotropic permeability in x-direction and Kfy), the isotropic permeability in y-

direction, yield the same gradient and hence permeability value as AT, and K j (as expected). If 

on the other hand anisotropic permeability is calculated using the isotropic flow front steps 

(̂ isotropic) or flow times ('̂ x.isotropic) from Table 6.6 and Table 6.7 then Ni is for both cases lower 

than/V} (Obtained for jT,. TThe opi)osib:is tnie forJVSn. Ab? for w larger 

than Nni for Kfy) or K j . 

0.25 

0 . 2 0 -

0.15 

0.10 

0.05 --

0.00 

* i s o t r o p i c 

^ 1 " îsotropc 
^ 2 " yisotropic 

4 0 50 60 

Time [s] 

&0 100 

Figure 6.26 Ni and Nuj for isotropic and anisotropic flow 

It was assumed that very close to the inlet the flow front behaves like flow in an isotropic 

medium and then quickly changes to the elliptical shape of the anisotropic flow front. It can 

therefore be expected that when plotting TV/ and him versus time the points close to the inlet 

will not fit the regression line. For F; they should initially be slightly smaller while for Fm they 

should be slightly larger. However jV; and close to the inlet are very small which makes it 

quite difficult to observe any deviation from the straight line. It is much better to look at the 

convergence behaviour of the calculated peimeabilit)' values. Figure 6.24 and Figure 6.30 
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clearly show that K, is mitially too low while is too high before converging to the expected 

value thus confirming the explanation of the transient nature of the flow front. 

6.7.5 Arbitrary measurement direction 

Ixarim arbitmry msasurememt dkrectkm some duuiges haii/e %) Ibe introchiced to the coiwzqpts 

oirdmed mliieimrvious sectwons. Iliedliggree ofimiaotnjpy (calcuiaitedftcHn ( 6.75 ))l%is1otK; 

mocLfied to tike into acccmnt the fact tiua die awces are not align*; widi the principal 

chrections. Using eciuationa ( 6.8 ), ( 6 60 ) ancl ( 6 61 ) acxm be tvritten as a furictuxi of die 

measured flow front: 

( & 7 6 ) 
= ( ^ + ^ / c o s 2 ( p ) 

AT, W - D ) 

( a - £ ) / cos2^) 

and after some rearranging 

A - Z) /cos20 
* = j rw (<^77) 

A + D/cos2<p 

For ^ equal to zero the above equation is the same as ( 6.75 ). The correct value for a and ^ 

IS found by an iterative approach. Firstly f } and f};; are calculated with a set to 1 and (p set to 

0. Then the ratio off};; and is calculated using ( 6.77 ) while (p determined from ( 6.64 ). 

First (p IS set to the calculated angle cp . Then a is reduced until it matches the value for a as 

calculated by ( 6.77 ). After that (o is corrected again and then or. After this second iteration 

loop the two values usually have converged. 

The equations for the modified inlet need some modifications as vyell. The radius of the inlet 

ellipse is now required at an arbitrary angle. This was already derived for the example in 

section 6.5.2. Hence the modified inlet radius may now be defined as: 

'"o.mod;/ - V^o.mod;/ +>'o,mod;/ ( 6 . 7 8 ) 

I 

J ( 6.79 ) 
1 tan 

— + 

1*2 6% / 

where (4 = -(P , (4; = -(P +45° and = -(g +90°. (!) and (p have opposite signs because the 

radius of the mlet ellipse is measured from the m^or axis while (p is the angle by which the 
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measurement coordinate system has to be rotated towards the principal axes. yomoA-, is 

defined as: 

A mod;, = ( ^'^0 ) 

In both equations a and b are the major and minor axis of the flow front ellipse which are 

defined in the same way as ( 6.73 ) and ( 6.74 ): 

a = /-Q ( & 8 1 ) 

b-r^X[a ( 6 . 82 ) 

6.7.6 Arbitrary measurement direction - example 5 

To calculate permeability m an arbitrary direction the same procedure is followed as outlined 

in section 6.5.2. To find Fj, Fu and Fm the inlet radius is replaced with equation { 6.78 ). 

The additional steps which are required to determine principal permeability are as follows. 

First F/, F,i and Fm are calculated with a set to 1 and cp set to 0. Then the ratio of Fm and 

is determined from equation ( 6.77 ) and (p is calculated from equation ( 6.64 ). First (p is set 

to the calculated angle cp . Then cc is reduced until it matches the value for a as calculated by 

( 6.77 ). After that (p is corrected again and then again a . At this stage the two values of cp 

and cc should have converged to an accuracy of 10^. As before these iterations are 

conveniently performed on a spread sheet with the help of a numerical fitting procedure (e.g. 

Solve) in Microsoft Excel). If the material is very anisotropic it may be necessary to set ex to 

0 .5 or even 0.2 (or 2 or even 4) rather than 1 in order to help the convergence of the iterative 

solution. 

Figure 6.27 shows the principal permeability calculated for circular inlet and the modified 

elliptical inlet for run 2. The principal permeability was calculated for different measurement 

angles. The results for the modified inlet port are independent of orientation while the 

permeability for the circular port varies considerably with orientation. Figure 6.27 also shows 

that the principal permeability calculated with circular inlet is not symmetric about the 

principal axis (Measurement angle 0°). For example a measurement angle of +/-30° does not 

}iield identical permeability values. This can be explained by looking at the way the flow front 

is measured. Measurements are taken along two mutually orthogonal axes and a third axis 

which is at 45 between the two axes. For rotations of+/-30° identical flow front radii for the 

two orthogonal axes are obtained because the rotation takes place about the symmetry axes of 
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the ellipse. However for the middle axis the measurement angles are 75° and 15° for the two 

the calculated principal permeability varies for the two orientations. Figure 6.27 shows that 

d u s i s r w t a p n d d e m A,r pamiaAil i^ odcukaadvwdiaa d U p d e d u d a as the inlet radms w 

corrected automatically to take account of this effect. 
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Figure 6.27 Principal permeability for circular and elliptical inlet for different 

measurement angles (run 2) 

• (p -circular inlet 

o - (p - ellipical inlet 

f-
-150 ^20 ^ 0 -60 

45 

30 

•15 

-30 

-45 

30 

-15 - • 

-30 -

60 90\ 120 

Measurenient angle 
150 180 

Figure 6.28 Comparison of calculated angles of orientation for circular and elliptical inlet 
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Figure 6.28 shows the calculated angle of orientation for circular and elliptical inlets. The 

agreement is quite good hence the angle of orientation for the circular inlet is a very good 

initial estimate to find the orientation of the modified inlet ellipse. The agreement is best for 

angles close to ±45°, 

6.8 Other issues 

6.8.1 Variation of process parameters 

As explained in section 6.3 the scaling of the physical system to obtain the quasi-isotropic 

system involves only the degree of amsotropy. Variation in pressure or magnitude of 

permeability' do not influence the relative dimensions of the flow front. For example changing 

the permeabilit}' by a factor of ten results in an tenfold increase of the filling time for identical 

flow front positions (see for results Appendix B; run 1: A:, = 4.0x10'^, ^^2= 3.0x10'^ and run 6. 

K] = 4.0x10 '°, K j = 3.0x10"'° ). Increasing the injection pressure leads to a reduction of the 

filling time by the ratio of the pressures (run 2 = 70kPa, run 10 = 250kPa). To summarise the 

shape of the flow front is only dependent on the ratio of the two principal permeabilities. 

6.8.2 Relative size of circular inlet 

In this section the influence of varying the inlet diameter on principal permeability is studied. 

All other parameters are kept constant (ATi = 4.0x10'^ m \ AT; = 2 .0x10'^ = 70 kPa, g = 

0.48, /y = 0.1 Pa s). For the following discussion the results of runs 14 to 16 of the flow 

simulation are utilised (run 14: = 8mm, run 15: = 16mm, run 16: Vo = 28mm; Appendix 

B). Figure 6.29 and Figure 6.30 show principal permeability calculated with circular and 

elliptical inlet. As before the results with the circular inlet do not agree ver)' well with the 

target values (Figure 6.29). In Figure 6.30 the effect of the increasing inlet diameter size can 

be observed. Ki is increasing initially while K2 is decreasing at the same time. This is caused 

by the circular inlet as discussed in section 6.7.4. Once the flow front has frilly developed 

permeabilit} becomes constant. Figure 6.30 also shows that the larger the inlet diameter the 

longer it takes for permeability to settle. In Figure 6.31 the same permeability results as in 

Figure 6.30 are plotted against time. This figure seems to indicate that the relative flow 

behaviour of the flow front is not effected by the size of the inlet. Permeability takes about the 

same time for all three diameters to reach its steady state value. 
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Figure 6.29 Permeability calculated with circular inlet (runs 14 to 16) 
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Figure 6.30 Permeability calculated with elliptical inlet (runs 14 to 16) 
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Figure 6.31 Permeability calculated with elliptical inlet versus time (runs 14 to 16) 

6.8.3 Size of mould 

In a recent paper by Gauvin et al. (1996) results for radial flow experiments carried out with 

different inlet diameters are reported. The results are repeated in Figure 6.32. Permeability 

was measured with three different inlet diameters: 13, 25 and 50 mm. 
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K 2 (Chan and Hwang 1991) 
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Inlet diameter [m] 

Figure 6.32 Permeability as a function of the inlet diameter (Gauvin et al. 1996) 
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It appears that Gauvin et al. used a sample size of less than 300x300mm. Therefore an inlet 

diameter of 50mm is about one sixth of the sample size. As Figure 6.32 demonstrates there is 

a large variation of permeability for the different inlet diameters. To study the effect of 

varying inlet diameter in a small mould the flow simulation results obtained for runs 14 to 16 

were re-examined. The results were used for flow front radii of up to 165mm length. First of 

all the convergence behaviour of the ratio of the flow front radii was looked at. Figure 6.33 

shows that the larger the inlet radius the longer it takes for the flow front to converge to a 

steady state value. In fact for run 16 (/"o = 28mm) the flow front is only converging beyond the 

Imiit of 165mm. 
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Figure 6.33 Convergence of the ratio of v/versus Ay (runs 14 to 16) 

In Figure 6.34 permeability calculated with Chan and Hwangs method (as used by Gauvin et 

al. 1996) is compared with the new approach with elliptical inlet. Chan and Hwang uses a 

circular inlet to calculate K^. K\ is therefore offset from the target value. K2 is found by 

multiplying with the degree of anisotropy which in turn is obtained from plotting jy versus 

Xf. It can be seen from Figure 6.34 that is almost constant while K2 is increasing with 

increasing inlet diameter. The larger the inlet diameter the less anisotropic the flow becomes 

(at a fixed point of measurement) hence the difference between K\ and K2 is reducing. As 

shown in Figure 6.33 the flow front is not fully developed yet - the ratio of the flow front radii 

in X and j'-direction is still changing. The same effect can be observed for the new approach. 
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Here both K\ and K2 are decreasing and increasing respectively. This is due to the fact that 

both permeability values depend on the degree of anisotropy. (K\ and K2 were calculated only 

from flow front points which already had converged or had almost reached a steady state 

value). 
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Figure 6.34 Permeability for short experiments, Xf̂ „ax = 165mm (runs 14 to 16) 

The results obtained from Chan and Hwang's method in Figure 6,34 are in complete contrast 

to the results reported by Gauvin et al. (repeated in Figure 6.32). Small discrepancies arise 

due to the fact that the numerical input values are not identical (e.g. inlet radii). The main 

problem however is that the general trends are disagreeing. There is some indication that the 

experimental results might be suspect. Firstly the permeability values are decreasing with 

increasing inlet diameter. In addition the difference between Ki and K j is increasing. This 

means that the flow is becoming more anisotropic the larger the inlet diameter becomes! This 

is a contradiction of the (experimentally and numerically) observed flow pattern where the 

flow front becomes less anisotropic with increasing inlet diameter and constant observation 

point (for example in Figure 6.33). A possible explanation of the experimental results could be 

that the mould deflected during injection. Gebart and Lidstrom (1996) showed that deflection 

of the radial flow mould can have a noticeable impact on the measured permeability values. 

The mould used by Gauvin et al. has a cavity thickness of only 2.36mm while the transparent 

top plate was 25mm thick (half the thickness of the top plate used by Gebart and Lidstrom !). 

Therefore more experimental work is required to confirm the results of the numerical stud) 
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carried out in this section as the experimental results by Gauvin et al. seem to be effected by 

mould deflection. 

6.9 Comparison with published results 

Some experimental data for radial flow has been published in the literature. Table 6.8 and 

Table 6.9 compare the results published by Adams et al. 1988 and Chan and Hwang 1991 

with results obtained by applying equations ( 6 . 1 4 ) and ( 6 . 1 9 ) to the published experimental 

data. One set of results is calculated using the circular inlet while for the elliptical inlet the 

radius was modified according to equations ( 6,73 ) and ( 6.74 ). The experimental data 

published by Chan and Hwang is based on Adams 1988 but with added points (by 

interpolating) as the algorithm by Chan and Hwang requires the knowledge of the flow front 

positions in the x and ^/-direction for each time step. The published columns in Table 6.8 and 

Table 6.9 refer to the values in the respective papers while actual is the recalculated values 

using the published experimental details. Surprisingly they do not always agree. 

For both sets of data the results for the elliptical inlet are "bracketed" by the results for 

circular inlet. Table 6.8 shows that the agreement between the results published by Adam et 

al. and equations ( 6.14 ) and ( 6.19 ) is very good for the elliptical inlet. Furthermore the 

results calculated with the elliptical inlet are very similar for both sets of data (see Table 6.8 

and Table 6.9). Table 6.9 shows that K\ calculated by Chan and Hwang is identical to K\ 

obtained by equations ( 6.14 ) with circular inlet. K2 is calculated by Chan and Hwang by 

multiplying A', with the degree of anisotropy. Therefore K2 by Chan and Hwang is larger than 

K2 with the circular inlet. 

published actual circular inlet elliptical inlet 

K, 5.19x10'^° 5.39x10'° 5.15x10'° 

K2 3.88x10'^° 3.74x10'° 3.91x10'° 

Table 6.8 Comparison with published data (Adams, Russel and Rebenfeld 1988) 

published actual circular inlet elliptical inlet 

K, 5.34x10-'° 5 34x10'° 5.09x10'° 

K2 4.01x10'° 3.67x10'° 3.86x10'° 

Table 6.9 Comparison with published data (Chan and Hwang 1991) 
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In summary it can be said that the method by Adams et al. (1988) is taking account of the 

shape of the inlet. Hence there is excellent agreement with the results obtained with equations ( 

6.14 ) and ( 6.19 ) for the elliptical inlet. Chan and Hwang (1991) do not modify' the inlet. 

Therefore the agreement between permeability obtained with Chan and Hwangs method and 

permeability for the other two methods is not very good. 

6.10 Summary 

A new approach to permeability calculation for radial flow tests with constant inlet pressure 

was developed. With flow front measurements taken in three directions it is possible to 

calculate the principal permeability and its orientation. Problems associated with the inlet 

boundary condition have been discussed. In order to obtain a mathematically correct solution 

for principal permeability and its orientation the inlet is modified (made elliptical). To show 

that the permeability is converging to a constant value it is possible with the new approach to 

plot the principal permeability as a function of time or position for each flow front 

measurement. It was also shown how the calculated angle of orientation is related to the 

principal permeabilities. Furthermore it was shown that the inlet diameter can have a 

noticeable effect on the results if the mould is small. Finally a comparison with published data 

showed good agreement with other methods. 
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7. Radial flow permeability measurement - other test 

configurations 

7.1 Introduction 

In this chapter permeability measurement for other radial flow tests will be discussed. The 

first case is for constant inlet pressure where the pressure drop between the inlet and a point in 

the mould is measured. Then permeability models for constant flow rate will be derived. There 

are three different test configurations: measurement of flow front, measurement of pressure 

drop and measurement of pressure at a point. Finally a permeability model for three-

dimensional radial flow will be developed. 

7.2 Constant inlet pressure - measure pressure drop 

7.2.1 Isotropic permeability 

If the flow front radius /yis kept constant in equation ( 6.2 ) on page 59 (now called r,), then 

the pressure drop measured between the inlet and the fixed radial position will change with 

time (because the inlet pressure is constant). For isotropic flow the pressure distribution in the 

mould can be written as (see e.g. Adams et al. 1986): 

( 7 . 1 ) 

A/) 

Assuming Pf is atmospheric and can be set to zero, r is equal to r, and P{r) is equal to 

In l / l / ' r f ) ( 7 . 2 ) 

rearranging yields 

^ ^ ^ ) ( 7,3 ) 

and finally 

/y = exp 
^ ( "^4) 

Substituting for /yin equation ( 6.2 ) yields the permeability model for measuring the pressure 

difference for isotropic radial flow with constant inlet pressure: 
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K = exp 2 In 

f r 

exp 
V 

- 1 + r 
1 /us 

7 4 Af 

( 7 . 5 ) 

From equation ( 7 5 ) the permeability is obtained from the measured pressure history at a 

point with radius and the constant inlet pressure Po-

7.2.2 Anisotropic permeability 

For anisotropic permeability the same approach as in section 6.5.1 is adopted. Only the flow 

front radius is replaced with an equivalent expression which includes pressure measurement at 

a point. The radius for the quasi-isotropic system is equation ( 6.38 ) on page 68. For the 

general anisotropic case with an arbitrary measurement direction the pressure at a the radius 

r 1 can be expressed by (equivalent to equation ( 7.2 )): 

Inl^r 1,,/r ( 7 j ^ 

In /- o,,/ r 

with 1 = L II and III as defined in section 6.5.1 (Figure 6.4). For / equal to / the pressure ; 

can be expressed as 

^iv = a 
( 7 J 1 

Rearranging yields the flow front radius 

/y y = exp 
( 7 j ) 

For / = to / / t he following expression for the flow front radius can be derived: 

1,7/ 

( 7 j ^ 

and for / = to III. 

^f.in " Gxp 
-̂ o ^^(^1,///) P\jii^^{[ojn ) ( 7.10) 
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It is now possible to define Nj, Nn and Njn by substituting for in equation (6.51 ) on page 

69. 

= exp Ink.mod.,) 

r f 

exp 

2 In 

o,ino4̂  
o.mod,; 

where i - L II and III 
( 7 J U ) 

The inlet radius /'o.mod., was defined in section 6.7.5. The radius of the pressure measurement 

location is defined as: 

n,/ = ( T U 2 ) 

The radius is assumed to be in ± e region of fiilly developed flow. The principal 

permeabilit) and its orientation can now be determined from pressure measurements made on 

the three axes / , / / , / / /and the constant inlet pressure. The procedure is the same as outlined m 

section 6.7.6. The only difFerence is ±at TVi in section 6.5.1 (equation ( 6.51 )) is substituted 

for by equation (7.11 ). 

7.3 Constant flow rate 

Instead of conduction experiments with an constant inlet pressure it is also possible to set a 

constzuit now rate. TTiis (:haru;es die niatheinaitical fbrmuJation (flow) piroblem ajid its 

solution slyghtly. rixsn: auns liunx: tvayfs to cdbtain ]permeat»lity. B;y iTusisufing (i) t ie 

progression of ± e flow front, (ii) the pressure drop along a radius and (iii) ± e pressure at a 

pomt. All three approaches will be discussed in this section for both isotropic and anisotropic 

flow. 

7.3.1 I so t rop ic pe rmeab i l i ty 

By multiplying Darcy's law for radial flow (equation ( 6 . 1 ) , page 59) with the area normal to 

the flow the basic equation for constant flow rate is set up 

For radial flow the area is equal to 2 ;r A f thus 

dr K 
Q— = dP 2nh 

r // 

Integrating yields 

(7.13) 

( 7.14) 
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gln(/-) = -—2;zAf + E (715) 

The integration constant E is determined for P = Pf si r = r/. 

K 
E = Q\n{rj-^ + —Inh (7.16) 

Substituting for £ in ( 7.15 ) yields: 

= - f) ( 7.17 ) 

For ^ ^ fo ^ d P = Po isotropic permeability for constant flow rate can be modelled as follows: 

_ C?// 1 :4} / / r . ) ( 7.18 ) 

2%rA (/;, - JPr) 

Measurement offlow front 

Assuming zero pressure at the flow front equation ( 7 1 8 ) becomes 

^ 0/̂  !"('•/A.) (7.19) 

From continuity considerations an equivalent expression for the flow rate Q can be found: 

= (f/ ( 7.20 ) 

Setting to to zero and //to t yields 

(rf - fj'}? Ayr ( 7.21) 

t 

Substitute for Q\ 

jr _ f /J ̂ 3̂  - / f p ) (7.22) 

2 

Measurement of pressure drop 

To measure the pressure drop across two points, /-o and /y in equation ( 7.18 ) are set to /-] and 

respectively while and f y are set to f i and f z (the pressures at the two radii r, and f;) 

,̂ 2 3 ) 

Note that the pressure difference f , - P2 is constant throughout the experiment which will be 

shown below. The radial pressure distribution can be written as (see section 7.2.1): 

Inlfy/rf) ( 7 . 2 4 ) 



and with atmospheric pressure at the flow front 

f = P 
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( 7 j 5 ) 

The pressure at r equal to r, is Pi 

(7.26) 

while at r equal to 7-2 the pressure is P2 

_ n ( 7 j ^ ) 

The pressure difference P\ - P2 can now be written as 

p.p-p^AntA-p^ikitA (7 28) 

and after rearranging 

p-p - p '"(''1/':) ( 7.29 ) 

By rearranging equation ( 7.18 ) Po can be expressed in terms of the inlet and flow front 

radius: 

( WO ) 

Substitute for Po m equation {129) 

I n k A?) 
f , - ; ) = C l n ( r / / r , ) : (7J1) 

and after some rearranging 

^ = -C'lnkAz) ( 7.32 ) 

As all the terms in equation (132) are constant it follows that the pressure difference Pi - P2 

is also constant. 

Measurement of pressure at a point 

If the pressure is measured at a point which is located at ;-2 then in equation ( 7.18 ) is equal 

to /-] and Po equal to P2. Again the pressure at the flow front is assumed to be atmospheric 

_ (7J3) 
K = 

2nh 
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The flow front radius r/is replaced by an equivalent expression by rearranging ( 7.20 ) . 

where ?2 is the time the flow front took to reach the radius ^2. Equation ( 7.33 ) can now be 

written as: 

\ 

In +^'2' Az 
(7J5) 

K 
Qju VV / 

2nh Pj 

and after rearranging: 

(7J6) 

iTih 

7.3.2 Anisotropic permeability measurement in the principal direction 

Anisotropy 

So far only isotropic flow cases have been considered. However many fabrics commonly used 

in RTM are anisotropic. As a consequence the flow is no longer just a function of the radius 

but also of its orientation. Hence the equations presented in section 7.3.1 are no longer valid. 

However it is still possible to obtain an approximate solution by transforming the physical 

domain into a quasi-isotropic system as shown in section 6.3. This allows to formulate the 

basic equation for anisotropic permeability which is very similar to equation ( 7.18 ). 

( 7 . 3 7 ) 

2nh[p^-p;) 

where To and/' / were defined section 6.3. This transformation is only valid if the pressure and 

flow front measurements are carried out in the principal coordinate system 1,2. 

Measurement offlow front 

With f y equal to zero equation ( 7.37 ) can be written as: 

(7.38) 
K' 

iTih P„ 

In the quasi-isotropic system equation ( 7.21 ) becomes 

(/-/ -rl ]7r he ( 7.39 ) 
0 = ^̂  
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Substituting for Q in ( 7.38 ) yields 

^ ( 7.40) 

" 2 f j P 

As ui section 6.4,1 vo andA'/has two preferred orientations where vo and/"/ greatly simplify. 

If equation ( 7.40 ) is evaluated for y equal to zero i.e. for measurements taken along the 1-

axis then it is possible to write an explicit expression for K]. 

__ f /jCp) ( 7.41) 

' 2 

Similarly for x equal to zero i.e. measurements taken along the 2-axis ATz may be obtained: 

^ /jy,) ( 7.42 ) 
: 2 

Measurement of pressure drop 

As in the isotropic case and r / in equation ( 7.37 ) are set to and r 2 and Po and P/are 

set to f , and Pi. 

^ Qn ( 7.43 ) 

Inh (P.-P,) 

Since O does not contain any directional information it needs to be replaced by an equivalent 

expression in terms of the flow front radii. 

0(^2 - A) = K 2 ( 7 . 4 4 ) 

where t\ and /? are the time the flow front took to reach the radial positions T\ and V2 

respectively. This leads to the following basic equation: 

1-2 - 2 

s ( 7 . 4 5 ) 

2 -- f , ) 

Evaluating equation ( 7.45 ) for two pressure measurements at Xj and X; along the 1-axis (y = 

0) yields the principal permeability Ki: 

J, _ e fi(A-Xt)\n(x^lXj) (7.46) 

' 2 ('2-<M-P^) 

For X equal to zero K2 is obtained: 

f , _ e ( 7 . 4 7 ) 

2 ( ' i - h l p , - p , ) 
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Measurement of pressure at a point 

The equation for measurement of pressure at a point ( 7.36 ) reads for the quasi-isotropic as 

follows: 

l l n 
2 

+ 1 
nhsr 

( 7 ^ 8 ) 

2 y 

2nh P. 

To obtain directional information, Q in the first fraction of equation ( 7.48 ) is replaced by an 

equivalent expression as in the previous section (equation ( 7.44 ) with ^ = 0 and r i = Vo): 

K 

2 -2 \ —In 
r z - r , 2 

+ 1 
nhsr 

(%49) 

2 y 

t. P. '2 

Evaluating the previous equation along the 1-axis yields 

K. 

' i - f 11 

1 J 

( 7.50) 

and along the 2-axis: 

K. 

A 

, i j + 1 

2 J 
(7^1) 

P. ^ ' 2 

It can be seen that equations ( 7.50 ) and ( 7.51 ) are mutually dependent and therefore do not 

define the principal permeabilities uniquely. This can be overcome by introducing the degree 

of anisotropy as a third condition. 

a 5 
K, 

Equations ( 7 50 ) and (7.51 ) can then be written as 

, ' i n f G ( ' 

(7^2) 

(7.53) 

P 

and 

K,= s/u 
In 

g ( ' - ' 2 ) (7.54) 

P 
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A solution for the principal permeabilities is obtained iteratively. First a value for ct is guessed 

(say 1). Then AT, and K2 are calculated using equations ( 7.53 ) and ( 7.54 ). With the results 

for K] and K2 a is obtained fi'om equation ( 7.52 ). With an iterative procedure the guessed 

value of oc is reduced until it matches the calculated value for cc obtained from equation (7.52 

). 

Alternatively it would be possible to use equations ( 7.48 ) and ( 7.52 ) to define principal 

permeability as follows: 

1 

K, 

In + 1 ( 7 ^ 5 ) 

2nh^[a A 

and: 

- I n + 1 
a y 

(7.56) 

P. 

The procedure to calculate principal permeability is identical to the one outlined above. 

7.3.3 Anisotropic permeability measurement in an arbitrary direction 

Tlie formulae to calculate principal permeability can be extended to arbitrary measurement 

directions as shown for constant inlet pressure in section 6.5. This is a geometrical problem 

where the ordy rneajnuTarKaatechjucpie qpeciGcternisanei:' andjG% and 7̂ %,. FcMrsimpluzity 

only the F/s for each measurement technique are listed in this section without detailed 

derivation (which is identical to section 6.5 and ). The process term C is the same for all three 

constant flow rate measurement techniques: 

8 
C (7.57) 

F, for the three measurement directions / — 1,11,111 is shown below. For measurement of the 

flow front F, is equal to 

F — /̂ o,mod:/) ( 7 . 5 8 ) 

' 

while for measurement of the pressure drop between two points : 

( 7.59 ) 

(^2,, - - A , , ) 

For the measurement of pressure at a point: 



(^2., 

F = 

Q{^i - 4 , , ) 

71 her. 2,i a c o s ^ ^ + . y i / a s i n ^ ( P 
- + 1 

109 

( 7 .60) 

Pl.i 

with r-i, 

and r-

''1, = (%61) 

( 7 ^ 2 ) 

for nieasiinanient()ftlK;i)ressufe cknap caii1)e determined eqpliciOjf. It is inipoitaiA h()v/ever 

tiuK the tvM) presswre rnexuiurenients are made in the fulLy develcqped regprni o f l l i e a o w (k)jget 

a constant pressure drop). Please note that in the equations ( 7.58 ) and ( 7.60 ) the modiHed 

inlet diameter /'o.mod., has been used with out proof. However it was demonstrated in section 

6.8.1 thait the shajoe ofliiej^otv front oniy ckgpenclscxn dieiTido ()fdie principal perrneaLliihties. 

It is therefore a reasonable assumption that the inlet has to be scaled in the same way as for 

corislant inlet pressiire (see secdioru; 6.7.5 :md 6.7.6). Tlie dejgree ()f anisotrojoy (z and the 

orientation (p are determined iteratively as shown in section 6.7.6. 

7.4 Radial flow measurements in three dimensions 

TThe derivation of a pernieat%dd3/in(xlelfbr three-diniensiorud fk)w:R)Hcnvs the same pattern as 

in tvyo (iiinaisions. fuirst the pressiu-e distntbiituxi (for 21 spliere) is (letenruruxi. Tlhen tlx: 

isotropic permeability is developed and finally flow domain scaling is introduced to deal with 

anisotropy. 

7.4.1 Isotropic permeabil i ty measurement 

Laplace's equation m spherical coordinates is given as (Moon and Eberle Spencer (1969)). 

1 <2 zjD <9 ^ :2 1 zjD (:ot<9 fPjD 

In the isotropic case the pressure is only a Amction of the radius r hence 

V"f(/-) 
(9/-^ r (9/-

( 7 . 6 3 ) 

( 7 . 6 4 ) 

With the boundary conditions of f equal to 7^ at r = /y and f equal to f . at r = (±is 

assumes the inlet is hemispherical) it is possible to determine the solution for the pressure 

distribution: 



and 
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- jPfjkof / [ 1 1̂ 1 (7 \65 ) 

f / - r . | r f / 

fZF::; 1 ( 7.66 ) 
<dr fZ ry _.r . 

Next equation ( 7.66 ) is substituted for the pressure gradient in Darcy's law (equation ( 6 . 1 ) 

on page 59), Then the Darcy velocity at the flow front is replaced with the progression of the 

flow front (as in section 6.1) yielding: 

(dTf vST/LP f-

dt JUS r 
( 7.67 ) 

where AP is equal to - Pf. In order to obtain an expression of permeability in terms of flow 

front radius and time passed this equation has to be integrated thus 

j f /LP r , r2 

/uf 3f, 2 6 

After rearranging the final expression for permeability is obtained: 

f = -LC-.- LC-HH ( 7.68 ) 

2 ^ T ^ 

+ r 
1 ( 7.69 ) 

t 6 A f 

THhe splierkxUcxxmdinaite sysfem isi-elaLtetlto the (Cartesian ccKwdioate 

r - +y^ +z^ ( 7.70 ) 

7.4.2 Anisotropic permeability measurement in the principal direction 

If the porous material is anisotropic the governing equation needs to be transformed to a 

quasi-isotropic system as described in section 6.3 in order to obtain an analytical solution. 

Using the same definition for the quasi-isotropic permeability as is section 6.3 

( K ' = ) the coordinates are transformed as follows: 

The governing equation for the quasi-isotropic system becomes: 

while solution for quasi-isotropic permeability can be written as: 



K' 
6 A f 

^ - 3 r U r l 
To 
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( % 1 3 ) 

where r is the radius of the quasi-isotropic system: 

r = y j x ^ + y ^ + z ^ (7 .74 ) 

During the radial flow permeability test measurements are taken along the x, y and z-axis. As 

for two-dimensional flow equation ( 7,74 ) is simplified by setting two out of the three 

coordinates to zero. To determine K2 for example x and z are set to zero (flow front 

measurements are made along the 2-axis). This simplifies ( 7.74 ) to 

/- = _y 4j 
F 

( 7.75) 

Equation ( 7.75 ) is substituted into equation ( 7.73 ): 

_ s 
6 A f yo 

( 7 J 6 ) 

AAer rearranging an explicit expression for is obtained: 

. 3 

K. 
M£ 

6 A f 

K] is obtained for and z equal to zero 

2;. / 

K,= 
6 A f 

2ar: 

( 7 J 7 ) 

( 7 . 7 8 ) 

And finally Ki can be calculated by setting x and equal to zero 

K. 
IIS 

6AP 

1 ( 7 J 9 ) 

earpression. It is rK)t]]ossible to meaaim:;^ (iinxajy in the aqpeiimaK. /Ls socm as the flow 

front reacl%%;ljKlc%)]plate oftlieimuould eqiuitkms ( 7 77 ), ( 7 ITS ) zmd ( 7 79 ) ccause lk)1be 

valid as the flow is no longer three dimensional. 

are The flow fi-ont m ± e mould is measured using Aermistors (see section 9.3.2). and ATi 

obtained from the x o r ^ coordinate of thermistors placed on the second layer. The height of 

the thermistor is ignored. It is therefore interesting to know what the difference is between the 

m-plane coordinate (say and the ef%ctive in-plane coordinate ( j ^ ^ taking into account the 

height of the thermistor {z,hern) '. 
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A limit for z,herm can be derived for a specified error e: 
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( 7.80 ) 

( 7 ^ 1 ) 

substituting for X/ieff. 

e>l-

i ^ / + ^ L 

(7^2) 

Resolving for z,hem, yields: 

^ therm — 
V i - ( i - g y 

1 - e 

(%83) 

For an error e of less than 1% ztherm has to equal 0.143*X/ and for an error of 0.1% Ztherm 

equals 0.045*ay. Therefore the influence of the height of the thermistors on the thermistor 

position is very small, 

7.4.3 Anisotropic permeability measurement in an arbitrary direction 

As discussed in section 5.3 the out-of-plane permeability should be in almost all cases normal 

to the x,>' plane. It is mainly the in-plane principal permeability which can have different 

onemabcms. k tMs owe l&e imbhon taka atmd THK coc^dmae 

transformation can be written as (an extension of equation ( 6.30 ) on page 67): 

r c o s p 

y'= -rsixKp 

z' = z 

The radius for the quasi-isotropic system can written in three dimensions (in the same way as 

in section 6.5): 

^ ^ " ' (%85) 
r = cos p + 

1^2 J 
sin^ (p + z 

K, ) 

1/ 

For in-plane permeability measurement only the x,j^-coordinates are required (z is set to zero). 

Equation ( 7.85 ) then becomes identical to equation ( 6.38 ) (on page 68) - hence the rotation 

behaviour is exactly as in the two-dimensional case. Only F, and C are different. For three-

dimensional radial flow C becomes: 

/us 
C 

6 A f 
( 7 ^ 6 ) 

while F, (for / = /,;/,;//) is: 



R 
2r f,i 

o,mod;; 

3r^ 
f,i o,mod;/ 
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( l a ? ) 

In-plane permeability is obtained as described in sections 6.7.5 and 6.7.6. 
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8. Formulation of a unified approach to permeability 

measurement 

8.1 Introduction 

In the literature each permeability measurement technique is treated as a separate approach 

Tvrdiiio coimection to other meaaiirenient ikachnicpies. IHkyMMryerjpeirrKxibilAy is a pafaaiuacr cdF 

the porous material which should be independent of the technique used. Hence all 

rneaaiirenient teclmiques niust be related if theg/ harve I)ajrcy's law as thedr t)asis. Li this 

chapter a unified approach to permeability measurement is proposed which unifies most of the 

current permeability measurement techniques. First the theoretical justification for the unified 

approach will be given. This is followed by a detailed description of the unified. After that, 

current permeability measurement techniques are classified according to the new unified 

approach and differences to the unified approach are discussed. 

8.2 The theoretical foundation of the unified approach 

This section follows section 5.6 in Bear (1972). Please note that for this section Bear's 

notation is adopted which is different to the notation used in this thesis. Bear defines Darcy's 

law as follows: 

q = ^ J ( 8 . 1 ) 

where q is the specific discharge (the discharge per unit cross-sectional area), J is the 

hydraulic gradient (e.g. J , = -dP/dx), fu is the viscosity and k is the permeability tensor. From 

(8 .1 ) it follows that the vectors q and J are only collinear when they are in the direction of 

one of the principal axes. The angle 6 between the vectors q (components: q ,̂ qy) and J 

(components: ^ ) is given by (Bear): 

cos^ = 5 2 ; ^ = |q| , J = |J| ( 8 . 2 ) 
qj 

When X , a r e the principal direction of the permeability, we have 

k P + k 
c o s ^ = ' ' " ^ ( 8 . 3 ) 

Following the definition of permeability in Darcy's law for an isotropic medium, the 

directional permeability can be defined as the ratio of the specific discharge at a point and the 
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component of the gradient in the direction of q. The directional permeability in the direction of 

the flow can be written: 

k = 
J COS, 6 

From ( 8.2 ) and ( 8.3 ) it follows that: 

k (8.5) 

LetjAv andjg;, deriote1iie:ingJes bed^vecaotjieclh-iacdcni of q arwiliie two principsd ajtes r anclj^ 

respectively (see Figure 8.1). Then: 

k Jc 
~ " ^ - 4 = 9cos/?; ; = —Jy - ^cos /?2 

By combining ( 8.5 ) and ( 8.6 ) 

1 _ cosf /?, I (iosf 

(&6) 

( & 7 ) 

Rearranging equation ( 8.7 ) with cos% = sin^y yields: 

, ( 8 . 8 ) 
sin yg] + cos^ 

This defines the directional permeability in terms of the principal permeabilities and their 

onentation. For simplicit)' the directional penneability is shown here only in two dimensions. 

Bear also derived directional permeability for three dimensions. 

[ — — ^ 

/Tangent to ellipse 

Figure 8.1 Directional permeability for flow in anisotropic porous media (Bear 1972) 

For completeness the other possible definition of directional permeability is listed here. For the 

case where the directional permeability is measured in the direction of the gradient J 

permeabilit)' can be written as follows (Bear): 
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Comparing equation ( 8.8 ) with the effective permeability for channel flow (equation ( 5.13 ) 

on page 48) shows that both are identical. The same is possible for radial flow. For example if 

equation ( 6.46 ) on page 69 is multiplied with AT' = and divided by the expression in 

the round bracket then Fj*C is equal to the directional permeability as defined in equation ( 

8.8 ). This demonstrates that both channel flow and radial flow are based on the same 

directional permeability. 

Equation ( 8.8 ) is the theoretical justification for proposing a single set of standard equations 

to calculate permeability fbr all the e)gerimental configurations discussed in chapters 5, 6 and 

7. The derivations for channel flow and radial flow differ because the former is derived from 

the effective permeability while the latter uses the quasi-isotropic permeability of the scaled 

domain as the starting point. The details of the standard equations will be outlined in the next 

section, 

8.3 Standard equations for permeability calculation 

8,3.1 Schematic and basic equations 

Figure 8.2 shows schematically the different configurations of the permeability experiments 

for channel flow and radial flow. All five configurations are based on Darcy's law. For 

constant inlet pressure there is no pressure measurement at a point. This is because for 

constant inlet pressure the flow front radius can only be expressed in terms of the pressure at 

the point of interest and the inlet pressure (equation ( 7.4 ), page 100). Therefore it is 

impossible to come up with two different expressions for measurement of pressure drop or 

pressure at a point. It is conceivable to derive the five different configurations shown in Figure 

8 .2 also for three-dimensional radial flow. However at the moment only constant inlet pressure 

\\'ith measurement of the flow front has been implemented (for reasons which become apparent 

in chapter 11). 



117 

2b.) Measure flow 
front 

Darcy's Law 

1.) Constant flow 
rate 

la.) Measure 
pressure drop 

lb.) Measure 
pressure at a point 

c.) Measure flow 
front 

2a.) Measure 
pressure drop 

2.) Constant inlet 
pressure 

Figure 8.2 Schematic of permeability measurement techniques 

All the equations on the last level of the schematic (la, lb, Ic, 2a and 2b in Figure 8.2) have a 

conuTKm abucbirevvhichisciue %) t ie fact lOiatthe nieaj%uT%i(d3tx3jv?i%anmL(%ibility is the same 

for both channel flow and radial flow as shown in the previous section. The standard 

equations for permeability measurement in an arbitrary direction are introduced below. This is 

followed by an smiplified subset for measurements along the principal axes. 

Measurement in an arbitrary direction 

l̂ or die<:ase vdiere dieinxxisurernemLt axis are not alyrned wkhthieiiruicypa] axisliieitdlovving 

equations are utilised. The angle of rotation is obtained from 

(p = — tan ' 
F„D 

K] can be written as 

(A-D) 

while Ki can be written as 

^2 = ^7/ 

{a - D/cos2(p) 

(/f t D ) 

{A + D/coslg)) 

C 

C 

where^ is defined as: 

^ 

(8J0) 

( 8 J U ) 

( 8 J ^ ) 

( 8 J ^ ) 

and D 

D 
F,-F, 

III ( 8 J U ) 



while K2 can be written as 

and finally K-, 
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Measurement parallel to principal axes 

If the measurements are taken along the principal axes then (p becomes zero and the rotation 

terms m equations ( 8.10 ) and ( 8.11) are equal to unity. Therefore A:, can be simplified to: 

( 8 U 5 ) 

( 8 . 6 , 

( 8 . 1 7 ) 

In the noctt^vo sexAiorK (?, .f}, aiui vwlllbe Hstedicireaich tŷ pe of exjaerurKaitimd their 
use will be explained. F/^is used only for three-dimensional radial flow and for channel flow. 

8.3.2 Modules of the unified approach 

Channel flow 

Fcf cliannel fk)wthe mcKlulescifthe staiukird eqiudioiiiutickdirKxi below (as deriveclin section 

5.1.1). For constant flow rate C is defined as follows: 

(7 = ( 8.18 ) 
A 

while for constant inlet pressure the following term is used: 

TThe s are listetlin Table 8.1 Please TK)%:thaa in section 5.1.2 ixruicipaJ peimeailkUity and its 

orientation was derived in terms of the effective permeability rather than F, * C. This was 

because experimental data was only available as effective permeability. However both 

approaches are identical. 

Two-dimensional radial flow 

The equations for C and from chapters 6 and 7 which are suimnarised below. For constant 

flow rate C is defined as follows: 

_ us 
C = — ( 8.20) 

2 

\\hile for constant inlet pressure the following term is used: 

for each t̂ D̂e of experiment is hsted in Table 8 .2. 
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Type 

la 

F, 

(%2,/ ^1,/) 

K - & , ) 

lb 
Q{^i ~ h,,) 

Ic p . 

2a 

2b 
V,' 

Table 8.1 Fi modules for channel flow 

Type F, 

la 

lb 

(̂ 2,; ''o^mod;,)~ln 
!2(A - ^ 2 / ) 

cos^ ^ 
+ 1 

Ic 
(^/•' ^o,mod;i) /̂ o,niod;/ ) 

t.Po 

2a 

exp 
P. 

2 In 

o.mod:: 
+ r o.mod;; 

2b 

Table 8.2 /% modules for two-dimensional flow 
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Three-dimensional radial flow 

As already mentioned, for three-dimensional flow only constant inlet pressure with 

measurement of flow front have been derived. The two equations for C and F, (( 7.86 ) and ( 

7.87 )) are repeated below: 

(7 = ( 8.22 ) 
6Af 

F. = 2 2 2 
/,; o.mod;; 

o.mod;; 

(8.23 ) 

Radii 

The inlet radius o, mod., was defined in section 6.7.2 for measurements along the principal axes 

while in section 6,7.5 the inlet radius was defined for an arbitrary measurement direction. The 

flow front radius /y was defined in equation ( 6.52 ) on page 69. The definitions of the radii ri 

and n can be found on page 109 (equations ( 7.61 ) and ( 7.62 )). The two radii n and 

have to be selected far away enough from the inlet to ensure that the flow at and r; is fully 

developed. 

8.3.3 Application of the new approach 

First the permeability measurement technique is chosen. Then the appropriate modules (C, 

and F]]] or C, F], Fjj and Fjjj and for three-dimensional flow also Fjy) can be selected to 

assemble the equations to determine permeability. First it will be shown how principal 

permeability is determined when the measurements are carried out along the principal axes. 

This is followed by the general case where measurements are conducted in an arbitrary 

direction. 

Measurement along principal axis 

It IS helpful to divide the permeability measurement techniques into two groups. The 

measurement techniques which do not require the knowledge of the degree of anisotropy and 

those which do. All channel flow measurement techniques and the radial flow with 

measurement of pressure drop (la) do not require previous knowledge of the degree of 

anisotrop). For these measurement techniques C, and f}/; are calculated and A:, and are 

obtained from equations ( 8.15 ) and (8 .16) . 
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TTie reniaioing radkai fknwtedmiques (lb, Iĉ , 2a^ :2b) are ika-:ith/e uildieiisgfee ofaiuscaropry 

because the inlet radius mod;? depends on cz (see section 6.7.2). Therefore Fi and Fjjj are 

computed with an estimated value for the degree for anisotropy (say 1). Then AT, and AT; are 

calculated and the degree of anisotropy is determined according to: 

e = ( ;L24) 

In an iteration loop the guessed value for a is reduced until it matches a calculated according 

to equation ( 8.24 ). For three-dimensional flow the inlet radius for is assumed not to 

depend on a . It is assumed to be a tenth o f r^ as there is no way to measure the inlet radius 

directly. Furthermore the flow front radius is simply the z-coordinate of the thermistor. 

Arbitrary measurement direction 

Again it is useful to separate the permeability measurement techniques into the two groups. 

For the arbitrary measurement direction in the case of channel flow measurement and radial 

flow with pressure drop measurement (la) K\. Kj and cp are determined simply by calculating 

flf iuid . 

For the remanimg radial flow measurement techniques the inlet radius depends on the degree 

of anisotropy and the orientation of the principal axes. In addition to the condition that the 

guessed and calculated degree of anisotropy have to be equal, the guessed and the calculated 

orientation (equation ( 8,10 )) also have to be the same. Therefore a and (p are initially set to 1 

and 0 and Fi, Fn and Fjjj are determined. Then a is determined from equation ( 8 .24) and (p is 

calculated from equation ( 8.10 ). First the guessed cp is set to the calculated angle cp . Then 

lix: {guessed (% ^ itxluccdiintd k rnalcIwsstiusT/alue for a as caiciikikxi by ( 8.24). /LAer that 

(p is corrected again and then again a . At this stage the two values of (p and a should have 

converged to an accuracy of 10^. If the material is very anisotropic it may be necessary to set 

cf to 0.5 or 0.2 (or 2) rather than 1 in order to help with the convergence of the iterative 

solution. 

8.4 Classification of current permeability measurement techniques 

8.4.1 C h a n n e l flow 

In this section channel flow measurement techniques published in the literature are classified 

according to Figure 8.2. The main measurement techniques will be discussed in section 8.5. 



122 

Author(s) Comment 

Gauvin and Chibani (1986) -

Kim et al. (1990) -

Pamas and Salem (1993) calculate principal permeability and orientation 

Trevino et al. (1991) -

Verheus and Peeters (1993) vary also thickness of mould 

Table 8.3 Channel flow - measure pressure drop for constant flow rate (la) 

Author(s) Comment 

Ferland et al. (1996) see Table 8.5 

Gauvin and Chibani (1990) -

Gauvin, Kerachni and Pisa (1994) -

Table 8.4 Channel flow - measure flow front for constant flow rate (Ic) 

Author(s) Comment 

Ferland et al. (1996) take into account variation of inlet pressure 

Gebart et al. (1991) -

Gebart (1992) -

Gebart and Lidstrom (1996) calculate principal permeability and orientation 

Verheus and Peeters (1993) -

Table 8.5 Channel flow - measure flow front for constant inlet pressure (2b) 

8.4.2 Radial flow 

It is possible to classify almost all radial flow permeability measurements techniques 

published in the literature according to the schematic in Figure 8.2. Only 2a (Constant inlet 

moKw^ d m p ) h ^ n a y d : b s n i m o d o m d m d # Th?^^ 

dimensional radial flow is not listed separately as there are so few examples in the literature. 
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Author(s) Comment 

Bruschke, M. V., (1992) iterative fitting procedure to measured pressure history 

Chick, J. P. et al., (1996) -

Pamas, R. S., et al. (1995) see Bruschke 

Rudd, C. D., etal., (1995) see Chick 

Steenkamer, D. A., et al., (1995) see Bruschke 

Table 8.6 Radial flow - measure pressure drop and pressure at a point for constant flow 

rate (la, lb) 

Author(s) Comment 

Chan, A. W., et al., (1993) -

Lekakou, C , et al., (1996) see Chan 1993 

Table 8.7 Radial flow - measure flow front for constant flow rate (Ic) 

Author(s) Comment 

Adams, K. L., et al., (1986) First paper to mention the radial flow test, formula for 

isotropic permeability 

Adams, K. L., et al., (1987) anisotropic permeability, elliptical coordinates 

Adams, K. L., et al., (1988) more comprehensive discussion than Adams 1987 

Adams, K. L., et al., (1991) see Adams 1987 

AJm, S. H., et al., (1995) see Chan and Hwang 1991, also developed three-

dimensional permeability measurement technique 

Carrormier, D , et al., (1995) see Adams 1987 

Carter, E. J., et al. (1995) see Carter 1995a 

Carter, E. J., et al. (1995a) modified version of Chan and Hwang 1991 

Chan, A. and Hwang, S., (1991) anisotropic permeability, polar coordinates 

Gauvm (1996) Chan and Hwang 1991 

Gebart 1996 see Adams 1988 

Hammami, A., et al. (1995) see Chan and Hwang 1991 

Hirt, D. E , etal., (1987) see Adams 1987 

McGeehin, P. M., et al., (1994) see Rudd 1992 

Rudd, C. D., etal., (1992) modified version of Adams 1987 

Table 8.8 Radial flow - measure flow front for constant inlet pressure(2b) 
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Author(s) Comment 

Greve and Soh, (1990) Constant flow rate; anisotropic permeabilities are 

calculated from area of flow domain and the flow fi'ont 

ratio 

Wang, T. J., et al., (1992) Constant flow rate; circular fibre samples. Having 

measured the ratio of the flow fi'ont and the orientation 

of major axis a flow simulation is used to find the K\ 

and 

Wang, T. J., et al., (1994) Constant flow rate; the authors suggest two algorithms 

which do not require observation of the flow front. 

However these algorithms are only of theoretical 

interest as they give accurate results only for isotropic 

materials. Furthermore circular fibre samples are 

required which is difficult to produce in practice. 

Wu, C.-S., (1993) see Wang 

Young and Wu, (1995) Constant flow rate; steady flow with circular inlet and 

square edges. Use observed angle of orientation of flow 

front ellipse, flow front ratio and numerically calculated 

shape factor to find permeabilities. 

Table 8.9 Radial flow - other measurement techniques 

In section 8.6 the most important radial flow permeability measurement techniques will be 

discussed and compared with the unified approach. For constant flow rate this will be 

Bruschke (1992), Chick et al. (1996) and Chan et al. (1993). The following constant inlet 

pressure techniques will be discussed: Adams et al. (1988), Chan and Hwang (1991) and 

Carter et al. (1995b). 

The discussion will focus on two-dimensional flow measurement techniques as only one three-

dimensional permeability measurement technique was mentioned in the literature. Ahn et al. 

(1995) has independently derived equations identical to ( 7.77 ), ( 7.78 ) and ( 7.79 ). 

8.5 Discussion of channel flow measurement techniques 

Tha? m? dneeineamremern bchnkpes whwh vwddy usfd. The flow rak 

technique with stationary' flow fl-ont where the pressure drop is measured. There are also the 
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constant inlet pressure or constant flow rate techniques where the progression of the flow front 

is measured. All three techniques are reported to give reliable results. Ferland et al. (1996) 

propose a interpolation method which takes into account variations of the inlet pressure 

(Concurrent Permeability Measurement Procedure, CPMP). Tlie results suggest that this 

method works well. However in the derivation of this method Ferland did not included the 

porosity (as e.g. in C of the unified approach, equation ( 8.19 )). Permeability calculated by 

CPMP is therefore always too low (by a factor equal to the inverse of porosity). 

Only two methods exist (Gebart and Lidstrom 1996, Pamas and Salem 1993) for determining 

principal permeability and orientation in channel flow. The method proposed by Gebart and 

Lidstrom was shown to be identical to the approach proposed here (section 5.2). Pamas and 

Salem reduce the number of experiments by using an average degree of anisotropy and angle 

of orientation of the permeability tensor for different fibre volume fractions (see chapter 5). 

The other possible congguration suggested in section 5.1 (lb and 2a in Figure 8.2) have not 

been verified experimentally. Results from numerical studies reported by Woerdeman et al. 

(1995) seem to suggest that the pressure distribution in the channel flow mould for anisotropic 

flow is not linear any more. The pressure varies widthways. It may therefore be possible that 

measurement of pressure at a point in the mould will not yield very accurate results. More 

work is required to investigate this. It might be possible that by using narrow moulds these 

effects may become negligible. 

8.6 Discussion of radial flow measurement techniques 

8.6.1 Constant flow rate 

Bruschke (1992) 

Bruschke proposed a constant flow rate permeability measurement technique. It utilises three 

pressure measurements with one pressure transducer located at the inlet and the other two 

transducers positioned on the two principal axes. A least square method is used to fit 

equations to the measured pressure history using K\ and K j as the fitting parameters. However 

the derivaitioncxfthis algorithm cordaina a rwmiber of shcHlxxHTuiygs. Firstly there isiio esqplicit 

porosity term in Bruschke's method. The porosity was left out in equation 2.88 of Bmschke 

(1992) where the flow rate is related to the flow front progression. Furthermore the 

formulation for the expression which is substituted for the flow front radius is not correct 

(equation 2.91 in Brusclike (1992)). It contains as the fixed radius the inlet radius. This is true 

only ix)r jaressuiT; meaaiirenient at the inlet. IFor the nieasuironaits at the jprbicipaJ aiices this 

leads to an error in the mass balance. Instead of taking into account the volume of the fluid 
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which has flown past the transducer from the time the flow front reached the transducer 

location, the total fluid volume is taken into account. The further away the pressure transducer 

IS positioned from the inlet the larger the discrepancy becomes. Other than that, the equations 

suggested by Bruscke are identical to equations ( 7.55 ) and ( 7.56 ) on page 108. 

And finally a remark about using a numerical fitting algorithm to find the principal 

permeabilities. It was shown in section 7.3.1 that the pressure drop between two points for 

constant inlet pressure remains constant. It is therefore possible to use the formulae for 

ineaaimaTKaAcd'the pressm-e dkcq) (ifthe lunfied apfutiach (la in TTable 8.2) JHkrwtwaa* the 

same time it was demonstrated in section 6.7 (for constant inlet pressure) that the flow front 

displayed a transient behaviour due to the circular inlet. For constant flow rate it can therefore 

be e)qpected that lOie udet pressure dendates froni die usual logaiithmic dislTibution. Tins is 

supported by experimental results presented in section 10.3 were the pressure measured at the 

inlet is not parallel to the pressure measurements along the principal axes (Figure 10.3). 

Hence the pressure drop is not constant. The numerical fitting algorithm will not overcome 

this discrepancy as this is due to a violation of the boundary condition of the underlying 

model. The solution is therefore to use the equation for pressure measurement at a point (lb in 

Table 8.2) and determine the degree of anisotropy iteratively. The pressure measured at the 

inlet IS ignored. 

Chick et al. (1996) 

Oiick (% al (1996) present AwTnulaa to calculate ])enTK%ibi]ity froni ]3ressure drop 

measurements and pressure at a point measurements for constant flow rate. However the 

derivation of this method contains severe limitations. For both cases the principal pemieabilit)' 

is derived separately for each direction. In the case of the measurement of pressure drop both 

equations contain the degree of anisotropy which need to be determined in a separate 

experiment (or iteratively). However it was demonstrated (see e.g. la in Table 8.2) that the 

principal permeabilities for pressure drop measurements can be written explicitly without the 

degree of anisotropy. For pressure measurement at a point, by looking only at flow in one 

direction an error is introduced into the mass continuity. In equations 20 of Chick et al. (1996) 

the flow rate is expressed as a function of the flow front radius, time, gap height, 7t, porosity 

and the degree of anisotropy: /y = y/Ot/nh^e However with this formulation the total fluid 

volume which has been injected since the start of the experiment is used for the calculations 

rather than, as intended, the volume of fluid which has flown past the pressure transducer. 

This difference only becomes apparent when the second point of criticism is considered. 
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To determme penneability Chick et al. (1996) define a constant A which is obtained by 

plotting pressure versus '/2ln(time). This relation is obtained by rearranging equation 23 in 

Chick et al. (1996): =^\^\n{t^ + j X \ n { Q l 7 r h p s ^ - X \ n { r ^ ^ . The right hand side of 

equation 23 has three terms which all contain X. However in the process of rearranging terms 

2 and 3 of the right hand side are simply ignored. Therefore A (in Chick et al. (1996)) is only a 

function of time and pressure with no reference to the location of the pressure measurement. 

That is why the error in the mass balance did not effect the calculated permeability values. 

Chan et al. (1993). 

Chan et al. (1993) developed a permeability measurement techmque for constant flow rate and 

measurement of the progression of the flow front. For the case of anisotropic flow, the flow 

front is scaled in the same way as in Chan and Hwang (1991). The equation presented by 

Chan for the isotropic case is identical to the one developed in section 7.3.1. The equivalent 

equation for anisotropic flow however, only contains the flow front radius as argument for the 

natural logarithm rather than the ratio of the flow front and inlet radii (see e.g. Ic in Table 

8.2). In addition an intercept is calculated when F, is determined. This is not correct if the 

permeability is assumed to be constant. Hence the regression line has to go through the origin. 

8.6.2 Constant inlet pressure 

Adams et al. (1988) 

Adams et al (1986) were the first to propose the radial flow technique for permeability 

measurement in RTM. Adams et al (1988) published a set of equations to determine 

anisotropic permeability from flow front measurements made along the principal axes for 

constant inlet pressure. The method was developed using elliptical coordinates. It is iterative in 

the degree of anisotropy. Also the flow front measurements made along the two principal axes 

can be made at different time steps. These attributes are the same as for the unified approach. 

As the comparison in section 6.9 showed the agreement between the two methods is very good. 

The only question about Adams' method is that in the experiment the stop watch is only 

started after the flow front in the x-direction has advanced by 5mm (see Adams and Rebenfeld 

(1987)). It is not quite clear from the derivations published in Adams et al. (1988) how this 

has been taken into account in the formulae for permeability calculation. However for typical 

injection times of 500 to 1500 seconds a small error of a few seconds (which the flow front 

will take to cover the first 5mm) is negligible. 
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Chan and Hwang (1991) 
TTiei*ocah*eto &*aTdnepermeabmtyby Chai and liwang (1991) iwes poke (xmrdmaks 

as Ui dieiiniAedzipproiich lThe fbimida to calculate principal peimexibiUty uses ratios ofOow 

front and kdet radii. I3oth raxiu are scalaj by ecpiaticm ( 6.8 ) on ]page 61 Becaiuse ratios of 

racUi are used these scaling factors (Xinccl. TTiis is tardarnount to ushig a circular inlet. TThe 

effect on the aicxiurafy ()fthie(%iknilakxi permealxUit/ has 1)een discnissed in sections 6.7 arui 

6.8.3. /I (xmqpajison mith ()dier rnethotls in sexdiori 6.9 reT/saled lOiat (Zhari ancl Flvwrng s 

methcxi yields results which are rK,bcx:ably different from the urufied appiDachzuid /Idarns e* 

al. (1988). 

Carter et al. (1995b) 

rtiernellKxi profiosed br/(Carter etal. (19()5b) isi/ery shiular to the rnelhcxi aigefx* tr/ Clum 

and Hwang (1991). However a very important difference exists between the two methods, 

(barter (ioes not scale die hdet dianieterjpruartocadcxikaingĵ  ((Zazter (1996)). Hence a ratio 

of the scaled fk)w front radius andimscaled circular iidet mdius is usexltDcdikunvF}. CsundiU 

comparison of the unifuxliipprozwdi Gar jlow fhantrnecunireniGnt along the principal axes (see 

secticms 6.7.2 aiui 6.7.3) v/kh (Carter reveals that die nieOiods iire identuxU. liowever the 

calculated principal peinneaibilides zure ]%ot alvwiys the same. TThis is beczuise (Zarter et aL 

(199:)b) do not force die regression hrccxfJV, i/o-siistinietlu-cmgfitlK cxigin as required for 

(zonstant pernieabihty. Some difkrerux: anises from IdKiizK* that (Zaater dal. obtam afrorn 

plottmg the flow front radius in the (hrexaioii ofllie 2-axis versus the flow front radhis along 

the l-axis. fhis isriotaJways the same as (z obtained by the uoiUR̂ d2q]prozwdi\vlien:iiotcHih/ 

the flow front radius but also time is taken into account (f};/̂}). 

In summary it can be said diat die mediod by Carter et al. (1995b) is ahnost identical to die 

imiRedairprcwdi. TThe only difRanaices are iiieTA%̂ fthed(%rree()f:inisotropyis determmed and 

how /v is (Obtained. In practice dlese differences are Tway/ arudl. Tlhe a]%)hcaaion ()f Czuter et 

al. (1995b) is restricted to measurements along the principal axes and for flow front 

measurements taken at the same instance in time for both directions. 
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9. Experimental philosophy 

9.1 Aim of experiments 

The aim of the experiments has been to verify the unified approach to permeability 

measurement. In particular the effect of varying the thickness, the fibre volume fraction, inlet 

pressure and measurement angle on the measured permeability were studied. An additional 

aim was to explore whether three-dimensional permeability measurement (with thermistors) is 

feasible. 

9.2 Analysis of experimental data 

Permeability' is calculated from the flow front position or pressure measured at various time steps. 

The theory of calculating permeability from the experimental data has been presented in 

chapter 8. The standard equations of the unified approach can be found in section 8.3.1. The 

necessary modules for each selected experimental configuration are listed in section 8.3.2. The 

usage of the standard equations is explained in section 8.3.3. 

9.3 Experimental procedure 

9.3.1 Radial flow mould 

Tlie test rig is of modular design and is suitable for radial and channel flow tests (see for more 

details Appendix C). It has an aluminium work surface with a supporting steel structure and 

maximum working section of 400 x 1300 mm. There are 5 possible alternative injection ports. For 

the radial flow experiments a glass top plate of 400 x 400 x 25 mm is used. The glass is soda-lime 

toughened float glass. A pressure transfer fi-ame made of steel box sections is used to compress the 

fibre stack using four Ml6 bolts. The fluid is injected &om a pressure vessel into the mould using 

compressed air from an air line. A PC is utilised to record and process inlet pressure transducer and 

themiistor readings. 

9.3.2 Flow front detection 

Thermistor sensors have been developed to detect the flow fi'ont (Figure 9.1). The initial idea by 

Trochu et al. (1993) was further developed by Weitzenbock et al. (1995a), (1995b) and (1996). 

Ttie mam aim of this work had been to minimise the flow disturbance caused by the presence of the 

thermistors. 
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/ Thermistor 
Epoxy fillet 

twisted copper wire 

staggered soldering joints 

Figure 9.1 Thermistor sensor for flow front measurement 

These thermistor sensors are placed at different locations through the depth and width of the mould 

lay-up (Figure 9.2). 

Figure 9.2 Lay-up of thermistors in mould 

To measure the in-plane flow front position six thermistors are linked together with thin (less than 

Imin wide) strips of masking tape. Figure 9.3 shows a schematic of the multiple flow sensor. In 

addition fibre bundles are twisted around every wire but the last one to stop unwanted 

channelling along the wires. This helped to simplify the lay-up process considerably. 
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Flow direction 

Strips of masking tape with tabs 
to attach sensors to fabric 

Twisted fibre bundles to stop flow along wires 

Figure 9.3 Multiple flow sensor 

The X, y coordinates of each thermistor head are measured using a tape measure while the through-

thickness coordinate is calculated from the ratio of the layer on which the themiistor has been 

placed to the total number of layers in the stack. This assumes a homogeneous compaction of the 

fibre mats. 

9.3.3 Materials used and lay-up procedure 

All the tests were radial flow tests with constant pressure injection. The test fluid was Shell Vitrea 

Ml00 oil with a viscosity of 330 mPa at 18°C. The fabrics tested were a continuous filament mat 

(U750-450) and tlie twill fabric RC 600 both from Vetrotex and the quasi-unidirectional non crimp 

fabric E-LPb 567 from Tech Textiles. The thickness of the cavity was 4.65mm for the two-

dimensional test and 20mm for the three-dimensional flow tests. To ensure a uniform inlet 

condition for the two-dimensional tests a 12.7mm diameter hole was punched at the centre of 

each layer. The diameter of the inlet is 10.5mm. For some of the two-dimensional and three-

dimensional constant inlet pressure experiments the measurement coordinate system was 

rotated by 15°. 
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10. Results 

10.1 Introduction 

In this chapter the results from constant inlet pressure and constant flow rate experiments are 

reported. The first three series of constant inlet pressure experiments were conducted in the 

Ship Science Laboratory of the University of Southampton. To test more aspects of the 

unified approach experimental results from other researchers were used as well. Some 

constant inlet pressure results from the University of Plymouth (Fell and Summerscales 1996) 

and also results from constant flow rate experiments from the University of Nottingham 

(Morris and Rudd 1996). In the next chapter these results will then be discussed. 

10.2 Constant inlet pressure experiments 

10.2.1 Initial experiments 

The permeability of radial flow tests on a continuous filament mat from Vetrotex (U75 0-450) 

are summarised in Table 10.1. They show the permeability for different fibre volume fractions 

and injection pressures. It is interesting to note that the permeability is slightly lower when 

injecting at a higher pressure; for instance at a fibre volume fraction of 22.7% (run 7), K\ is 

1636 at 114 kPa and 1488 at 214 kPa (run 6) [both 10"'̂  m^]. Another observation is that the 

calculated orientation is not very consistent. Table 10.1 also gives some results from injection 

tests into thick laminates. For run 9 a gap height of 20.5mm (35 plies) was used while for runs 

11 and 12 the gap height was 25.1mm (43 plies). A small dependence on pressure is noticed 

here as well. The through-thickness permeability is higher than the in-plane permeabilities. 

Run No. Results Factors 

K, K2 K, orientation P)[%] fo[kPa] 

5 358 364 9.99° 45^ 91 

6 1488 1594 -0.68° 22 7 214 

7 1636 1593 -2.20° 22 7 114 

8 321 297 15.83° 45^ 255 

9 1320 1273 - 29^ 167 

11 538 539 1462 - 29 8 124 

12 323 455 987 40.01° 29 8 127 

Table 10.1 Permeability for continuous filament mat U750-450 [10 
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10.2.2 Three-dimensional flow 

The results of the permeabihty tests on twill fabric (RC600 from Vetrotex) are shown in 

Table 10.2. Runs 1 to 4 are two-dimensional flow experiments with a gap height of 4.65mm 

which are used for control purposes. Runs 5 and 7 are the results from tests with 20mm gap 

height and 44 layers of twill fabric. Run 5 compares well with the two-dimensional results. 

This is not the case for run 7 which is at least one order of magnitude larger than the other 

results. 

Run No. Results Factors 

K, K2 K, orientation angle %[%] 

1 50 5 24j 5.90° 0° 504 110 

2 22.2 13^ 6 60° 15° 605 106 

3 48.4 43^ -11.49° 15° 504 200 

4 26 1 12 2 168° 0° 60 5 195 

5 39.9 20 9 1.27 -14.68° 15° 516 101 

7* 0° ygj 

Table 10.2 Permeability for twill fabric RC600 [10"'̂  m̂ ] 

* petmeability values are too high due to channelling, see discussion below 

It was observed in most experiments that the flow front was quite irregular, in particular for 

small radii. In many cases the flow front was hexagonal which later became elliptical (it 

followed the diagonal of the crossover points of the twill fabric). In one case (run 3) the flow 

front was almost circular! Also, for large flow front radii, the flow front sometimes developed 

a "sharp tooth" at various points along the flow front (run 2 and 4). The calculated angle of 

orientation is quite consistent for the two-dimensional experiments (except run 3) while for 

three-dimensional flow it varies considerably. Please note that the orientation is always 

measured from the (unrotated) x-axis (0°). The results obtained in the rotated coordinate 

system have been corrected for the rotation. 

For run 5 it was observed that the flow front velocity was very slow - it took three hours to 

complete the experiment. There seemed to be no sharp flow front any more further away from 

the inlet. This could be seen when the flow front reached the glass plate. Initially only the fibre 

bundles were wetted with oil - the pores were filled later (after four to five minutes). As a 

consequence the thermistor readings do not give a very distinct reading any more. The voltage 

changes very slowly with a total voltage drop of the same order as for faster fluid velocities. 

The other three-dimensional flow test (run 7) showed a completely different behaviour. The 
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test was completed in less than 8 minutes. After about one minute oil was emerging from one 

side. It appeared that the oil had formed a channel between the base plate of the mould and the 

fibres hence accelerating the flow. The wet out in the vertical direction was then taking place 

over virtually the whole area of the sample hence the remarkable difference in the fill time 

(and permeability). 

In general it was observed that the flow front in the part of the mould where the thermistor 

sensors had been placed was lagging behind compared with other undisturbed parts of the 

mould. Furthermore when oil started to emerge from the side of the mould in run 7 it first 

appeared in a region with no thermistors. The reason for that is probably local compaction due 

to the presence of the thermistors. The efforts to try to reduce the channelling along the 

thermistor wires increases the thickness of the whole sensor which invariably reduces the fibre 

volume fraction. It appears that the balance between these two opposing factors has yet to be 

found. For future tests it seems advisable to use smaller fibre bundles and to increase the 

thermistor spacing. 

10.2.3 Two-dimensional flow 

The results of the two-dimensional flow permeability experiments are shown in Table 10.3. 

They were obtained for the quasi-unidirectional non-crimp fabric E-LPb 567 from Tech 

Textiles. For all experiments the gap height was 4.65mm. 

Run No. Results Factors 

K, K2 orientation angle %[%] f«[kPa] 

1 109 32 8 0.59° 15° 49 9 55 

2 140 33 1 2.84° 0° 49^ 50 

3 152 42 0 5.88° 0° 49^ 245 

4 298 614 -13.64° 0° 44 3 54 

5 177 36 8 116° 15° 49 9 243 

6 324 90 7 3.07° 15° 44 3 245 

7 280 617 -0.59° 15° 44.3 57 

8 316 82 9 -3T2° 0° 44 3 246 

Table 10.3 Permeability for quasi-unidirectional non crimp fabric E-LPb 567 [10"'̂  m" 

Permeabilit) for all 8 runs is not quite as anisotropic as expected which is probably due to the 

thermistors as discussed below. For runs 1 and 8 the initial flow front was jagged which soon 
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became smooth and regular again. Despite the low injection pressure for runs 1, 2, 4 and 7 no 

(or very little) capillar}' flow was observed in the fibre bundles. Only when the injection 

pressure was switched off developed a noticeable capillary flow. Some variation of the 

orientation can be observed (this time orientation is measured between the x-axis and the 

minor axis (2-axis) of the flow front ellipse, see Figure 10.1). 

A .y, III 

Orientation of 
unidirectional fibres 

Flow front 

Figure 10.1 Lay-up of thermistors in mould 

As in the previous section the thermistors influenced the flow of the fluid. In particular where 

the wires were led to the data acquisition system out of the mould a "bulge" formed in the flow-

front (see Figure 10.1). Depending on the orientation of the flow, the thermistors and their 

wires influenced the flow in a different way. For flow along the x-axis the flow front was 

ahead of the undisturbed flow front m x-direction. This was observed mainly at high inlet 

pressure (runs 3,6,7 and 8). The opposite effect was observed for flow along the j-axis. For 

runs 4 and 7 (low injection pressure) the flow front was lagging behind the flow in the y-

direction. 

10.2.4 Other experimental results 

The following test results were made available by the University of Plymouth (Fell and 

Sunmierscales (1996)). The tests were carried out in a constant inlet pressure apparatus with a 

square glass top plate. The aluminium base plate can be heated if required. The flow front was 

recorded using a frame grabber. The images were processed to find the flow front coordinates 

at 15° intervals for each time step. Further details can be found in Carter et al. (1995). The 

fabrics used were for set 1 a balanced satin weave, for set 2 a twill weave with flow-enhancing 

weft threads and for set 3 a quasi-unidirectional fabric. The fluid used was an epoxy resin. 
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set 1 set 2 set 3 

K^ K2 orientation K, K2 orientation Kj orientation 

16 0 15.3 -1.4 59 3 16 0 2.1 18.5 3.5 1.4 

Table 1 0.4 Average principal permeability [10 m̂ ] and orientation 

set 1 set 2 set 3 

K, K2 K, K2 K, K2 

17.9 17.8 61.9 15 2 18.5 3.7 

Table 10.5 Principal permeability [10 " m̂ ] (Fell and Summerscales 1996) 

Table 10.4 lists the permeability results and orientation for the three different test calculated 

ac(X)rding to die urdfied apqproadi. TTable 10 5 griT/es]prkicrpal peniKxibility calciUaledl)y Fedl 

and Summerscales (1996) using Carter et al. (1995b). For set 2 and j the results are in close 

augreament. (Drdyfbf set 1 there are sniallcUfferencxK;. TThisis pcxssibly duietothefaK* that die 

flow front of set 1, the balanced satin weave, was not symmetric. The flow seemed to be off-

set as shown in Figure 10.2. This is also reflected in the calculated permeability values which 

do var) depending on measurement direction. Also the calculated measurement direction 

fluctuates. The results for set 2 and 3 are very consistent. 

Figure 10.2 Measured flow front positions for satin weave (Fell and Summerscales 1996) 
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10.3 Constant flow rate experiments 

The experimental results in this section were provided by the University of Nottingham 

(Morris and Rudd 1996). These results are for Tech Textile E-LPb 567 quasi-unidirectional 

non-crimp fabric. For the experiments a bench-top experimental rig was used with pressure 

transducers located along a pair of orthogonal axes. To generate the constant fluid flow rate a 

cylinder was placed in an Instron Universal testing machine. More details can be found in 

Rudd, Morris, Chick and Warrior (1995). During the experiments the pressure as a function 

of time was measured for each transducer location. Figure 10.3 shows a typical result. Pcentre, 

Pxm, Pxmid, and Py28 are pressure measurements at various locations in the mould (inlet and 

x.j'-axis). 
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Figure 10.3 Typical pressure history of an experiment (Morris and Rudd 1996) 
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11. Discussion of results 

11.1 Constant inlet pressure experiments 

11.1.1 Initial experiments 

Runs 5 to 8 where conducted without thermistors. The flow front was measured from video 

images. The results agree reasonably well for each fibre volume fraction. However the 

orientation varies between for the two fibre volume fractions. For the three-dimensional flow 

results larger scatter can be observed. Only the results for run 9 are reasonably consistent with 

the two-dimensional results. The permeability obtained for runs 11 and 12 is considerably 

lower than for runs 6 and 7 even though the fibre volume fractions are similar. One 

explanation is that by placing the thermistors in the fibre stack the fibre volume fraction was 

increased (or the porosity was reduced). When these (initial) experiments were conducted the 

thermistor sensors and test procedures where still under development. That might be another 

reason for the inconsistency of the results. 

11.1.2 Three-dimensional permeability 

Thermistor signal 

By analysing the variation of the thermistor voltage as a function of time, it is possible to 

extract more information than the time the flow front takes to reach the thermistor position. 

Figure 11.1 shows voltage readings of four thermistors positioned along the x-axis (run 5). It 

is interesting to observe how the thermistor response changes with time (and increasing 

distance away from the inlet). First there is a very sharp drop (thermistor 3) which slowly 

starts to become more rounded (6 and 9). In addition a second hump is forming in the lower 

part of the voltage drop curve (black arrow, 9 and 12). A possible explanation could be that 

initially there is only macroscopic flow in the pores resulting in the sharp drop of thermistor 3. 

Capillary flow develops as well, but this is still part of the macroscopic flow front (6). As time 

progresses, capillary flow is leading the macroscopic flow front by several minutes (observed 

in run 5) so that the initial curve is caused by capillary flow while the second hump marks the 

arrival of macroscopic flow front (thermistors 9 and 12). 
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Figure 11.1 Change of thermistor response (run 5) 

It IS possible to combine point-wise measurements of flow front to obtain an estimate of the 

orientation of the flow front. Figure 11.2 shows the lay-up which was used in run 7. The flow 

front first reached thermistor 28 (t = 31.31s), then thermistor 31 (t = 36.80s) and finally 

thermistor 34 (t = 39.55s). The result for the third thermistor is probably not very accurate as 

it lies in the wake of the thermistors 28 and 31. The flow times for the first two thermistors 

indicate that the flow front has more advanced in the ^/-direction than in the x-direction. This 

agrees well with the flow patterns which were observed in the experiment. Oil was emerging at 

the left hand side (negative x-direction) first and last on the right hand side (positive x-

direction) where most of the thermistors were placed. This is another indication that a series of 

thermistors does increase the fibre volume fraction. 

Inlet ) 

Flow front 

therm] 1 

therm34 

therm28 

Figure 11.2 Measurement of flow front orientation (run?) 
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It was also observed that there is some correlation between the fluid velocity and the voltage 

reading of the thermistor in the wetted domain. Figure 11.3 shows the voltage versus time plot 

for a thermistor close to the inlet. It clearly shows that the voltage increases with time 

indicating a drop in velocity (in accordance with the theory). More work is required to 

correlate voltage measurements with fluid velocity. 
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Figure 11.3 Velocity dependence of thermistor reading (run 3) 

Figure 11.4 shows the voltage readings of the thermistors which were placed directly above 

±e inlet (run 7), Soon after the start of the injection (-1.5 seconds) a drop in the voltage of all 

thermistors can be observed. This is clear evidence that with the start of injection the fabric 

was compacted further, resulting in a channel forming between the fibres and the bottom of 

the mould. Comparing the thermistor voltage readings for runs 1 to 4 reveal similar voltage 

drops between the two fibre volume fractions used. 
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Figure 11.4 Flow induced compaction (injection starts at 28.01s, run 7) 

Capillary effects 

One way to explain the observed flow patterns is by comparing the pressure distribution of 

three-dimensional spherical flow with one-dimensional channel flow and two-dimensional 

radial flow. The pressure distributions are given by the following equations (assuming 

atmospheric pressure at the flow front): 

P(x) (11.1) 

f(x) 
( 1 1 . 2 ) 

1 1 (11.3) 

where Po is the inlet pressure, x,, is the inlet radius and x/ is the flow front length. In Figure 

11.5 the pressure distributions are compared for a given flow front length. This reveals great 

differences both in magnitude and gradient of the spherical flow compared with the other two 

tests. This observation is confirmed by plotting the pressure gradient at the flow front for 

various flow front lengths (Figure 11.6). The small pressure gradient and the low absolute 
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pressure value at the flow front for the spherical flow case suggest strongly that capillary 

pressure could be more important than the externally applied inlet pressure. 
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Figure 11.5 Pressure distribution for a given flow front length 
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Figure 11.6 Pressure gradient at flow front 

Analysis of the flow pattern can be performed using the cross-over length which is a 

measure of the importance of capillary pressure. This concept was introduced by Wong 

(1994). First the ratio of the applied pressure and capillary pressure is determined; this entit>', 

Corr.od, is termed the modified capillary number. 
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AP is defined as the pressure drop across a pore or fibre with diameter Df. and Pc is the 

capillary pressure. Wong (1994) then defines the cross-over length as follows: 

/ _ ( 1 1 5 ) 

C«mod 

In order to minimise the capillary effects one has to ensure that the fabric samples used in the 

flow experiments are larger than • Equation ( 11.5 ) has been derived for one-dimensional 

flow with constant flow rate. In this case the pressure gradient is constant through-out the 

experiment. However this is not true for constant inlet pressure experiments where L„, 

becomes a function of the flow front radius. 

The capillary pressure Pc can be defined for a fibrous preform as (Ahn et. al. (1991)): 

P =^—ycos6 (11-6) 

' A 

and 

( 1 - f ) 

where y is the surface tension of the fluid, 6 is the contact angle between fluid and fibre, F is 

the form factor which depends on fibre alignment and the flow direction, is the equivalent 

pore diameter and s is the porosity. For flow along a bundle of fibres F = 4, while, for flow-

across a fibre bundle F = 2. For flow in the through-thickness direction Ahn et. al. (1991) 

determined experimentally F = 1.8 for a plain weave fabric. In three-dimensional flow all 

these flow situations are present. Hence F = 3 is assumed for the following calculations. 

Capillar}- flow occurs at the flow front hence pressure needs to be evaluated at x = Xf- to 

obtain Cflmod- This is done using equations ( 1 1 . 1 ) to (11 .3 ) . Note that to reflect the fibrous 

structure of the material is used instead of Df to calculate AP and L^- The following values 

have been used: Po = lOOkPa, s= 0.484, Df= 3.36x10 ^ m (Carleton and Nelson (1994)), y = 

0.0322 N/m (oil, Steenkamer et. al. (1995)) and 0= 0° (oil, Steenkamer et. al. (1995)). 

The cross-over lengths for the one, two and three-dimensional flow have been compared in 

Figure 11.7. It can be seen from this figure that Lev for spherical flow is about one order of 

magnitude larger than L „ for both the radial and channel flow. A plot of the ratio of versus 

flow front illustrates these observations better (Figure 11.8). It shows that for spherical 

flow ven, quickly becomes the same order of magnitude as the flow front, making reliable 
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tests impossible as observed in the experiments. To reduce Lev one has to increase Cflmod either 

by increasing the inlet pressure or by increasing the radius of the inlet. However increasing the 

inlet pressure will increase the risk of flow induced compaction rendering any measurement 

results useless for permeability calculation. Increasing the inlet radius will make the diameter 

of the inlet larger than the thickness of the mould. The interpretation of the results will be 

more difficult as the analytical formulae used here, equations ( 1 1 . 1 ) to ( 1 1 . 3 ) , assume a 

hemispherical inlet which is violated in the experiment. 
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Figure 11.8 Ratio of cross-over length to flow front position 



145 

Comparison with literature 

The importance of capillary pressure as observed here seems to be in contrast with the results 

reported for the initial experiments (see section 11.1.1) where the three-dimensional radial 

flow technique was used successfully to measure permeability of continuous filament random 

mat (Vetrotex U75 0-450). This can be explained by the difference in the structure of the 

random mat and the twill fabric used in this paper. The twill fabric consists of tightly woven 

bundles of fibres while in the case of random mat thin strands of fibres are laid up in circular 

loops. As a consequence the effective pore diameter of the random mat is considerably larger 

than the effective pore diameter for the twill fabric. More importantly this leads to a reduction 

of the capillary pressure and at the same time increases AP. These two effects reduce Lev-

Hence it is possible to measure permeability of random mat with the three-dimensional radial 

flow technique though not that of twill fabric. 

The results presented in this section do tie in with observations made by other researchers. 

Aim et al. (1995) only uses a 9.5mm thick mould. Over this distance the thermistors gave 

useful results. At the same time as Figure 11.5 has shown small disturbances will have a 

profound effect on the pressure distribution and hence permeability results. This will tend to 

make the test not very reliable and repeatable. Similar observations were made by Trevino et 

al. (1991). They found that for the one-dimensional channel flow test, a dependence of the 

through-thickness permeability on the stack thickness if the thickness was small. In later 

publications (Wu et al. 1994) a three-dimensional radial flow experiment was introduced 

where the through-thickness permeability was calculated numerically. For reliable 

permeability measurement a stack thickness of at least 15mm was specified. As this was a 

steady flow experiment with stationary flow front, no problems with capillary pressure were 

encountered. It has to be noted however that in this experiment the outside boundary' of the 

fabric samples is also the boundary of the flow domain. Therefore dimensional accuracy is 

most important. This is very difficult to achieve for circular fabric samples, which are 

required for this experiment. 
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11.1.3 Two-dimensional flow 

Figure 11.9 shows the permeability results for two-dimensional flow as listed in Table 10.3. 
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Figure 11.9 Permeability for quasi-unidirectional non crimp fabric E-LPb 567 (high 

pressure: runs 3,5,6,8; low pressure: runs 1,2,4,7) 

As observed during the experiments the flow front in the x-direction was faster than the 

undisturbed flow front at high pressures (see Figure 10.1). This is also reflected in the results. 

Figure 11.9 shows that K j is larger for higher pressure which increases with higher fibre 

volume fraction. For flow in the ̂/-direction it was observed that at low pressures with low 

fibre volume fraction the flow front was lagging behind the undisturbed flow front. Again 

Figure 11.9 shows that the difference for Kx at low fibre volume fraction is larger than at high 

fibre volume fraction. These phenomena could be explained as follows: The permeability for 

the unidirectional non-crimp fabric in the _y-direction is far greater than the permeability in the 

x-direction where the flow goes across the fibre bundles. Therefore the thermistors along the x-

axis create a small channel which particularly at high pressure accelerates the flow. In the >̂ -

direction however the thermistors act as an of obstacle which obstructs the flow in the 

channels between the fibre bundles. It also decreases the porosity locally. These factors cause 

the flow to slow down. This accelerating of flow in x-direction and slowing down of flow i n j -

direction by the thermistors might also explain why permeability is not as anisotropic as 

expected. 
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It appears that both principal permeability values are dependent on pressure which seems to 

be caused by the presence of the thermistors in the fabric (even though it does not fully explain 

the differences for for high and low pressure). The orientation of the principal permeability, 

listed in Table 10.3, varies quite a lot. Furthermore no clear trend can be observed. In an 

attempt to gain a better understanding of the factors causing these variations a new way of 

conducting and analysing experiments was explored. It is called experimental design. 

Introduction to experimental design 

The following section is based on the book by Grove and Davis (1992). Some basic concepts 

and ideas of experimental design will be briefly discussed. Many experiments are conducted 

where only one factor at a time is changed while keeping everything else fixed. This will lead 

to an insufficient understanding of the response of a system to changes made to parts of it. In 

particular interactions will not be discovered. In contrast statistical design of experiments 

means making many design changes at once and conducting several experiments evaluations 

before decisions about the next steps are made. In statistically designed experiments, also 

known as factorial experiments, factors (the "things" which are changed) are set to certain 

values or levels. For an initial design two levels are common. An important aspect in the 

design of an experiment is that an experiment is balanced with regards to the design changes. 

The levels of the factors are arranged in such a way that for each factor which is set at a 

particular level the levels of the other factors will occur at the low and high settings for the 

same number of times. Effect is the influence of a factor on the response e.g. permeability. If 

the effect of one factor depends on the setting of another factor then those two factors exhibit 

interaction. 

Grove and Davis show that the method of multiple regression can be used as a short-cut to 

some of the statistical output. It provides the coefficients for the prediction equation and the 

standard deviation for each coefficient. This can then be used to find the /-ratio which is the 

ratio of the coefficient over the standard deviation. The /-ratios are used to divide the 

measured effects into two sets, those which are treated as random and those which are treated 

as real. The effect is "statistically significant" if its /-ratio lies on one of the tails of a t 

distribution. As a rough rule of thumb in most cases the critical value of the /-ratio is 2. This 

means that a coefficient has to be bigger than twice its standard error before it is considered 

likely to represent a real effect. 

The method of multiple regression is a general method for fitting an equation of the form 

(Grove and Davis): 
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( 1 1 8 ) 

where xi, X2, ^3 etc., are variables and bo, h\, hj, 63, etc., are the coefficients to be determined. 

Values of the coefficients are usually chosen by the method of least squares. The selected 

equation is then the one for which the sum of squares of the residuals is minimised. The 

method can also cope with dependence between some of the x-variables. 

One possible experimental design is the full factorial design (Table 11.1, Grove and Davis). 

The three factors in Table 11.1 correspond to fibre volume fraction (A), measurement angle 

(B) and inlet pressure (C) of the two-dimensional flow experiment. The "+" and "-"denote the 

two settings (levels) of the factors where "+" means high and low. To avoid systematic 

errors due to factors which cannot be controlled (e.g. temperature variation in the laboratory) 

the order of the runs of the experiments should be randomised. The two-dimensional flow 

experiment was designed as a full factorial experiment which can be verified by comparing 

Table 11.1 with Table 10.3. For example run 1 in Table 10,3 is equivalent to run 5 in Table 

11.1, run 2 is equivalent to run 7 etc.. In the next section the results from the regression 

analysis of the permeability data listed in Table 10.3 is discussed. 

Run number 

Factors 1 2 3 4 5 6 7 8 

A + - + - + - + -

B + + - - + + - -

C + + + + - - - -

Table 11.1 2-Ievel full factorial design (Grove and Davis (1992)) 

Results from regression analysis 

In this regression analysis the principal permeabilities and their orientation (Ki, K2, and (p) are 

the responses. The measurement angle the fibre volume fraction P/and the inlet pressure Po 

are the variables or predictors. To perform the regression analysis a statistical software 

package called MINITAB was used. The resulting regression equation for Ki is: 

/iT] = 360 +0.038 (Z)-6.75 + 0.000083 

with R" = 93.9%. R" is the coefficient of determination and measures how well the regression 

equation fits the data. R^ for the above equation indicates a good fit. Table 11.2 lists the 

coefficients, standard deviation and r-ratio for the above regression equation. The last column 

lists the probability that the coefficient is not significant (calculated by the software from the 
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value for the /-ratio and the degree of freedom). In engineering a 95% probability of something 

to be important is acceptable. Therefore the coefficients of Vf and Po are significant (the 

probability for it not to be significant is very low) while the measurement angle (f) is not 

significant. 

Predictors Coefficients Standard deviation /-ratio p for /-ratio 

0.0375 0.3509 Oil 0 920 

Vf -6.7464 0.9399 -7 18 0 002 

Po 0 00008291 0 00002761 3 00 0 040 

Table 11.2 Regression analysis for JT] 

The regression equation for is: 

= 1542-0.271^-28.5P}+0.000183/^ (11.10) 

with R" = 98.1%. Again this indicates a very good fit of the regression equation to the 

experimental data. Table 11.3 lists the /-ratio and the corresponding probability values. The 

coefficients of Vf and Fo are significant while there seems to be a weak influence of (j> .It is 

not possible however to make a definite judgement whether or not (f) is significant. Further 

experiments are required (with e.g. a non-intrusive flow front measurement technique). 

Predictors Coefficients Standard deviation /-ratio p for /-ratio 

-0.2713 0.7622 -0 36 0 740 

Vf -28.513 2 042 -13.97 0 000 

Po 0.00018260 0 00005997 3 04 0 038 

Table 11.3 Regression analysis for K2 

The final predictor to be looked at is the calculated angle of orientation (p. The regression 

equation is: 

^ = -58 + 0.202 +1.11 P} + 0.000023 (11.11) 

The R" value for this equation is 54.5% which indicates a very poor fit of the regression 

equation. This is confirmed by looking at the /-ratios and probabilities in Table 11.4. For all 

three predictors it is not possible to determine whether they are real effects or random noise. 
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Predictors Coefficients Standard deviation z'-ratio p for f-ratio 

<!> 0.2023 0.2504 0 81 0464 

yf 1.1142 0.6708 166 0 172 

Po 0 00002340 0 00001970 119 OJWl 

Table 11.4 Regression analysis for (p 

In summary it can be said that Kx clearly was only dependent on Vf and Po- For K j a weak 

dependence also on (j) was found while for (p it was impossible to make a definite statement 

about the significance of any of the coefficients of its regression equation. Further experiments 

are required to better understand the relationship between the predictors Vf, Po , (p and the 

responses (p and to some degree Kj. This series of experiments demonstrated the strength of 

experimental design. It gives an objective measure to asses whether a response is real or just 

random noise. 

11.1.4 Other experimental results 

In section 10.2.4 only average permeability values were reported. To investigate how 

permeability varies with different measurement angles ^ results are presented for permeability 

calculated at 15° intervals as shown in Figure 11.10. 

.Ill 

\ ^ 

/ = 15°, 30° 

/ ^ 

Figure 11.10 Definition of measurement angle for permeability calculation 

The calculated orientation ̂  is always measured relative to the x:-axis. Therefore ̂ is always 

added to (p. If ^ is larger than ±45° then and K2 switch values and the orientation is 

measured bet̂veen the 2-axis and the x' -axis (see section 6.6). To take ±is effect into 
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account 90° have to be added or subtracted to the sum of ^ a n d cp. If ^ i s larger than ±135° 

then 180° have to be added or subtracted to the sum of ^ and (p. To see whether principal 

permeability is constant in space or time some convergence graphs are presented here as well 

(see also section 6.5.2), 

Balanced satin weave 

As already discussed m section 10.2.4 the measured flow front was not symmetric. This is 

confirmed by permeability calculated for different measurement angles which is quite irregular 

as shown in Figure 11.11, The permeability does not show any of the signs of the rotation 

behaviour of an symmetric second order tensor like the swapping of values of Ki and K2 every 

90° (see e.g. Figure 6.15 or Figure 6.27). Figure 11.11 also shows the orientation calculated 

for different measurement directions. The angle of orientation fluctuates widely and is not 

constant as expected, 

43 00 

30.00 -

15.00 

0 00 -

o 
o 

-15.00 -

-30.00 -

-45.00 

- 18.0 

— 14.0 

- 12 ,0 

- 10.0 

&0 w 
K, 

K2 
Orientation 

150 120 90 60 30 0 -30 ^ 0 

Measurement angle [°] 

-SW -120 -150 -180 

Figure 11.11 Permeability for different measurement angles for the balanced satin weave 

To investigate the convergence behaviour of the permeability Nj, Nn and Nm are plotted versus 

time for C= 0°. A regression line is fitted through the individual points of Nj, Njj and Njn in 

Figure 11.12. F/, Fn and Fjj j 's are the slope of these straight lines. It can be seen from Figure 

11.12 that the regression lines do not represent the individual points very well. This is 

confirmed by plotting the convergence graph in Figure 11.13. The dotted line is the principal 

permeabilit)' calculated from Fn and Fm . The solid lines are permeabilities calculated from 

the slopes of each individual point in Figure 11,12. Again the average value does not correlate 

well. It is obvious that permeabilit>- is not constant as assumed! The further the flow front 
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progresses the higher the permeabihty value becomes. This is a sign of capillary action. This 

shows that a convergence graph can give valuable additional information which is not 

available if only Fj, Fu and Fju are used. Figure 11.13 also shows that the average 

permeability (dashed line) is much closer to the permeability values calculated for large flow 

front values than for flow front steps close to the inlet. This is because the fitted straight line 

to determine F/, Fn and Fjn from its gradient is forced through the origin. Hence the influence 

on the slope by flow front measurement taken further away is much greater. 
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Figure 11.12 Plotting Nj, Nn and Nm versus time (^= 0°) 
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Twill weave with flow-enhancing weft threads 

The twill weave showed much more consistent and regular results than the satin weave in the 

previous section. Permeability calculated for different measurement angles is quite regular as 

shown in Figure 11.14. The permeability varies in a very similar way as shown for the ideal 

examples in Figure 6.15 or Figure 6.27. Also the orientation is quite consistent for the 

different measurement angles (see Figure 11.14). In Figure 11.15 the calculated average 

permeability presented in Table 10.4 are compared with Figure 11.14. The variation is quite 

small. Furthermore the calculated angle of orientation seems to be a very good representation 

of the actual situation. Figure 11.16 shows the measured flow front position at various time 

steps. From observation it is clear that the major and minor axis are slightly off-set from the 

0° and 90° position. They are rotated by a small angle anti-clockwise - in the positive 

direction. This was successfully predicted. 
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Figure 11.14 Permeability for different measurement angles for twill fabric 
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Figure 11.15 Permeability for different measurement angles compared with average 

permeability (twill fabric) 

Figure 11.16 Measured flow front positions for twill fabric (Fell and Summerscales 1996) 

It is also interesting to know how permeability converges for the twill fabric. As in the 

previous section Nj , Nn and Nm are plotted versus time (Figure 11.17). This time the 

regression line fits the experimental results much closer. This is confirmed by the convergence 

graph (Figure 11.18). The agreement of principal permeability (dashed line) and permeability-

calculated for individual How front points is very good for Ki and quite good for K\. 
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Figure 11.17 Plotting N„ Nn and Nw versus time (^= 0°) 
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Figure 11.18 Convergence of principal permeability ( ^ - 0°) 

Qu nsi-unidirectional fabric 

This is the set of results for the most anisotropic material of the three experiments. Figure 

11.19 shows that A:, varies slightly more than for the twill fabric. In Figure 11.20 the 

directkmal results are cornpsunxlwidi die averzysed values. .Kz agpnses T/ery well while there is 



some fluctuation in Ki. The calculated angle of rotation is a small positive value and 

well with the observed flow front (see Figure 11.21). 
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Figure 11.19 Permeability for different measurement angles for unidirectional fabric 
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Figure 11.20 Permeability for different measurement angles compared with average 

permeability (unidirectional fabric) 
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Figure 11.21 Measured flow front positions for UD fabric (Fell and Summerscales 1996) 

The plot of Ni Nj] and Nju versus time is shown in Figure 11.22. F;, Fn and Fjn are slightly 

overestimated by the regression line for large flow front radii. This is confirmed in the 

convergence graph (Figure 11.23). Permeability calculated for each flow front point seems to 

drop slightly the further the flow front progressed. 
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Figure 11.22 Plotting Nj, Nn and Nni versus time (^= 0°) 
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Figure 11.23 Convergence of principal permeability (^= 0°) 

11.2 Constant flow rate experiments 

In this section the principal axes are denoted x, as used by Morris and Rudd (1996). In 

Table 11.5 the results for permeability calculated from pressure measurements at a point are 

listed for the highest available porosity value. Kxm , -̂ xmid , and ÂYmid denote the 

permeabilities calculated at the different pressure transducer locations. Permeability was 

calculated using the method by Chick et al. (1996). K\ and K2 were obtained by applying 

equations ( 7.55 ) and ( 7.56 ) on page 108 to pressure measured at xin and ymid. Even though 

large scatter is observed, there is reasonable correlation between the results obtained by the 

different methods. However and agree well for the two runs. The permeability values 

are not as anisotropic as expected for a unidirectional fabric. This is because the porosity is 

yen,' large which results in a low compaction pressure and easy flow paths during the 

experiment. 

Run No. K, K2 -̂ Xm -̂ Xmid Kyiu •̂ Ymid 

1 3219.81 1426.94 2333.25 2859.31 1433.67 1116.66 

2 3151.10 1322.27 2857.18 3202.05 1189.25 1332.80 

Table 11.5 Permeability for pressure at a point [10 m"], {s— 0.728) 

Alternatively permeability can be calculated from pressure drop measurement. It was quite 

difficult to get two valid pressure measurements in the ^/-direction for this highly anisotropic 
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material. Ki was 3064.48 and 2552.77 for run 1 and 2 respectively while K2 was 1195.60 and 

1177.36 for run 1 and 2 (all results are 10"'̂  m^). The results are similar to the pressure at a 

point measurement results in Table 11.5. 

Figure 11.24 summarises the results obtained for all the experiments analysed (8 runs in 

total). At high porosities the results obtained with Chick et al. (1996) and the unified approach 

agree reasonably well. However with decreasing porosity Ki is deviating quite significantly 

from the results obtained with Chick's method while K2 is quite close. Some differences in the 

results of the two methods would be expected because of the different ways the two methods 

have been derived (see section 8.6.1). However the degree of anisotropy for the principal 

permeability is increasing steadily to a value of a which is noticeably smaller than a observed 

in other types of experiments. 
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Figure 11.24 Permeability for quasi-unidirectional fabric (E-LPb 567) 

A better understanding of this problem is gained by plotting and Fm versus time (Figure 

11.25 to Figure 11.27). For equations ( 7.55 ) and ( 7.56 ) and take a slightly different 

form to module lb of the unified approach (Table 8.2): 
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For permeability to be constant Fj and Fm are constant too. In addition Fj and Fm are also 

equal (see equations ( 7.55 ) and ( 7.56 ) on page 108). This can be confirmed for high 

porosity (Figure 11.25). However the smaller porosity becomes the shorter are the horizontal 

portion of Fj and Fm (see Figure 11.26 and Figure 11.27). For these cases Fj and Fm were 

computed only from the horizontal portions of the graph. 
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The observed behaviour of Fj and Fm may be explained by differences of the expected and 

actual shape of the inlet. For the derivation of equations ( 7.55 ) and ( 7.56 ) it was assumed 

that the flow front and inlet are elliptical with identical aspect ratios. This boundary condition 

is violated in practice because a circular inlet is used in experiments. Figure 11.28 shows that 

this leads to an underestimation of pressure in the x-direction which becomes less significant 

the further the flow front progresses. In the _y-direction pressure is overestimated. Therefore Fj 

is too large initially while Fm is too small at the beginning. This can be observed for all three 

F, and Fm graphs (for Fj an initial build-up of pressure can be observed for the first second). 

At the same time the horizontal section of Fj and Fm versus time remains constant for shorter 

periods of time. At the lowest porosity value there is virtually no overlap. This is because with 

decreasing porosity permeability decreases as well. Therefore the maximum injection pressure 

for this constant flow rate experiment is reached much earlier and the flow front advances less 

than compared with higher porosities. As a consequence the difference between the expected 

and the actual pressure is relative larger for lower porosities which leads to the observed 

increase in anisotropy. Further evidence of this is -that the value o f f } and Fju is decreasing 

steadily for decreasing porosity (see Figure 11.25 to Figure 11.27). 

In conclusion it seems doubtful whether the constant flow rate technique combined with 

pressure measurement is actually suitable for measurement of permeability of highh' 

anisotropic fabrics. Due to practical limitations (maximum injection pressure, mould 
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deflection) it is very difficult to ensure that the flow front radius is large enough to be able to 

neglect the error in the pressure reading due to the circular inlet. However for less anisotropic 

flow this method seems to work very well (see Ki and K2 in Table 11.5). 

assumed and actual shape of inlet; 

difference between expected and actual pressure 

Flow front radius 

Figure 11.28 Schematic of pressure distribution for circular and elliptical inlet diameter 
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12. Summary and Discussion 

Permeability is a measure of the flow resistance of the porous medium. It is determined by 

measuring flow front or pressure during experiments. The fluid in these experiments is 

assumed to be Newtonian and the experiments are carried out under isothermal conditions. 

Also the permeability is assumed to be constant. It can vary with orientation however 

(anisotropy). Furthermore permeability is assumed to be a symmetric tensor. Current 

permeability measurement techniques have been reviewed in chapter 2. Channel flow and two-

dimensional radial flow techniques are widely used to measure principal permeability. Radial 

flow measurement techniques are restricted as they can only measure permeability in the 

principal coordinate system. In addition variation of permeability during the experiment 

cannot be detected. Furthermore permeability obtained for channel flow and radial flow does 

not alwa}'s agree. In some cases this is due to limitation of the apparatus (e.g. mould 

deflection). But in many cases the methods which are used to process experimental data are 

msufficiently developed or flawed. To overcome these problems a unified approach to 

permeability measurement was proposed in this thesis. First the underlying theory will be 

discussed. Secondly results from experiments to validate the unified approach are reported and 

discussed. 

12.1 Permeability measurement 

The main features of the umfied approach are that principal permeability and its orientation 

can be determined regardless of the measurement direction. For each type of experiment 

permeability models have been derived which relate permeability to flow rate, flow front 

position and pressure. Principal permeability is calculated from three different measurements 

of flow front or pressure (along three axes). For the different boundary conditions of the 

channel flow experiment 5 different permeability models have been derived. These are then 

resolved for the principal permeability and its orientation. The formulae were applied to 

results from the literature. It was found that there was good agreement between the two 

published sets of results (for stationary and moving flow fronts). The method proposed here is 

a more general than the method by Pamas and Salem (1991) as it allows the independent 

detemiination of the orientation and principal permeability for each fibre volume fraction. In 

contrast Pamas and Salem average anisotropy and orientation for two fibre volume fractions 

with the advantage that fewer experiments are required. 
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The method by Woerdeman et al. (1995) to determine three-dimensional permeability from 

channel flow tests was reviewed. It was possible to simplify the experimental procedure by 

Woerdeman et al. by replacing the two out-of-plane experiments with two additional in-plane 

experiments. Furthermore it was concluded that for layered materials and thin moulds 

commonly used for channel flow experiments a three-dimensional formulation of effective 

permeability is not appropriate. As a practical solution to measuring three-dimensional 

penneabilit}' it was suggested to determine the full in-plane permeability tensor (three 

experiments) and perform one through-thickness test to determine K ,̂. 

Radial flow test are widely used as the full (in-plane) permeability tensor can be found in a 

single experiment. Permeability models for two-dimensional radial flow with constant inlet 

pressure or constant flow rate have been developed. In the case of constant inlet pressure this 

was extended to three-dimensional flow. For two-dimensional radial flow with constant inlet 

pressure a very detailed study was carried out. In particular it was looked at how the 

calculated angle of orientation is related to the calculated permeabilities and some simple rules 

were suggested. Furthermore the influence of the circular inlet was examined. The circular 

inlet used in experiments is a violation of the boundary condition of the analytical solution 

which assumes an elliptical inlet. The circular inlet was found to have a noticeable effect on 

the calculated permeability and a modified (elliptical) inlet shape was suggested with which a 

mathematically exact solution for permeability is obtained. Other issues which were studied 

was the relative size of the inlet and the size of the mould. It was concluded that the larger the 

inlet diameter the longer the flow front takes to develop fully. If at the same time the mould is 

small It might introduce an error into the solution because the flow front is still developing. 

The new approach presented here has been compared with examples published in the 

literature. There is almost perfect agreement between Adam's method (who pioneered radial 

flow) and the new approach. Chan and Hwang applied their method to the same data set. The 

results do not match the results obtained with Adam's method or the new approach because 

Chan and Hwang fail to address the scaling of the inlet shape. 

It was demonstrated that channel flow and radial flow can actually be unified. This is because 

for both types of experiment the effective permeability which is measured during the 

experiment is the same. Three standard equations (for K\, Kj and q)) were proposed. For 

measurements taken in the principal directions there are two standard equations (for K\, and 

A';). These equations have a modular structure to incorporate the different boundary 

conditions of the various permeability models. Modules are selected depending on the type of 

the experiment. Most current permeability measurement techniques can be classified 
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according to the categories of the unified approach. The discussion revealed that many 

measurement techniques contain weaknesses. Bruschke (1992) and Ferland et al. (1996) did 

not include porosity in their models. Chick et al. (1996) obtain permeability from plotting 

pressure versus time without taking into account the position of the pressure transducer. Chan 

and Hwang (1991) do not incorporate the scaling of the inlet. Carter et al. (1995b) do not 

force the regression line for determining Fj through the origin. The unified approach has 

established a framework for permeability measurement techniques. It allows the linkage of 

techniques which have previously been thought to be totally independent. 

12.2 Permeability experiments 

To verify the unified approach a number of permeability experiments were conducted. In 

addition results from other researchers were used to verify different options of the unified 

approach. A series of three-dimensional flow experiments was conducted for twill fabric. It 

was observed that capillary flow became the dominant flow pattern which rendered any 

permeability results useless. There was no sharp flow front any more. This could not be 

overcome by increasing the pressure as this led to fluid induced compaction and easy flow 

paths. At the same time it was found that thermistors give much more insight into the flow 

process than expected as they give information about compaction, fluid velocity and the t}'pe 

of impregnation process and flow front orientation. 

Next a series of two-dimensional radial flow experiments was conducted. The fabric used was 

a quasi-unidirectional non-crimp fabric. It became apparent that the thermistors influenced the 

flow, despite all the precautions. Flow parallel to the unidirectional fibres was slowed down 

while across the fibres flow was accelerated. The new approach worked well with consistent 

results-for principal permeability while the orientation showed some variation. For these 

experiments the method of experimental design was used. It was shown that experimental 

design and its statistical analysis is a very powerful tool for interpreting the experimental 

results. It was possible to distinguish between random effects and real effects. A dependence 

of the permeability on the inlet pressure was discovered while orientation seemed to have been 

affected by inlet pressure and measurement angle. This is probably due to the disturbances 

caused by the thermistors. More experiments with a non-intrusive flow front measurement 

technique are required to clarify these observations. 

Experimental results were also used from the University of Plymouth. The results for satin 

weave are very irregular - probably caused by a shift of the measurement coordinate system. 

However permeability for twill and unidirectional fabric showed only small variability for 
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different measurement directions. This supports the idea that permeability is a symmetric 

second rank tensor. It was also demonstrated that the unified approach gives a better 

understanding of the results. It was possible to show capillary effects for the satin weave with 

the help of a convergence graph. Some results from constant flow rate experiments were 

provided by the University of Nottingham. The permeability obtained with the unified 

approach became more anisotropic with increasing fibre volume fraction. This was explained 

b\ the fact that the flow front was less developed. With increasing fibre volume fraction the 

flow front advances less for a given maximum injection pressure. It is doubtful whether the 

constant flow rate experiment with pressure measurement is suitable for highly anisotropic 

fabrics - it works well though for fabrics with a moderate degree of anisotropy. 
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13. Recommendations for future work 

13.1 Verification of unified approach 

Much of the verification in chapter 6 was done using the output of a flow simulation program. 

As discussed, the accuracy of the program near the inlet was reduced due to the inadequate 

discretisation of the domain. It is therefore recommended to improve the program by using a 

better discretisation of the domain such as elliptical coordinates or numerically generated 

boundary fitted curvilinear coordinates. This would then allow to better define limits when the 

flow front is fully developed (as a function of the inlet diameter and degree of anisotropy ). 

Furthermore the program should be modified to be able to model constant flow rate problems 

as well. 

As a general remark all parts of the unified approach except for the case with constant inlet 

pressure and measurement of flow front need to be verified in more detail. For example for 

anisotropic channel flow the pressure distribution is not linear in the mould (indicated by 

Woerdeman et al. 1995). How does this affect the permeability and flow front shape in the 

channel flow mould? And following on from that, are current channel flow moulds designed 

properly - is the width of the moulds too wide in comparison with the length? There are 

moulds which are square (Pamas and Salem 1993). In this case the flow is not one-

dimensional any more. 

For constant flow rate experiments the pressure drop between two points is constant. The 

results in section 11.2 show that this is only true for pressure measurements in the flow 

domain. The pressure difference between inlet and a pressure transducer along one of the axes 

is not constant (probably due to tlie circular inlet). Steenkamer et al. (1995) published 

experimental results for constant flow rate experiments and showed a t>'pical plot of the 

pressure history of an experiment. This graph suggests that the pressure difference between 

the inlet and a point in the flow domain is constant. Because of these conflicting observations 

it IS important to study the effect of the circular inlet in more detail. A flow simulation 

program would be an ideal tool for this task (as demonstrated in section 6.7 for constant inlet 

pressure). In section 11.2 it was concluded that pressure measurement along one of the axes is 

also effected by the circular inlet and developing flow front for highly anisotropic flow. Again 

a flow program could help to explain this in more detail. 
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It was demonstrated in section 11.1.3 that experimental design gives a more objective measure 

to decide whether a result is random or a real physical effect. It is therefore recommended that 

experimental design should be used much more widely for permeability measurement. This 

will be particularly useful in establishing whether mould thickness, inlet pressure, type of 

fluid, measurement angle, flow rate and inlet diameter really effect permeability. 

13.2 Possible extensions to unified approach 

It is possible to extend the unified approach to include the case where the origin of the 

experimental coordinate system is not aligned with the origin of the flow front (the inlet). This 

would require two additional flow front or pressure measurements to determine the offset. 

For experiments where the inlet pressure varies considerably during the experiment it might be 

advisable to introduce a pressure averaging scheme similar to the one suggested by Ferland et 

al. (1996) for channel flow. 

For the derivation of the unified approach it was assumed that permeability is constant. The 

results in chapter 11 did show some variation for different measurement directions and also 

between runs with identical process conditions. It seems that a statistical approach might be 

more appropriate to describe permeability. It could also take into account factors like for 

example the pore size distribution (as determined e.g. by Griffin et al. 1995). 

13.3 Interfacial effects 

For permeability measurement a sharp flow front is required. As shown in section 11.1.2 the 

measurement of flow front becomes impossible when capillary flow occurs. The flow front 

has become a flow front "zone" which creates problems not only for thermistors but also if the 

progression of the flow front is recorded visuall}'. It is therefore important to define the 

conditions for which macroscopic flow occurs or alternatively suggest new methods to 

measure the capillar}' effects in radial flow experiments. In section 11.1,4 it was demonstrated 

that a convergence graph can show the effect of capillary action. It may be possible to use the 

gradient of this graph to quantify capillary pressure (in a similar way to Ahn et al. 1991). In 

addition to flow front measurement, pressure could be measured at various locations in the 

radial flow mould (along the /, II and ///-axes). Permeability could be calculated using 

modules la, lb or 2a of the standard equations. If there is capillary flow then permeability 

obtained from flow front measurements should be higher than permeability obtained from 

pressure measurements. The difference between the two permeability values is a measure of 

the capillar}- effect. 
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Another possible experiment to investigate capillary flow would be to perform a channel flow 

experiments at very low inlet pressure or flow rate. First the position of the marching flow 

front in the dry fabric would be measured. Once the flow front has reached the end of the 

mould the pressure for the steady state flow is recorded. Any differences between the 

permeability for flow with stationary flow front or moving flow front would be a measure of 

capillary flow. 

13.4 Flow sensor 

In section 11.1.2 the different shapes of the thermistor response was explained by the change 

of the flow mechanisms from predominantly macroscopic to mainly microscopic flow. This 

needs to be demonstrated experimentally. Furthermore the overheat ratio of the thermistor 

should be increased to increase the resolution for velocity measurement. At the same time a 

calibration procedure is required if thermistors are to be used for quantitative velocity and 

compaction pressure measurement. Finally the effects of reactive fluids and the heat generated 

during cure on the thermistor need to be studied. 

13.5 New possible test configurations 

The unified approach allows to have a fixed measurement coordinate system in the mould . 

This may be used to design an (almost) fully automated permeability test rig using pressure 

transducers or diodes to measure flow front (Gauvin et al. 1994). The fabric samples are laid 

up in the mould always aligned with the experimental coordinate system. The principal 

permeability and the orientation of the principal axes can be determined on-line during the 

experiment using the unified approach. 

For radial flow experiments with a transparent top plate another way of measuring 

permeability is conceivable, hi radial flow experiments the progression of the flow front is 

traced along an axis. Instead a point on the flow front could be traced in the direction normal 

to the flow front (see Figure 8.1). The path of this particle is not necessarily a straight line! As 

discussed in section 8.2 the effective permeability would be different to the one currently used. 

This new approach could yield more reliable results as the measurements are now taken in the 

direction of the pressure potential. 
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14. Conclusions 

The work presented in this thesis is concerned with processing experimental data obtained 

from permeability experiments. New permeability models have been developed. As a result a 

unified approach to permeability measurement has been proposed. It establishes a framework 

for one, two and three-dimensional radial and channel flow experiments and unifies seven 

different permeability measurement techniques currently used. As inlet conditions it is possible 

to use constant inlet pressure or constant flow rate. Furthermore it is possible to calculate 

permeability for an arbitrary direction even if the flow front measurements or pressure 

measurements along the three measurement axes are not made at the same instance in time. 

These features make the new approach much more flexible than current methods. A 

comparison with existing methods was carried out. In one case there was very good agreement 

while for the second case there was a noticeable difference between the two methods. This was 

attributed to the fact that the second measurement technique models the inlet incorrectly. A 

number of other methods have been examined and differences have been discussed. It has been 

demonstrated that some permeability measurement techniques contain errors. 

A number of constant flow rate and constant inlet pressure experiments were conducted to 

verify the unified approach. In most cases the unified approach was found to work well. 

Problems occurred when the underlying assumptions were violated in the experiments. It was 

possible to demonstrate this with the help of a convergence graph. It was possible to show that 

permeability can be affected by capillary flow. For the constant flow rate experiments the 

convergence graph also showed that the flow front was still developing for high porosities 

which lead to permeability values which were more anisotropic than expected. It was further 

demonstrated that the assumption that permeability is a symmetric second rank tensor is 

reasonable for the tested combinations of fluid and fabrics. Experimental design helped to 

detect a pressure dependence of permeability which was attributed to the presence of the 

thermistors which used to measure the flow front. 

The possibility of using a three-dimensional radial flow test to determine the full permeability 

tensor in a single experiment was investigated. For the three-dimensional permeability tests 

with flow with a moving flow front it was noticed that capillary flow was the dominant flow 

pattern. The only way to overcome this was by increasing the inlet pressure. However this led 

to flow-induced compaction and easy flow paths that rendered any results useless. It was 
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therefore concluded that three-dimensional permeability measurement with moving flow front 

was not possible. 

The use of thermistors for permeability measurement purposes is questionable as the reduction 

in local channelling along the wires leads to an increase in fibre volume fraction. However it 

was demonstrated that using a smaller number of thermistors is ideal for process control and 

validation of flow simulations as they yield information about the impregnation process, the 

orientation of the flow front, compaction of the fibres and possibly the fluid velocity. 
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Appendices 

A Compaction tests 

The purpose of the compression tests has been to measure the compaction pressure as a 

function of fibre volume fraction for various fabrics. At the same time the time-dependence of 

the compaction pressure was investigated to ensure that the flow experiment would be carried 

out at the desired compaction pressure (to avoid fluid-induced compaction). 

1 Background theory 

Wu et al. (1993) and (1994) investigated the influence of clamping pressure on permeability. 

It was found that as soon as the inlet pressure exceeds the clamping pressure, the relation 

between pressure and flow rate became non-linear (a violation of Darcy's law). This effect 

was explained by additional compaction caused by the high flow rates. As long as the injection 

pressure was less than the clamping pressure this effect was not observed. Hence an 

understanding of the compaction behaviour is essential for successful permeability 

measurement. 

Toll and Manson (1994) derived a power law from micromechanical analysis which describes 

the compaction of woven fabrics and random mats well. Pearce and Summerscales (1995) 

im estigated the time dependence of the compaction pressure for a plain weave fabric. It was 

shown that once the target peak load was reached and the crosshead of the testing machine 

was stopped the load started to relax. It was then possible to reduce the gap height further. 

Pearce and Summerscales found that it was possible to describe this relaxation with an 

exponential equation. It was demonstrated that a single layer yields a higher fibre volume 

fraction for the given pressure while three, four or five layers yield (almost) identical results. 

Compressed at the same compaction pressure different types of reinforcement fabrics or mats 

yield different compressed thickness and hence fibre volume fractions. As a consequence the 

average fibre volume fractions of a stack of different reinforcement fibres is not the same as 

fibre volume fractions of the constituent materials if measured separately. It is therefore 

important to know the compaction behaviour of the individual fabrics and mixed lay-ups. One 

approach for thin laminates is to calculate the average (in-plane) penneability from a rule of 

mixtures (Gebart et al. 1991, Kim et al. 1990, Trevino et al. 1990). Batch and Cumiskey 

(1990) proposed a more complex model for multi-layered composites which also takes into 
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account the interlayer packing of different types of reinforcement materials. However to 

measure flow front with thermistors a smooth flow front is required. Therefore permeability 

measurement with thermistors is restricted to mixed lay-up sequences where the individual 

layers in the stack are very thin. The resulting porous medium can then be considered a quasi-

homogeneous medium. For these cases the compaction behaviour and average porosity can be 

determined directly from compaction tests of the stacking sequence of interest. 

2 Experimental apparatus and materials 

The fibre volume fraction is calculated according to Pearce and Summerscales (1995) 

^ / = -

d p 

where P/is the fibre volume fraction, jV is the number of layers, Wf is the weight per unit area 

of the fabric, d is the height of the cavity and is p the density of the fibres. Materials tested 

were a continuous filament mat (Unifilo U75 0-450), a woven roving (RT600), a twill fabric 

(RC600) all from Vetrotex and a quasi-unidirectional non crimp fabric from Tech Textiles (E-

LPb 567). The tests were done in a universal testing machine (JJ Instruments; 30 kN load cell) 

which was fitted with a compression jig. The size of the platens was 55 mm by 78 mm. 

Run No. Type of fabric Lay-up sequence (orientation) Crosshead speed 

2 U750-450 - 0.5 mm/min 

4 Woven Roving - 0.1 mm/min 

6 UD 0/0 0.1 mm/min 

8 (V90 0.1 mm/min 

10 WR/UD WR/UD/WR/UD (0/0) 0.1 mm/min 

12 WR/UD/WR/UD (0/90) 0.1 nmi/niin 

14 \yRAM&^%VUD(Om) 0.1 mm/mm 

16 WR/WR/UD/UD (0/90) 0.1 mm/min 

A WR/UD/WR/UD (0/0) 0.1 mm/min 

B WR/UD/WR/UD (0/0) 0.5 mm/min 

C WR/UD/WR/UD (0/0) 2.0 mm/min 

D Twill/UD TTwTWUlJIXrrvwlLlJI) (0/0) 0.1 mm/min 

E Twill/Twill/UD/UD (0/0) 0.1 mm/min 

F Twill - 0.1 mm/min 

Table A.l Details of compaction experiments 
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All tests were carried out with four layers of fabric. The crosshead speed and the lay-up 

sequence for each experiment are shown in Table A. 1. "0" means the unidirectional fibres are 

aligned with the longer side of the platens while "90" denotes that the fibres are aligned at 90 

degrees to this direction. To calculate the weight per unit area the side lengths of the samples 

were measured with a vernier calliper while the weight of the samples was measured using a 

top pan balance. 

3 Discussion of results 

Weight per unit area 

The results of this investigation are summarised in Table A.2. It shows that for all materials a 

difference to the nominal weight can be observed. During this investigation it was found that 

for the woven fabrics, in particular twill fabric, it was very difficult to obtain an accurate 

measure of the size and weight since these fabrics tend to fray very easily even if handled 

carefully. All samples are taken from the first metre of each roll. 

In the case of the random mat and the twill fabric, the number of samples is very small. 

Furthermore the deviation from the nominal weight is small too. Hence it was decided to use 

the nominal weight for random matt (450 g/m") and twill fabric (600 g/m") to determine the 

fibre volume fraction. The weight of the woven roving is based on a larger population. Also 

the standard deviation is quite small which increases the confidence in the measured value. 

Therefore 588 g/m^ was used for woven roving for the subsequent calculations. Most 

surprising was the weight for the unidirectional material of 660 g/m^ which is a significant 

deviation from the 567 g/m^ as quoted by the manufacturer. However consulting Tech Textiles 

rep ealed that the quoted weight only applies to the unidirectional tows. The weight for the weft 

(60-80 g/ni') and the powder coating has to be added to the nominal weight. 

i n s o Woven Roving UD Twill 

nominal weight 450 600 567 600 

mean 458.77 588.47 660.80 616 05 

standard deviation 26 97 15 43 9 98 36.09 

number of samples 4 18 26 8 

Table A.2 Weight per unit area [g/m^] 

Compaction behaviour 

For all experiments the samples were compacted at the given crosshead speed until the target 

pressure of 200kPa was reached. The crosshead was then stopped and a relaxation of the load 
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was observed. After about 8 minutes the crosshead was moved again to reach the target 

pressure. The second compaction changed the thickness of the sample very little. Therefore 

only the initial compaction is reported for the following experiments. A typical result is shown 

in Figure A. 1. For the woven and non-crimp fabric the initial relaxation after 8 min was about 

10% while after the second compaction a relaxation of 5-7% was noted. For the random mat it 

was 25 and 15% respectively. For the purpose of designing the permeability experiments 1% 

was added to the fibre volume fraction value (which was measured after the initial 

compaction) to compensate for the relaxation. 
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Time [m:s] 

Figure A.I Load versus time 

Important for the planning of injection experiments is the variation of the compaction pressure 

with fibre volume fraction which is shown for unidirectional (UD) and woven roving (WR) in 

Figure A.2. It was interesting to note that the unidirectional fabric in the 0/90 lay-up showed a 

slightly higher fibre volume fraction than the 0/0 lay-up. This could be observed for single and 

mixed lay-ups (UD and WR, WR/UD/WR/UD). The same effect was not observed for the 

WR/WR/UD/UD lay-up sequence which yielded slightly lower fibre volume fractions for a 

given pressure. It was observed that the fibre volume fraction of the mixed lay-ups was higher 

than the fibre volume fractions of the individual fabrics (WR and UD with 0/0 and 0/90 

orientation). This is in agreement with trends observed by Batch and Cumiskey (1990). The 

fibre volume fraction of the mixed lay-up was calculated from equation ( A.l ) using the 

average weight per unit area of the two fabrics. 
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Figure A.2 Compaction pressure versus fibre volume fraction (UD = quasi-unidirectional 

fabric, WR = woven roving, (0/90) means that the first layer of the UD 

material is aligned with the longer side of the platens while the second layer is 

at 90° to that direction) 

Figure A.3 shows compaction pressure versus fibre volume fraction for unidirectional and 

twill fabric (T). As before the combination of single layers of each fabric (T/UD/T/UD) 

yielded a higher fibre volume fraction than the T/T/UD/UD lay-up sequence. However in 

comparison with the woven roving results the values obtained here are slightly smaller (about 

1% Kf). The fibre volume fraction for four layers of twill fabric had to be estimated since the 

final compaction thickness was too low (perhaps as a result of a reading error). The thickness 

of 1 mm compared with 1.6 to 1.7 mm for all the other experiments would have yielded a fibre 

volume fraction of about 90%. It was found that the compression jig was not ideal for testing 

the twill fabric. Because of its design the specimens had to be cut to size which allowed only 

very little overhang to make up for the frayed edges. 
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Figure A.3 Compaction pressure versus fibre volume fraction (UD = quasi-unidirectional 

fabric, T = twill fabric, WR = woven roving, all layers of the UD material are 

aligned with the longer side of the platens) 

In addition to the above investigation the effect of various closing speeds of the crosshead on 

the compaction behaviour was examined (see Figure A.4). The results indicate that although 

the speed was increased by a factor of 20 (0.1 mm/min, 0.5 mm/min and 2 mm/min) the effect 

on the pressure versus fibre volume fraction curve was minimal. It has to be noted however 

that even though 2min/min is higher than closing speeds used in other investigations on 

compaction behaviour, it is still very slow compared with stamping processes used for mass 

preform fabrication. 
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Figure A.4 Compaction pressure for different closing speeds (WR/UD/WR/UD (0/0)) 

4 Summary 

Table A.3 summarises the fibre volume fraction for different lay-ups at selected compaction 

pressures. The values for 100 kPa and 150 kPa were read of the pressure versus fibre volume 

fraction graph. Pearce and Summerscales (1995) found that the relaxation behaviour was 

similar at all pressure ranges. Therefore one percent has to be added to the fibre volume 

fraction for unidirectionals, woven roving and twill and three percent for the random mat to 

account for the relaxation (as observed in the experiments). 

Type of material Compaction pressure (no relaxation) Thickness of each 

100 kPa 150 kPa 200 kPa layer [mm] 

U750 20 23 26 0 69 

UD 50^^* 53/55* 56^^* 0.46/0.44* 

Woven Roving 50 54 58 0.40 

WR/UD/WR/UD 52%^* 56^7* 0.41/0.40* 

WR/WR/UD/UD 51 56 59 &41 

7w;// 50 54 0 40 

T/UDn^/UD 51 55 59 0 41 

TmUD/UD 49 53 57 0.43 

Table A.3 Recommended fibre volume fractions [%] 

* the first \ alue is for a 0/0 lay-up while the second value is for 0/90 la}'-up 
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B Results from flow simulation 

For the case when the inlet is circular it is not possible to derive the progression of the flow 

front analytically. Therefore a flow simulation program was used to determine the flow front 

position as a function of time (see section 6.7.3). Table B . l lists the details of the various runs 

with the program. 

Run No. A:, [10 ='m'] ^2[10-"m"] ro [mm] f«[kPa] £ pi [Pa s] 

1 4.0 3.0 8 70 0.48 0.1 

2 4.0 2.0 8 70 0.48 0.1 

6 0.4 0.3 8 70 0.48 0.1 

10 4.0 2.0 8 250 0.48 0.1 

14 4.0 2.0 8 70 0.48 0.1 

15 4.0 2.0 16 70 0.48 0.1 

16 4.0 2.0 28 70 0.48 0.1 

Table B.l Details of flow simulations 

The tables below show the flow front position at a given time step. The flow front is measured 

along the 1 and 2-axis (denoted 0° and 90° respectively) and in between the two axes at 45°. 
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time [s] radius [m] 

0° 45° 90° 

0 03 0.014 0.014 0.014 

0 16 0040 0 037 0.035 

0 48 0 061 0 058 0.053 

0 99 0 081 0.076 0.071 

1.75 0 102 0 094 0.089 

2 74 0 122 0 115 0 106 

3 99 0 142 0 133 0123 

5 48 0 162 0 150 0,141 

7 27 0 182 0 170 0 158 

9 33 0 202 0 190 0 175 

1168 0 222 0.206 0 192 

14J3 0 242 0.225 0.209 

17.28 0 262 0.245 0 227 

20 55 0 282 0.263 0 244 

24 11 0J02 0 280 0.261 

27 99 0 322 0 300 0.278 

3Z22 0 342 0 320 0 296 

36 74 0 362 0337 0 313 

4160 0 382 0 354 0330 

46 81 0 402 0 374 0 347 

time [s] radius [m] 

0° 45° 90° 

0 03 0.014 0.010 0 010 

0 18 0CW3 0.037 0.032 

0.47 0 063 0.053 0.045 

1.00 0 084 0.070 0 060 

174 0 105 0 087 0.074 

2 73 0 125 0104 0.089 

3.97 0 146 0120 0103 

5 49 0 166 0 136 0.117 

7 28 0 186 0 153 0132 

9 34 0 206 0169 0146 

1169 0 227 0185 0160 

14 33 0 247 0 202 0174 

17 28 0 267 0 218 0188 

20 54 0 288 0.235 0 202 

24 11 0 3 0 8 0 252 0 217 

27 99 0 328 0 269 0.231 

3221 0 3 4 8 0 286 0.245 

36 74 0 368 0303 0.259 

4163 0 3 8 9 0 3 1 9 0.273 

Table B.2 Run 1 Table B.3 Run 2 
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time [s] radius [m] 

0° 45° 90° 

0 27 0.014 0 014 0 014 

160 0 040 0.037 0 035 

4.77 0 061 0.058 0 053 

9 92 0 081 0.076 0.071 

17 46 0102 0.094 0 089 

27 38 0 122 0 115 0106 

39 88 0 142 0 133 0123 

54 79 0 162 0 150 0 141 

72 71 0 182 0 170 0 158 

93 32 0 202 0 190 0 175 

116 81 0 222 0.206 0 192 

143.29 0 242 0.225 0 209 

172.78 0 262 0.245 0.227 

205.46 &282 0.263 &244 

24106 0 302 0 280 0.261 

279.94 0 322 0 300 0 278 

322.22 0 342 0 320 0 296 

367 38 0 362 0 337 0 313 

416 00 0382 0 354 0 330 

468 07 0 402 0 374 0 347 

time [s] radius [m] 

0° 45° 90° 

0.01 0 014 0 010 0 010 

0.05 0 043 0 037 0.032 

0 13 0 063 0.053 0 045 

0.28 0.084 0.070 0.060 

0.49 0 105 0 087 0.074 

0.77 0 125 0.104 0 089 

1.11 0 146 0 120 0 103 

1.53 0 166 0 136 0.117 

2.04 0 186 0 153 0 132 

2 61 0 206 0 169 0146 

3.27 0 227 0 185 0160 

4 01 0 247 0.202 0174 

4.84 0 267 0 218 0188 

5.75 0 288 0.235 0.202 

6.75 0 J 0 8 &252 0 217 

7 84 0 328 0 269 0 231 

9.02 0 348 0 286 0.245 

10 29 0 368 0 303 0 259 

1166 0 389 0 319 0 273 

Table B.4 Run 6 Table B.5 Run 10 
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time [s] radius [m] 

0° 45° 90° 

0 03 0.014 0.010 0.010 

0 18 0.043 0.037 0.032 

0 47 0.063 0.053 0 045 

100 0.084 0 070 0.060 

1.74 0 105 0.087 0.074 

2.73 0 125 0 104 0.089 

3 97 0 146 0 120 0103 

5.49 0 166 0 136 0.117 

7 28 0 186 0153 0132 

9 34 0 206 0 169 0 146 

1169 0 227 0 185 0 160 

14 33 0 247 &202 0 174 

17 28 0.267 0.218 0 188 

20 54 0 288 0.235 0 202 

24 11 0 308 0.252 0.217 

27 99 0 328 0 269 0.231 

32.21 0 348 0 286 0 245 

36.74 0 368 0 303 0 259 

4163 0 389 0 319 &273 

t ime [s] radius [m] 

0° 45° 90° 

0.07 0 041 0 037 0 033 

&27 0 063 0 054 &047 

0.63 0 085 0.071 0.062 

116 0 105 &088 0 076 

189 0 126 0.105 0.090 

2 82 0 146 0 122 0104 

3 97 0 167 0139 0118 

535 0 187 0.155 0133 

6 96 0 208 0171 0147 

8 81 0 228 0188 0161 

10 92 0 248 0 204 0175 

1127 0 269 &220 0190 

15 89 0 289 0 236 0.204 

18 77 0 309 0 253 0 218 

2192 0 329 0 269 0.232 

25 36 0 350 0 286 0.246 

29 05 0 370 0 303 0 261 

33.03 0390 0 320 0.275 

Table B.6 Run 14 Table B .7 R u n 15 
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time [s] radius [m] 

0° 45° 90° 

0 018 0 039 0 037 0.036 

0 12 0.062 0.055 0.051 

0 34 0.084 0.072 0.065 

0 70 0 105 0 089 0.079 

122 0 126 0 106 0.093 

190 0 146 0 122 0107 

2 76 0 167 0 139 0 121 

3 82 0 188 0 156 0 135 

5.07 0 209 0 173 0 149 

6 52 0 229 0 190 0 164 

8 18 0 250 0 206 0 178 

10 05 0 270 0 223 0 192 

12 15 0 290 &240 0 206 

14 47 0 311 0 257 0 220 

17 04 0 331 0 273 0 234 

19 82 0J52 0 289 0 249 

22 86 0^72 0 305 0.263 

26 13 0 392 0 321 0 277 

29 67 0.438 0 338 0.291 

Table B.8 Run 16 
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C Permeability measurement rig 

In this appendix a brief description of the rig used to measure permeability is given. This rig 

was the result of a Master of Engineering group design projec t . All the figures in this 

appendix were taken f rom the final report by Boyde, Clothier and Inglis (1995). 

The permeability rig consists of a aluminium base plate which is stiffened by a steel grillage 

supported by a steel frame. A number of possible injection por t s a re located along the centre 

line of the base plate. The fibre samples are placed on the base plate . The fibre stack is then 

compressed by a glass plate and a pressure t ransfer f rame which a re placed on top of the fibre 

stack. In the remainder of this appendix the grillage and b a s e plate, the glass plate, the 

pressure transfer f rame and the fluid supply will be discussed. Finally the results f rom 

commissioning experiments will be presented. 

1 Grillage and base plate design 

For the base plate a cast aluminium tool plate (Alumax MiC-6) w a s chosen for its flatness (to 

0.25mm) and solvent resistance. Standard BS 4 mild steel channel sections were selected for 

the structural members due to their availability in a wide variety o f sizes. 
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Figure C.I Deflection of unstiffened plate 
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The dimensions of the mould working area are 1.4m x 0.5m. T h e max imum deflection was 

specified to be less than 2 % for a 10mm thick mould cavity a t 7 ba r working pressure. The 

base plate thickness is determined by considering the max imum unsuppor ted area of the plate 

using simple plate bending theory. Figure C . l shows that a 2 5 m m thick plate would give 

negligible deflection for the maximum unstifFened area. 

Once the number of stiffeners had been decided their dimensions could be determined using 

stiffened plate bending theory. The results are illustrated in Figure C.2. The chosen dimension 

was a 127x64mm stiffener. 

Central Deflection of a Stiffened Aluminium Plate 
Plate Dimensions: 1400 x 500 x 25 mm 

End Conditions: Simply Supported 

I Lolled Steel 
111 S<xtl StT»Ct 

/(nSmm 
1 0 2 - 5 1 m m 

4 — 1 2 7 " B 4 m m 

isz-remm 

0 . 4 0 . 5 0 . 8 

Preuore/(MP») 

Figure C.2 Deflection of stiffened plate 

Figure C.3 and Figure C.4 show the production drawings of the b a s e plate and the grillage. To 

achieve an acceptable flatness the surface of the grillage had to b e planned af ter welding. The 

aluminium base plate is fixed to the steel grillage with 4 bolts w h i c h allow some movement of 

the aluminium plate due to thermal expansion. Figure C 5 shows the product ion drawing of 

the support structure for both the grillage and the pressure t r ans fe r f rame. 
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Figure C.4 Grillage 
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Figure C.5 Support structure 

2 Glass plate 

The top plate of the radial flow mould is a glass plate. For economical reasons it was decided 

to use soda-lime toughened float glass. The glass is manufac tured to BS 6206 Class A. For 

this type of glass the safe design stress is 35MPa. Using plate bending theory the stresses and 

the deflection of the glass plate have been calculated. 
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Figure C.6 shows that the safe design stress is never exceeded. F i g u r e C.7 shows that at high 

compaction (and injection pressures) the deflection of the glass p l a t e becomes quite noticeable. 

3 Pressure transfer frame 

For the glass plate to be compacted to the required gap height and restrained against the 

injection pressure a pressure transfer f rame is required. This frame is constructed from steel 

box sections. The production drawings are shown in Figure C.9 . T o compress the fibre stack 

the pressure t ransfer f rame is bolted to the base plate (and gr i l lage) with M l 6 bolts. To be 

able to apply the torque which is required to close the mould t h e bolts need to be lubricated 

with grease. Neoprene rubber strips are placed between the p r e s s u r e t ransfer f rame and the 

glass plate to ensure that the load is evenly spread over the glass p la te . 

The performance of the assembled glass plate and pressure t r a n s f e r f rame is estimated by 

assuming that the total deflection is the sum of the individual def lect ions of the glass plate and 

the pressure transfer frame. The main assumptions for the f r ame a re that the individual beams 

are fullv fixed and that the load is applied uniformly over the b e a m length. The results are 

illustrated in Figure C.8 and give an idea of the operating window in which useful experiments 

can be carried out. 

10 * 

? 8 -

0 6 -

4 -

2 

0 + 

5 

0.6 bar 

1.0 bar 

.0 bar 

X 3.0 bar 

.0 bar 

15 20 26 30 

Mould Cavity Thtcknes«/(mm) 

Figure C.8 Predicted radial flow mould deflection 
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Figure C.9 Pressure transfer frame 

4 Fluid supply 

The test fluid, oil, is injected from a pressure vessel (an old fire extinguisher) into the mould. 

The maximum injection pressure is 5 bar. An existing compressed air line which was available 

in the laboratory,' was used to pressurise the pressure vessels. To ensure safe operation an 

adjustable safety \alve, a pressure regulator for the incoming compressed air line and a 
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bourdon pressure gauge were fitted to the pressure vessel. To control the oil release from the 

pressure vessel a ball valve was fitted as well. Reinforced P V C hose was used to connect the 

pressure supply vessel and the mould. The pressure t ransducer h a d been suspended below the 

grillage with a T-piece due to space constraints in the grillage. 

5 Commissioning experiments 

The pressure transducer at the inlet port was calibrated by t h e manufac turer across its full 

pressure range of -1 to 5 bar. The calibration of the thermistors used in the flow experiments 

is discussed in Weitzenbock et al. (1995b), 

A number of initial experiments were conducted to commission t h e test rig. The permeability 

results are discussed in the main text. During these initial exper iments the deflection of the 

glass plate was measured during compaction and during the injection. The deflection of the 

glass plate was monitored at its centre point. The measurements were done using a dial gauge 

accurate to 0.02mm. The dial gauge had a magnetic base which was attached to the pressure 

transfer frame. This was found to be the most acceptable a r rangement even though there were 

still some sources of error which affected the measurements (distort ion of the pressure transfer 

frame, compaction of padding between glass plate and pressure t ransfer frame). Table C I 

shows the measured deflection after compaction. For higher f ibre volume fractions these 

deflections are quite noticeable. It is therefore important, as a l r eady shown in Figure C.8, to 

select the correct mould thickness and fibre volume fraction to minimise the effect of the glass 

plate deflection. N o additional deflection was measurable whi le the fluid was injected (at 

pressures up to 2.8 bar). 

Run No. Thickness of cavity (mm) Def lec t ion of glass plate (mm) 

5 45^ 4 65 0 140 

6 22 7 4 65 0130 

7 22 7 4 65 0J20 

8 45 5 4 65 0 730 

9 29 5 20 5 0 376 

11 29 8 251 0/W5 

12 29 8 25 1 0J41 

Table C.I Deflection of glass plate during commissioning experiments 
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D Results from permeability experiments 

In liw: fbll()Vfu%g three zippaidices eaqpeiimental residts of iiU liie pisnrweabiHty (sxpoTments 

carried out in the Ship Science Laboratory of the University of Southan:q)ton are listed. This is 

m particular the f low front radii or x,y coordinates of the f low f r o n t and the time the flow front 

took to get to this position. Furthermore the fibre volume fi-action, viscosity and inlet pressure 

are also listed. For all experiments Shell Vitrea M l 0 0 oil was used . 
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E Permeability experiments - initial experiments 

The material tested was a continuous filament mat from Ve t ro t ex (U750-450). For 

expaimenk aW VthernawunanaAs'wha? aurkd cmtin 0% nderaKC axxdkmtesyaem 

ew%T*fbrexpenmfmtl2Twh%?1±K(XKmimnksyaam was robtod 1̂ 15°. Theidanxhus 

was 0.00525 m. The viscosity was 0.333 P a s. 

t ime [s] r f j M f f j i M rfin N 

65 0 100 0.101 0 101 

130 1 0 133 0.131 0 132 

194 8 0 156 0 156 0 158 

259 1 0.176 0 177 0 178 

Table E.l Experiment 5 with Vf= 45.5 % and Po — 91 kPa 

time [s] r/ji [m] f f j n [m] 

8.4 0 083 0 083 0 081 

17.3 0 118 0123 0125 

26 5 &152 0 154 0 157 

35.5 0 175 0 178 0 181 

Table E.2 Experiment 6 with Vf=12.1 % and Po = 214 kPa 

time [s] [m] 0:/; N [m] 

17 8 0 097 0 098 0 099 

35.1 0 135 0134 0 135 

519 0 162 0 161 0 162 

68 8 0T83 0 181 0 178 

Table E.3 Experiment 7 with Vf= 22.7 % andf. = 114 kPa 

t ime [s] M /yn [m] rff/j M 

30 5 0 096 0 095 0.092 

59 6 0 135 0 134 0130 

88 7 0 165 0 164 0160 

117 9 0 190 0 189 0184 

Table E.4 Experiment 8 with Vf— 45.5 % and Po 255 kPa 
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/ - direction 111 - direction 

time [s] time [s] [m] 

21 0.052 15 0 044 

95 0 104 90 0.099 

227 0 156 212 0 150 

Table E.5 Experiment 9 with Vf= 29.5 % and Po = 167 kPa 

1 - direction 111 - direction z- direction 

time [s] r/.i M time [s] r/jn [m] time [s] Zf [m] 

17.5 0.042 13 3 0 038 0.5 0.0017 

7 2 3 0.072 66 0.070 1.3 0.0099 

4.8 0.0174 

110 0.0244 

Table E.6 Experiment 11 with Vf= 29.8 % and = 124 kPa 

/ - direction 11 - direction 111 - direction z- directior 

time [s] 0:; [m] time [s] time [s] [m] time [s] ^ [m] 

3 0 022 2.6 0.022 1.8 0 021 16 5 0 024 

12 5 0 035 13 4 0.036 8.1 0.035 

Table E.7 Experiment 12 with 1̂ =29.8 % and Po = 127 kPa 
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F Permeability experiments - three-dimensional flow 

TTie material tested was atwiU fabiic froni Fvor eaqperbmeats 1, 4 aixl 7ljie 

nneasiuxaTK%itsTAiK3n:(%und(xl()utinthe referen(x:(x)0rckaiits system wtule for expoiments 2,3 

and 5 liie ccKmiKumk; system was rcKaited by 15°. For the tvyôtUcneiisicKial fkmr die inlet 

diarneter was 0.00635 rn (the size of die hole ciA into the fabric) while for diree-diniensionai 

flow the inlet diameter is 0.00525 m. 

- direction 11 - direction 111 - direction 

time [s] xp [m] JKr: M time [s] Xfji [m] yfji [m] time [s] M 

10.5 0.036 0 000 411 0.030 0.030 35 9 -0 001 0.041 

49.3 0 062 0 000 121.1 0.048 0 046 141.5 -0 001 0.063 

109 6 0 086 0 000 256.6 0 066 0.063 362 2 0.001 0.088 

2218 0 109 0 000 469 3 0.083 0 084 665 0 0.002 0 113 

4515 0 138 -0.001 729 3 0 103 0 100 985 0 -0 001 0.136 

654.8 0 161 0.001 

Table F.l Experime nt 1 with Vf= 50.4 %, Po = HO kPa and ju = 0.216 Pa s 

1 - direction 11 - direction 111 - direction 1 

time [s] x%|n̂  [m] time [s] [m] time [s] [m] 

13.18 0 034 0 009 43 06 0 021 0.036 5712 1̂008 0.034 

71.4 0 057 0 016 206 74 0IG5 0 058 182.35 -0.015 0.055 

202 56 0.084 0 021 484.88 0.044 0.079 428.2 -0.02 0.08 

418 75 0 105 0.03 922.75 0 059 0 102 665.69 -0.03 0.096 

844.97 0 132 0.033 1492.9 0.073 0 125 1299.8 -0.032 0121 

13313 0 1565 0.0405 

Table F.2 Experiment 2 with Vf= 60.5 %, = 106 kPa and m = 0 2264 Fa s 
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- direction 11 - direction 111 - directior 

time [s] % M N time [s] Xf,n [m] yf.n [m] t i m e [s] ;%/// M 

8.6 0 036 0 009 13 2 0 026 0 034 9 , 5 -0 008 0,039 

42 4 0 062 0.015 50 5 0 032 0 056 4 1 , 7 -0 016 0 060 

99 3 0086 0 021 112 3 0 042 0 076 110 5 -0.024 0.085 

188.9 0 111 0 030 206 7 0.057 0 099 214 0 4)029 0 112 

297.7 0 136 0.035 32&0 0 071 0 120 333J -0 033 0 137 

463.6 0 161 0 043 486 6 0 083 0 143 493 0 -0.041 0 162 

Table F.3 Experime nt 3 with 50.4 %, Po = 200 kPa and n = 0.2293 Pa s 

1 - direction 11 - direction 111 - directioi 1 

time [s] % M [m] time [s] t i m e [s] Xfjii [m] 

12 63 0.0395 0 33 06 0 03 0.029 56.57 0 0.044 

5 1 0 8 0.0635 0 116.93 0 049 0 046 211.63 0 001 0.071 

124.73 0 089 0 293.25 0 07 0 066 456.81 0 001 0.098 

205.46 0 1125 0 493.06 0 083 0.088 758.3 0.001 0 119 

4 3 8 ^ 5 0 141 -0.001 83163 0 104 0 101 

672.23 0 165 0 

Table F.4 Experiment 4 with Vf— 60.5 %, Po — 195 kPa and /i 0.2437 Pa s 

1 - direction 11 - direction 111 - direction z- directior 

time [s] [m] time [s] /y:; [m] time [s] 0:;;; [m] t ime [s] z/ [m] 

74 21 0,03189 106.89 0,03191 76 52 0.02912 0 77 0.00182 

302,2 0,05701 588 64 0.05445 47176 0.05289 6537 0.00545 

959,28 0,08271 1546,71 0.07889 1397.61 0.07980 35&8 0.00909 

2253,41 0.10867 

Table F.5 Experiment 5 with Vf= 51.6 %, Po = 101 kPa and ̂  = 0.2164 Pa s 
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/ - direction 11 - direction III - direction z- direction 

time [s] [m] time [s] rf.u [m] time [s] time [s] 

2.2 0.0305 4.4 0.0310 4.4 0 0300 1,1 0.0018 

4.4 &0535 6J# 0.0600 6 59 0.0566 8J^ 0.0055 

7 14 0.0810 12.63 0.0820 10.44 0.0810 3L31 0.0091 

10.99 0.1060 28 01 0.1090 18.13 0 1060 65 91 0.0127 

18 13 0 1320 52 18 0 1350 40 1 0 1310 114.8 0.0159 

28 56 0 1581 116.44 0 1600 106.56 0 1570 186.75 0.0191 

Table F.6 Experimen t 7 with Vf = 51.6 %,P„ = 185 kPa and fj. = 0.2271 Pa s 



199 

G Permeability experiments - two-dimensional flow 

The fabric tested was a quasi-unidirectional non crimp fabric E - L P b 567 f rom Tech Textiles. 

For experiments 2, 3, 4 and 8 the measurements where carried o u t in the reference coordiante 

system while for experiments 1, 5, 6 and 7 the coordinate system was rotated by 15°. The mlet 

diameter is 0.00635 m. 

I - direction 11 - direction 111 - directior 1 

t ime [s] Xfj [m] time [s] yf.u M t i m e [s] Xfiii [m] 

26.81 0.026 0.0065 14J# 0 014 0.024 9 23 -0 005 0 029 

230.42 0.057 0 015 95 57 0.0275 0 049 58 66 -0 0145 0 058 

258 98 0 045 0.075 190.65 -0 023 0 088 

542.61 0.059 0 102 42134 -0 032 0 118 

685 64 -0.041 0T49 

Table G.l Experimt !nt 1 with Vf= 49.9 %, Po = 55 kPa and /j. = 0.2509 Pa s 

/ - direction 11 - direction 111 - directio) 1 

time [s] [m] [m] time [s] [m] yf.u [m] t ime [s] 

26 14 0 024 0 002 16.47 0 02 0.0205 2.41 0 003 0 028 

235.74 0 056 0.002 178 17 0 046 0 045 32.73 0 0.058 

688 76 0 089 0 472.14 0.066 0.066 116.22 0 0.088 

257.27 0 0 12 

454.56 0.001 0 153 

Table G.2 Experiment 2 with P}=49.9 = 50 kPa and n = 0.2315 Pa s 

1 - direction 11 - direction 111 - directioi 1 

time [s] % M M t ime [s] [m] M t ime [s] Xfin H 

5.6 0 028 0.0015 3 96 0.022 0.0145 0 .66 -0.001 0 026 

38 34 0 058 0 001 32 74 0 046 0 043 6 48 0 0 058 

110.73 0 09 0 76 13 0.064 0 063 20 65 0 001 0 086 

138.08 0.0835 0.082 47 9 0 001 0 118 

90 74 0 002 0 155 

Table G.3 Experiment 3 with Vf— 49.9 %, Po — 245 kPa and /i 0.2293 Pa s 
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- direction 11 - direction 111 - direction 

time [s] Xfj [m] t ime [s] xm [m] t i m e [s] 

18.23 0.025 0 7.25 0.014 0.029 1.75 0 0.027 

135.33 0.0545 0.001 5185 0.0285 0.051 23 72 0.0015 0.058 

362.28 0.0865 -&002 143.68 0.043 0.0775 74J^ 0 0.088 

282 75 0.057 0 102 149 .17 0.002 0 117 

254^5 0.001 0 145 

Table G.4 Experime nt 4 with Vf= 44.3 %, Po = 54 kPa and // = 0.2461 Pa s 

1 - direction 11 - direction 111 - directior 

time [s] % N t ime [s] M t i m e [s] Xfjii [m] 

6.92 0 027 0 006 165 0.012 0.0265 0 33 -0 0055 0 026 

45 26 0 0555 0 014 17.25 0 028 0 0555 6 .7 -0 014 0.056 

127 54 0 086 0 0225 49^4 0.045 0 0815 2153 -0 0215 0 085 

106.12 0 061 0 107 54 16 -a0315 0 117 

92 5 -0 039 0.145 

Table G.5 Experime ;nt 5 with Vf= 49.9 %, Po = 243 kPa and ju = 0.2414 Pa s 

1 - direction 11 - direction 111 - directioi 1 

time [s] M time [s] N t ime [s] M 

2 97 0 027 0 005 0 55 0 013 0 022 0.22 -0 006 0.03 

19 33 0.0575 0.014 7 03 0.0295 0 05 3.96 1̂0155 0.061 

54.05 0.0865 0.022 22T9 0.0445 0.076 13.62 410245 0.089 

47^4 0.061 0 101 28.34 -0.031 0 119 

8129 0.075 0 128 49 1 -0.0395 0 145 

Table G.6 Experim ent 6 with Vf= 44.3 %, Po = 245 kPa and ju = 0.2278 Pa s 

1 - direction 11 - direction 11 1 - directio n 

time [s] % M M time [s] Hn [m] W; M t ime [s] Xfjii [m] 

18.62 0.026 0.008 3 14 0 013 0.022 2.64 -0.006 0.025 

127.54 0.057 0.0155 34.44 0.028 0.049 23 07 -0.014 0.057 

329 89 0.086 0.022 123.09 0.046 0.0765 69 7 -0 021 0.086 

244.86 0.06 0 103 151.27 -0 03 0 116 

271.89 -0 039 0 145 

Table G.7 Experiment 7 with 44.3 %, = 57 kPa and // = 0.2264 Pa s 
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1 - direction 

time [s] % [m] N time [s] N M t ime [s] Xfjii M 

2 86 0.026 0 0. 0.019 0.019 0.22 -0 002 

24.83 0.0595 -0 001 1 1 2 1 0.0405 0.0405 3.52 

67 56 0.091 3439 0.062 0.065 

0.085 

11.1 0.001 

68.88 0.083 25 82 

46 36 

0.0015 0U2 

0 15 0.003 

Table G.8 Experiment 8 with V,~ 44.3 %, ft = 246 kPa and pi = 0.2406 Pa s 
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